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ABSTRACT
The high strength Al-Zn-Mg alloys (7xxx series) have some specific properties such as spontaneous ageing
nature, high strength-to-weight ratio and effect of Sc addition makes it hard. This alloy is largely used in
aircraft and automobile industries. Scandium (Sc) addition in aluminium alloys have great technological
advantages to reducing the cast grain sizes and generate large volume fraction of constituent particles (Al;Sc)
and promoting the precipitation of a more uniform dispersoid distribution. The grain refinement effect and the
age-hardening behaviour of Al-Zn-Mg alloys are studied on the basis of Optical microscopy (OM), Field
emission scanning electron microscopy (FESEM), Transmission electron microscopy (TEM) and Vicker’s
hardness measurements. Friction stir processing (FSP) is an emerging surface-engineering solid state
technology which locally eliminates casting defects and refines microstructure to enhance specific properties to
some considerable depth. During FSP, the severe plastic deformation and thermal exposure of material
significantly enhanced microstructural changes. FSP results in significant temperature rise within and around
the processed zone. The stir zone (SZ) grains suggest effective strains together with a microstructural evolution
that occurs by a combination of plastic deformation and a dynamic recovery or recrystallization. The
temperature rise of 450-500°C has been noted within the SZ for aluminium alloys. Intense plastic deformation
and temperature rise results in significant microstructural evolution, therefore, fine recrystallized grains of
10.97+£1.45 um, precipitate dissolution and coarsening, textural changes and micro residual stresses. In
general, processed zone is characterized by a recrystallized fine grain with uniformly distributed 7 and AlsSc
particles. So, FSP enhances mechanical properties many folds as comparison to heat treated aluminium alloys.
In this regard, many researchers have proposed energy-based model for the FSW/FSP in their experimental
work. Finally, the mechanical properties have been evaluated after FSP and estimated likely to 0.2% proof
strength increase to 200.2%, ultimate strength increase to 231.1%, ductility increase to 125.5%, and hardness
increase to 17.7% as compared to T, condition, respectively.
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I. INTRODUCTION

The aluminium alloys (7xxx series) are used for many engineering applications due to natural age-
hardening ability, good corrosion resistance, and good fracture resistance [1, 2]. The weight reduction is the
primary criteria for light weight alloys because approximately of 100 kg. weight reduction means saving of up
to 0.5 liters of fuel per every 100 km. Similar advantages may be achieved as a replacement for parts made of
steels reducing the unit weight of structure by 10 to 50% for aluminium alloys. The weight reduction is critical
for aerospace industry because the tensile strength after appropriate ageing treatment reaches more than 600
MPa with good fracture resistance. The precipitation sequences of aluminium alloys (7xxx series) as reported in
the literature are as follows: a(SSSS)—coherent stable GP zone—semicoherent intermediate
N(MgyZn,;)—incoherent stable n(MgZn,) or T(AIMg,Zny;). An important characteristic feature of the Al-Zn-
Mg alloy is exhibiting low quench sensitivity. The quenching rate after solution treatment only has a small
effect on the mechanical properties and properties mostly obtained after ageing treatment. Also, quenching
sensitivity depends on (Zn+Mg) content and Zn/Mg ratio [3-5]. Main strengthening mechanisms are likely to
solid solution, age-hardening (coherency strain hardening, chemical hardening, and dispersion hardening), and
grain refinement by inoculation effects. The chemical composition can contain the following phases are a-solid
solution, B-phase (AlgMgs), t-phase (Al,Zn;Mgs), n-phase (MgZn,). B phase is formed for magnesium-rich
alloys, while occurring of t, n phases depends on proportion between zinc and magnesium contents. The
dispersion hardenings of Al-Zn-Mg alloys are a complicated process and it is assumed that the dispersion
particles of 1} phase and GP zone are responsible for their high strength properties at low temperature.
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The aluminium alloys containing zinc exhibit high solubility indicates no lattice distortion for
formability point of view and also achieve high strength after accelerating artificial ageing than the natural
ageing. The accelerated ageing provides less susceptibility to stress corrosion that the natural ageing, and it is
possible for increasing ageing temperature. Most hardening achieved for 140-150°C for 6h ageing time for Al-
Zn-Mg alloy. The significant loss of strength occurs at elevated temperatures for 160-200°C, and this is the most
detrimental feature of aluminium alloys [6-8]. But strain hardening occurs for those alloys do not response to
age hardening for example of 1xxx, 3xxx, 5xxx series are usually strengthening by strain hardening which have
generally involved by cold working. It can be observed that the maximum of precipitate volume fraction occurs
for this type of alloy as temperature range from 140-150°C. Such large amount of precipitate will play important
role in the precipitation hardening. The strengthening that results from such ageing occurs because the solute
retained in the supersaturated solid solution forms precipitates, as part of an equilibrium response, which are
finely dispersed throughout the grains and increase the ability of the material to resist deformation by the
process of slip. Maximum hardening or strengthening occurs when the ageing treatment leads to the formation
of critical dispersions of one or more of these fine precipitates.The grain refinement of aluminium alloys is
achieved by the addition of inoculants particles (e.g. Al;Sc) in the form of Al-2wt% Sc master alloy [9-12].
Inoculation is particularly wide practised in the aluminium industry. Sc has been attributed to the strong grain
refining influence of the Al;Sc phase, which leads to nucleation of a large number of grains at a low
undercooling. When the activation energy for precipitation and the number of nucleation sites are both
considered, heterogeneous nucleation is favoured at lower undercoolings and the homogeneous nucleation is
favoured at higher undercoolings [13, 14].

In addition, fine grain promotes the flow of molten metal to feed shrinkage during solidification,
resulting in smaller and more uniform dispersed shrinkage or gas porosities. Fine grains also provide a complex
network of grain boundaries, reducing tendency for hot crack initiation and propagation. The patented concept
of Friction stir welding (FSW) in the 1990’s opened a new field for joining metals, especially light alloys and
FSP emerged around this concept. Processed surfaces have enhanced mechanical properties, such as hardness,
tensile strength, fatigue, corrosion and wear resistance. A uniform equiaxed fine grain structure is obtained
improving superplastic behaviour. Also, there are several theoretical energy-based models have been exercised
such as Khandkar et al. [2003, 2006], Heurtier et al. [2006], Hamilton et al. [2008] for FSW/FSP and
conclusions are drawn for heat energy as per experimental parameters [15-18]. The aim of this work is to
examine in detail the potential useful effects of adding Sc from 0.21 to 0.63 wt.% to aluminium alloys (7xxx
series), influencing for grain refinement and dispersoid optimization as well as to examine FSP is mostly used to
locally eliminate casting defects and refine microstructures in selected locations, for property improvements and
component performance enhancement. The purpose of this paper is to provide theoretical and experimental basis
for many engineering applications of these new aluminium alloys.

Il. MATERIALS AND EXPERIMENTAL STUDY
Table 1: Chemical composition (7xxx series) analysed by ICP-MS (Inductively coupled plasma mass

spectroscopy) and AAS (Atomic absorption spectroscopy) methods of studied alloys (in wt. %).
Alloy nos. Zn Mg Sc Si Fe Al Zn+Mg Zn/Mg IADS/AAA Designation

Alloy 1 619 | 186 | 021 [ 005 [ 008 | Bal 8.10 3.33 7000

Alloy 2 530 | 300 [ 025 | 011 [ 010 | Bal 8.30 1.77 7000

Alloy 3 565 | 198 | 063 | 003 | 026 | Bal 7.63 2.85 7075

*IADS = International Alloy Designation System, and AAA- Aluminium Alloy Association.

The results of the present investigation have been discussed under the following alloys development
such as preparation of Al-Zn-Mg alloys using scandium inoculation, and grain refinement effects of aluminium
alloys due to Sc inoculants, and reason for hardness and mechanical properties variation of alloys during
different heat treatments. The aluminium alloys have been developed as per flow chart as shown in Figure 1.
The charge usually consists of commercially pure aluminium cut into small pieces and put into a graphite
crucible in an electrical muffle furnace at 780°C for 3h melting time. Pieces of scandium were added in a
graphite crucible as a form of master alloy (Al-2wt.%Sc), which added carefully before pouring of liquid metal
into a mild steel mould (size: 200x90x24 mm®) and controlled fading of scandium as well as vaporization of Mg
and Zn during adding in liquid metal. As Sc was added in the alloys as different compositions of 0.45 wt.%, 0.7
wt.%, and 0.9 wt.%, respectively. But recovery of Sc obtained around 50 to 60 wt.% after wet chemical analysis
as shown in Table 1. The ageing kinetics for present alloys were studied at 120 to 180°C to achieve optimum
hardness in a reasonable period of time. The as-cast alloys were selected for solution treatment at 465°C for 1h
then immediately followed by water quenching (T,) and subsequently aged at 120, 140, 160, and 180°C for 16h
(Te) to each alloy, respectively. The as-cast and heat-treated alloys were subjected to metallographic studies.
The optical microstructures (OM) were revealed to as-cast, T,4, and after double-pass FSP alloys as per standard
metallographic procedures and etched with the Keller’s reagent (1%HF+1.5%HCI+2.5%HNO3;+95% distilled

DOI:10.9790/1813-0909012635 www.theijes.com Page 27



Experimental Analysis on Aluminium Alloys (7xxx) After Friction Stir Processing for ..

water) for following the light microscopy as shown in Figure 3, Figure 5, and Figure 6. The TEM samples were
prepared initially thinning down around less than 100 um by gently mechanically polishing then preferred for
electrolytically etching (solution of 75% CH;OH + 25%HNO;, 12V, and -35°C) to make them thinner for final
TEM observations as shown in Figure 4. The FESEM microstructures were examined through light microscopy
and followed for EDS analysis for confirmation of scandium segregation on grain boundary areas as shown in
Figure 5. The Vicker’s hardness measurement (10 kg. load) to evaluate the strength or hardening effect as
solution treated condition as well as Tg alloys. The solution treated (T,) samples were selected for artificial
ageing at different temperatures such as 120, 140, 160, and 180°C for 16h to each alloy, respectively. Each time
average six hardness values randomly were taken instance on aged samples and following sequences of ageing
time maintain thoroughly as 1h, 2h, 4h, 6h, 8h, 10h, 12h, and 16h, respectively. Finally, hardness data was
tabulated and calculated activation energies (E,) based on ageing temperatures from 120 to 180°C and specified
time from the Arrhenius equation. The solution treated (T,) plate was fixed firmly on the vertically standing
milling machine with predetermined parameters such as 1000 rpm of tool rotation speed (clockwise and
unidirectional), 70 mm/min traverse speed, double-pass, with specified tool design such as pin diameter 3 mm,
pin height 3.5 mm with oval shape of tip, pin shoulder diameter 20 mm, total tool length 75 mm and it made of
hardened martensitic stainless steel (211HV34.). A cross sectional view AA of pin plunged into the working
plate has been shown alongside of FSP set-up in Figure 2(a). The entire double-pass FSP process has been
schematically shown in Figure 2(a-c) and steps are followed thoroughly during processing. The FSP is an
integral process which main working plate not be deformed, no noise, no fume generation and it can be
considered as a solid state green technology. Experimental samples were collected from processed zone and
machined for tensile samples preparation as per ASTM: E8/E8 M-11 standard. The tensile testing was carried
out in an Universal Testing Machine (UTM) (25 kN, H25 K-S, UK) with cross head speed of 1 mm/min at room
temperature and results are exhibited in the bar diagrams as shown in Figure 6(c).
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Fig. 1: A complete flow chart for Al alloys preparation and their double-pass FSP.
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Fig. 2: Schematic diagrams of (a) FSP set-up, (b) Double-pass FSP (35% deviation from the first pass to second
pass during processing) plate (size: 150x90x8 mm3), (c) Tensile test-piece as per ASTM std.: E/E8 M-11.
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I11. RESULTS AND DISCUSSION

Inoculation effects of scandium in aluminium alloys

The microstructures and properties of Al-Zn-Mg alloys are strongly affected by adding small quantities
of scandium. Significantly grain refinements in castings are obtained by promoting heterogeneous nucleation
during solidification, such that the transition from columnar to equiaxed grain growth is favoured. This is
achieved by providing many efficient heterogeneous nucleation sites in the melt, which constitutes the basis for
grain refinement. Scandium forms a high melting eutectic phase with aluminium at 655°C (0.55wt%Sc), AlsSc
(L1, type) having FCC crystal structure and a lattice parameter close to that of aluminium. Scandium additions
greater than 0.55wt.% (i.e., hypereutectic, L—a-Al+AlsSc) have been shown the result in fine grain
enhancement in aluminium alloys, suggesting that the primary Al;Sc phase serves as an effective grain nucleant
[19-22]. The presence of impurity contents (Fe, Si) also affect the primary Al;Sc particles number, size, size
distribution, and density in the melt of aluminium alloys. Silicon impurity increases the Al;Sc precipitation
kinetics and density in aluminium. These particles are extremely fine, homogeneously distributed (~10-20 nm)
and approximate density similar to GP zones. Therefore, controlling impurities and their concentrations can
enhance the grain refinement of aluminium alloys.

Main strengthening mechanisms of aluminium alloys

The mechanism of strengthening alloys through age hardening involves impeding the motion of
dislocation. Dislocations are apparently stabilized most effectively when the cluster of solute atoms is coherent
with the crystal structure of the solvent, i.e., the solute atoms are collected into a cluster but still have the same
crystal structure as the solvent phase. This causes a great deal of strain because of mismatch in size between the
solvent and solute atoms. The cluster stabilized dislocations, because dislocations tend to reduce the strains,
similar to the reduction is strain energy of a single solute atom by a dislocation. When the dislocations are
anchored by coherent solute clusters, the alloys are considerably strengthened and hardened. There are several
advantages of using Sc in aluminium alloys. The effect of Sc additions will of course depend on the composition
of the alloys. Strengthening mechanisms can be achieved such as grain refinement during casting, increase
strength from Al;Sc particles, resistance to recrystallization, and superplastic properties. The aged structure and
the kinetics of ageing depends on both the Zn and Mg concentration and the temperatures of solution and ageing
treatments and so on. As the Sc content increases within the specified solubility in the solid solution, the grains
virtually do not disintegrate. The maximum solubility of Sc increases from 0.20 to 0.63 wt.% at present in
studied aluminium alloys. When the amount of Sc exceeds the eutectic content, there may be agglomeration
tendency for AlsSc particles but still the grains disintegrate to the finest possible size [23-26].

Microstructural refinement through FSP and ageing treatments

In addition, the FSP is used for localized modification and microstructural control of surface layers of
processed metallic components for specific property enhancement. Processed surfaces have shown an
improvement of mechanical properties, such as hardness and tensile strength, better fatigue, corrosion and wear
resistance. This technique has been successfully applied in the production of fine grained structure and surface
composite [Ma et al., 2008; Nascimento et al., 2009; Kwon et al., 2003; Colligan et al., 1999] [27, 28]. Figure
3(a-c) shows optical microstructures of cast aluminium alloys achieved fine grains in addition of minor Sc
contents for Alloy 1 is 72.0 um of 0.21%Sc, for Alloy 2 is 28.10 um of 0.25%Sc, and for Alloy 3 is 13.73 um of
0.63%Sc, respectively. Grain refinement has been achieved for gradually refine the grains due to minor Sc
addition to hypereutectic content of Sc (>0.55%), because there is maximum possibility of heterogeneous
nucleation sites generated when the amount of Sc exceeds the eutectic content, still may be agglomeration
tendency for Al;Sc particles existence in FESEM analysis for Alloy 3 in Figure 5(c). Indicated numerous Sc
content is 27.41wt.%. Figure 3(d-f) shows optical microstructures of T4 aluminium alloys exhibited laterally
coarse grains with fine precipitates and eliminated grain boundary segregation due to two steps heat treatments
such as solution treatment and later on low temperature ageing treatments (>200°C), when existence of grain
achievement for Alloy 1 is 27.82 pm, for Alloy 2 is 24.04 um, and Alloy 3 is 14.03 pum, respectively. But Alloy
3 exhibited finest grain size due to hypereutectic content of Sc (>0.55%) addition as well as ample amount of
Al;Sc particles generation with grain boundary pinning effects at this ageing condition as shown in Figure 3(f).
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Fig. 3: Optical microstructures of as-cast Al alloys: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3; Optical microstructures
of Tg Al alloys:(d) Alloy 1 (aged at 160°C for 2h), (e) Alloy 2 (aged at 140°C for 6h), (f) Alloy 3 (aged at 160°C
for 2h).

TEM and FESEM analysis

(b) i 200 nm

i 5.00 1/nm

Fig. 4: TEM microstructures with SAD analysis of Tg (aged at 140°C for 6h) Al alloys: (a) Alloy 2, (b) Alloy 3.
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Fig. 5: FESEM with EDS analysis of as-cast Al alloys: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3.

Figure 4(a) shows TEM micrograph with SAD analysis of T¢ aluminium Alloy 2 exhibited fine
distribution of precipitates with Al;Sc particles and T phases agglomeration tendency in matrix. There are
several black spots for as-cast porosities and inhomogeneities with large coarse particles agglomeration
dominate in matrix for Alloy 2. Figure 4(b) shows TEM microstructure with SAD analysis of Tg aluminium
Alloy 3 exhibited uniform distribution, identical shape and size of cauliflower type Als;Sc particles in matrix.
Figure 5(a-c) shows FESEM with EDS analysis of as-cast aluminium alloys exhibited typical grain boundary
segregation of impurity elements as well as agglomeration tendency of high Sc content of 27.42 wt.%
(hypereutectic content) of Alloy 3 as shown in Figure 5(c).

Energy-based models analysis and mechanical properties of FSP aluminium alloys

The activation energy of precipitation had also been measured by the changes of hardness with ageing
time and temperatures (120 to 180°C) using the Arrhenius relationship, i.e., AHV=AHV, exp(-E,/RT) [29, 30].
Therefore, the activation energy values are found to be quite low from experimental results as around 7.42
kJ/mole at 10h ageing time. Low activation energies indicated that driving force of the precipitation process is
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slow and minor Sc addition enhances the precipitation process in aluminium alloys. Figure 6(a) shows optical
microstructure of solution treated (T,) aluminium Alloy 2 with grain size achieved of 36.34+8.1 um, it seems
grain growth occur after T, heat treatment because the numerous soluble phases formed during solidification can
be re-dissolved into the matrix. The precipitation strengthening is attributed to the dissolving of the coarse
second phase particles during the solution treatment which may offer large amounts of solution atoms and is
beneficial for the precipitation in the subsequent ageing treatment. Figure 6(b) shows optical microstructure of
T,+FSP aluminium Alloy 2 with grain size achieved of 10.97+1.45 um in SZ region. It is noted that during FSP
three distinct process regions have been identified such as stir zone (SZ) is centre zone of tool pin size (3 mm),
and thermo-mechanically affected zone (TMAZ) is adjacent to SZ region, where the metal is plastically
deformed as well as heated to a temperature for insufficient of recrystallization. Then, the heat affected zone
(HAZ) is exposed by the frictional heat generated between the tool and workpiece and no mechanical
deformation occurred [31-33]. The fine-grain is achieved due to dynamic recrystallization mechanism for Al;Sc
precipitate particles with n or T(Al,Zn;Mgs) type hardening phases play vital roles during high temperature
deformation, and also the high density dislocations which stored at immediate vicinity of these particles have the
source of dynamic recrystallization [34, 35]. There are several theoretical energy-based models have been
studied such as Khandkar et al. [2003, 2006], Heurtier et al. [2006], Hamilton et al. [2008] for FSW/FSP of
aluminium alloys. The total energy generated per unit length of the FSP is the sum of the energy generated due
to friction between the tool and the workpiece and the plastic deformation within the workpiece. An empirical

formula developed a proposed energy model by Hamilton et al., T";ﬂ =1.56 x 10‘4Eeff + 0.54; where T4, iS

the maximum temperature generated within the FSP, T, is the solidus temperature in Kelvin, E.q is the
effective energy generated per unit length of FSP in JJmm. As per many literatures supported and Hamilton
energy model can be concluded T, = 636°C [from Al-Zn equilibrium phase diagram] and T;,,,,= 500°C [from
present experimental parameters 1000 rpm, 70 mm/min] , it can be put into above equation to obtain E,;r =

4
@(%) — 0.54 (J/mm); and it can be easily calculated to E.rr = 5448.18 ]/mm. As per Hamilton et al.
[2009] proposed model during FSW/FSP temperature is equal to the solidus temperature of aluminium alloy,

ie, mex = 1 So from the above equation it can be calculated easily to E.;r = 6409.72 J/mm. As per

N
Khandkar’s torque-based model that is good agreement with heat energy generated is a function of applied
force, coefficient of friction between the tool and the workpiece, tool dimensions, and FSW/FSP parameters
[36]. In case of FSW/FSP process parameters the heat input is given by the relation as follows [37]: heat input, g

= 23—7: xuxpxmxRgxn; where q is the heat generated in J/mm; p is co-efficient of friction = 0.3; p = normal force

of 15 kN; o = rotational speed in 16.67 rev/s; Rg = shoulder radius in m; s = traverse speed in mm/s; n = heat
transfer efficiency = 0.8; s = 70 mm/min = 1.17 mm/s; Ry = shoulder diameter of 0.02 m; and it can be
calculated from the above equation to g = 2150 J/mm. The experimental heat input may be high value of 2150
J/Imm as comparison to several theoretical energy-based models. Also, in an optical microstructure (Figure 6.b)
clearly indicated numerous black spots after FSP may be due to Zn vaporization effect. Thus, a comparison
between the estimated heat energy and its corresponding maximum temperature obtained using the different
energy-based proposed models and the experimental result shows a good agreement. Figure 6(c) shows the bar
diagrams have exhibited the results of mechanical properties of aluminium Alloy 2 at T, and T,+FSP conditions.
The T, aluminium Alloy 2 exhibited around 0.2% proof strength of 58 MPa, ultimate tensile strength of 82 MPa,
Vicker’s hardness of 121 HV, and elongation of 3.8%, respectively. The solution heat treatment implies
homogeneous distribution of soluble second phase particles, and eliminates grain boundary segregation and re-
dissolve coarse precipitates into the matrix. The precipitation strengthening is the main strengthening
mechanism along with low lattice mismatch with inoculated particles, and coherent dispersoids of AlsSc
particles. Consequently, comparative study shows that T,+FSP aluminium Alloy 2 exhibited the mechanical
properties increasing likely to 0.2% proof strength increase to 200.2%, ultimate strength increase to 231.1%,
ductility increase to 125.5%, and hardness increase to 17.7%, respectively. The overall mechanical properties
are increased due to refined grains (10.97+£1.45 um), porosity elimination and fine precipitates (Al;;Mg;) and
Al;Sc dispersoids. But hardness marginally decreases due to high elongation and dense SZ after FSP [38-41].
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Fig. 6: lllustration of optical microstructures of Al alloy: (a) T, condition, and (b) SZ of T,+FSP condition for
Alloy 2; (c) The bar diagram exhibited mechanical properties of Al alloy: T,4; T, +FSP conditions for Alloy 2.

IV. CONCLUSION

Significant grain refinement has been achieved in high strength Al-Zn-Mg alloys (7xxx series) with
minor addition of scandium from 0.21 to 0.63 wt.% through melting route. The Al;Sc particles with the structure
of L1, precipitating from the matrix during solution treatment, pin dislocation restricts the nucleation of
recrystallization which leads to strengthening of these alloys. The tensile properties of Al-Zn-Mg-Sc alloys
appreciably have been improved after solution treatment and subsequently ageing treatment by precipitation
hardening or age hardening process. The TEM micrographs with SAD analysis of T¢ aluminium alloy has
exhibited fine distribution of precipitates with AlsSc particles and T phases agglomeration tendency even though
for low Sc content (0.25%) aluminium alloy. The optical microstructure exhibited optimum finer grain size
(10.97+1.45 pm) in SZ region after T,+FSP aluminium alloy. The fine-grain is achieved due to dynamic
recrystallization mechanism for Al;Sc precipitate particles with n or T(Al,Zn;Mgs) type hardening phases
during high temperature deformation (450-500°C), and also the high density dislocations which stored at
immediate vicinity of these particles have the source of dynamic recrystallization. There are several theoretical
energy-based models have been studied such as Khandkar et al. [2003, 2006], Heurtier et al. [2006], Hamilton et
al. [2008] for FSW/FSP of aluminium alloys. As per Hamilton energy model, it can be concluded T, = 636°C
[from Al-Zn equilibrium phase diagram] and T.,,,,= 500°C [from present experimental parameters 1000 rpm, 70
mm/min], and it can be easily calculated to E,f = 5448.18 ]/mm. Consequently, in case of FSW/FSP process
parameters the heat input is calculated as 2150 J/mm for experimental aluminium alloys. The experimental heat
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input may be high value (2150 J/mm) as compared to several theoretical energy-based models. The overall
mechanical properties have been increased due to refined grains (10.97+1.45 pm), porosity elimination and fine
precipitates (T, Al;;Mg-) and Al;Sc dispersoids.
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