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ABSTRACT

The mechanical properties and microstructure evolution of the rapidly solidified (RS) Meso 20 aluminum
alloy, followed by mechanical consolidation of RS-flakes were investigated. Specimens of as-extruded
material and the specimens solution treated at 773 K/30 min were tested in hot compression at tem-
peratures ranging from 293K to 773 K. It was found that the flow stress was reduced monotonically
with deformation temperature within the used deformation temperature range. Expected dynamic pre-
cipitation hardening at the intermediate deformation temperatures for solution treated specimens was
negligible. Concurrently, the crystallographic structure and the distribution of the particles did not corre-
spond to the commonly known morphology of the highly disperse 7/, n precipitates and AlgMn particles
that are usually reported for the industrial AA7000 series alloys. Due to the low-temperature extrusion
method, most of the fine Mn-rich particles retained their quasicrystalline structure formed during the
rapid solidification and following consolidation of the RS-flakes. The solution treatment of the as-extruded
specimens at 773 K/30 min was found to result in the development of pw-Al4Mn rod-like particles. The
twinned structure of the particles points to their growth along (330 1) direction.

SAD pattern analysis
Quasicrystals
w-AlgMn phase
Dynamic precipitation
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1. Introduction

Common industrial methods for strengthening of aluminum
alloys include careful selection of chemical composition, grain size
refining methods, and heat treatment such as aging and precipita-
tion hardening. Powder metallurgy (PM) and mechanical alloying
(MA) of Al-based composites are less common methods for manu-
facturing high strength material, primarily because of the relatively
high production cost[1-3]. Contrary to the MA method, rapid solid-
ification (RS)is of arelatively low-cost and is often successfully used
for production of fine grained materials. The most critical problem
for the production of both the nano-structured RS alloys and the MA
metallic composites is connected with the searching for a proper
material composition and the processing methods to receive high
stability of the structural components and the related mechanical
properties at high temperatures.
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Mechanical consolidation of the RS powders typically involves
several steps such as pressing, vacuum degassing, followed then
by hot extrusion of as-compressed metallic charge. The last step
requires heating of the metallic charge, and is followed by high-
temperature processing that results in the grain coarsening and
ultimately reduction of high strength capability.

Rapid solidification method allows for grain refining, increase
of the range of solid solubility, reduction of the alloying elements
segregation, and evolution of advantageous morphology of both
the intermediate phases and the equilibrium constituents. For
example, the zinc content in conventionally cast AA7000 series alu-
minum alloys is limited to about 8% due to the inherent casting
problem such as solute segregation and cracking.

On the other hand, rapid solidification enables reduction of zinc
segregation and results in relatively homogeneous distribution of
constituent phases. Moreover, alloys processed by RS may have
increased zinc content. In consequence, the increased zinc content
and the related precipitation hardening increases the strength of
material [4,5]. In another example, addition of manganese in the
cast AA7000 series is often utilized to limit the grain coarsening.
However, the RS method, applied for manufacturing some of AI-Mn
RS alloys, allows for oversaturation of manganese in the aluminum
solid solution therefore enhancing the precipitation of fine Al-Mn
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type particles and resulting in increased strength due to the particle
hardening.

In the commercial (cast) AA7000 series products the alloy com-
position and manufacturing conditions determine the dominant
phases and their morphology [4-13]. Zn, Mg and Cu partition to
the hardening phases and typical precipitates formed under slow
cooling condition are: orthorhombic S-phase Al,CuMg, which is
formed at between 573K and 713K with the maximum fraction
forming at 683 K, and hexagonal n-phase Mg(Zn,,AlCu) that pre-
cipitates below ~713 K with the maximum fraction forming below
483K [10]. Prolonged annealing can result in the development of
T-phase Al3;(Mg,Zn)49. Aging usually leads to evolution of Zn-rich
metastable phases 1’ and 1 (MgZn;) which are the most effective
precipitation-hardening phases in the AA7000 class of materials [5].
Precipitation at the low aging temperatures (below 460 K) usually
follows the commonly known sequence of phase transformations:
supersaturated solid solution (sss)— Guinier-Preston (GP) zones
(spherical) — n’ metastable phase (plate-like) — 1 phase MgZn, or
Mg(Zny,Al,Cu) — T-phase reported as Alsy(Mg,Zn)yg [5,10,11] or
(Al,Zn)49Mgs3; [4,5,7,9] or Al;Mg3Zns [5]. The particles of the ” and
n hexagonal phase (MgZn, ) are usually observed for AA7000 alloys
containing relatively high Zn/Cu, Mg ratio.

Number of researchers investigated precipitation sequence in
solution-treated and aged Al-Zn-Mg alloys containing the Zn/Mg
ratio close to the stoichiometry of the MgZn, phase [13-17].
For alloy aged within the temperature range of 323-473K they
reported development of GP zones followed by nucleation of the
disperse n'-transition phase, which ultimately transforms to n
(MgZn;). Spherical GP zones can also form for alloy aged below
323K, and they are practically stable during the initial stage of
aging [13,14,17]. On the other hand, the GP zones can be prac-
tically eliminated from the aging sequence at 423K in common
industrial technologies, as they immediately transform to " and
n-particles [13]. Prolonged aging above 463 K results in the devel-
opment of the ternary cubic T-phase formed from the pre-existing
n-precipitates. Lattice parameters of a=0.497 nm and c=0.554 nm
were reported for the metastable 7' - hexagonal particles. However,
a detailed analysis of the n’-particles revealed several types of par-
ticles varied in shape and particle/matrix crystallographic relation
[4,13,15].

Rapid solidification of Al-14 at.%Mn alloy by means of the
spinning method yields in evolution of intermetallics that exhibit
quasicrystalline structure, as reported by Shetchman et al. [18].
Since that pioneer work number of experiments have been per-
formed on aluminum-manganese materials (enriched with Fe,
Cr, Mn, Pd, V, Co, Ni, Mo, Pt) to investigate rapid solidifica-
tion effect on the development of quasicrystals. It was reported
that the quasicrystalline structures often form with the depar-
ture from the equilibrium constitution [18,22-25,29]. Specifically,
two metastable compounds with quasiperiodic structure either I -
icosahedral or D - decagonal can be formed in the Mn-enriched
aluminum alloys rapidly quenched from the melt (~106K/s).
Such metastable structure of quasicrystals transforms into
AlgMn +(Al) during annealing at 670-773 K [26-29]. Similar nano-
quasicrystalline structures are also formed during annealing above
573K in electrodeposited AlI-Mn alloys containing 12.3-15.8 at.%
Mn [26,29]. Very high cooling rate used in the RS procedures for
the manufacture of commercial AA7000 alloys, as well as elec-
trodeposition of Al-Mn alloys, allows increasing the solubility of
manganese even up to ~12% Mn. For example, manganese primary
phase was not found in Al-4.4% Zn-2.7% Mg-0.2% Zr-(0.4-2.5%)Mn
alloy rapidly solidified at the cooling rate of 103-10%K/s
[30].

The basic challenge for the RS/PM technologies is related to
the prevention of the structural component coarsening during the
hot pressing and following the hot processing of the RS material.

Therefore, the mechanical consolidation of RS powders should be
performed at as low temperature as possible. Thus, instead of the
commonly used hot extrusion methods, an advanced so-called
KOBO extrusion can be recommended for the RS/PM material
processing [31-33]. The method offers the advantage of omitting
the charge preheating prior the extrusion. Even if a heating pulse
occurs due to the intense deformation at a high extrusion ratio, its
duration is likely to be short enough to avoid the noticeable coars-
ening of the fine RS structure. Furthermore, it is commonly known
that the microstructure defects, flaws and porosity deteriorate the
mechanical properties of PM materials [34,35]. In the consequence
of the intense processing at a high extrusion ratio, which is
available with the KOBO extrusion method, an effective homoge-
nization of the processed PM material can be expected. Therefore,
the advanced KOBO extrusion can be recommended for the RS/PM
material processing, instead of the commonly used hot extrusion
methods.

Experiments on the RS Meso 20 aluminum alloy (AA7000 series),
described below, were performed in order to test the effect of
rapid solidification and the powder consolidation procedures on
the structure and mechanical properties of the material. Attention
was paid to the material structure evolution during the annealing
and the hot deformation of the material.

2. Material and experimental

Experiments were performed on the rapidly solidified (RS) Meso 20 alloy. Chem-
ical composition of the alloy is shown in Table 1. The alloy was melted at ~1000 K
and spray-deposited on a rotating water-cooled copper cylinder. Pressured argon
gas was used for the melt atomization and protection of the powder’s oxidation.
The preliminary consolidation of the RS-flakes was performed utilizing vacuum
compression at ~670K and 100-tonn press. The as-compressed billets were then
extruded utilizing KOBO extrusion method at cross-section reduction ratio of A =19
and extrusion rate of 30-60 cm/min. The method allowed for obtaining 7 mm diame-
ter rods, without heating up of the charge that is used in the conventional processing
route.

Specimens with dimensions 10mm in length and 6 mm in diameter were
machined from the as-extruded rod and used for investigating mechanical prop-
erties. Two sets of specimens were utilized: in as-extruded condition, and solution
treated at 770K for 30 min (ST) followed by water quenching. Compression tests at
the constant true strain rate of 5 x 10~3 s~! were performed at 293-773 K. The hot
deformed samples were quenched in water for 3 s after the test completion. Flaked
graphite was used to reduce the friction between the sample and the anvils.

Compressed specimens were sectioned parallel to the compression axis and
used for structural evaluations and hardness test. Micro-hardness was measured on
flat surface utilizing Vickers hardness tester and indenter load of 49 N. The average
hardness value was calculated for 15-20 measurements.

Microstructural evaluations were performed by means of light and transmis-
sion electron microscopy (LM and TEM) techniques. JEM 2010 TEM equipped with
scanning transmission electron microscopy (STEM) device and Oxford PENTAFET
energy dispersive X-ray (EDX) analysis system was used. The EDX analysis system
was controlled by means of the ISIS program, which facilitates both the single point
analysis and the procedure for the multi-point EDX analysis, performed along the
line marked in the previously taken STEM picture. The latter consists in making
the EDX analyses at a predefined number of points uniformly distributed along the
line marked in the STEM image. Element mapping and line-scan analyses were also
available.

The computer-aided SAD pattern analyses were based on the LatticeCalc pro-
gram, developed at AGH-UST. The program allows for a simple matching of the
crystallographic data reported in literature with the interplanar distances and the
corresponding angles measured from the SAD pattern.

Thin foils for the TEM/STEM observations were prepared using mechanical
grinding followed by ion thinning in Gatan PIPS 691 unit.

Phase transformation study was conducted by means of differential scanning
calorimetry (DSC) utilizing Tolledo TMA/SDTA 840 system. Tests were conducted at
the temperature ranging from 293K to 973 K. Samples were heated up at heating
rate of 30 K/min.

Table 1
Chemical composition of Meso 20 alloy, in wt.%.
Zn Mg Cu Fe Si Mn Ag Al
9.59 3.43 1.68 0.018 0.014 3.52 0.055 In balance
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Fig. 1. DSC curves for the as-extruded material tested at heating/cooling rate
30K/min: (a) scheme of consecutive heating/cooling cycles; (b) DSCresults (inserted
graph is displayed in expanded scale to show exothermic peaks at 450-550 K).

3. Results and discussion

Consecutive DSC tests were performed at 293-950K accord-
ing to the scheme displayed in Fig. 1a. The obtained DSC curves
are shown in Fig. 1b. The inset in Fig. 1b presents enlarged part
of the DSC curves for better resolution of phase transformations.
The exothermic peaks between temperatures 450K and 550K,
observed during the first heating cycle (curve H-1 in Fig. 1b) cor-
respond to the overlapped effect of recovery and precipitation
sequences. The wide depression that occurs at 580-720K results
from the successive dissolution of the particles, which finally
releases the grain boundaries and makes the recrystallization of
the matrix possible at 750-800 K. After the re-melting of the sam-
ple during the first heating/cooling cycle, the material structure
becomes relatively close to that of an industrial material, rather
than that of the RS alloy. Therefore, the following heating/cooling
DSC curves were found to present the typical exo- and endothermic
peaks that are usually observed for the commercial AA7075 alloy. In
particular, the separated peaks on the H-2 curve can be attributed
to the precipitation of the metastable n’ and n phases [36,37].

An enhanced endothermic effect observed at 810-900K result
from the melting of the material within temperature interval
related to the solidus-liquidus range. Therefore, the following
annealing and hot compression experiments were performed
below 800K in order to avoid the sample melting. The typical true
stress—true strain curves for the as-extruded material are shown in
Fig. 2a. The samples deformed at 293-393 K were fractured during
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Fig. 2. Compression test results for RS Meso 20 alloy: (a) flow stress curves for as-
extruded specimens (deformation temperature is marked in the figure); (b) effect
of deformation temperature on the maximum flow stress, (1) as-extruded RS Meso
20 alloy, (2) RS Meso 20 specimens solution treated at 773 K/30 min and water
quenched before testing, (3) as-extruded 7NO1 (AA7005) industrial alloy, (4) 7NO1
alloy solution treated at 743 K/1 h before testing [38].

the test as a result of the highly localized flow that begun after a
few-percentage uniform strain. The variation of the strain from the
sample fracture at a low deformation temperature may result from
the accidentally occurring micro-defects (cracks or pores) at the
as-extruded rods. At higher deformation temperature the fracture
of the samples was not observed. The hot compression tests at
443-773 K were limited to &;=0.4 to avoid the sample barreling
at higher strains. The steady-state flow regime, observed at these
temperatures, is typical for the aluminum alloys undergoing an
intense dynamic recovery.

The second set of specimens (solution treated and quenched)
was tested to investigate the expected effect of dynamic precipi-
tation at intermediate deformation temperatures. The flow curves
were similar in the shape and are not presented in Fig. 2a.

Maximum flow stress vs. inverse deformation temperature
recorded for the both sets of specimens is shown in Fig. 2b. It may
be noted in Fig. 2b that in spite of the flow stress reduction due to
the annealing, the character of maximum flow stress change with
temperature for the both sets is similar. One may conclude that the
hardening effect from the dynamic precipitation is negligible. On
the other hand, the exothermic effects on the DSC curves (Fig. 1)
as well as the precipitation sequences reported in literature for the
AA7000 series lead to the conclusion that the dynamic precipita-
tion hardening might be expected for the solution treated samples
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Fig. 3. Effect of deformation temperature on the hardness of as-extruded and solu-
tion treated RS Meso 20 alloy (773 K for 30 min) deformed & = 0.4 by compression.
The hardness of the solution treated and water quenched sample (not deformed) is
marked for comparison.

deformed at 400-550K [9-17]. For comparison, the curves for
as-extruded and solution treated industrial 7NO1 alloy (AA7005-
series, composition in wt.%: Al-4.4% Zn, 1.4% Mg, 0.4% Mn, 0.6%
Fe, 0.04% Si, 0.02% Cu) are presented in Fig. 2b [38]. Comparing
curve 3 (as-extruded) with curve 4 (solution treated) it may be
noted a remarkably difference manifested by slope change of curve
4 between 350 K and 450 K. This change is associated with the evi-
dent dynamic precipitation in the solution-treated 7NO1 industrial
alloy. The flow stress increase due to the dynamic precipitation is
often observed for the solution treated materials and was reported
for other precipitation-hardenable alloys [39-42].

The suppressed dynamic precipitation strengthening for the
solution treated RS Meso 20 alloy can be related to the specific
material structure. The fine grained structure and the refined Mn-
rich particles in the RS material, which are relatively stable in hot
deformation tests, result in the favoured heterogeneous precipi-
tation of the n-type phase on the preexisting Mn-rich particles,
grain boundaries, as well as other structural defects and inhomo-
geneities [5,11,44-46]. This seems to reduce the driving force for
the homogeneous nucleation of very fine particles in the matrix,
which is necessary for the effective hardening effect. Therefore, the
“hump” on the flow stress vs. deformation temperature relation for
the solution treated RS Meso 20 alloy is suppressed.

The effect of the deformation temperature on the material’s
hardness is shown in Fig. 3. The as-extruded material exhibited
decrease in hardness with increasing deformation temperature up
to 600K, followed by the significant increase of hardness for defor-
mation temperatures above 600 K. The observed hardness decrease
can be attributed to the dynamic recovery, which is intensified
with the increasing deformation temperature. However, the rea-
son of the following hardness increase above ~600K, is not clear.
As the samples deformed close/above the solvus temperature had
been quenched in water and stored at ~160K until the hardness
tests were performed, the effect of the natural aging should be
very limited. Therefore, the hardening may likely be attributed
to the solution hardening rather than the natural aging of the
material.

The solution treated specimens exhibit slightly marked hard-
ening at 400-500K that result from the dynamic precipitation
hardening [41,42]. However, due to the significant scatter of the

0 05 mm

Fig.4. Microstructure of RS Meso 20 as-extruded rod (light microscopy, longitudinal
section).

hardness data, the dynamic precipitation effect cannot be explicitly
confirmed.

3.1. Structural observations

In order to investigate the microstructural evolution, the LM and
TEM structural observations were performed for the material at
the each step of the processing route, specifically for the RS flakes,
as-extruded and selected hot deformed specimens.

Typical microstructure of as-extruded material, observed at
a low magnification (light microscopy, longitudinal section), is
shown in Fig. 4. The highly refined particles were too small for
a detailed analysis of their size with the use of the LM method.
Some locally observed differences in the particles’ morphology
(see: brighten elongated area) correspond to the specific distri-
bution of the particles in one of the preliminary RS flakes. The
mentioned effect mostly depends on the spray drop size that affects
the solidification rate of the particular RS flake and the resulted
morphology of the particles. The porosity of the material, roughly
estimated with the use of the statistical metallography method,
was less than ~1%.

Typical STEM microstructure of as-solidified RS-flake is shown
in Figs. 5 and 6. Fine, Mn-rich particles has formed during RS pro-
cess. The average length and width of the particles, as measured
from roughly 100 particles, is 11.5nm and 8.6 nm, respectively.

Fig. 5. STEM microstructure of the RS-flake. Inserted diffraction pattern was
received from the particle marked in the picture. EDX spectrum from the particle is
shown in Appendix A, Fig. Al.
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Fig. 6. Structure of Meso 20 RS-flake: (a) STEM image and (b) element distribution
measured in EDX with the use of automatic stepping of the beam along the line
marked in the STEM picture.

The EDX analysis revealed a complex composition of the particles
that were enriched in Al, Mn, Zn, Mg, Cu (typical EDX spectrum is
shown in Appendix A, Fig. A1). The SAD pattern analysis performed
for a few particles revealed a quasi-crystalline structure (see: SAD
pattern inserted in Fig. 5). Similar quasicrystals of icosahedral
symmetry were reported for rapidly solidified aluminum alloys
containing Mn by Shetchman et al. [18] and others [19-26,29].

The EDX employing automatic stepping of the beam across the
particles in STEM mode was performed to investigate distribution
of elements in the structure. The example of STEM image and the
corresponding elemental distribution along the line marked in the
STEM image is presented in Fig. 6a and b, respectively. In Fig. 6a it
may be seen that the particles precipitate as frequently at the grain
boundaries as in the grain interiors. The elemental distribution, as
in Fig. 6b, indicates that the both type of precipitates (at the grain
interior and at the boundary) are rich in Zn, Cu and Mg. However,
the interior of the three particles located at the matrix is rich in
Mn. It may be clearly noted that Zn distribution line (and Mg line)
is shifted relative to Mn one, and the peak sometimes is single, while
the other times two peaks before and after the Mn peak are present.
This result suggests that Zn-rich skin has heterogeneously grown as
a second phase on the surface of the preliminary nucleated Mn-rich
particles.

Typical STEM/TEM microstructure of the as-extruded material
is presented in Fig. 7. Large, irregular in shape, A-type particles,
50-150nm in size, were observed. The chemical composition of

Fig. 7. Structure of the as-extruded rod: (a) STEM image and SAD pattern received
from the coarse particle “A” and (b) Fine Mn-rich particle “B” observed at higher
magnification by means of TEM (SAD pattern inserted). Fine (Zn, Mg)-rich particles
are also marked “C” in STEM image.

the A-type particles, identified in EDX, revealed the atomic ratio
Al:Mg:Zn close to 2.2:2.7:3.1. It is very close to the stoichiometry
reported for the Al,MgsZn3 T-phase. The SAD pattern displayed in
the figure confirmed the structure of the T-phase that was consis-
tent with the similar observations reported by Chang et al. [30].

It has been found that the nano-sized B-particles (Mn-rich),
shown in Fig. 7a, were still of decagonal symmetry, which was
typical for most of the very fine quasicrystals observed in the
RS flake. The quasicrystalline structure of the B-type particles
was confirmed by the TEM and SAD pattern analysis (Fig. 7b).
It is worth mentioning that similar experiments on the RS/PM
Al-4.7Zn-2.5Mg-0.2Zr-2.5Mn (in wt.%) alloy were performed by
Chang et al. [30]. They did not reveal any manganese primary
phase precipitates in the RS powder. The following consolidation
of the powders and the hot extrusion at 673K were found to
result in the development of orthorhombic Al3Mn fine particles.
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Fig. 8. Structure of the solution treated specimen (773K for 30 min) deformed by
compression at 773 K (&;=0.39): (a) STEM image and (b) Mn-mapping results.

No quasicrystalline structures were reported. On the other hand,
the addition of beryllium to the 93.5Al-5Mn-1.5Be (in wt.%)
alloy improves the quasicrystal forming ability so effectively
that the quasicrystalline structures are observed for the material
manufactured by a conventional casting technique [43].

The very fine “C” particles, marked in Fig. 7a, were rich in Zn,
Mg and Cu. Both the chemical composition of the Meso 20 alloy
and the EDX analyses point to the development of an n-type phase
[9-17]. Fine n-precipitates may grow during the air-cooling of the
hot consolidated RS flakes (670 K).

A typical microstructure of a solution treated sample, deformed
at 773 K, is presented in Figs. 8 and 9. The mapping of alloying ele-
ments confirmed the development of Mn-rich particles (Fig. 8b)
and the uniform distribution of zinc (Zn-map is omitted).

Table 2
Average chemical composition of the Mn-rich rod-like particles in the solution
treated sample deformed at 773 K.

Al(at%) Mn(at%) Fe(at%) Cu(at%) Zn(at%)
Average 81.3 11.6 0.2 45 25
Standard deviation 1.5 1.5 0.1 0.5 0.5

P
.

Fig. 9. Structure of the solution treated specimen (773K for 30 min) deformed by
compression at 773K (&;=0.39): (a) rod-like particle ‘R’ and the cross-sectioned
rod-like Mn-rich particle ‘C’ marked in TEM image; (b) enlarged ‘C’ particle; (c) high
resolution TEM image taken from the area marked in figure (b) and (d) SAD pattern
received from the grain marked ‘A’ in figure (c).

Solution treatment and following deformation at 773 K was
found to result in a dissolution of Zn-rich particles and transfor-
mation of Mn-rich metastable particles (quasicrystals) into the
rod-like particles with length ranging 0.5-1 pm. The growth of
the rod-like particle is accompanied by dissolution of the initial
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Structure of the intermetallic phases of the AlyMn, type, reported for the Al-Mn and 7000 series aluminum alloys.

111

Phase

Mn atomic %

Crystal structure, space group, or symmetry

References

Al1;Mn (G phase)

AlzgMnj,

AlgsMny4
AlgMn (l)

Al(;Ml’l

AlyMn (1)

Al4_12Ml’1 ([L) or Alqu’l

AlMn (1)

1T—A14Mn

T or T” - heavily faulted
variant of Al;Mn

AlioMn;s (¢)

Al3MI’l
or Al11 Ml’14 (HT)

Alan (5 or l)*

AlgMns (y2)

AlMn (y) (HT)?
Above 1113K

0.077

0.14
0.14

0.20

0.2

0.23

0.25

0.27

0.38

Body-centered cubic, Im3
a=0.747 nm

bcc, Alj;W-type a=0.7507 nm
Quasi-crystalline structure, or oC1233, Cmcm
a=2.41nm

b=3.22nm

c=2.40nm

Quasi-crystalline structure
Quasicrystalline structure, which transform to stable
orthorombic AlgMn during annealing at 673-773 K
Orthorhombic, Cmcm
a=0.755nm

b=0.649 nm

¢c=0.887nm

Hexagonal, P65/m or P63
a=2.839-2.841 nm
c=1.240-1.238 nm

Hexagonal

a=1.2295nm

c=2.4634nm

Hexagonal P63/mmc
a=1.995nm

c=2.452nm

Hexagonal, hP574, P65 /mmc
a=1.998 nm

c=2.467nm

Hexagonal P63/m

a=2.838nm

c=1.239nm

0C152, Cmcm

a=0.77nm

b=2.36 nm

c=1.24nm

T: Pl0s/mmc

a;=0.3912nm
as=1.240nm
Hexagonal, hP26, P63/mmc
a=0.754nm
¢c=0.790 nm

bcc, Al1; W-type
a=0.754nm
Orthorhombic, Pnma
a=1.259nm
b=1.48nm
c=1.242nm
Triclinic, PT
a=0.5095nm
b=0.8879 nm
¢c=0.5051nm

o =89.35°
B=100.47°
y=105.08°
Rhombohedral, CrsAlg-type
a=0.7756 nm
«=109.03°
Rhombohedral, R3 m
a=b=c=0.906 nm
a=f=y=893°
Hexagonal, hR3
a=0.4332nm
¢c=0.2653 nm

or rhombohedral hRI
a=0.2653
«=109.47°

Cubic, W-type
a=b=c=0.3062 nm

[57] cited in [23] and [58] cited in [30]

[22,47]
[22,50]

[22,50]
[18.25]

[24,25,27,30]

[30,50]

[43]

[23,49]

[23,48-53]

[23,30,48,50,53]

[50]

[22,50]

[23,50,53,54]

[59] cited in [55]

[23,30,50]

[23,24,28]

[60] cited in [55]

[30]

[56]

[23,56]

" Metastable phase, which develops in the composition region for the stable w-Al;Mn. A metastable decagonal (D) phase is formed at a very high cooling rate and is
observed along with the icosahedral (I) phase (18-22.5%Mn). The period of the D phase in the direction of the ten-fold axis is equal to ~1.2 nm.

2 High-temperature phase cannot be retained by quenching.
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fine grained Mn-rich particles in the neighboring matrix. The aver-
age chemical content of the particles was measured by EDX and
is presented in Table 2. The chemical composition of the par-
ticles indicates possible atomic stoichiometry of Al:Mn=8:1 or
Al:(Mn,Fe,Cu,Zn)=4.3:1. However, the aluminum content in the
Al:Mnratio can be higher than the stoichiometry of the tested phase
because of the known effect of an extra excitation of the Al-atoms
in the matrix surrounding fine particles. If it is assumed that Fe, Cu
and Zn atoms are substituting some Mn atoms, the average atomic
stoichiometry becomes close to 4:1, which may suggest the Al;Mn
structure development.

Further high resolution TEM observations were carried out to
investigate the structure and crystallography of Mn-rich rod-like
precipitates. An example of two precipitates in shown in Fig. 9a. It
may be seen that when the Mn-rich rod-like particle (R) is aligned
longitudinally on the thin foil it exhibits striated structure. On the
other hand, on a plane perpendicular to the particle axis, the particle
is of a polyhedron shape and has fairly complex internal structure,
as shown in Fig. 9a (marked by C) and Fig. 9b. This complex struc-
ture consists of multi-twins rotated by 35.6° for each twinning
step; details are presented in Fig. 9c. The multiplication of twin-
ning angles does not sum to 360 ° and therefore a high angle grain
boundary (GB) must form between the rod center and the external
layer of the rod. It has to be noted that similar structures of the
AlxMny phases were not reported in the literature yet, and com-
monly observed Mn-rich particles in industrial materials exhibit
different structures and morphology. In order to analyze its crys-
tallographic structure the crystallographic data for several AlyMn,,
phases reported in the literature were collected. These are summa-
rized in Table 3. Couple interplanar distances are measured on the
image presented in Fig. 9¢, and the SAD pattern taken from the area
indicated by letter A is presented in Fig. 9d. No fit was found for the
AlgMn or Al;;Mn structures listed in Table 2. The best fit of the cur-
rently investigated particle was found for the p-Al;Mn hexagonal
phase, a=2.841 nm, c=1.238 nm [43]. Both interplanar distances
dpkir calculated from diffraction spots and measured directly from
the HREM picture were very close to those calculated for the -
A14MI'1.

It may be noted in the SAD pattern (Fig. 9d) that the angle
35.6 deg between the diffraction spots corresponds to the angle
between (011 3)and (101 3) twinning planes in the hexagonal .-
AlgMn structure. The last statement leads to the conclusion that the
particle has grown along the [3301] zone axis.

10

keV
Fig. A1. Typical EDX spectrum received from the particles observed in RS flake (The
spectrum was received from the particle marked with an arrow in Fig. 5).

4. Conclusions

1. Rapid solidification of Meso 20 alloy results in the growth of fine
Al(Mn, Cu, Zn) particles of the average length of 11.5nm and
thickness of 8.6 nm. TEM observations revealed complex non-
Bravais structure of particles, which is typical for the metastable
quasicrystalline Mn-rich phase. Thin Zn-rich layer on the pre-
existing Mn-rich particles was ascribed to the heterogeneous
nucleation of the n-type precipitates.

Cc

Fig. A2. Structure of the as-extruded rod: (a) TEM image; (b) EDX spectrum received
from the particle marked “A” in TEM image and (c) EDX spectrum received from the
particle marked “B”.
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2. As-extruded Meso 20 RS alloy is characterized by relatively high
flow stress level at the high temperature deformation. The mate-
rial does not fracture at deformation temperature 443-773 K
within the true strain range applied in the compression tests,
ie. e <04.

3. The structure of the as-extruded Meso 20 RS alloy is char-
acterized by the development of irregular T-phase particles
(50-150nm in size) and very fine Mn-rich quasicrystalline par-
ticle development. The growth of both T-phase and some fine
n-type particles can mostly result from the RS flakes’ consolida-
tion procedures i.e. the hot compression of the RS flakes and the
vacuum degassing at 670 K.

4. Solution treatment at 773 K for 30 min of the extruded material
results in the flow stress reduction. The dynamic precipitation
hardening effect was practically negligible which is in contrary
to other hardenable aluminum alloys. Relatively low dynamic
precipitation hardening in the ST Meso 20 alloy possibly can be
attributed to the privileged heterogeneous precipitation of the
n-type phase on the interfacial boundaries of the fine Mn-rich
particles and other structural defects.

5. Solution treatment at 773 K for 30 min results in precipitation
of rod-like w-Al4Mn particles unique to this processing method.
Precipitates are twinned along the long axis as manifested by
striated contrast in the TEM. The radial distribution of some
twinning-type planes was found to form a star-like structure
observed on the perpendicular cross-section of the particle.
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