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Figure 4.8: Low-angle (<5°) grains of investigated points (black path) of the extrusion butt
obtained by the EBSD measurement.
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Figure 4.9: Low-angle (<5°) grains of investigated points (red path) of the extrusion butt ob-
tained by the EBSD measurement.

which have become serrated during formation of subgrains in the course of hot deformation
recombine as new refined grains (Blum et al., 1996). The mean low-angle boundary misorien-
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Figure 4.10: The median grain size of undeformed material and six measured points of the black
path in the billet obtained by the EBSD measurements.
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Figure 4.11: The mean low-angle boundary misorientation (<15°) of undeformed material and

measured points of the black path in the billet obtained by the EBSD measurements.

tation of the red path presented in Figure 4.12 is similar to the black path. The misorientation
decreases down to point R4 and increases from there on.

The low-angle and high-angle boundary size of the red path are shown in Figure 4.13. The
high-angle grains develop from the original grain size to a saturated value which is close to
size of the low-angle grains, whereas the size of low-angle grains changes slightly from their
original size. In a steady-state condition the low-angle boundary grains remain almost constant
in size and equiaxed. The low-angle grain boundaries are not permanent, but migrate, reform
and decompose (McQueen and Poschmann, 1997).
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Figure 4.12: The mean low-angle boundary misorientation (<15°) of undeformed material and
measured points of the red path in the billet obtained by the EBSD measurements.
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Figure 4.13: The median grain size measured points of the red path in the billet obtained by the
EBSD measurements.

4.3 Material Model

Prediction of material behavior of metals during and after hot metal working processes requires
the knowledge of microstructure parameters. The measurable microstructure parameters such
as grain size, dislocation density and grain misorientation represent the state of the material
behavior in micro scale. Energy gained from plastic deformation is mostly given off in form of
heat energy and a small part of it is stored in the material by increasing the density of disloca-
tions and consequently, the total length of grain boundaries (Humphreys and Hatherly, 2004).
Evolution of microstructure properties during hot deformation of aluminum alloys generally
occurs in two stages: dynamic evolution during the forming process and static evolution during
cooling process after the deformation. Grain growth occurs by migration of grain boundaries in
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order to minimize the stored energy of boundaries. During this process the total length of the
boundary size decreases and the average grain size increases. Physically-based approaches for
modeling of static microstructure evolution are commonly based on minimization of the stored
energy of plastic deformation by increasing the size of the grains. In works of Chen (Chen,
2002; Fan and Chen, 1997) phase field modeling is used to model the grain growth process. In
aluminum alloy EN AW-6082 no dynamic recrystallization occurs during the extrusion process
due to low hot worked dislocation densities (Doherty et al., 1997), and the increasing energy
of plastic deformation causes the refinement of grains during the forming process. The models
based on grain growth are not generally suitable to predict this grain refinement. Sellars and Zhu
(2000) have presented a physically-based model which relates the microstructure evolution dur-
ing the hot deformation to the state variables such as temperature and plastic deformation. The
model presented in the current work is based on the saturation of microstructure parameters af-
ter reaching steady-state forming condition. Microstructure parameters are modeled as internal
state variables, depending on the rate of plastic deformation and temperature. The following
sections present this model and its application for simulation of microstructure development
during the extrusion process.

From a phenomenological viewpoint, the behavior of polycrystalline aluminum alloys during
technological processes like extrusion is fundamentally thermoelastic and viscoplastic in nature.
For simplicity, we begin by assuming that the material behavior is isotropic. More generally, the
distribution of grain orientation, grain size and grain shape will result in anisotropic behavior.
For the time being, we assume that the high homologous temperatures involved result in a
reduction of the strength of anisotropy due to these factors. In this case, the stress state in the
material can be modeled via the thermoelastic Hooke form

K = gy {tr(InVg) + 30y (6, — 0)} I + 2 piy dev(InVy,) (4.3)

for the Kirchhoff stress K in terms of the elastic left logarithmic stretch InVy,. Here, , rep-
resents the elastic bulk modulus, 1, the elastic shear moduli and «,, the thermal expansion, all
at the reference temperature 6,. In addition, 6 is the absolute temperature. Further, dev(A)
=A - %tr(A) I is the deviatoric part of A. Neglecting any deformation-dependent damage
and assuming inelastically incompressible von Mises flow, the evolution of In V7 is given by the
(objective) associated flow rule

— InV:= S In(F C;' F') = dp Ok (4.4)

in terms of the inelastic right Cauchy-Green deformation C, and accumulated equivalent inelas-
tic deformation ap. Here, o, = /3 |dev(K)|/+/2 is the von Mises effective stress measure
determined by the Kirchhoff stress. In the current thermodynamic approach, this determines the
evolution of oy, via the Zener-Hollomon form

O = 0y sinh™! (zl/”o/zé/n0> (4.5)

(Sellars and Zhu, 2000) in terms of the Zener-Hollomon parameter z := & p exp(g,/k0). The
evolution of ap drives in turn that of the (non-dimensional) dislocation density v := /p/\/Psas
via the experimentally-established Voce form v = ¢, (1 — v) &p, Where p_,, represents the
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saturation value of p. In this case, v varies between 0 and 1 at a rate determined by ¢, dp.
Likewise, the development of the (non-dimensional) subgrain size 6 := d/d_,, is given by the
experimentally-established (Sellars and Zhu, 2000) Holt relation

6 =1c50(1—20)dp, (4.6)

where d,, is the saturation value. On this basis, § decreases from its initial value 6(0) > 1to 1
at a rate determined by c; .. A more detailed explanation of this material model can be found
in previous chapter.

4.4 Simulation of microstructure evolution

For simulation of microstructure evolution during the extrusion process the commercial Finite
Element software Abaqus is applied. Because of the axisymmetric geometry of the billet, the
extrusion process is idealized as axisymmetric in the simulation. The die and tool are modeled
as deformable bodies with thermoelastic behavior and are meshed with quadrilateral elements.
During the extrusion process several thermomechanical phenomena are involved: the energy of
plastic deformation is mainly converted to the heat, friction between the material and container’s
wall generates heat which increases the temperature of both the billet and the container, and the
heat transfers inside the billet and between the billet and the container’s wall. A fully coupled
temperature-deformation process is required to cover all of these thermomechanical aspects of
the extrusion process which influence the material behavior and microstructure evolution. The
element type CAX4RT which includes temperature as one degree of freedom is applied for the
simulation. Element distortion and contact during the simulation of large deformation processes
are controlled by means of a custom adaptive remeshing system based on Python scripting
and utilized in the FE software Abaqus. Only the billet which undergoes large deformation
needs to be remeshed. Abaqus enables us to use the user defined subroutines for material and
microstructure modeling and is therefore more flexible for the simulation of microstructure
compared to high-end FE software. The developed remeshing scheme has been optimized for
large deformation processes so that the number of remeshing steps is decreased by checking
the mesh quality after each increment. The remeshing is applied only when the mesh quality
reaches a critical value and therefore loss of the information due to the mapping is minimized.

The contact simulation in this work is based on surface-to-surface contact which represents
a more physical contact condition compared to the node-to-surface contact algorithm. For sim-
ulation of friction an isotropic Coulomb—Orowan (Wriggers, 2006) friction model is used. The
classical Coulomb friction model assumes that no relative motion between the contact surfaces
occurs if the frictional stress 7, is less than the critical stress 7. which is related to the normal
pressure. In some hot metal forming processes such as extrusion, the material sticks to the con-
tainer walls and the classical Coulomb model overestimates the frictional stresses in this case.
To model this frictional condition, the friction stress is limited to the maximum shear Stress 7,4,
which material can undergo before sliding. The heat generated by friction is divided equally
to the interacting surfaces. The thermal contact between all interacting surfaces is taken into
account.
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Figure 4.14: Evolution of grain size at point 2 for different values of cs.

The material model explained in section 4.3 is implemented in Abaqus as a user defined
material (UMAT). Parameter values used for simulation of EN AW-6082 in the current work
are listed in Table 4.1.

Ko Ho o 0y Oy 9o/k

70 GPa 20.5 GPa 23 x107°/K | 673K | 25MPa | 1.8 x 10* K
ng 2 By 5(0) Cs
4.27 3.3 x 10%/s 0.9 5.3426 | 0.2504

Table 4.1: Material parameters of the aluminum alloy EN AW-6082 used for simulation of
extrusion process.

In addition, for the temperature equation, we require the value of the coefficient of thermal
conductivity k, = 210 J/ m K for the Fourier model, as well as that ¢, = 2.376 J/ m3 K s of
the heat capacity. In addition, the rate of heating is given by w = 5, 0\ &p — 3 kg ap 0 tr(D)
in terms of the continuum rate of deformation D via the Taylor-Quinney approximation and
Taylor-Quinney coefficient 3,. In the current work, 3, = 0.9 is assumed. It has been shown in
Rosakis et al. (2000) that /3, is in fact not a constant but rather depends on strain and strain-rate
to varying degrees. In the following, this coefficient will be treated as constant as there is no
experimental data relevant to the determination of 3, for the materials of interest here. The
parameters for evolution of microstructure are determined by tuning. Figure 4.14 depicts the
evolution of grain size at point 2 for different values of ¢s. The values of equivalent plastic
strain in Figure 4.14 are obtained from simulation results at point 2 (P, in Figure 4.4). With
increasing cs, the rate of evolution of grain size increases.

Figure 4.15 depicts the distribution of equivalent plastic deformation during simulation of
the extrusion process. It can be seen that the material undergoes larger plastic deformations
in the main deformation zone and die exit area compared to the dead material zone (DMZ).
The highest value of plastic deformation occurs at the surface of the extruded profile where
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Figure 4.15: Simulated distribution of equivalent plastic strain in the billet at the end of the
extrusion process.

material should overcome the frictional resistance of the die’s surface. Figure 4.16 illustrates
the simulated distribution of the temperature during the extrusion process. In the DMZ and die
exit area an increase in temperature caused by the heat generated by large plastic deformation
and frictional interaction becomes evident. The temperature decreases in areas close to the
container due to heat transfer from the billet to the walls with lower temperature. Temperature
at the die exit increases significantly compared to the initial temperature. In some experiments
the die exit temperature was almost 100 K above the billet insert temperature (McQueen and
Celliers, 1996, 1997).

Figure 4.17 shows the simulated distribution of the grain size in the material block at the
end of the process. In the DMZ the grain size is the same as the original grain size which is in
agreement with experimental observations. The grain size decreases in the shear zone along the
direction of extrusion. The finest grains are at the surface of the extruded profile. In this area the
grain boundary length and the dislocation density are higher than elsewhere. The high amount
of dislocation density and stored energy of plastic deformation in this area provide the required
energy for static recrystallization and grain growth in the cooling process. Experimental results
show that the static recrystallization mainly occurs at the die corner and outer surface (Duan
and Sheppard, 2004) and results in a bigger grain size in this area.

Table 4.2 represents the comparison between experimental and simulated values of grain
size in the six investigated points of the black path. The red path is used for identification
of microstructure parameters in the described model. The results of all points are in good
agreement with the experiment. The major deviation is at point 6 which is mainly due to the
modified form of the corner of the die in the simulation. The sharp corner of the die was slightly
rounded in the simulation in order to reduce the numerical costs and efforts. The material faces
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Figure 4.16: Simulated distribution of temperature (°C) in the billet during extrusion process.
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Figure 4.17: Simulated distribution of grain size (xzm) in the aluminum billet at the end of the
extrusion process.

less resistance and deformation in this area compared to the sharp corner of the die in the
experiment, and therefore the simulated grain size for point 6 is larger than the experimental
observation.

To verify the model, the obtained parameters for the black path are used to predict the evo-
lution of grain size of the points along the red path. The comparison of the simulated results
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for the investigated points of the red path and experimental results is given in Table 4.3. The
comparison shows that the predicted grain sizes of the points along the red path are close to the
experimental one.

Table 4.2: Comparison between experimental and simulated results for grain size (xm) at six
investigated points of the black path.

Points 1 2 3 4 5 6

Experiment | 52.1 | 54.6 | 33.2 | 30.8 | 26.4 | 17.8
Simulation | 56.3 | 53.2 | 35.1 | 28.7 | 27.3 | 19.7
Difference | 8% | 3% | 6% | 7% | 3% | 10%

Table 4.3: Comparison between experimental and simulated results for grain size (m) at six
investigated points of the red path.

Points 1 2 3 4 5 6

Experiment | 84.1 | 48.1 | 36.4 | 34.3 | 29.3 | 21.9
Simulation | 79.4 | 49.5 | 39.7 | 30.7 | 27.2 | 23.7
Difference 6% | 3% | 9% | 10% | 7% | 8%

45 Results and discussion

In this chapter a model for the dynamic evolution of microstructure during hot forming pro-
cesses of aluminum alloy EN AW-6082 is presented. To verify the model and simulation results,
a small-scale extrusion process for scientific purposes was established. In this setup the material
block and container were cooled down immediately after the extrusion in a water bath to prevent
the statistic microstructure evolution. The EBSD results show that the microstructure map of
the deformed material during the extrusion process was preserved by immediate cooling.

The physically-based model for modeling the microstructure as internal state dependent vari-
ables presented in this work assumes the saturation of the microstructure parameters such as
grain size and dislocation density after reaching the steady-state condition. The model was im-
plemented in combination with a thermo-elastic visco-plastic material model for a thermome-
chanically coupled simulation of the forming process. The size of the grains generally decreases
in direction of the material flow line. The misorientation between low-angle boundary grains
(5°) first decreases along the deformation line and then increases. This can be explained by
the GDRX phenomena. The subgrains in serrated grains start to form new grains and therefore
the misorientation between low-angle boundary grains increases. During this process the size
of the low-angle boundary grains does not change significantly and the decreasing tendency of
grain size along material flow line is not affected. The simulation results for evolution of grain
size are in good agreement with experimental results and the model presented here can be used
for further development and investigation of microstructure evolution during the hot forming
processes of aluminum alloy EN AW-6082.
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Comparison of two models for material behavior of
Al-alloys during thermo-mechanical processing

abstract In the current work, two models are formulated for the thermoelastic, viscoplastic
behavior of aluminum alloys and applied to the case of extrusion. The first model is based on a
common semi-empirical form of the (scalar) flow rule in the extrusion community and neglects
all effects of the microstructure on the hardening behavior. This results in an ideal viscoplastic
model. The second model formulates a scalar flow rule as based on the Taylor assumption and
the effect of the subgrain structure development on the inelastic free energy and the flow stress
is taken into account. The predictions of both of these models for simple benchmark problems
involving material testing and extrusion are compared.

5.1 Introduction

During industrial thermo-mechanical processing such as hot forging, rolling or extrusion, pro-
cessing conditions drive an evolution of the dislocation and grain microstructures in the metal-
lic materials of interest, resulting in a change of shape of the work piece. In the case of high
stacking-fault energy materials such as aluminum alloys, for example, mobile dislocations glide,
cross-slip, and at higher temperatures, climb. Depending on the nature of the energetic and
dissipative-kinetic mechanisms involved, dislocation motion results in the development of dis-
location microstructures within existing grains consisting of dislocation-rich wall-like regions
separating dislocation-poor cell-like regions, leading to subgrain formation.

Dislocations interacting with obstacles such as other dislocations, solutes, or precipitates,
subgrain- or grain boundaries, result in various forms of hardening behavior. Face-center cubic
(fcc) materials such as aluminum and its alloys are generally characterized by four stages of
work hardening. Stage | (easy glide) represents the glide of dislocations over “long” distances,
little interaction with other dislocations and little hardening. Stage Il is characterized by a linear
hardening rate and slight temperature-dependence. Stage Il begins when cross slip of screw
dislocations is activated. Especially at low temperatures, where climb is too slow, cross-slip is
the major recovery mechanism. In general, both mechanisms will be important.

The interpretation of polycrystal hardening on the basis of single crystal behavior also in-
volves the average grain size and the distribution of grain orientations, i.e. the texture. At least
for pure fcc materials and for grain sizes much smaller than the specimen size, texture rather
than grain size is important here in the sense that the distribution of grain orientations influences
the distribution of active glide systems.
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In the simplest case, one can view the microstructure of a polycrystal as consisting of (i)
(high-angle) grain boundaries separating grains, (ii) (low-angle) subgrain boundaries separating
subgrains within grains, (iii) dislocation walls separating cells within subgrains, (iv) individual
dislocations, (v) solutes and (vi) precipitates.

From a phenomenological viewpoint, the behavior of polycrystalline aluminum alloys during
technological processes like extrusion is fundamentally thermoelastic and viscoplastic (i.e. rate-
dependent) in nature.

5.2 Material model framework

The purpose of this section is to establish the continuum thermodynamic framework for the
formulation of material models for single- or multiphase thermoelastic, viscoplastic behavior.
For simplicity, we assume that the material behavior of each phase is isotropic. More generally,
non-trivial distributions of grain orientation (i.e. texture), grain size, and grain shape, will
result in anisotropic behavior. In the current work, however, this is neglected. In addition, for
simplicity, attention is restricted here to the case of two (metallic) solid phases, for example, in
the case of steels, these could be austenite and martensite. Or in the case of aluminum alloys,
these could be (aluminum) matrix and precipitate.

In the current thermoelastic, viscoplastic context the deformation behavior of the material is
modeled by the constitutive forms of the referential free energy density ¢, the flow potential ¢
and the dissipation potential x. Rather than y, one can alternatively work its thermodynamic
conjugate ¢, i.e. the stress potential. Here, x represents the deformation field, and V is the
gradient operator with respect to the reference configuration of the material. The inelastic state
of the material is characterized by an inelastic local deformation F},, an equivalent inelastic
deformation e, and a set o, of deformation-related internal variables (e.g. immobile dislocation
density) assumed to contribute to energy storage and processes like hardening in the material.
On this basis, modeling F, as a change of local reference configuration (Svendsen, 2001), the
referential free energy density is modeled by the additive split

VO, F, Fp, ap) = g0, InVg) + ¢p(0, ap) (5.1)

into elastic ¢, and inelastic

Vp(0, ap) = epap) — O np(ap) (5.2)

parts, again in the case of isotropic behavior. Here, InV} := % In(By,) is the elastic left log-
arithmic stretch tensor, By, = F,Fy} = FC,'F" represents the elastic left Cauchy-Green
deformation, Fy, := FF; ' is the elastic part of F and Cp = F{ F;, represents the inelas-
tic right Cauchy-Green deformation. In particular, (5.1) determines as usual the thermoelastic
forms
K = 0p¢y F'
—n = 00,

for the Kirchhoff stress K and the referential entropy density 7.

(5.3)
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In the current isotropic case, 1, (#,InVy) is an isotropic function of InV4,. In addition to
isotropy, we exploit the fact that the magnitude mag(InVy) := /InV}; - InV}; of InV;; remains
small in the case of metals. This results in the form

Vp(0,InVg) = ¢g(0,0) + ((0) tr(InVy) (5.4)
+ 5 p(0) tr(InVy)? + ug(f) mag(dev(InVy))? .

to second-order in terms of the thermal expansion modulus (i (), the bulk modulus x(6), and
the shear modulus 1i(0). Here, tr(InV) := I - InV}, represents the trace, and dev (InV;) =
InV;; — & tr(InV;) I the deviatoric part, of InV;,. In particular, (5.4) implies the form

K = aanEwE
= {(g+ kg tr(nVi) I + 2 pp dev(InVy)

for the Kirchhoff stress. Assume that there exists a reference temperature 6 = 6, at which the
material is stress-free, i.e. K (6,,0) = 0. In this case, (3(6,) = 0 must hold. This results in
the form ((0) = 3 kg(0) oy (6, — 0) of (x(0) for ((6) in terms of the coefficient of thermal
expansion o, at 6,. Assuming that x(0) = kq + x1 (6 — 6,) and pg(0) = o + 114 (6 — 6,) are
linear functions of temperature, the heat capacity

cp(0,InVg) = =00, 9y Yp(0,InVy)
= ¢y + 6K oy0tr(InVy)

(5.5)

(5.6)

is independent of i (0). Here, ¢, = c(6,0). Since mag(InV}) < 1, the second term in (5.6)
is small. This is also reasonable from the point of view that we assume temperature variations
about ¢, to be “small”. In any case, (5.6) implies

Y(0,0) = co {0 — 0, — 01n(0/0,)} (5.7)
and so .
Up(0, 1y, lp) = 5 wp(0) 1+ pp0)
+ 3rp(0)ay (0, —0) Iy (5.8)
+ {0 —6,—01n(0/6,)}
follows from (5.4) in terms of the scalar elastic strain measures

ly = tr(lnVg),

Ip = mag(dev(InVy)), (5.9)

derived from InVj;, such that InVy, = £ 1 I + [, dir(dev(InVj)) holds. Here, dir(A) :=
A /mag(A) is the direction of any non-zero tensor A. From (5.8), we obtain the forms

=0, Ly, ln) = g0, Ly, lp)
= % K1 l12{ + 1y l123
— 3(kg(0) + Ky (0 —6))) g ly — o In(6/6,) ,
ep(l by, lp) = g0,y lp) +0ng(0. 1y, lp)

= 5 (R — k1 0p) i + (g — 11 0p) I,

+ ¢o (0 —0) + 3 (Kkg(0) + K1 (0 — 0)) g ly
for the corresponding entropy and internal energy densities, respectively, via (5.3),. Combining
(5.8) with (5.1), we then have

VO, F, Fp, ap) = Yp(0, Iy, Ip) + ¥p(0, ap) (5.11)

(5.10)
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for the free energy density. In turn, this form for the free energy density implies that
for the Kirchhoff stress K, with

ky = tr(K) = v = rg{lya+3a9(6y—0)},

5.13
kp = mag(dev(K)) = 0, ¢ = 2pgly, 6.13)

its scalar hydrostatic and deviatoric parts, respectively. In the current model class, then, (ky, i)
and (kp, l,) are thermodynamic conjugates.

Consider next the inelastic constitutive relations. Following standard metal plasticity, assume
that dislocation glide is driven by deviatoric stress &k, alone. Again, damage or any related
inelastic processes resulting in inelastic volume changes are neglected here. In this context, we
work with the constitutive relations

FP - éP NPiFPv

q, = Ci|éP| —Tis

(5.14)

for the tensorial flow rule and for each o, € o, respectively. In particular, the latter takes the
generalized Voce form, with the first term representing inelastic-deformation-driven growth and
recovery and the second term representing non-deformation-related recovery processes. On the
basis of these and (5.3), one obtains the result

oy = |op| ép[ + ZZ 0 e 1; (5.15)

for the internal part o; of the referential dissipation-rate density in terms of the conjugate stress

Op = {|K - Np| — ZZ aai’lvbP Ci} sgn(K - Np,) (5.16)
to e, Via the constitutive assumption
sgn(ép) = sgn(K - Np,) (5.17)

on the sign of é,. Here, Ny, := F, Ny, F;'. In particular, assuming the von Mises flow, we
have

Gp(.- - kp) =ky = \/g kp = \/ENE Ip (5.18)
for the inelastic flow potential, and so
Np. = Ocp = /2 dir(dev (K) (5.19)

for the corresponding flow direction. Then K - N, = k,; > 0 is always non-negative, in which
case sgn(ép) = 1 is always positive for non-zero é,. As such, op, = |op| and é, = |ép| are
always positive as well. Substituting these into (5.15) then yields

0y = Op ép + ZZ 0o Up ;s (5.20)

with now
op =i — D Oatp ¢ (5.21)
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In terms of the conjugate constitutive relations

op = 0 Xp,
. P 5.22
P = aaP‘PP ) (5:22)
we have
I - XP €p ZZ z@bP (5.23)

= 0p0, pp+ ZZ 0o Vp 14

for o;, in terms of the inelastic contribution x (. . ., ép) to the dissipation potential, with (. . ., op)
the conjugate driving stress potential.

Assuming quasi-static conditions, the deformation field x is determined as usual via the
corresponding form
div(KF ') =0 (5.24)

of momentum balance. Analogously, in the current Clausius-Duhem context, the field relation

for the temperature @ is obtained. Here,

wg = K, -D,
wp = Op.ép+ ZZ O EpTy s (5.26)
represent the elastic and inelastic rates of heating, respectively. In these relations,
K, = -0 a1nVE77E (5.27)
represents the entropic part of K, and
op. = K. - Np, — Zi 0..5p € (5.28)
is the energetic part of o, as determined by that
K. = aanEgE (5.29)
of K. Lastly, heat conduction is determined by the corresponding part
xc(0, F,V0) = % 0 ko F~IV - det(F) F~'V6 (5.30)

of the total dissipation potential x. The form of x, is based on Fourier heat conduction, with
k, being the coefficient of thermal conductivity.

In summary, particular forms of the material model are obtained via specification of (i) the
temperature-dependence of x(0) and ug(6) in (5.8), (ii) the forms ep(ap) and np(ap) in
(5.2), and (iii) the form of either xp or ¢p. On this basis, we now apply this approach to the
high-temperature extrusion of aluminum alloys.
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5.3 First simple model

If the material (e.g. aluminum alloy) under consideration is in a strain- and stress-free state
at room temperature, it will not be so after placing it in the extrusion device and heating it up
to approximately 673~773 K. Indeed, the resulting thermal expansion of the material and a
reduction in the elastic properties will affect the stress state in general. On the other hand, if
given enough time before loading begins, local inelastic processes in the material will relax any
significant local stress build-up. On this basis, we assume K (6 = 6,,0) = 0, with ¢, chosen to
be the initial temperature of the extrusion process. During this process, the temperature varies
due to for example mechanical dissipation, friction of the block with the walls of the extrusion
device and heat conduction. Generally speaking, the former two result in a temperature increase
and the latter in a temperature decrease, near 6,. Assuming this temperature variation is not
large, kg (0) ~ Ky and ug(0) =~ p, in (5.8) can be assumed to be approximately constant.

The high stacking-fault energy of materials like aluminum alloys implies that, at high ho-
mologous temperatures, dislocation-based dynamic recovery leading to subgrain development
and “geometric” continuous dynamic recrystallization are energetically favored. As such, in-
elastic deformation in such materials is modeled as a transition-state process via corresponding
activation-based constitutive forms like

ép = O, p = €pg e/ sinh"™ ((op — o) /opy) €90/ (5.31)

for the flow rule (5.22), (c.f., Sellars and Zhu, 2000; Sheppard, 2006). Here, o, represents
the initial activation stress for dislocation motion (i.e. initial yield stress), o, is the drag or
Peierls stress on moving dislocations, (f) := (f +|f|)/2 is the ramp function and n, is the rate
exponent. Note that (5.31) can be inverted to obtain

op = 0. Xp =0p+0p Sinh_l(zyno/zé’{)no) (5.32)
for the implicit form of the flow rule in terms of the so-called Zener-Hollomon “parameter”
zp = épexp(gy/kb) , (5.33)

with zp, == épgexp(gy/kb,). Formally, (5.31) and (5.32) can be integrated to yield the corre-
sponding potential; for example, the latter yields

Xp = O ép +0pép fo(2p/2p0) 5 (5.34)
with
fp(€) = sinh™'(gM/m)
1+ ng

in terms of the hypergeometric function 5 F (a, b; ¢; z) of the second kind. For simplicity, we
begin by treating o, and o, as constant. In other words, any dissipative hardening is neglected.
In addition, we neglect any energetic hardening. In this case, ¢, 7p, and so ¢p, from (5.2) all
vanish. Inthis case, o, from (5.21) reduces to op = k). Likewise, one obtains the reduced form
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wp = op, €p for the inelastic rate of heating from (5.26), depending on that op, = K, - Np,
for op, from (5.28).

Although we are neglecting their effect on the hardening behavior here, it is nevertheless
instructive to examine the evolution of selected microstructural characteristics whose develop-
ment is driven by that of e,. For example, the mean (sub)grain size d. In particular, on the
basis of dynamic recovery alone, d is observed to decrease with increasing ep. This observation
motivates the constitutive Holt-Voce form

d=ryd(s;—d)ép (5.36)

(e.g. Sellars and Zhu, 2000; Sheppard, 2006) for d. Here, s, = c,/r, represents the saturation
value of d. For the simulation of the extrusion behavior of the aluminum alloy EN AW-6082,
the values 6, = 773 K, x, = 70 GPa, 11, = 20.5 GPa, oy = 2.3 x 1079/ K, ¢, = 2.376 J/ m3 K
sand k, = 237 J/ m K for the thermoelastic parameters have been assumed. For the flow rule,
9o/kby = 23.2, ng = 4.27, épo =9 x 107* /'s, 0, = 0 MPa, and o, = 25.0 MPa have been
chosen. Lastly, for the evolution of d, d(ep = 0) =5.3 um, r, = 0.2/ ym, and s, = 1 um, are
used. These latter values have been estimated with the help of the statistical characterization of
the grain microstructural development based on EBSD data (Parvizian et al., 2011).

The behavior predicted by this thermoelastic, ideal viscoplastic model is compared below
with that of the second model considered in this work, to which we now turn.

5.4 Simple subgrain-based hardening model

The model examined in the previous section completely neglected the influence of the develop-
ing grain and dislocation microstructures on the behavior of the material during extrusion, and
in particular on the hardening behavior. The purpose of this section is to formulate a first simple
model in this direction for the case of aluminum alloys.

The simplest effective representation of the influence of the grain microstructure on the ma-
terial behavior of a polycrystal is that due to Taylor. This is based on the Taylor factor m
relating the equivalent inelastic deformation -, in each grain to the corresponding polycrystal
quantity ep, i.e. v, = my ep.

For simplicity, we treat m.. as constant here; in reality, however, the grain microstructure,
i.e. texture, and hence this factor, could change considerably during deformation. Since the
magnitude or degree of anisotropy of aluminum alloys is quite low (in contrast to the case of
copper for example), assuming m.. to be constant would therefore seem not unreasonable.

In fcc systems at low homologous temperatures, recovery is primarily due to cross-slip of
screw dislocations. As the temperature increases, dislocation climb also contributes to recovery.
For simplicity, no distinction is made between edge and screw dislocations here. The frequency
of cross slip is affected among other things by the stacking fault energy. This energy is related
to the atomic bonding in the material and determines the extent to which unit dislocations disso-
ciate into partials. In particular, the higher this energy, the smaller the stacking fault and the less
likely the dissociation becomes. Indeed, the smaller the stacking fault, the easier the climb and
cross slip. In our model the dependency of the frequency of cross slip on the stacking fault en-
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ergy is not explicitly treated. The model could clearly be improved by including a dependence
on the stacking fault energy.

The model for each grain is based in particular on the Orowan relation

3y = O Ua/b (5.37)

for each grain determining its equivalent inelastic deformation rate 4, in terms of the Burgers
vector magnitude b, the non-dimensional mobile dislocation density o := b? p,_, and the mean
dislocation velocity v,. Under quasi-static loading conditions, the time ¢, dislocations spend in
the immobile state is generally much longer than the time ¢, spent moving, i.e. ¢; > t_. Inthis
case,

Vg = Ao/ (G + ) = A/ (5.38)

follows for v, in terms of the mean obstacle spacing A, and ¢, > ¢ . Since mobilization is an
activation process, ¢, is modeled via the activation relation

1 ()
~ = W exp (kg—bo’o - :—g) {exp (ﬁ (1, — TO>) - 1} (5.39)

with respect to the reference temperature ¢, depending on the “mobilization” frequency w,
the activation energy g, for mobilization, the free volume v,, Boltzmann’s constant %, and
the (activation) Peierls stress 7, (i.e. resistance of the lattice to activation of dislocation motion)
with respect to ,,. In pure metals, 7, is related to short-range interactions associated with cutting
of “trees” and dragging of jogs. In alloys with a significant amount of atoms in solid solution
(e.g. Al-Mg alloys), thermal activation of solute atom diffusion away from climbing jogs on
screw dislocations influences this stress as well. In addition, cell and grain sizes, as well as any
interactions with non-deformable particles such as precipitates, are influential as well.

Combination of (5.38) with (5.39) and substitution of the result into (5.37) yields the consti-
tutive form

~

7, =147, In (1 + i) (5.40)
for 7, as well as corresponding hardening rate
Zp
aln;yth — Td Zpo + Zp (5.41)
at the grain level. Here,
Ty = kO /v, = (kOy/vy) 0/0, = 7400/, (5.42)
represents the drag stress,
20 = Ypo €%/ (5.43)

is a reference Zener-Hollomon parameter, and

’7p0 =Wy (Ao/b) Om (544)

a reference deformation rate. In the current thermodynamic context, then, (5.40) is expressed
in the potential form
T, = 8% Xp (5.45)
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relative to the inelastic part

Z. zZ. A
of the dissipation potential at the grain level.
Consider next the driving stress
Ty =Ta T T =Ta+ 05 X, (5.47)

for dislocation motion in each grain. As indicated, this splits into thermal 7, and athermal 7,
parts. In particular, the latter is due to energetic and basically temperature-independent interac-
tions with long-range barriers, while the dynamic or thermal stress component 7, characterizes
the rate- and temperature-dependent interactions with short-range obstacles. For simplicity, we
assume that the athermal stress 7, is dominated by the development of the subgrain structure as
represented and idealized by the mean (sub)grain size d. As such, we have a, = {0} in the con-
text of the thermodynamic material model framework discussed in section 5.2, with 6 := d/s,
the dimensionless subgrain size. As in the last section, the evolution-constitutive relation (5.36)
for d holds here as well. This results in the form

T, = _a"YpCP
— 5.48
= 7,— 05, 1y8,0(1—0) (5.48)

T — hsd™!
for the flow rule at the grain level via the form
h 1—1/6 11

§) = )y /70 — 5.49
1/)p() Tdsd{n<1_1/5>+50 5} (549)

for the inelastic stored energy associated with subgrain formation.

For the simulations to follow, the same thermoelastic parameter values are used for the alu-
minum alloy EN AW-6082 as given at the end of the last section. This holds as well for the
parameter values for the evolution of the subgrain size d. For the current inelastic flow model,
we choose g,/kb, = 23.2, 7,0 =9 x 107° /s, 7, = 0 MPa and 7, = 3.0 MPa for comparability
with the parameter values from the last section. Likewise, as before, for the evolution of d,
we assume d(ep = 0) =5.3 um, r, = 0.2/ um, and s, = 1 um. The Taylor factor m, =1
is assumed to be constant here and the hardening parameter is assumed h; = 12 MPa for the
extrusion process at the described conditions.

5.5 Algorithmic formulation

As usual, we consider an arbitrary time interval [t , ¢, . ] with time-step size t, ,, , :==1,,, —,.
Asusual,thed,, F,, p,, €,,, €,,, and €5, attime ¢ = ¢, are known. In addition, 6, ., and F,,
are given. The current implementation is based on backward-Euler integration. This yields the
system

ZHn—i—l = Zf{rn+1>
dir(dev(InVg,,,,)) = dir(dev(InVg,,,)), (5.50)

3 _ tr
lDTL—‘rl + 5%Pntin — lDTL—‘rl .
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via (5.9). Here, ep,,, 1, == €p, 1 — €p,,. Further, lf, ., and If}, ., represent the so-called trial
values of I;,, ., and [, ,, ., determined by that

1 _ 1
1nV]£1;1+1 = § ln(Fn-H CPvlz FE—H) = 5 ln(Fn—i-l,n BEn FE—i—l,n) (551)
of the elastic left logarithmic stretch, where F, ., := F, | F, " is the relative deformation
gradient. In turn, (5.50) yields the algorithmic relations
ki1 = fig{lint +3a9(0) —0,00)},
. (5.52)
kppi1r = 2p9l5n41 — \/é,uo €Pn+tin
for & and ki, respectively, via (5.13). On the other hand, backward-Euler integration of (5.22),
yields the algorithmic relations

P _
ifop, 1 <oap  ppp1 = g /
1/n,
N i 5.53
elsesolve  o0p, ., = oup +opp sinh ! ( 71%) ( )
2y °

in the usual predictor-corrector fashion via (5.32) to solve for ¢, ;. Here,

a—gn—i-l = O—g\/[n—i-l - (aep¢)n = \/gkgn—i-l - (aep¢)n (554)
represents the trial-predictor value of oy, as usual from (5.52),. In any case, this yields the
updated €, ,, ., of the accumulated equivalent inelastic deformation.

In post-processing, the solution for e, ., obtained in this way yields the forward-Euler
updates

€ont1 = Epn + Cp (1 - Epn) EPn+in
€ontl = Cun + C<p (1 - Ewn) €pntin (555)
En+1 = Sn + Cs€sn (1 - 6671) €Pn+in

for the non-dimensional dislocation density, misorientation and subgrain size, respectively. In
addition, &, , then follows from (5.52),. Since dir(dev(InV,,,,)) and ky,,,, are determined
by the trial state via (5.50),, and (5.52),, respectively,

K, | =kyp I+ Fkp,dir(dev(InVg,.,)) (5.56)

follows from (5.12). Likewise, the forward-Euler form

tn—i—l,n Wpt1 = ﬂP Oppn€Pptin — 3 Ko o en I Sym(Fn—i-l,n - I) (557)
for the rate of heating is obtained.

Similar to section 3.4, on the free surface, radiation is modeled by the normal heat flux
boundary condition
¢e = €0 (0" — 6p) (5.58)
for the normal component g, of the currrent heat flux, where ¢, is the emissivity, ¢, the Stefan
constant and ¢,, the temperature of the surroundings. On the surface of contact with the tool, we
have

[
c=hy(0—0,,,) + —2et vl , 5.59
q o( tool) ertior + Coont feo P [V ( )

where h,, is the heat transfer coefficient between the billet and container at temperature 6, ,,
L Tepresents the friction coefficient, e, ;.. and e, the respective effusivities, p is the contact
pressure and v is the velocity jump across the billet-tool interface.
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5.6 Results

The results of two explained models in previous sections are compared with the experimental
results for the simple tension test published in Parvizian et al. (2011) as well as the experimental
results of the extrusion process. The simple tension test is performed at three different temper-
atures (623, 673 and 723 K) and in each case for three different head velocities (0.1, 1.0 and
10.0 mm/s). Figure 5.1 shows the comparison of the results of the first model (no hardening)
with the experimental results of EN AW-6082 at 623 K. The experimental results clearly show
that EN AW-6082 hardens during plastic deformation. The extent of hardening depends on the
temperature and rate of deformation. The experimental results for different temperatures and
head displacement rates presented in Figures 5.1, 5.2 and 5.3 (lines with triangles) show that the
hardening effect is more significant at higher rates. The experimental results also show that the
hardening effect is more significant at lower temperatures. These results can be explained by
considering microstructure evolution during plastic deformation. At higher deformation rates
the amount of plastic work stored in the material is higher and therefore more dislocations are
generated in the material. These dislocations hinder the plastic deformation and make the ma-
terial harder. On the other hand, the higher temperature eases the dislocation movement in the
microstructure and therefore the material softens and shows less resistance to plastic deforma-
tion.
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Figure 5.1: Comparison of experimental (lines with triangles) and simulation results of the first
model (no hardening) for EN AW-6082 at 623 K for different head displacement rates.

The simulation results of the first model (shown by straight lines in Figures 5.1, 5.2 and 5.3)
in contrast to the experimental results show no hardening. The softening effect observed in
simulation results is due to the rise in temperature during plastic deformation. In all of the three
cases with different temperatures and deformation rates the simulation results predict the elastic
part correctly whereas the results are underestimated for the inelastic part .

Figures 5.4, 5.5 and 5.6 present the results of the Orowan based hardening model in com-
parison to the experimental results of simple tension at different temperatures and deformation
rates. In contrast to the first model, here the material hardens after reaching the elastic limit. In
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Figure 5.2: Comparison of experimental (lines with triangles) and simulation results of the first
model (no hardening) for EN AW-6082 at 673 K for different head displacement rates.
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Figure 5.3: Comparison of experimental (lines with triangles) and simulation results of the first
model (no hardening) for EN AW-6082 at 723 K for different head displacement rates.

all of the cases the simulated results are in good agreement with experimental ones. At a higher
temperature and lower deformation rate the Orowan model predicts the hardening effect more

accurately. In each case the saturation value of hardening depends on the temperature and rate
of deformation and should be adjusted for each simulation.

To compare the simulated results of the two explained models in the case of the extrusion
process, the ram force during extrusion is measured. The experimental process is presented
in Figure 4.1. Figure 5.7 shows the experimental results for the ram force during extrusion of
EN AW-6082 with ram speed v = 5 mm/s and at 810 K. It is observed from the experiment
that the ram force at the beginning of the process (up to 2 mm of ram displacement) increases
slightly. This is the time period during which the material fills the gap between the billet and
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Figure 5.4: Comparison of experimental (lines with triangles) and simulation results of the

Orowan based hardening model for EN AW-6082 at 623 K for different head displacement
rates.
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Figure 5.5: Comparison of experimental (lines with triangles) and simulation results of the

Orowan based hardening model for EN AW-6082 at 673 K for different head displacement
rates.

the container. Thereafter the material starts to flow through the die and the ram force increases
linearly. The maximum value of ram force occurs before steady state condition and during
the hardening phase of the material. In steady state condition due to the rise in temperature,
the material softens, and therefore the final ram force in steady state condition (about 84 KN)
is less than the maximum value reached during the hardening phase. The gap between the
billet and container is eliminated in simulation, and therefore the simulated ram force starts by
linear increasing up to its steady state value. Therefore the simulation results are shifted for
comparison with the experimental one. The results of both models show similar behavior in
the unsteady part of the process. The first model which does not include the hardening effect
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Figure 5.6: Comparison of experimental (lines with triangles) and simulation results of the

Orowan based hardening model for EN AW-6082 at 723 K for different head displacement
rates.

predicts a lower ram force than experimental results with the maximum ram fore in steady state
condition, whereas the ram force predicted by the second model is closer to the experimental
results. During the extrusion process the dislocation density in highly deformed areas increases
and the average grain size decreases. The new dislocations hinder the deformation and increase
the required ram force for the deformation. The simulation result of the second model presented

in Figure 5.7 shows that the required ram force decreases, after reaching the maximum value
during the hardening phase.
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Figure 5.7: Comparison of experimental and simulation results of the ram force during the

extrusion process for the two presented models with and without hardening (by courtesy of the
IUL, TU Dortmund).
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5.7 Summary and conclusions

Two different models based on a thermoelastic viscoplastic approach for the material behav-
ior of aluminum alloys in large deformation processes were presented in this work. The first
model ignores the hardening effect due to grain refinement during the forming process. The
comparison of simulated results of the first model with experimental simple tension test shows
the underestimated simulated results for stress. In the second model a hardening model based
on interaction of microstructure and material behavior was presented. According to this model
the material hardens with the increasing size of grains. The finer grain size represents the higher
density of dislocations in material which hinder the plastic deformation and leads to hardening
of the material. The results of this Orowan type model are in good agreement with experimental
results of the simple tension test at different temperature and deformation rates. Both models
are used in the case of extrusion of aluminum alloy to obtain the ram force. The first model pre-
dicts the ram force lower than the experimental one whereas in the second model the predicted
ram force is close to the experimental one. Moreover, similar to the experiment, the ram force
reaches a maximum value before the steady state condition. This maximum value represents
the hardening period of the material.






Appendix A

Basics of continuum mechanics

This appendix gives a short description of the continuum mechanics relations which are used in
this work. A more detailed explanation of the topics of continuum mechanics can be found in
text books such as Chadwick (1999) and Gurtin et al. (2009).

A.1 Kinematics

The motion of a continuum body €2 in the space can be divided in two parts: rigid body dis-
placement which is deformation free, and deformation. In rigid body displacement, the body
moves with rotation and displacement without any change in its shape.

The motion of a body from reference configuration €2, to the current configuration €2,
can be explained by function ®(X,¢) which transforms every material point of the reference
configuration to the current configuration

x = (X, 1) (A1)

where and X and x are the coordinates of the material point in the current and reference con-
figuration, respectively.

O(X, 1)

N

Figure A.1: The motion of a continuum body from its reference configuration €2, to the current
configuration €2, in Euclidean space.

The vector dX in reference configuration can be transformed to vector dx in current config-
uration by

dx = FdX (A.2)
where F'(X, ) is called the deformation gradient tensor

F(X,t) = g—; = %);t). (A.3)
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Moreover the Jacobian J of the tensor F' is obtained by
J =det F(X,t). (A.4)

and represents the transformation of a volume from reference configuration to the current con-
figuration

dv = JdV. (A.5)
The deformation gradient F' can be decomposed to two tensors by polar decomposition:
F=RU=VR (A.6)

where the rotation tensor R is a proper orthogonal tensor, RRT = I, and U and V are
positive definite symmetric tensors called right and left stretch tensor, respectively. From
equation A.6

FFT=VRR'VT =vVvT =Vv? (A.7)
and
F'F =UT"R"RU =U"U = U* (A.8)

where C = FTF = U? and B = FFT = V? are called right Cauchy-Green tensor and left
Cauchy-Green tensor, respectively.

In the case of plastic deformation of the material, the deformation gradient F' can be decom-
posed to elastic F'r and inelastic part Fp

F = FyFp. (A.9)

A.2 Strain

There are two measurements of strain which are most widely used. Green-St. Venant strain
tensor

E = %(FTF —I) = %(C ) (A.10)
and Euler-Almansi strain
e %(I _(FFT)) = %(I _ B, (A11)

Another measure of strain is the logarithmic, or true strain
1 ~T gp—1 1 -1
€=—3 In(FF ) = —§ln(B ) (A.12)
which from equation A.8 can be written as

e=nV. (A.13)



A3 Sress 77

Considering the elastic part of the deformation gradient F'z, the elastic left Cauchy-Green
tensor tensor

By = FpF} (A.14)
results in
Vi = (FpF}): = (Bp)? (A.15)
for the elastic left stretch tensor Vi and
1
In Vi = - In(Br) (A.16)

for the elastic left logarithmic stretch tensor In V.

A.3 Stress

Stress is the measurement of the internal forces caused by deformation in a body. The source of
deformation can be external forces and displacement as well as temperature changes in a body.
Cauchy’s theorem of stress states that, as a consequent of balance of forces, a tensor T called
Cauchy stress, exists on an arbitrary cross section of a material body so that

t="Tn (A.17)

where t is defined as the ratio of the force A f, acting on the cross-sectional area AA, and n
is the normal vector of the surface AA. The Cauchy stress tensor T' should be symmetric to
satisfy the balance of angular momentum.

The Kirchhoff stress K is one of the popular measurements of stress and is defined as
K =det(F)T. (A.18)

Other measurements which can be obtained from Kirchhoff stress K are first Piola-Kirchhoff
stress

P=KFT (A.19)
and second Piola-Kirchhoff stress S

S=F'P. (A.20)

A.4 Balance equations

Balance laws are physical laws which apply to all material bodies. In continuum mechanics
these laws explain the balance of mass, linear momentum, angular momentum and energy in a
moving body. The first balance equation is the balance of mass and in local form may written
as

p+ pdivv =0 (A.21)

where p is the mass density and v is the velocity. Balance of linear momentum explains that
the change of linear momentum in time is equal to the sum of all external forces acting on the
body and is written as
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pv = divT + pb (A.22)

where b represents the body forces per unit of volume. The balance of angular momentum in a
spatial integral form can be written as

/ r X tda + / r X bdv = / r x (pv)dv (A.23)
09 Q Q

where r is the position vector of the material points with respect to the origin. The Balance of
angular momentum equation results in the symmetry of the Cauchy stress tensor T'

T=T1". (A.24)

The energy balance (or the first law of thermodynamics) asserts that the total energy of the
material changes in time due to mechanical work performed by the material on its environment,
and heating of the material by its environment. Both of these represent a thermomechanical
interaction between the material and its environment. The local form of the first law of thermo-
dynamics can be obtained as

pUpy = T - D — divg + pr (A.25)

here U, is the internal energy per unit mass, p the mass density, v the velocity, T" the Cauchy
stress, b the body forces per unit mass, g the heat flux, r the specific heat source and D is the
rate of deformation.
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Microstructure of deformed materials

The aim of this appendix is to give a short overview of different micro-mechanisms which are
involved in the large deformation of single-phase metals. More detailed issues on this topic can
be found in books such as Humphreys and Hatherly (2004) and Gottstein (2004).

B.1 Deformed state

The building components of the metals are crystals. Crystals are the repeated arrangement of
atoms. The most common crystal structures for metals are face-centered cubic (fcc), body-
centered cubic (bcc) and hexagonal closed-pack (hcp). The crystal structure of the material
is not ideal and contains imperfections. These imperfections or defects are the irregular ar-
rangement of atoms. There are three different type of defects in the structure of crystals: point
defects, line defects (dislocations) and planar defects (grain boundaries). The defects in crystal
structures have a significant effect on the behavior of the materials. The microstructure of a
polycrystal consists of high-angle grains, subgrains (cells) and dislocations. Grains are charac-
terized as regions with different orientations. The average misorientation angle of both grain
and subgrain boundaries increases by accumulation of strain and stress.

There are two methods of deformation in cubic metals: slip and twinning. The deformation
method in metals depends on the value of the stacking fault energy vsx. In metals with high
stacking fault energy the deformation may occur by slip whereas in metals with lower values of
stacking fault energy, the mobility of dislocations in the crystal structure is lower and twinning
is the preferred method of deformation.

During deformation the microstructure of a metal changes in several ways. The grains
change their shape and there is a large increase in the total grain boundary area. The new
grain boundary area has to be created during deformation and this is done by incorporating
some of the dislocations that are continuously created during the deformation process. Plastic
deformation in crystals normally occurs by the movement of the dislocations. Grain boundaries
are obstacles for movement of dislocations. Therefore finer grains make the material harder.

The energy of plastic deformation is mostly converted to the heat. A small part of this energy
causes the microstructure evolutions during and after deformation. The gained energy from de-
formation is stored in the material in form of dislocations. Because of this, investigation of the
deformation microstructure during recovery and recrystallization must be based on the density,
distribution and arrangement of dislocations. The dislocations are of two basic types: edge
dislocation and screw dislocation. Dislocations are quantitatively represented by the Burgers
vector b. In the case of edge dislocation the Burgers vector is perpendicular to the dislocation
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Figure B.1: Edge dislocation in crystal structure. Burgers vector b represents the magnitude of
the structural defect and is perpendicular to the dislocation line in the case of edge dislocation.

line and in the case of screw dislocation, it is parallel to the dislocation line. The edge disloca-
tion and screw dislocation are presented in Figures B.1 and B.2, respectively. In reality there is
a mixed combination of edge and screw dislocations in the crystal structure.

The microstructure evolutions happening during the deformation are categorized as "dy-
namic evolutions" and those happening after the deformation are called "static evolutions".

The stored dislocations during the plastic deformation hinder the movement of dislocations
and cause the material to harden. The dislocations generated during deformation of the mate-
rial are thermomechanically unstable. During the annealing process the stored energy in mi-
crostructure is released and the material softens again. The mechanisms leading to softening
during annealing are mainly recovery and recrystallization.

B.2 Recovery

Recovery can be defined as all annealing processes occurring in deformed materials without
the migration of a high angle grain boundary. High angle boundaries are defined as boundaries
with misorientations greater than 15-20° (Bellier and Doherty, 1977). During recovery the dis-
locations annihilate or rearrange so that the total stored energy decreases. Recovery usually
occurs before recrystallization starts. In fact recovery and recrystallization are in competition
to minimize the stored energy of deformation. Recovery lowers the driving energy for recrys-
tallization and it can influence the recrystallization process. The dislocation density decreases
during recovery and consequently the material ductility increases.

An important parameter affecting the recovery is the stacking fault energy of the material.
In metals with low stacking fault energy, the dislocation climb is difficult and therefore the
recovery process is very short. On the other hand in metals with high stacking fault energy such
as aluminum, the recovery is more significant compared to the recrystallization. Apart from
stacking fault energy, temperature is an important factor in the recovery process. Although
the dislocations in the deformed grain structure are thermodynamically unstable, the deformed
structure is mechanically stable and dislocations have less chance to move at lower temperature.
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Dislocation line

Figure B.2: Screw dislocation in crystal structure. Burgers vector b is parallel to dislocation
line in the case of screw dislocation.

B.3 Recrystallization

After the recovery is completed, the grains are still in a relatively high strain energy state.
Recrystallization is the formation of a new set of strain-free and equiaxed grains with low dis-
location densities. These new grains grow and consume the deformed or recovered grains. Re-
crystallization occurs in two steps: nucleation (the initial formation of new grains) and growth.
Nucleation is defined as "crystallite of low internal energy growing into deformed or recovered
material from which it separated by a high angle grain™ (Humphreys and Hatherly, 2004). The
formation of new grains is initiated in deformed subgrains with high local misorientation and
larger size (Doherty, 1978). A nucleus is surrounded by a high-angle grain boundary which can
grow inside the deformed microstructure.

Burke and Turnbull (1952) have defined the general laws of recrystallization as follows:

e recrystallization can occur only by reaching a minimum level of deformation.

o the smaller the degree of deformation, the higher the temperature necessary for recrystal-
lization.

e increasing the annealing time decreases the temperature necessary for recrystallization.

e the final grain size depends mainly on the degree of deformation and to a lesser extent on
the annealing temperature.

e the larger the original grain size, the greater the amount of cold deformation required to
give equivalent recrystallization temperature and time.
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e the amount of cold work required to give equivalent deformational hardening increases
with increasing temperature of working.

e if annealing is continued after recrystallization is complete, the grain size increases.

These rules are based on experimental observations and are valid in most of the cases.

For metals such as aluminum no phase transformation occurs and recrystallization is the only
way to form a completely new grain structure. Aluminum alloys generally have low hot worked
dislocation densities and therefore DRX normally does not occur in aluminum alloys. However
sufficient amount of hard second phase particles can cause nucleation and growth of new grains
in aluminum alloys by increasing dislocation density around these particles (McQueen et al.,
1984).

Recrystallization might be continuous or discontinuous. In continuous recrystallization, the
nucleation and growth occur homogeneously in the material, whereas during discontinuous re-
crystallization nucleation starts in few points which have reached a high degree of deformation,
and with further deformation of the material, the growth of the new grains is hindered by in-
creasing dislocation density.

In aluminum and its alloys during large deformation at elevated temperature, high-angle
grain boundaries become closer in one direction although the size of the low-angle grain does
not change. During this process the elongated grains serrate and form new equiaxed high-angle
grains which are approximately the size of subgrains (Gholinia et al., 2002). This phenomenon
is called geometric dynamic recrystallization (GDX) which was introduced by McQueen and
also observed by other researchers (McQueen et al., 1985; McQueen et al., 1989; Solberg et al.,
1989). During GDX the grains are divided into shorter segments which are hard to distinguish
from the subgrains (McQueen, 2001). In the case of aluminum the starting high-angle bound-
aries are serrated as a result of subgrain boundary formation (Kassner and Barrabes, 2005;
Kassner and McMahon, 1987).

B.4 Grain growth

After recrystallization is completed, the structure is still not in the stable condition and the
grains may grow. Grain growth can be defined as a process involving the migration of grain
boundaries when the driving force for migration is only the reduction of the grain boundary
area itself.

Grain growth can be divided to normal grain growth and abnormal grain growth. During nor-
mal grain growth the grains grows homogeneously and the grain size is uniform in the material.
In abnormal grain growth, some of the grains start to grow at the cost of the other grains with a
lower rate of growth.

B.5 Measurement of microstructure

There are several methods to measure the microstructure and texture of the materials. In the
current work Electron Backscattered Diffraction (EBSD) method is used for this purpose. In
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this method the crystal orientation at each point of the sample is obtained by analyzing the
reflected diffraction patterns on a phosphor screen in a scanning electron microscope (SEM).
A low light CCD (charge-coupled device) camera records the obtained pattern on the phosphor
screen. An image processing system analyses this pattern and determines the related crystal
orientation of this pattern (Engler and Randle, 2010). The crystal orientations are given by
three Euler angles. In the current work a MATLAB toolbox called MTEX (Quantitative Texture
Analysis Software) is used for visualization of the crystal orientations in form of grains.
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