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Introduction
Aluminum is a very perspective metal with an application potential in several

branches of an industry due to its exceptional properties such as low density,
corrosion resistance caused by a formation of a thin layer of Al2O3 on the surface,
good ductility, electrical conductivity etc. It is used for cans and kitchen utensils
production, or it can replace copper in electrical power lines, because aluminum
is cheaper and has three-times lower density than copper [1, 2].

The main disadvantage of a pure aluminum is its low strength. Fortunately,
there are several procedures, how to suppress this feature and increase the use
value of aluminum. The most common procedures are the following ones. Firstly,
increase of inherent defects density, such as dislocations, grain boundaries and
subgrain boundaries. However, this type of defects does not persist at higher
temperatures. Another possibility is an addition of alloying elements which could
harden the material due to the formation of stress fields that make dislocation
motion more difficult. Alloying elements can also effectively pin boundaries and
dislocations and preserve them to higher temperatures. One of those elements
is magnesium, a very light metal, that strongly strengthens aluminum without
any formation of strengthening phases and shifts dislocation recovery and recrys-
tallization to higher temperatures. With other alloying elements, e.g. Cu or Si,
magnesium forms some metastable phases that are responsible further hardening
of the alloy [3]. These Al-Mg based alloys are nowadays widely used in aircraft,
aerospace and automotive industries [4, 5]. Especially sheets and strips are cast
for production of skins of aircraft, cockpits, fuel tanks, heat shields etc. An
additional stabilizing of the microstructure can be achieved by alloying of the
material by Sc and Zr and by a subsequent precipitation of Sc and Zr containing
particles [6].

However, conventionally cast Al-Mg alloys suffer from a detrimental property
- formation of Al3Mg2 phase segregating along a special type of grain or subgrain
boundaries. If these boundaries are parallel to the metal surface and chlorine
ions appear in their vicinity, the galvanic corrosion emerge on the strip surface.
Moreover, due to a lamelar structure with flat grains formed after hot rolling (a
necessary procedure after a conventional direct chill casting), Al3Mg2 phase forms
continuous layers and the corrosion can easily proceed following these layers along
the grain boundaries. As a result, a thin layers from the strip can be released
from the material like sheets from a book [7, 8].

Recrystallization is the most common method used for the elimination of flat
grains. However, the recrystallization temperature is generaly very high and
results in Al3(Sc,Zr) particles overaging in Sc and Zr containing alloys and in
a loss of the precipitation hardening effect. Therefore, another method resulting
in a suppression of the layered structure is intensively searched.

A promising alternative technique might be a continuous casting (twin-roll
casting, twin-belt casting) of the metal sheet to the final thickness and use of
some of severe plastic deformation methods for a grain refinement. The aim of
this work is to find out how a twin roll cast Al-Mg-Sc-Zr strip subjected to the
equal channel angular pressing behaves at elevated temperatures.
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1. Overview of studied topics
1.1 Aluminum

Aluminum is lightweight, silvery-white metal of a boron group with the atomic
number 13. It is the most common metal in the Earth’s crust and the third most
frequent element after oxygen and silicon [9, 10]. However, due to its chemical
reactivity, it does not appear as a pure metal but as a compound in many dif-
ferent minerals. The principal aluminum ore is bauxite, which consists of several
aluminum oxides and hydroxides combined with iron oxides. The first product of
bauxite is alumina, the aluminum oxide Al2O3, from which is the pure aluminum
produced by electrolysis [11, 12]. Basic characteristics of aluminum are summa-
rized in Tab. 1.1.

Table 1.1: Basic atomic and physical properties of aluminum

Element Properties
atomic number 13
atomic weight 26.9815
melting point 660 ◦C
boiling point 2 467 ◦C
density 2.70 g.cm−3 (at 20 ◦C)
valence 3
electron configuration 1s2 2s2 2p6 3s2 3p1

Aluminum crystallizes in a face-centered cubic (FCC) structure with the lat-
tice parameter a = 4.046 Å [13]. Commercially pure as-cast aluminum contains
(besides some impurities) a low density of isolated dislocations. Number of dislo-
cations increases during mechanical treatment. Dislocations form tangles leading
to a material strengthening. If alloying elements are present in the solid solution
during the deformation, the dislocation mobility is reduced by an interaction with
solute atoms. A more rapid buildup of dislocations is then responsible for a more
rapid work hardening. However, the strengthening effect induced by dislocations
could be lost during the exposition of the material to higher temperatures [14].

1.2 Alloying of aluminum
Nowadays, metals are usually alloyed with various elements enhancing their

mechanical properties, corrosion resistance, etc. Alloying elements can essentially
strengthen the material because they cause a formation of stress field and pin the
dislocations. There are two types of strengthening induced by foreign atoms:
solid solution hardening – alloying atoms are dispersed in the solid solution, or
precipitation hardening – alloying elements are aggregated together with matrix
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atoms and form coherent or incoherent precipitates, which also represent obstacles
for the dislocation motion.

As a point defect, the solute atom interacts with other lattice defects. Espe-
cially dislocations motion is hindered and solutes contribute to the strengthening.
Stress σ required for the dislocation motion is described by Peach-Koehler equa-
tion (Peach and Koehler gave an equation for the force on a line element of the
dislocation in a stress field [15])

σ = Fm

bL
, (1.1)

where Fm is a force imposed by obstacles on the dislocation, L is the distance
between obstacles along the dislocation line and b is a dislocation Burgers vector.

The level of the impurity concentration gives different predictions. A low con-
centration leads to a Fleischer model [16] of single pinning points. The strength
scales with the solute concentration c in this given case as

σ ≈ c1/2. (1.2)

The Labush theory holds true for higher concentrations [17]. It assumes a
continuous density of pinning centers along the dislocation line. The relation
between stress and the solute concentration is

σ ≈ c2/3. (1.3)

A precipitation hardening is another effect generated by alloying elements.
Coherent particles can be passed by dislocations. Dislocations cut the particle
on the same slip plane as in the matrix but much higher stress is required in
comparison with the motion through the matrix. There are several mechanisms
that contribute to the strengthening – antiphase boundary formation, increase of
the interfaces after shearing, coherency strain hardening, different stacking fault
energy etc. If we consider the Labusch theory and assume a spherical shape of the
particle, the relation for each contribution of the coherent precipitation hardening
is given

σ ≈ f
2
3 r

1
3
0 F

4
3 , (1.4)

where f is the volume fraction of the precipitates, r0 radius of the particles and
F is the interaction force characteristic for the given type of contribution [18].

Incoherent precipitates behave as strong impenetrable obstacles, so disloca-
tions bow out between them. Particles are then bypassed by the dislocation by
a mechanism, which creates a separate dislocation loop and leaves it behind or
around the particle. This mechanism is called after E. Orowan and it can be
described by modified Orowan-Ashby equation

σ = Gb

A(L − D) ln
(

D

2b

)
, (1.5)

where G is the shear modulus, L the distance between the particles, D their
diameter and A is 2π for a screw dislocation and 2π(1−ν) for an edge dislocation,
ν is the Poisson’s ratio [19].
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1.2.1 Magnesium
Magnesium belongs to a group of elements responsible for the solid solu-

tion strengthening of aluminum. Main applications of Al-Mg alloys are in the
aerospace and automotive industries due to their excellent corrosion resistance,
high strength and a good weldability when compared to any other Al alloys [4,5].

When magnesium content exceeds 3.5 wt.%, highly anodic phase Al3Mg2 may
precipitate within grains or preferentially on grain boundaries [20], resulting from
thermal operations at slightly elevated temperatures (100 °C). A continuous pre-
cipitation along grain boundaries causes undesirable corrosion propagation and
degradation of the material [21]. As a result, rolled Al-Mg-based materials widely
used for the fabrication of airplane skins are susceptible to exfoliation corrosion,
because they are exposed to an elevated temperature during the service and the
corrosion propagates fast due to elongated and flat grain structure induced by
the rolling process.

Requirement to find an effective method of Al-Mg sheets production and treat-
ment preserving the advantages of this alloy and suppressing the seamy side, are
a subject of intensive studies nowadays.

1.2.2 Mg + Mn and small Si addition
Composition within this system forms important classes of non-heat-treatable

alloys. Technical labeling of the commercial Al-Mg-Mn alloys is 5XXX or 6XXX
with the addition of Si. Manganese added to Al-Mg alloy increases the hardness,
but decreases the ductility. Increasing amounts of either magnesium or manganese
intensify the difficulty of a fabrication and increase the tendency toward cracking
during hot rolling. The two main advantages of manganese addition are that
the precipitation of the magnesium phase is more homogeneous throughout the
structure, and that for a given increase in strength, manganese allows a lower
magnesium content and ensure a greater degree of stability of the alloy. An
addition of Si strengthen Al-Mg-Mn alloy by a precipitation of metastable phases
during heat treatments at moderate temperatures (100 – 200 °C) [22]. Phases,
that can be found in the as-cast alloy, are e.g. non-equilibrium Mg2Si, MnAl6 or
α − AlMnSi [23].

1.2.3 Scandium and zirconium
Zirconium in a minor addition to Al-Mg alloys may reduce stress corrosion

susceptibility. It also imparts a grain refining effect. Zirconium additions in the
range 0.1 to 0.3 wt.% are used to form a fine precipitate of intermetallic particles
that inhibit recovery and recrystallization. An increasing number of alloys use
zirconium additions to increase the recrystallization temperature and to control
the grain structure. Higher levels of zirconium are employed in some superplastic
alloys to retain the required fine substructure during elevated-temperature form-
ing. After a heat treatment the presence of metastable Al3Zr coherent dispersoids
with average size 5 – 10 nm is required in order to reach a maximal strength.

Moreover, if scandium is added to Al-Zr, further stabilization of the mi-
crostructure can be achieved. The maximal hardening effect was observed be-
tween 350 ◦C and 450 ◦C in binary Al-Zr alloys [24]. Binary Al-Sc alloys show a
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narrower temperature range of the effective hardening between 300 ◦C and 350 ◦C
and almost no hardening can be observed above 450 ◦C. The ternary Al-Sc-Zr
alloy gain the hardness in the temperature range between 350 ◦C and 450 ◦C. Re-
cent works reported a formation of complex Al3(Sc,Zr) coherent precipitates with
the core enriched in scandium [25]. This can explain the accelerated hardening
in ternary alloys as compared to binary alloys. Scandium difuses in aluminum
faster than zirconium and forms clusters, which then act as nucleation sites for
the Al3(Sc,Zr) phase.

Cieslar et al. [26] studied the influence of Sc and Zr on properties of TRC
Al-Mg alloy. Maximal hardening of the material during an isochronal annealing
experiment was obtained after annealing at 350 °C (see Figure 1.1). Microhard-
ness distribution together with corresponding pictures of the material structure
viewed by light optical microscope in polarized light are shown in Figure 1.2.
StrengtheningAl3(Sc,Zr) precipitates have two roles. Firstly, they harden the
material after annealing at medium temperatures around 300 °C, and at higher
temperatures they cause the pinning of grain boundaries and hinder recrystal-
lization.

Figure 1.1: Microhardness evolution during isochronal annealing experiment of
Al-Mg (empty symbols) and Al-Mg-Sc-Zr (full symbols) alloys [27].

Figure 1.3 shows the results of isothermal annealing experiments. Precipi-
tation hardening effect of Al3(Sc,Zr) particles was also confirmed. The highest
increase of the microhardness was observed after annealing at 300 °C. Moreover,
the precipitates diameter was smaller than the one after annealing at 350 or 400 °C
which ensures higher pinning force acting against recrystallization. The maximal
values of microhardness were obtained already after two hours at 300 °C. No im-
provement of microhardness was observed after further annealing [27]. However,
due to a large-scale of industrial production the use of longer annealing times
is desired. It was shown that no deterioration of properties occurred even af-
ter 8 h of annealing. Therefore, annealing 300 °C / 8 h was chosen for further
investigation.
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Figure 1.2: Difference in microstructure and microhardness profile along the sam-
ple cross-section during isochronal annealing of Al-Mg alloy without (a) and with
(b) addition of Sc and Zr.

Figure 1.3: Microhardness evolution during an isothermal annealing experiment
of Al-Mg (empty symbols) and Al-Mg-Sc-Zr (full symbols) alloys [27].
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1.3 Twin-roll casting
Twin-roll casting (TRC) is a modern and effective casting method designed

to metal sheets and strips production. Compared to a conventional direct chill
casting (DC), TRC has a higher solidification rate that causes a higher super-
saturation by Mg atoms. The high solidification rate leads to a homogeneous
distribution of alloying elements that could not be reached by conventional cast-
ing methods [28,29].

Principle of TRC is shown in Figure 1.4. Molten metal is poured between two
cooled, rotating rolls. Between them the melt solidifies, is immediately subjected
to a rolling process, and undergoes a plastic reduction. As a result, the strip of
a final thickness is obtained.

Figure 1.4: Scheme of TRC casting with a vertical rolling plane [30].

The microstructure of a TRC strip is rather homogeneous and equiaxed, the
grain size is larger than the one obtained by a DC casting and rolling (Figure 1.5).
That feature strongly influences the strength of the material. Mathematically, it
is described by a Hall-Petch relation [31]

σ = σ0 + Kd−1/2, (1.6)
where σ is strength, d is the grain size and σ0 and K are material constants.
Strength of the material increases with a decreasing grain size. Ductility usually
decreases as the microstructure is finer. An optimal grain size range, where the
particular material would have both high strength and good ductility, should be
established for structural applications.

(a) Direct chill cast material (b) Twin roll cast material

Figure 1.5: Light optical micrographs of as-cast materials.

However, also TRC has several disadvantages – a centerline segregation [32,
33] causing the cracking or worsening of mechanical properties like formability,
corrosion resistance and hardness of the strip.
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1.4 Equal channel angular pressing
To reach the desired properties of a final product, severe plastic deformation

(SPD) methods can be applied [34]. Possible examples of SPD methods suit-
able for metal sheets processing are asymmetric rolling (ASR) [35], accumulative
roll bonding (ARB) [36], equal channel angular pressing or rolling (ECAP or
ECAR) [37, 38], constrained groove pressing or rolling (CGP or CGR) [39, 40].
Nevertheless, both ARB and ASR bring the same problems as the ones exhibited
by the conventional casting method. The grains are flat and elongated in the
rolling direction. With these methods the pancake structure typical for conven-
tional methods could not be avoided. Microstucture after CGP and ECAP is, on
the contrary, equiaxed and therefore they might be very promising thermome-
chanical treatments [41].

A subject of this work is a description of an influence of ECAP on the mi-
crostructure and mechanical properties of TRC Al-Mg-Sc-Zr alloy. Scheme of
the procedure can be seen in Figure 1.6a. A metal billet is extruded through a
right angle channel. The process could be repeated untill the optimal state is
obtained, and of course, it is possible to rotate the billet and perform each pass
in different directions. Obviously, ECAP is not suitable for sheets, so ECAR as
a modification of ECAP was later developed [37,38]. Feeding the workpiece using
the feeding roll (shown in Figure 1.6b) instead of feeding the material using the
hydraulic press makes continuous operation possible and allows the formation
of various metal strips of desired final dimensions. Nevertheless, the changes in
the microstructure after an application of both methods are comparable, so the
investigation of the material properties could be carried out by either of them.

(a) ECAP (b) ECAR

Figure 1.6: Schemes of equal channel angular pressing and rolling
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2. Material
Al-Mg strips with Sc and Zr addition were twin-roll cast at the University

of Paderborn [42]. The experimental twin-roll caster is equipped with two rolls,
which are water-cooled from inside. Diameter of the rolls is 370 mm and the
length is 200 mm. The maximal casting rate is 8 m/min.

Table 2.1: Chemical composition of Al-Mg-Sc-Zr alloy in wt.%

Al Mg Zr Sc Mn Si Cu Fe
Composition Balance 3.24 0.14 0.19 0.16 0.11 0.024 0.21

The alloy was melted in a resistance furnace with mechanical stirring. Molten
metal was than poured between rotating rolls. Parameters of casting are displayed
in Table 2.2. Casting process was realized with a vertical operation plane. Neither
before nor during the process lubricant agents were applied on the roll surface.

Table 2.2: TRC parameters

Parameter
Melt temperature 655 °C
Casting rate 2.75 m/min
Strip thickness 5.0 mm
Cooling water’s flow rate 115 l/min

Twin-roll casting with the parameters mentioned above enables the prepara-
tion of the strip with a final thickness of 5 mm. Surface quality of the as-cast
Al-Mg strip is shown in Figure 2.1.

Figure 2.1: As-cast Al-Mg-Sc-Zr strip

Due to superior features of Al-Mg-Sc-Zr the influence of further treatment
was studied. A billet prepared from the strip was subjected to equal channel
angular pressing, which was performed four times at 250 °C, the dimensions of
the extruding channel were 5 × 5 mm2 and pressing speed was 10 mm/min.

Several samples were annealed at 300 °C for 8 hours before the anneal-
ing experiment (and before or after ECAP) in order to form coherent particles
Al3(Sc,Zr) with the strengthening effect. The influence of severe plastic deforma-
tion and effect of precipitation hardening were studied.
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3. Experimental methods
3.1 Microhardness measurement

Similarly as for light optical microscopy and EBSD analysis bulk samples were
prepared for microhardness measurement. Samples of a size of about 0.3 × 0.5
× 0.5 cm3 were cut by Struers circular saw. Following steps are different for each
of experimental methods.

Samples were embedded in an acrylic cold mounting resin ClaroCit for micro-
hardness measurements. After curing of the resin, the samples were mechanically
grinded and polished using diamond suspension with the last suspension contain-
ing diamond particles with the size of 1 µm .

Polished resin cylinders containing specimens were fixed in a holder. The mi-
crohardness measurements were performed by the Vickers method with a fully-
automated hardness tester Qness Q10. Diamond indentor of pyramidal shape is
impressed into the material with a precisely defined loading. Size of the inden-
tantion area A is converted to the hardness value HV

HV = F/A ≈ 1.854F

d2 , (3.1)

where d is the diagonal of the indentation, F the loading force.
Loading 100 g and dwell time 10 s were used in the experiment. At least 10

indents on each sample were performed to calculate the average value of micro-
hardness.

3.2 Light optical microscopy
Light optical microscopy (LOM) in polarized light was used in order to receive

global information about the material microstructure. The same samples as for
microhardness measurement were used. Anodization by Barker’s reagent (1.8%
solution of fluoboric acid in water) resulting in the deposition of a film of Al2O3
on the surface [43]. The thickness of the film formed on each particular grain
depends on the grain orientation and causes different rotation of the plane of light
polarization. Black and white contrast of the grain structure can be seen when
the light passes through the analyzer. Final image can be colored if a sensitive
tint plate is added [44–47].

Good results were obtained after anodization performed at 15 °C using the
voltage 20 V. The procedure lasted 4 min.

3.3 Electron backscatter diffraction
Electron backscatter diffraction (EBSD) is a method based on a Kikuchi lines

analysis in scanning electron microscopy [48]. A large amount of inellastically
back scattered electrons is generated in all directions. Some of the directions can
meet the Bragg conditions of the particular grain so that electrons propagating in
that direction can be scattered elastically. Directions, where the Bragg conditions
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are fulfilled, create two cones. The EBSD detector detects the Kikuchi pattern as
intersecting lines of the cones and the detector area [49]. Kikuchi patern is very
sensitive to a crystal orientation – even a small tilting angle causes notable shift
of the pattern.

Because the sample surface is scanned by the electron beam, the Kikuchi
patern is created and analyzed point by point. The basic result of this method
is a map of crystal orientations of the selected area on the sample surface.

Samples of the size of about 1 × 0.5 × 0.5 cm3 were cut by a circular saw. The
specimen surface was subsequently mechanically grinded on SiC papers followed
by a mechanical polishing using a diamond suspension. Finally, the polished
section was electropolished in LectroPol-5 at –19 °C using a 30% solution of
HNO3 in methanol with a voltage of 10 V. Time of electropolishing was 3 s.

The analysis was performed using a Quanta 200F scanning electron micro-
scope with accelerating voltage 10 – 15 kV. The studied surface was perpendicular
to the transversal direction (TD) of the sample. Acquired data were subjected to
standard clean-up procedures. Low angle grain boundaries with misorientation 5°
– 15° and high angle boundaries with misorientations above 15° were highlighted
with white and black line, respectively. The grain size was evaluated by EDAX
OIM AnalysisRM software [50].

3.4 Transmission electron microscopy
Transmission electron microscopy (TEM) enables to reveal finer features of the

material microstructure. Accelarated electrons propagate through a thin speci-
men and interact with atoms in the crystal lattice. TEM can work as a microscope
or as a diffractograf depending on the plane where a projective system is focused.
Conventional selected area diffraction or Kikuchi line pattern of a particular grain
can be obtained if the projector is focused on the back focal plane.

In the imaging mode two main techniques were used – bright field (BF) and
dark field (DF) imaging. The difference is in the selection of the electron beam
which goes through the objective aperture. In a thin part of the specimen, par-
ticularly the Bragg-scattered electrones contribute to the image contrast. More
details about TEM imaging modes and electron diffraction can be found in [51,52].

Samples for TEM observation were sliced by a circular saw. The initial thick-
ness was around 0.5 mm. Then, specimens were thinned mechanically on SiC
grinding papers to the thickness of 0.15 mm. After these procedures 3 mm tar-
gets were punched and electrochemically thinned at Tenupol-5 at –19 °C in 33%
solution of HNO3 in methanol.

Specimens were observed in transmission electron microscope JEOL JEM
2000FX with accelerating voltage 200 kV.
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4. Results
4.1 Microhardness

The twin-roll cast Al-Mg-Sc-Zr alloy was submitted to two types of treatments
– severe plastic deformation by ECAP and precipitation annealing. For the ba-
sic evaluation of mechanical properties, the Vickers microhardness was measured
during isochronal annealing experiment. All three deformed samples were com-
pared to both the as-cast state and the annealed state at 300 °C for 8 h. The
same isochronal step by step heating scheme as in [27,53] was used – all samples
were annealed up to 600 °C with the step of 50 °C / 50 min. After each step
samples were quenched into water.

4.1.1 Initial states
The initial value of the microhardness of the as-cast material, (78 ± 10) HV,

was the lowest one observed in all samples. Annealing at 300 °C / 8 h raised the
microhardness to (92±3) HV. The maximum value (111±16) HV was reached in
the deformed material. Additional annealing of deformed samples either before
or after ECAP leads always to a decrease of microhardness, (102 ± 3) HV for the
post-ECAP annealed sample and (100 ± 4) HV for the material annealed before
ECAP.

4.1.2 Isochronal annealing
Microhardness evolutions of all studied materials during isochronal annealing

are depicted in Figure 4.1. Microhardness of the as-cast material (Figure 4.1a)
started at (78 ± 10) HV and remained constant up to 250 °C. Then a sharp
increase followed and the maximal value (100±11) HV was reached at 350 °C. For
a comparison microhardness of a non-deformed specimen annealed isothermally
350 °C / 8 h is shown. This strengthening is related to the precipitation of a fine
dispersion of the Al3(Sc,Zr) phase. The as-cast material, which was pre-annealed
at 300 °C / 8 h, had been strengthened by Al3(Sc,Zr) precipitates before the
experiment. The microhardness was about (94 ± 8) HV up to 300 °C. A slight
increase (however, within the limit of an experimental error) of the values up
to (100 ± 6) HV was detected between 300 °C and 350 °C. Both of the non-
deformed materials reached the same maximal value of the microhardness in the
same temperature range.

As can be seen in the Figure 4.1b, deformation by ECAP brought even more
strengthening into the material. Although the only deformed material by ECAP
was the hardest at the beginning, anneling to 150 °C caused a significant drop of
microhardness values. The hardenning effect caused in this material by ECAP
was connected with a small grain structure (see further the results of LOM,
EBSD, TEM) and higher dislocation density. Exposure of such a material to ele-
vated temperatures usually results in the recovery and softening of the material,
if they are not hindered by obstacles in the material. However, further annealing
launched the precipitation, so the microhardness increased again to the initial

13



value of (110 ± 3) HV at 300 °C. The precipitation annealing, applied either be-
fore or after ECAP, had a stabilizing effect, because no drop of microhardness
was measured as in the case of the only deformed material. The order of defor-
mation and annealing resulted in lower microhardness of the pre-annealed and
then ECAP-ed material.

Behavior of the samples at temperatures above 350 °C was very similar. Mi-
crohardness decreased as the precipitates coarsened during the annealing. It could
be noticed that the microhardness of the non-preheated and deformed material
steeply decreased between 500 °C and 550 °C, whereas the pre-heated samples ex-
hibit similar decrease at temperatures between 550 °C and 600 °C. This difference
could be a sign that the recrystallization of the deformed samples started earlier
for non-annealed material due to a different distribution of Al3(Sc,Zr) phase.

However, it has to be mentioned that the measured differences of microhard-
ness are subtle within the experimental scatter.

(a) TRC as-cast samples (b) Samples deformed by ECAP

Figure 4.1: Microhardness evolution during isochronal annealing. Red circle
shows the microhardness of the non-deformed TRC specimen annealed isother-
mally 350 °C / 8 h.

4.2 Light optical microscopy
4.2.1 Initial states

Light optical microscopy was used for the comparison of TRC and ECAP ma-
terials. Because this method provides an overwiev of the microstructure and could
not provide a sufficient resolution to observe fine variations of the microstructure
after several ECAP passes or after annealing of the initial TRC material, only
two images of initial states from light optical microscope after TRC (Figure 4.2a)
and after 4 ECAP passes (Figure 4.2b) are enclosed. A significant grain size
reduction can be noticed in the sample subjected to ECAP in comparisson with
the as-cast material.
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(a) TRC as-cast material (b) Material deformed by ECAP

Figure 4.2: Grain structure of initial states.

4.2.2 Isochronal annealing
Nevertheless, tiny variations of the microstructure could be responsible for

significant changes in the final material structure. Six following figures show that
the precipitation annealing has a considerable impact on the microstructure after
recrystallization. Grains in the non-annealed deformed samples are coarser with
an inhomogeneous distribution.

The microstructure evolution remained similar for both non-annealed (Figures
4.3a and 4.3b) and annealed (Figures 4.3d and 4.3e) ECAP processed materials
during isochronal annealing up to 550 °C. The significant differences of the grain
size was observed after annealing at 600 °C. The non-annealed material contained
regions with coarser grains (see Figure 4.3c), while the microstructure of the
annealed one was more homogeneous and the grain size was noticeably smaller
(see Figure 4.3f).

(a) ECAP, 500 °C (b) ECAP, 550 °C (c) ECAP, 600 °C

(d) ECAP, annealed, 500 °C (e) ECAP, annealed, 550 °C (f) ECAP, annealed, 600 °C

Figure 4.3: Grain structure of isochronally annealed specimens.
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4.3 Electron backscatter diffraction
The grain distribution and orientation of the as-cast material and material

processed by ECAP were studied by electron back-scatter diffraction. Samples
were treated in the same manner as the ones used for the microhardness measure-
ment. EBSD analyses were performed on initial states and states after selected
annealing steps: 300 °C, 550 °C, 600 °C, which correspond with annealing tem-
peratures connected with significant changes of the microhardness.

4.3.1 Initial states
The initial microstructure of the as-cast and the as-cast and pre-annealed sam-

ples are shown in the Figure 4.4. Annealing at 300 °C / 8 h probably caused not
only Al3(Sc,Zr) precipitation but moreover a dislocations motion, so the grains
are divided into small subgrains. Deformation by ECAP produced very fine grains
slightly elongated in the direction of the extrusion (see Figure 4.5).

(a) TRC, as-cast (b) TRC, annealed

Figure 4.4: EBSD inverse pole figures of initial states of undeformed samples.

(a) ECAP (b) ECAP, annealed (c) Annealed, ECAP

Figure 4.5: EBSD inverse pole figures of deformed samples in initial states.

Due to a small grain size, it was necessary to choose a smaller step in EBSD,
which influenced final size of the scanned region. The scanned region of non-
deformed samples was 500 × 500 µm2, whereas the size 100 × 100 µm2 was
selected for the deformed ones.
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4.3.2 Isochronal annealing
The results of the EBSD analysis performed after isochronal annealing up to

300 °C did not show any remarkable changes in the microstructure. The only
thing that can be noted is a slight decrease of misorientations within the grains.

Analysis of the states after the annealing up to 550 °C and 600 °C shows the
progression of recrystalization. Significant fragmentation of grains into subgrains
and partial recrystallization starting preferentially on high angle grain boundaries
were observed in both as-cast and pre-annealed TRC materials (Figure 4.6).

Grains in the ECAP-ed material grew noticeably after annealing up to 550 °C.
Their size was about four times larger than the one observed in the initial states
(see Figures 4.7). However, 550 °C is not a sufficiently high temperature to intro-
duce full recrystallization, and large areas exhibiting only recovery were observed
in all specimens.

(a) TRC, as-cast (b) TRC, annealed

Figure 4.6: EBSD inverse pole figures of as-cast samples after isochronal annealing
up to 550 °C.

(a) ECAP (b) ECAP, annealed (c) Annealed, ECAP

Figure 4.7: EBSD inverse pole figures of deformed samples after isochronal an-
nealing up to 550 °C.

Full recrystallization does not occur even at 600 °C in non-deformed materials
(see Figure 4.8). Significantly higher recrystallized volume was observed in the
material without pre-annealing.

Due to the significant grain growth at 600 °C in deformed samples, the anal-
ysis was performed in the region of 1000 × 1000 µm2. The average grain size
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increased about ten times. The microstructure difference between individual de-
formed samples is shown in Figure 4.9. The precipitation annealing before the
experiment (both before and after ECAP) is responsible for the formation of ob-
viously finer and more homogeneous grain structure after recrystalization which
is in accordance with light optical microscopy observations.

(a) TRC, as-cast (b) TRC, annealed

Figure 4.8: EBSD inverse pole figures of undeformed samples after isochronal
annealing up to 600 °C.

(a) ECAP (b) ECAP, annealed (c) Annealed, ECAP

Figure 4.9: EBSD inverse pole figures of deformed samples after isochronal an-
nealing up to 600 °C.

Distribution of coherent areas diameters (areas divided by high-angle bound-
aries) are shown in Figure 4.10. A positive influence of ECAP on grain refinement
was confirmed. The only observed effect of ECAP on the microstructure after an-
nealing up to 600 °C is an intensification of recrystallization. A tendency to form
a bimodal grain size structure was observed in all ECAP processed specimen.
However, this disposition is more pronounced in the non-annealed sample.
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4.3.3 Grain size distribution

(a) TRC, as-cast, RT (b) TRC, as-cast, 550 °C (c) TRC, as-cast, 600 °C

(d) TRC, annealed, RT (e) TRC, annealed, 550 °C (f) TRC, annealed, 600 °C

(g) ECAP, RT (h) ECAP, 550 °C (i) ECAP, 600 °C

(j) ECAP, annealed, RT (k) ECAP, annealed, 550 °C (l) ECAP, annealed, 600 °C

(m) annealed, ECAP, RT (n) annealed, ECAP, 550 °C (o) annealed, ECAP, 600 °C

Figure 4.10: Grain size distribution.
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There are several definitions, how the mean grain size can be evaluated. Fit-
ting of the grain size distribution by conventional lognormal function cannot be
used due to a polymodal character of some distributions [54]. Therefore, the
mean grain size was determined from the average intercept length L. Addition-
aly, it was assumed that the grain shape is approximated by a Poisson-Voronoi
construction [55,56], so the mean grain size d is

d = 1.445L. (4.1)
The grain intercept length was evaluated by the automated procedure of the

used OIM Analysis software, where grain boundaries were defined by misorien-
tation angles greater than 5°. The mean intercept length was converted using
equation 4.1 to the average grain size. Values of the average grain sizes are pre-
sented in the Table 4.1. Due to a limited statistics and inhomogeneous structure
an average scatter of the values is about 10 – 15 % and larger than 30 % in
bimodal structures.

Table 4.1: The average grain size [µm]

Sample TRC TRC + A ECAP ECAP + A A + ECAP
RT 39 54 1.7 1.8 1.8

550 °C 28 22 6.6 10 6.7
600 °C 36 19 75 48 51
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4.4 Transmission electron microscopy
4.4.1 Initial states

Dislocation substructure and other subtler details like precipitates or disper-
soids of secondary phases were observed by TEM. Microstructure of the as-cast
material is shown in Figure 4.11a. Dislocations form dislocation tangles inside
equiaxed grains. Grain size is in the order of magnitude of hundreds µm, so just
a small part of the grain could be seen in the Figure 4.11a. On the contrary, in
the as-cast and annealed material, dislocations accumulate in dislocation walls
and divide the grain into subgrains of several microns size (Figure 4.11b).

(a) TRC, as-cast (b) TRC, annealed

Figure 4.11: TEM images of initial microstructures.

Deformation by ECAP introduced a significant grain fragmentation. Grains
are partially elongated in the shearing direction with the subgrain size of several
hundreds of nanometers. Post-ECAP pre-annealing 300 °C / 8 h resulted in a
slightly coarser structure of the material (Figure 4.12c) in comparison with the
material deformed by ECAP without pre-annealing (Figure 4.12a) or material
subjected to pre-annealing before ECAP(Figure 4.12b).

(a) ECAP (b) Annealed, ECAP (c) ECAP, annealed

Figure 4.12: TEM micrographs of ECAP processed samples.

Figure 4.13 was acquired at a higher magnification. Dislocations, subgrain and
grain boundaries and the deformed microstructure of the samples after ECAP can
be seen. Even in the bright field (in the Figure 4.13d both bright field and dark
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field images are attached), the presence of fine Al3(Sc,Zr) precipitates could be
confirmed in annealed samples – see the modulated intensity inside grains of the
annealed specimens.

(a) TRC, annealed (b) ECAP

(c) Annealed, ECAP (d) ECAP, annealed

Figure 4.13: Detailed TEM images of the microstructures of TRC and ECAP
samples.

Monitoring of the Al3(Sc,Zr) precipitates was performed specially in the dark
field imaging mode near [001] crystal orientation in superstructural reflections
belonging to L12 − Al3(Sc,Zr) ordered structure.

Presence of the Al3(Sc,Zr) precipitates was confirmed in all pre-annealed sam-
ples (see selected area diffraction patterns in Figures 4.14a, 4.14c, 4.14d). Due to
a complexity of dark field observations of such small particles, convincing dark
field images of these precipitates were acquired only in the non-deformed sam-
ple. Fine particles dispersed in Al matrix could be seen inside the grain (Figure
4.14a). Microstructure of the sample deformed before the precipitation annealing
is shown in Figure 4.14d. The particles are coarser and situated often inside the
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grain boundary. Similarly, observation of the precipitates in the dark field was
rather unsuccessful in the specimen pre-annealed before ECAP. Therefore, bright
field image with the same magnification is attached (Figure 4.14c). Nevertheless,
inserted selected area diffraction (SAED) pattern contained superstructural re-
flections and also a modulated intensity inside the grain indicates the presence of
Al3(Sc,Zr) phase.

The precipitates were not expected in the material subjected only to the
ECAP without pre-annealing because the deformation was performed at 250 °C
(material had been exposed to the temperature for a short time). SAED pattern
belonging to the grain in the orientation [001] does not contain any superstruc-
tural reflections (see Figure 4.14b).

(a) TRC, annealed (b) ECAP

(c) Annealed, ECAP (d) ECAP, annealed

Figure 4.14: TEM micrographs of the Al3(Sc,Zr) distribution.
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4.4.2 Isochronal annealing
Due to the rise of the microhardness in the temperature range between 200 °C

and 350 °C, changes in the Al3(Sc,Zr) distribution were expected. Therefore,
ECAP materials were subjected to the isochronal annealing up to 350 °C with the
same heating scheme 50 °C / 50 min. Due to the focus of the thesis on materials
after ECAP, TEM observations were not performed on isochronally annealed
undeformed materials. For a rough estimation microstructures of undeformed
specimens annealed at 350 °C / 8 h are shown in following images. This specimen
is in accordance with Figures 4.15 and 4.16 marked as TRC, annealed∗. The grain
structures of the annealed materials are displayed in the Figure 4.15.

(a) TRC, annealed∗ (b) ECAP

(c) Annealed, ECAP (d) ECAP, annealed

Figure 4.15: TEM micrographs of specimens after isothermal annealing
350 °C / 8 h (a) and after isochronal annealing up to 350 °C (b-d).

No significant changes of the substructure were observed in isochronally an-
nealed samples in comparison with initial states. The size of grains and sub-
grains remained the same. Subtler details of the microstructure were studied
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using bright field imaging at higher magnification (Figure 4.16 a – d). Also dark
field images of the Al3(Sc,Zr) precipitates were received for all materials (Figure
4.16 e – h). A higher intensity of superstructural reflections in SAED patterns
was detected. Fine precipitates were relatively uniformly dispersed in the matrix,
small amount of the coarser ones decorated the grain and subgrain boundaries.
Precipitates present in ECAP processed material were tinier than the ones in the
non-deformed material. However, a different heating scheme should be taken into
an account.

(a) TRC, annealed∗ (b) ECAP

(c) Annealed, ECAP (d) ECAP, annealed

Figure 4.16: TEM BF images of the Al3(Sc,Zr) precipitates in specimens from
Figure 4.15

Additional TEM micrographs displaying the Al3(Sc,Zr) precipitates distribu-
tion in ECAP samples are attached in the Figure 4.18. Sample, that was not
subjected to the 8 hours lasting pre-annealing, contained particles with a notice-
able scatter in their size even inside the matrix. The preannealing 300 °C / 8 h
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(a) TRC, annealed∗ (b) ECAP

(c) Annealed, ECAP (d) ECAP, annealed

Figure 4.17: TEM DF images of the Al3(Sc,Zr) precipitates in specimens from
Figure 4.15

led to more homogeneous Al3(Sc,Zr) distribution, the differences were observed
mainly between the particles dispersed in the matrix and those situated at sub-
grain boundaries.

The average size of the Al3(Sc,Zr) precipitates was about 4 nm in ECAP
processed samples isochronally annealed up to 350 °C (Fig. 4.23b). The average
size of precipitates present in the non-deformed sample was about 6 nm – see
Figure 4.23a).
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(a) ECAP (b) Annealed, ECAP

(c) ECAP, annealed

Figure 4.18: TEM dark field micrographs of the Al3(Sc,Zr) dispersion in deformed
samples after isochronal annealing up to 350 °C.

4.4.3 In-situ heating up to 550 °C
Microstructure of the ECAP material, that was not submitted to precipitation

annealing before the experiment, was studied during in-situ annealing in transmis-
sion electron microscope. This method enables to observe microstructural changes
directly during the heating procedure. The heating scheme 50 °C / 10 min was
applied – the specimen was held 10 minutes at the required temperature, then
the temperature was increased by 50 °C. These steps were done repeatedly up to
550 °C.

Our effort was to monitor the microstructural changes in one selected area at
a rather fixed orientation. The observation was embarrassed by the thermal ex-
pansion of both the sample and the holder, therefore the specimen image shifting
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and the sample tilt had to be adjusted on the fly during the heating.
The evolution of the microstructure is displayed in Figure 4.19 and 4.20.

Probably, Al6Mn particles arrised along the grain boundaries above 300 °C [57,
58]. Further annealing caused a growth of larger particles at the expense of smaller
ones. Particles of Al3(Sc,Zr) phase were for the first time assuredly confirmed at
450 °C. However, their presence at 350 °C and 400 °C could not be excluded due to
a rather unappropriate orientation of observed grains (early stages of Al3(Sc,Zr)
phase formation could be observed in grains with [001] orientation parallel to the
incident beam). Annealing up to 550 °C resulted in their coarsening. Size of the
particles was measured at 450 °C, 500 °C and 550 °C. The average values are
displayed in the Table 4.2.

Table 4.2: Size of Al3(Sc,Zr) precipitates

Temperature [°C] 450 500 550
Size [nm] (7 ± 2) (9 ± 4) (10 ± 4)

Also coarser rectangular and rod shaped particles were present in the matrix
after annealing at 550 °C. According to [58] it could be Al12(Mn,Fe)3Si phase.

The ultra-fine grain structure remained relatively unchanged even though the
EBSD analysis (Figure 4.7 and 4.9) showed coarsening of the grains in deformed
material after annealling at 550 °C in the air furnace. Therefore, EBSD analysis
was performed also on the sample used for the in-situ heating experiment in
TEM (Figure 4.21). The grain structure was entirely different. Near the edge of
the TEM foil, part of the structure contained small recrystallized grains. Also
partially deformed areas still persist near the edge of the hole after annealing up
to 550 °C. Farther from the edge the grains were fully recrystallized and their size
was comparable to the ones observed in the material annealed in the air furnace
up to 600 °C. This heterogeneous structure was caused by the two-dimensional
character of the thin TEM foil near the edge, where the grain coarsening was
significantly constrained. The earlier recrystallization during the in-situ heating
might be caused by a higher heating rate. Also the role of a thin specimen could
not be neglected [59].
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(a) RT (b) 100 °C

(c) 150 °C (d) 200 °C

(e) 250 °C (f) 300 °C

Figure 4.19: In-situ TEM annealing of the specimen after ECAP. Black circles
mark Al6Mn phase.
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(a) 350 °C (b) 400 °C

(c) 450 °C (d) 500 °C

(e) 550 °C

Figure 4.20: In-situ TEM annealing of the specimen after ECAP at temperatures
above 350 °C. Red circles mark Al3(Sc,Zr) precipitates, black ones Al6Mn phase
and yellow circles mark cubic α − Al12Mn3Si.
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(a) Area near the edge of the hole
in the TEM specimen.

(b) Detail of the hole edge vicinity with preserved
deformed structure.

Figure 4.21: EBSD inverse pole figures of sample after ECAP annealed in-situ in
TEM up to 550 °C.
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4.4.4 Bulk annealing up to 550 °C
Due to the thin foil effect on the microstructure evolution during the in-situ

annealing a TEM sample was prepared from a billet processed by ECAP, which
was annealed in the air furnace in the same step-by-step isochronal heating scheme
as the one for microhardnes measurement and EBSD analysis. The microstruc-
ture is displayed in the Figure 4.22. The formation of Al3(Sc,Zr) phase in the
matrix above 450 °C was confirmed. However, the average size of the particles
coarsened during annealing in the air furnace was about (21 ± 11) nm which
means a diameter approximately twice as big in the comparis with those formed
during in-situ in TEM annealing – for more details see Figure 4.23c.

(a) The microstructure of ECAP processed
material annealed up to 550 °C.

(b) Bright field image of coarsened
Al3(Sc,Zr) precipitates.

Figure 4.22: The TEM micrographs of the ECAP processed sample annealed
isochronally up to 550 °C in an air furnace.

4.4.5 Precipitation of the Al3(Sc,Zr) phase
Evaluation of the particles size was carried out by ImageJ software, where

an automated measurement procedure is available. Results are displayed in his-
tograms in the Figure 4.23.

Dispersion of the Al3(Sc,Zr) particles was obtained from the projected image
of a thin foil. Basically there are two factors – the effect of particles which are
cut by the foil surface and the effect of particle overlap on the projected image,
which should be considered when the particle size is evaluated [60].

The effect of the cut of the precipitate by the foil surface resulting in an un-
derestimating of its size was neglected due to the small particle size compared to
the specimen thickness that is about 50 – 100 nm. The problem of an overesti-
mating of the particles size caused by their overlaps was solved by a selection of
a suitable area for the analysis.
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(a) TRC sample annealed in the air furnace isothermally at 300 °C / 8 h and at
350 °C / 8 h.

(b) ECAP samples (with and without 300 °C / 8 h pre-annealing) isochronally annealed
in the air furnace up to 350 °C.

(c) ECAP sample isochronally annealed up to 550 °C in situ in TEM with step
50 °C / 10 min and sample annealed in the air furnace with step 50 °C / 50 min.

(d) ECAP sample isochronally annealed in-situ in TEM with step 50 °C / 10 min.

Figure 4.23: Histograms of the Al3(Sc,Zr) particles sizes throughout ECAP pro-
cessing and annealing experiments.

33



5. Discussion
The initial microstructure of the as-cast material exhibits features typical

for TRC aluminum and magnesium alloys prepared in a mode with a low roll
separating force [26]. The central part of the strip contains slightly elongated
grains of a size of 50 µm (Figure 4.4), while the ones near the strip surface
are noticeably coarser (200 µm) (Figure 1.2). No evidence of the presence of
strengthening Al3(Sc,Zr) particles and a very low dislocation density explain the
low initial value of microhardness (Figure 4.11a).

A formation of a fine dispersion of coherent Al3(Sc,Zr) precipitates (Figure
4.14a) leads to improved mechanical properties due to the precipitation strength-
ening. The loss of coherency between these hardening precipitates and the Al
matrix or particles coarsening (Figure 4.22b) leads to the decrease of the strength.

Annealing at 300 °C / 8 h was chosen as the best option of heat treatment [26].
It induced precipitation of a very fine and uniform distribution of the metastable
Al3(Sc,Zr) phase and fragmentation of the original grains into subgrains (Figure
4.14). As a result, the microhardness increased by about 20 HV compared to the
as-cast material (Figure 4.1).

Further enhancement of mechanical properties can be achieved by severe plas-
tic deformation producing considerable grain refinement and strengthening of the
material by grain boundaries. Application of the deformation by equal channel
angular pressing on the studied twin-roll cast material causes fragmentation of the
original grains to micrometric range (Figure 4.5). However, the resulting grain
structure is not uniform, the micrometric grains with high angle grain bound-
aries are often surrounded by elongated subgrains. This is in accordance with
observations of Tanski and Sitdikov [61,62] who reported bimodal structure with
shear bands in different Al-Mg alloys after various number of ECAP passes. More
details can be found in [63].

However, it should be noted that controlling the precipitation kinetics in SPD
metals is a crucial issue because there might be competition between recovery,
recrystallization and grain growth on one side and heterogeneous precipitation
along dislocations and grain boundaries on the other side [64]. SPD methods
generally induce large supersaturation of point defects – higher density of vacan-
cies influences the diffusion processes in the material, both during the deformation
and after deformation during annealing treatments, and therefore affects the nu-
cleation and growth of the precipitates. Diffusion processes favor heterogeneous
precipitation along dislocations and grain boundaries (as sinks for vacancies),
which is not desired (Figure 4.18). Moreover, a possible competition can occur
between precipitation and recovery of the as-deformed material during the heat
treatment. Thus, combination of SPD and precipitation heat treatment were
analyzed, especially, their influence on the precipitate morphology and evolution
was studied.

The precipitation annealing, applied either before or after ECAP, has no sig-
nificant influence on the grain microstructure of the deformed material (Figure
4.12 and 4.5). However, it slightly modifies the microhardness of the material
(Figure 4.1). Annealing after ECAP at 300 °C for 8 hours causes a slight de-
crease of the microhardness, which might be connected with a partial recovery
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of the dislocation substructure. Also, more pronounced microhardness decrease
due to the annealing is most probably compensated by the precipitation of the
Al3(Sc,Zr) phase, and also the strengthening effect of grain boundaries is pre-
served. However, precipitation of the Al3(Sc,Zr) phase in the deformed matrix
is generally less homogeneous due to a high density of lattice defects induced by
ECAP. Indeed, the precipitates form preferentially on the grain boundaries, as
confirmed by TEM (Figure 4.17).

Microhardness of the material annealed before ECAP processing is slightly
lower than the material which was subjected only to ECAP. This is in accor-
dance with works on a different type of aluminium alloys [65], which showed that
annealing before ECAP led to a lower dislocation density after ECAP and fi-
nally a lower microhardness. Nevertheless, it is necessary to mention that these
differences in microhardness are subtle within the experimental scatter (Figure
4.1b).

Both precipitation annealing 300 °C / 8 h and ECAP applied independently
imply increase of microhardness in the material. However, their superposition
did not result in a further increase of microhardness, but surprisingly in a slight
softening of the material.

In the material pre-annealed 300 °C / 8 h after ECAP, the microhardness
remains almost constant during isochronal annealing up to 300 °C (Figure 4.1b)
and the repeated application of heat treatment has no significant influence on the
material. Slight increase of the microhardness in initial stages of annealing may be
attributed to the mechanism described by Huang et al. [66] in a heavily deformed
aluminum and observed also in other aluminum alloys [57]. The decrease of
the dislocation density during pre-annealing can in such materials result in an
increase of the strength during subsequent deformation. As the initial dislocation
density is low, new dislocation sources should be activated to enable deformation
and, thus, the strength of the material is higher. The distribution of Al3(Sc,Zr)
precipitates after isochronal annealing up to 350 °C (Figure 4.18) exhibits coarser
precipitates on grain boundaries (Figure 4.17 and 4.18). They form during the
pre-annealing and coarsen during isochronal annealing.The finer particles in the
grain interior forms during isochronal annealing.

On the other hand, in the material pre-annealed before ECAP the micro-
hardness slightly increases at temperatures above 200 °C reaching the peak value
at 300 °C. It has been reported for several materials [67–69] that severe plastic
deformation may lead to a partial dissolution of metastable strengthening parti-
cles. As some of the Al3(Sc,Zr) precipitates probably dissolved during the ECAP
processing, their reprecipitation at temperatures close to 300 °C could lead to a
further strengthening of the material and increase of the microhardness, masking
an eventual softening caused by a recovery of the dislocation substructure (Figure
4.1b). TEM micrographs of the microstructure of this material after isochronal
annealing up to 350 °C (Figure 4.18) revealed two generations of Al3(Sc,Zr) par-
ticles – smaller particles that precipitated during isochronal annealing and larger
ones that precipitated during pre-annealing, resisted the ECAP deformation and
thereafter could coarsen during isochronal annealing. The smaller size of the
second generation of particles is in accordance with lower supersaturation of the
solid solution. Furthermore, precipitation of both generations of the precipitates
seems to be more homogeneous and the shape of the particles is generally more
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round than in other deformated materials.
The material processed only by ECAP exhibits the most pronounced changes

of the microhardness below 300 °C (Figure 4.1b). Firstly, the microhardness drops
to a local minimum at 150 °C. Recovery of the residual dislocation substructure
is supposed to occur in this temperature range. On the contrary, microhard-
ness increase is observed at higher annealing temperatures up to 300 °C. This
pronounced hardening is attributed to the precipitation of coherent Al3(Sc,Zr)
particles, which has stronger influence on the microhardness than the recovery of
the dislocation substructure. Similar behaviour was observed by Vlach et al. [25]
in a conventional Al-Sc-Zr alloy after cold rolling. The size and the shape of
the precipitates after isochronal annealing up to 350 °C are very unhomogeneous.
Dislocation tangles, grain and subgrain boundaries act as short-circuit diffusional
paths for Sc atoms. Consequently, ECAP before isothermal annealing can result
in heterogeneous nucleation and growth of Al3(Sc,Zr), because no precipitation
nuclei from pre-annealing have been present in this material. All the available
Sc and Zr atoms are drained from the matrix and form new precipitates, thus
their size is larger than the one observed in the pre-annealed material, where the
remaining Sc and Zr atoms from the matrix were consumed by both, the precip-
itation of new particles and a coarsening of those formed during pre-annealing.

According to [70, 71] Al3(Sc,Zr) particles precipitated in deformed material
could obtain lobed-cuboid or platelet-like rather than spherical morphology, which
is in a good correspondence with our observations (Figure 4.18).

Generally, the size of Al3(Sc,Zr) particles in all ECAP processed materials is
smaller than in the undeformed one. Due to the substructure induced by ECAP
the preferential sites for nucleation are more numerous, therefore more particles
may have nucleated, leading to their overall smaller size.

Further isochronal annealing from 350 °C up to 600 °C brings no general dif-
ference between the materials. The microhardness gradually decreases due to the
full recovery, recrystallization and the grain growth, reaching the value of around
70 HV observed in non-deformed materials and 65 HV in all ECAP-processed
materials (Figure 4.1). Due to a higher stored energy in deformed materials,
the recrystallization proceeds to a higher extent, making the final microhard-
ness lower than the one in the non-deformed materials. The Al3(Sc,Zr) particles
coarsen at these temperatures significantly and loose their coherency and their
strengthening and boundary pinning effect.

The grain distribution at 550 °C (Figure 4.6 and 4.7) and 600 °C (Figure
4.8 and 4.9) reveals extensive recrystallization between these two temperatures
in all deformed samples and full replacement of subgrains by new grains with
the size ranging from 10 to 200 µm in all materials. Noticeable bimodal struc-
ture with very large grains appears in the ECAP material without pre-annealing
caused by a less uniform distribution of Al3(Sc,Zr) particles formed only during
isochronal annealing. Their pinning effect is thus limited, resulting in a higher
grain boundary mobility and grain coarsening. The grain structure of remaining
two ECAP-ed and pre-annealed samples is also bimodal, however, the final grain
size is smaller.

While a full recrystallization was observed in deformed materials after an-
nealing up to 600 °C, undeformed materials contain only partially recrystallized
grains located preferentially on high angle grain boundaries of original grains as
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a result of a lower stored energy in the grains causing lower driving force for re-
crystallization. The partially recrystallized grain structure is also consistent with
higher values of measured microhardness.

Strengthening mechanisms
In order to evaluate contributions of particular strengthening mechanisms to

a final value of the yield strength an estimation based on measured features of
the microstructure was done. List of used equations and symbols are given in
Table 5.1 and 5.2. Sum of these increments and an intrinsic resistance of the
Al lattice to the dislocation motion σ0 = 60 MPa [71] gives a total value of
yield strength of the material. Even though the estimation suffers from a large
experimental errorcaused by the uncertainty of the determination of the thickness
of the TEM foil, the estimated values (Table 5.3) exhibit a very good accordance
with the measured ones. This consistency of estimated and measured results
further supports explanations of observed effect given in the previous paragraph.

Table 5.1: List of the equations for the yield strength increments calculations.

Boundary strengthening ∆σHP = kD−1/2

Solid-solution strengthening ∆σy = 3.1ωGc1/2

700

Precipitate strengthening

order strengthening ∆σord = 0.81M
γAPB

2b

(
3πϕ

8

) 1
2

coherency strengthening ∆σcoh = Mαe(Gθ) 3
2

(
Rϕ

0.5Gb

) 1
2

modulus mismatch strengthening ∆σmod = Mαm(∆G) 3
2

(
2ϕ

G

) 1
2 (R

b

) 3m
2 −1

Orowan dislocation looping ∆σOr = M
0.4
π

Gb√
1 − ν

ln
(√

2/3R

b

)
λ

λ =
[(3π

4θ

) 1
2

− 1.64
]

R

Strengthening by dislocations ∆σd = MαdGbρ
1
2
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Table 5.2: List of used symbols of measured material properties and the values
of the material constants adopted from the literature

Boundary strengthening
k 0.17 MNm3/2 material constant for Al-Mg-Li [71]
D grain size
Solid-solition strengthening
ω 0.4 - experimental constant [71]
G 25.4 GPa shear modulus of Al [71,72]
c concentration of Mg in at.%
Precipitate strengthening

M 3.06 - mean matrix orientation factor [71]
γAPB 0.5 Jm−2 Al3Sc antiphase boundary energy [73,74]
b 0.29 nm Burgers vector of Al [71]
ϕ volume fraction of the Al3(Sc,Zr) phase
αe 2.6 - material constant [71]
θ 0.0083 - constrained lattice parameter mismatch [71]
R Al3(Sc,Zr) precipitate radius
αm 2.6 - material constant [71]
∆G 42.5 GPa shear modulus mismatch: Al and Al3Sc [75]
m 0.85 - material constant [71]
ν 0.34 - Poisson ratio for Al [76]
λ Al3(Sc,Zr) inter-precipitate distance
Dislocation strengthening

αd 0.11 - material constant [71,77]
ρ dislocation density
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6. Conclusions
Al-Mg-Sc-Zr based alloy was subjected to a precipitation annealing and a se-

vere plastic deformation by ECAP. The influence of these procedures on material
strengthening and microstructure and their respective relations were investigated.

The initial TRC strip was pre-annealed and deformed in various orders, there-
fore five different materials: TRC, TRC + annealed, TRC + ECAP, TRC +
ECAP + annealed, TRC + annealed + ECAP, were compared. All these ma-
terials were subjected to an isochronal annealing and the evolution of their mi-
crostructure and microhardness were evaluated. The results could be summarized
in the following items:

• A dispersion of fine particles of the metastable Al3(Sc,Zr) phase forms dur-
ing pre-annealing at 300 °C / 8 h in the TRC material. The formation of
these particles results in a significant increase of microhardness.

• Severe plastic deformation by ECAP has even stronger influence on the
microhardness of the TRC strip.

• Pre-annealing 300 °C / 8 h of specimens before or after ECAP does not pro-
vide an expected further increase of microhardness due to a heterogeneous
formation of strengthening particles and partial recovery of the deformed
substructure or partial deformation induced precipitates dissolution (ECAP
after pre-annealing)

• Peak hardening during isochronal annealing was achieved in all specimens
at 350 °C independently on a previous thermo-mechanical treatment.

• A degradation of the material properties occurs above 350 °C caused by
a recrystallization of the material and coarsening of strengthening particles
of the Al3(Sc,Zr) phase.

• The final microhardness after isochronal annealing up to 600 °C measured
in all specimen after ECAP is lower than the value of microhardness in
the as-cast material. The main reason is a lower amount of deformation
energy stored during ECAP and subsequent full recrystallization and grain
coarsening, while only a partial recovery and recrystallization were observed
in the TRC material.

• Measured values of microhardness are in a good accordance with a sum of
contributions to the material strengthening predicted by theoretical models.
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