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a b s t r a c t

Hot compression tests were carried out on rapidly solidified (RS) and KOBO-extruded Meso10 alloy
(AA7000 series), in a range of temperatures between 293 K and 773 K. The flow stress was higher than
that of as-extruded industrial 7N01 alloy with a composition close to AA7039. Structural observations
revealed an uncommon structure of the rapidly solidified Meso 10 alloy. Fine Zn-rich particles, 20–180 nm
in size, were observed in RS-flakes. The crystallographic structure of the particles does not resemble the
structures of �′, �, or T-phases that are commonly reported for age–hardenable AA7000 series alloys. Hot
eywords:
owder metallurgy
A7000 aluminum alloy
apid solidification
xtrusion
EM

deformation and prolonged ageing of as-extruded material result in a transformation of the RS structure
into one that is typical for AA7000 series alloys. For comparison, structural observations on RS-material
produced by commonly used direct hot-extrusion that involves the preheating of the charge at 673 K
were also performed. Effect of the processing path on materials properties is discussed.

© 2010 Elsevier B.V. All rights reserved.

AD pattern analysis
uasicrystals

. Introduction

Commonly used methods for effective strengthening of indus-
rial aluminum alloys are mostly based on the grain size refining
ombined with ageing and strain hardening procedures. The most
ophisticated technologies of structural hardening of the alloys
nclude the powder metallurgy and mechanical alloying (MA) of
l-based composites. In particular, a very pronounced hardening
ffect is observed for Al- and Al–Mg alloy-based MA composites
einforced with very fine powders of metal oxides and silicides
1–4]. However, MA methods are relatively expensive and time-
onsuming procedures that result in very limited application of the
ethod in industrial practice.
Relatively efficient production of bulk materials with refined

tructures is based on rapid solidification methods. Rapid solid-
fication (RS) of aluminum alloys, combined with mechanical
onsolidation of RS powders, is an attractive metallurgical proce-
ure on account of its sufficiently high efficiency and the effective
efining of structural components. When utilizing this method,
roduction costs may be lowered significantly. The mechanical

onsolidation of RS powders is usually performed by preliminary
ressing of RS powder, vacuum degassing, and then hot extrusion
f as-compressed metallic charge. A major problem encountered
hen using the method is the influence of temperature on the
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coarsening of structural components during both preliminary
heating of the charge and high-temperature processing of the
material. The most promising results on the production of nano-
structured RS alloys and MA metallic composites can be obtained
for the materials characterized by sufficiently high-temperature
stability of reinforcements. For example, primary Si-particles and
eutectic silicon in RS hypereutectic aluminum–silicon alloys, pro-
cessed by means of commonly used powder metallurgy (PM)
methods, were found to be very stable during both powder hot
consolidation and heat treatment procedures, as well as hot defor-
mation tests [5–8]. Furthermore, SiC whiskers (SiCw) and SiC
nano-particles (SiCp) are not susceptible to the coarsening dur-
ing high-temperature processing and heat treatment of aluminum-
and aluminum/magnesium-based composites [9–13].

The improvements offered by RS methods are associated with
the refinement of structural components, enlarged solid solubility,
reduced segregation of alloying elements and advantageous mor-
phology of intermediate and constitutive phases. In particular, zinc
content in AA7000 aluminum alloys is in practice limited to about
8% for conventional cast materials because of inherent foundry
problems related to solute segregation and cracking. By reduc-
ing the segregation of zinc and making the distribution of phases
more homogeneous, rapid solidification of the alloys makes it pos-

sible to increase zinc content, which, in consequence, increases the
strength of the material [14].

It could be assumed that the rapid solidification of the
precipitation–hardenable alloys facilitates the ageing of the mate-
rial immediately after solidification. However, the age hardening

dx.doi.org/10.1016/j.jallcom.2010.06.173
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Crystallographic parameters reported in literature for some hardening phases in AA7000 series.

Type Structure Parameters in nm Reference

a c

�′ Hexagonal 0.496 0.868 Mondolfo et al. cited in Ref. [14]
Hexagonal 0.489 1.374 Auld and Cousland cited in Ref. [14]
Hexagonal 0.496 1.403 Graf cited in Ref. [14]
Monoclinic 0.497 (b = a) 0.554 (� = 120◦) Gjonnes and Siemensen [21] cited in Ref. [14]
Hexagonal 0.489 (d10.0�′ ≈ 3d220Al) 1.374 (d00.1�′ ≈ 6d111Al) De Sanctis [14] and Salamci [17]

�′ (R) Hexagonal 0.496 0.702 [1]
�2

′ (R2) Hexagonal 0.496 0.554 [1]
� Hexagonal 0.521 0.860 Laves cited in [14]
�1–11 Hexagonal 0.515–0.523 0.848–0.862 [1]
T′ Cubic 1.42–1.44 – [1]

Hexagonal 1.39 2.75

T Cubic 1.416–1.429 – [1]

Al–Cu–Mg phases
S′′ , S′ Orthorhombic, or monoclinic a = 0.400–0.405 [1]

b = 0.905–0.925
c = 0.718–0.724

S Orthorhombic a = 0.400–0.404 [1]
b = 0.923–0.925
c = 0.714–0.717
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S Orthorhombic a = 0.401
b = 0.935
c = 0.715

ffectiveness depends on RS conditions, as well as the temper-
ture at which the ensuing RS-powder/flakes consolidation and
rocessing are performed. For example, De Sanctis [14] and Salamci
nd Cochrane [15,16] presented an efficient industrial OSPRAY®

ethod for the production of AA7000 series RS bulk materials.
he method is based on spray atomization of the liquid alloy
nd direct spray solidification on intensively cooled solid sub-
trate. Spray depositioning conditions must be carefully controlled
n order to retain a very thin liquid layer on the surface of the
pray-deposited preform that is necessary for efficient bounding of
ne droplets. However, the supersaturation of as-received RS solid
olutions was not sufficiently effective as far as the ageing of the
s-deposited perform was concerned. Therefore, the authors of the
bove-mentioned papers performed additional solution treatment
f the RS-material before its final ageing.

The morphology of particles and the type of dominant phases
n commercial AA7000 series products depends on the alloy com-
osition and manufacturing conditions [1,5,14–21]. For example,
he most commonly observed particles in commercial AA7050,
uenched from various temperatures, are: the orthorhombic S-
hase Al2CuMg that is formed at 573–713 K, with the maximum
raction at 683 K; the hexagonal �-phase Mg(Zn2,AlCu) formed
elow ∼713 K, with the maximum fraction observed below 483 K.
rolonged annealing results in the development of the T-phase
l32(Mg,Zn)49 [18]. In the majority of commercial alloys, some

nsoluble constituent phases, for instance Al7Cu2Fe, are also
bserved. However, their contribution to the hardening of the
aterial is related to the grain coarsening retardation rather than

he precipitation–hardening effect.
The ageing of solution-treated AA7000 materials results in effec-

ive precipitation–hardening due to the development of metastable
hases. The sequence of precipitation mostly depends on ageing
emperature and composition of the alloy. Precipitation at low age-
ng temperatures (<460 K) usually follows the commonly known

equence: supersaturated solid solution (sss) → Guinier–Preston
GP) zones (spherical) → �′ metastable phase Mg(Zn2,AlCu) (plate-
ike) → �-phase MgZn2 or Mg(Zn2,Al,Cu) → T-phase reported as
l32(Mg,Zn)49 [1,18,19] or (Al,Zn)49Mg32 [1,17,15,14] or Al2Mg3Zn3

1]. Particles of �′ and � hexagonal phase (MgZn2) are usually
[1]

observed at AA7000 alloys at relatively high Zn/Cu,Mg ratios. Solid
solution decomposition is accompanied by fine �′ and then � plate-
like particles’ growth, which results in the maximum hardening
typical for T6 treatment conditions. It is worth mentioning that a
series of orientation relationships between the �-phase and the
matrix were reported, which resulted in the designation of given
�-particle with a subindex [1].

Multi-step precipitation was widely investigated for solution-
treated and aged Al–Zn–Mg alloys containing Zn/Mg ratios close
to the stoichiometry of the MgZn2 phase [21–25]. Ageing within
the temperature range of 323–473 K was reported to result in the
development of GP zones that precede the dispersed nucleation
of the �′-transition phase and the �′ → �(MgZn2) transformation.
Spherical GP zones are usually formed below 323 K, and they are
practically stable during the initial stage of ageing [21,22,25]. On the
other hand, GP zones are completely eliminated during the second
step ageing sequence at 423 K as they become directly transformed
to �′ and �-particles [21]. Prolonged ageing above 463 K results in
the development of the ternary cubic T-phase formed from pre-
existing �-precipitates.

The detailed analysis of �′-particles revealed several types
of particles varied in shape. Polygonal plates or fine rods of �′

have different matrix/particle relations. Plate-like particles of �′

are coherent with the matrix on the (1 1 1)Al planes, d1 0 1̄ 0�′ =
3d2 2 0 Al [14]. The �′-particles reach up to 20 nm in diameter and
3 nm in thickness, and usually maintain the orientation relation-
ship of (0 0 0 1)�′ ||(1 1 1)Al; [1 1 2̄ 0]�′ ‖[1 1 2]Al [14,23]. Gjonnes and
Simensen [21] distinguished at least nine different Al-matrix vs. �′-
particle lattice relationships that correspond to particles of various
shapes. A unit cell with dimensions a = 0.497 nm and c = 0.554 nm
for �′-hexagonal lattice was reported for all the investigated types
of particles.

The coarsening of �′-particles is accompanied by an increase
in internal order upon prolonged ageing. The transformation of

�′ into � was observed when the particle size reached a size of
approximately 20 nm. The composition of both �′and � is very
close to MgZn2. Lattice parameters for the MgZn2 phase (�) are
slightly different for �-particles observed for various compositions
of Al–Zn–Mg alloys [21].
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Table 2
Chemical composition of Meso 10 alloy.
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Element Zn Mg Cu Fe
wt.% 9.50 2.97 1.72 0.0

It is worth mentioning that the literature data are not consistent
nd other crystallographic structures are also reported, in particular
or �′. For the purpose of comparison, some literature data for �′

nd �-phases are shown in Table 1.
In spite of some discrepancy between crystallographic data and

orphology of specific particles reported for aged AA7000 series
lloys, the effects of solution time/temperature conditions and the
ooling rate are commonly considered to be important factors for
ndustrial heat treatment procedures. The careful selection of solu-
ion treatment temperature/time conditions, which depends on
he chemical composition of the alloy, is of particular importance.
rolonged solution treatment of the alloys results in undesirable
hanges of the material’s properties, mostly due to grain coarsen-
ng. Solution treatment is therefore often performed just below the
olvus temperature in order to keep the grain boundary pinned by
ome incompletely dissolved particles, and in this way reduce grain
oarsening.

In order to reduce the grain size in precipitation–hardenable
lloys, the attention was focused on powder metallurgy tech-
ologies (P/M) combined with rapid solidification. The method
rovides effective reduction of the grain size and refining of the
onstitutive phases, as well as solid solution oversaturation, which
hould enable additional hardening during the ensuing ageing of
S-material.

However, the issue of consolidation of nano-structured RS or
A powders into bulk engineering materials usable for many prac-

ical applications carries with it the challenge of researching new
ethods that would allow to maintain the very fine structure of RS

owders during processing.
A critical issue in P/M methods is related to the coarsening

f the material structure at high-temperature consolidation and
rocessing of RS-materials. It is a rather obvious statement that
aintaining a refined structure requires the consolidation temper-

ture to be as low as possible.
To fulfil the above-mentioned requirement, experiments on the

onsolidation of the RS Messo 10 aluminum alloy powders (AA7000
eries) were performed by means of the reversible oscillating die
xtrusion method (KOBO) [26–28]. This method offers the advan-
age of using a low processing temperature and omitting the charge
reheating procedure before extrusion, even if a high extrusion
atio is used. Even if a heating pulse occurs due to intense deforma-
ion, its duration is likely to be too short to cause the coarsening of
he fine RS structure.

Nano-structured bulk materials, synthesized through different
rocesses, often vary significantly in terms of their mechanical
roperties, which is attributed to the variance in microstructural
eatures, defects, flaws and porosity levels [29,8]. Using high extru-
ion ratios and intense deformation that are available with the
OBO method, effective homogenization of the processed material

s possible.

. Experimental

Experiments were performed on the Meso 10 alloy with similar composi-

ion to AA7049, but with slightly increased zinc content. Rapid solidification
f RS-flakes and preliminary vacuum hot compression of RS-flakes were per-
ormed at Nihon University. Extrusion of as-compressed material, by means
f a KOBO method, as well as TEM/EDX/STEM structural studies, DSC analysis
nd hot compression tests were performed at AGH-University of Science and
echnology.
Si Mn Ag Al
0.013 Traces 0.052 In balance

3. Material

The chemical composition of the Meso 10 alloy is shown in
Table 2. The alloy was melted above liquidus temperature and
spray-deposited on an intensively cooled rotating copper cylinder.
High-pressure argon gas was used for the melt atomization in an
inert gas atmosphere. The obtained fine flakes, less than 0.3 mm
thick, were preliminarily compressed in AA6061 cans. Consolida-
tion of RS-flakes via vacuum compression was then performed at
∼670 K using 100-ton press. As-compressed billets, 40 mm in diam-
eter, were extruded using oscillating die extrusion (KOBO method)
without any preheating of the charge before processing. Rods 7 mm
in diameter were extruded at � = 19 and at an extrusion rate of
30–60 cm/min. As the material temperature rose due to intense
deformation, the rods were water-cooled immediately at the die
outlet to avoid coarsening of the structure. Samples for compres-
sion tests, 10 mm long and 6 mm in diameter, were machined from
the as-extruded rods. Hot compression tests were performed at
temperatures between 293 K and 773 K using constant true strain
rate of 5 × 10−3 s−1.

To compare the effect of preheating temperature on the struc-
ture of as-extruded Mezo 10 alloy selected studies of the rods
extruded at 673 K by a common direct hot-extrusion method were
also performed. Transmission electron microscopy (TEM) observa-
tions revealed the coarsening of preliminary fine Zn-rich particles
due to high-temperature processing of the RS-material.

Light microscopy and common techniques for sample prepa-
ration were used for preliminary structural observations. The
samples were polished using standard metallographic techniques
and chemically etched in Tucker’s reagent diluted 1:10 in water.
TEM observations were performed with a JEM 2010 analytical
transmission electron microscope equipped with scanning trans-
mission electron microscopy device (STEM) and Oxford PENTAFET
energy dispersive X-ray analysis system (EDX). Thin foils for
TEM/STEM observations were prepared using mechanical grinding
and ion thinning with a Gatan PIPS 691 machine.

Differential scanning calorimetry experiments (DSC) were per-
formed using a Tolledo TMA/SDTA 840 system. The as-extruded
material was tested in the temperature range of 293–973 K and
293–823 K at a heating rate of 30 K/min and 5 K/min respectively.
DSC curve was recorded also for the as-melted sample, which sim-
ulated the behavior of this material produced by metallurgical
methods.

4. Results and discussion

Throughout this article terms such as: “as-extruded” and
“KOBO-extruded” material, are used interchangeably to describe
material, which was extruded using oscillating die extrusion
method without preheating of the charge before processing. The
term “hot-extruded” material refers to the material extruded at
673 K by direct hot-extrusion method.

DSC curves for the as-extruded material were analyzed in the
temperature range 293–923 K. Two consecutive heating/cooling

cycles were performed for the same sample using a constant
heating/cooling rate of 30 K/min. Similar tests were repeated at
5 K/min in a lower temperature range (293–823 K) to avoid the
melting of the sample. Exothermic effects observed on DSC curves
at 450–550 K (Fig. 1), are partly related to the recovery process,



182 L. Blaz et al. / Journal of Alloys and Compounds 506 (2010) 179–187

Fig. 1. Heating DSC curves for as-extruded material tested at heating rate 5 K/min
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Fig. 2. Results of compression tests performed at constant true strain rate of
5 × 10−3 s−1: (a) flow stress curves for as-extruded Meso 10 alloy (deformation
temperatures are marked in the figure); (b) maximum flow stress vs. inverse defor-
mation temperature: (1) as-extruded Meso 10 alloy, and (2) Meso 10 samples
ithin temperature range 293–823 K. For the purpose of comparison, heating at
0 K/min was performed in the 293–973 K range, i.e. up to the melting, in order to
ompare the DSC curves for as-extruded and re-melted material (Note: “Heating of
lready melted sample”).

hich is expected to take place in heavily deformed Al-alloys. As
he recovery process does not occur at a re-melted sample, the DSC
urve related to the re-melted material shifts below the DSC curves
or as-extruded samples. Additional effects, i.e. a slightly marked
ndothermic effect at 360–420 K and the ensuing exothermic peaks
t 450–520 K, are similar to those for the commercial alloy AA7075.
n the case of the latter, the low-temperature peak was attributed to
he dissolution of GP zones, and the other two peaks to the precipi-
ation of metastable �′ and �-phases, respectively [30,31]. The wide
epression that occurs at 550–700 K can be attributed to the succes-
ive dissolution of particles that finally release the grain boundaries
nd makes the recrystallization of the matrix at 730–800 K possi-
le (spread exothermic effect). At higher testing temperatures, an
nhanced endothermic effect was observed as a result of the melt-
ng of the material that started at ∼830 K and finished at ∼915 K.
his last effect is a result of both raising the temperature from
olidus to liquidus, and of the local melting of the material due to
ome fluctuation in the content of alloying elements in the material
olume. Consequently, further hot compression experiments were
ot performed above 800 K.

The mechanical properties of the as-extruded material were
ested at 293–773 K by means of compression tests performed at
constant true strain rate. For the purpose of comparison, a set of

amples was annealed at 773 K/30 min and water-quenched before
ompression.

The typical true stress–true strain curves for the as-extruded
aterial are shown in Fig. 2a. The apparent flow softening at 293K,

bserved above εt ∼ 0.25, was attributed to the growth of fine cracks
t high strains. However, complete fracture across the sample was
ot observed. Initial strain hardening at higher deformation tem-
eratures was followed by steady state flow, which is normally a
ign of an intense dynamic recovery process. Sample fracture was
ot observed within the strain range used in hot compression tests
t high deformation temperatures.

The dependence of maximum flow stress on deformation tem-
erature is shown in Fig. 2b. Some data for another industrial alloy
7N01) are also shown for comparison. It is worth emphasizing that
ynamic precipitation in the solution-treated (ST) 7N01 industrial
lloy, which belongs to the AA7000 series, is evident (see: curve

in Fig. 2) [32]. However, the anticipated effect of dynamic pre-

ipitation is evidently depressed for both the as-extruded RS Meso
0 alloy and the material solution-treated at 773 K/30 min, and in
onsequence the characteristics �max vs. T−1 for both as-extruded
nd solution-treated samples are comparable.
preliminarily annealed at 773 K/30 min and water-quenched; (3) as-extruded 7N01
industrial material (AA7000 series) and (4) 7N01 samples preliminarily solution-
treated at 743 K/1 h.

4.1. Structural observations

Transverse and longitudinal sections of a KOBO-extruded rod,
observed at low magnification, are shown in Fig. 3a. The microstruc-
ture was observed on an etched cross-section and transverse
sections of the rod, as shown in Fig. 3b and c, respectively. The
external layer of the remnant of the AA6061 can cover, and an inter-
nal core of gray-shadowed RS-material were distinguished. Only
a small number of very fine voids within the highly refined struc-
ture were observed. The porosity of the material, roughly estimated
using the statistical metallography method, was lower than ∼1%.

The decagonal shape of the rod interior (Fig. 3a) resulted from
the tenfold symmetry of graved working surface of a die. The
AA6061 cover of the rod was removed before machining the sam-
ples for further mechanical tests.

Transmission electron microscopy observations were per-
formed in order to investigate the fine structural components of
the initial RS-material (flakes), the as-extruded rods and the hot-

deformed samples. The structure of the RS flake is shown in Fig. 4a
(STEM). It should be emphasized that the observed fine Zn-rich
particles were not expected from the cursory analysis of the Al-
Zn(Cu,Mg) phase diagram. These particles were not expected for
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due to high-temperature processing of the RS-material. In spite of
ig. 3. Structure of as-extruded rod: (a) macro view of longitudinal and transverse
ection; (b) transverse section; (c) longitudinal section (optical microscopy).

t least two reasons: (1) rapid solidification was performed at a
elting temperature higher than the liquidus temperature; (2) a

arge Al(Zn) solid solution area on the diagram suggests that zinc is
ighly soluble in aluminum at high temperatures. Moreover, the RS
rocedure was expected to prevent the nucleation of metastable �′

r �-phases and inhibits particle growth to dimensions compara-
le to those observed in RS-flakes. However, as Gremaud et al. [40],
rivatsan et al. [33], Trivedi et al. [34], had reported earlier, such a
arge departure from the equilibrium constitution, i.e. identity and
omposition range of the phases formed, can be observed for some
apidly solidified aluminum alloys.

The chemical composition of particles was investigated by

eans of TEM/EDX. In order to minimize the effect of Al-matrix

adiation on the chemical analysis results, the particles distributed
ear the edge of the thin foil were analyzed using a beam size of
–5 nm. The results of the analysis are shown in Table 4. Aluminum
mpounds 506 (2010) 179–187 183

was omitted from chemical analyses to better display the atomic
stoichiometry of the remaining elements.

TEM observations at sufficiently large magnification revealed
a complex structure of quasi-spherical particles. When diffraction
contrast was varied during tilting of the sample, very fine nano-
sized crystalline components of the particle were revealed (Fig. 4b).
Analysis of the obtained SAD pattern points to a complex crystal-
lography of the quasicrystal, which manifests itself in the pattern in
a comparable manner to the effect of at least two (or more) over-
lapping crystal orientations. The SAD pattern, which was typical
for threefold symmetry axis, is shown in Fig. 4c. The interplanar
distances calculated for spots no. 1–4 were averaged for several
patterns and the obtained results are listed in Table 3. Spot no.
1 does not match any axis of �′, �, T-phase or Zn(Al) solid solu-
tion structures. The interplanar distances calculated for other spots
and the spots symmetry approximately correspond to some orien-
tations of �′ and �-phase, as listed in the table. The differences
between interplanar distances reported in literature and the mea-
sured values, denoted as matching error �%, are listed in the table
(T–cubic, a = 14.1–14.29; �′–hexagonal, a = 0.496 nm, c = 0.702 nm;
�–did not fit any {h k l} combination) [1]. It should be stressed that
some similarity of the observed spot distribution to some typical
SAD patterns reported for commonly known hardenable particles
at AA7000 series is presented solely for the purpose of compari-
son, and not to ascribe the SAD patterns shown in Fig. 4 to specific
phases.

The interplanar distance d2 2 0 for aluminum is very close to
dh k l, measured for spot No. 4. However, attributing the spot to
{2 2 0}Al was not reasonable, since the orientation of surrounding
Al-matrix was far away from [1 1 1]Al axis. It is worth mention-
ing that SAD patterns for [2 1 1]Al did not reveal additional spots
for the �′and �-phases, as reported by Salamci and Cochrane
[16], or De Sanctis [14]. While searching for simple symmetry of
the particle structure, a tenfold symmetry axis was also revealed.
Interplanar distances corresponding to spots 1–4 in Fig. 4d were
found to be very close to those marked in Fig. 4c. Tenfold sym-
metry is typical for quasicrystals enriched with Fe, Cr, Mn, Pd, as
reported for some rapidly quenched Al-alloys [35–37]. However,
the total composition of Zn-rich particles in the RS Meso 10 flake
(Table 4) was similar and did not vary with the observed crystalline
symmetry.

Annealing RS-flakes at 773 K/15 min resulted in the transforma-
tion of particles into typical structures of � and T-phases, as shown
in Fig. 5a. SAD pattern shown in Fig. 5c was taken from the rod-
like particle (1) marked in Fig. 5b. Spot distribution corresponded
with acceptable accuracy to 〈0 0 1〉T axis (d1 0 0 = 1.24 nm—as mea-
sured) for the cubic T-phase (d1 0 0 = 1.41 nm) [1]. Fine particles
were identified as �′ or �-type by means of EDX and SAD pat-
tern analyses. The SAD pattern displayed in Fig. 5d corresponds to
the hexagonal �′ lattice with the following relationship: d(1 0 1̄ 0) =
0.429 nm, d(0 1̄ 1 1) = 0.366 nm, ˛ = 64.8◦. The corresponding val-
ues measured from the SAD pattern, are close to the parameters
mentioned above: dh k l(1) = 0.458 nm, dh k l(2) = 0.395 nm and ˛ = 65◦.

Most of powder metallurgy (PM) methods used in practice,
take an advantage of a hot extrusion to produce bulk materials.
However, increased temperature results in coarsening of struc-
tural components. Therefore, to compare the effect of preheating
on the structure of as-extruded Mezo 10 alloy, structural obser-
vations of the rod extruded at 673 K by means of a common direct
hot-extrusion method are also presented. TEM observations shown
in Fig. 6a reveal the coarsening of preliminary fine Zn-rich particles
a noticeably altered morphology of the particles, EDX analysis did
not reveal any remarkable change in their chemical composition.
The distribution of alloying components for the material extruded
at 673 K is shown in Fig. 6b. The analysis was performed at 50 points
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ig. 4. Structure of RS flake: (a) STEM image; (b) TEM structure of fine particle; (c) S
nother particle that was very similar to these shown in (b). Interplanar distances f
y equidistant stepping of the electron beam along a line marked
n the figure.

In contrary to the hot-extruded material discussed above, rela-
ively low particle coarsening occurs if the oscillating die technique

able 3
nterplanar distances corresponding to the spots marked in Fig. 4c and d.

Interplanar distance, d, in nm

Spot no.: dh k l measured from
SAD pattern, in nm

Corresponding ind
common phase (In

1 (Fig. 4c) 0.616 ± 0.027 No data for �′ , �, T
2 (Fig. 4c) 0.362 ± 0.005 �′ (0 1 1̄ 1) dh k l = 0.

(0 0 0 2) dh k .l = 0.35
˛ = 58.5◦

�′ (1 0 1̄ 0) dh k l=0.4
(1 0 1 0) dh k l = 0.351
˛ = 60◦

3 (Fig. 4c) 0.226 ± 0.002 � (2 1 3̄ 0) dh k l = 0.2
(2̄ 1 1 0) dh k l = 0.224
˛ = 60◦

4 (Fig. 4c) 0.139 ± 0.001 Al (0 2 2) dh k l = 0.14
(2 0 2) dh k l = 0.143 n
˛ = 60◦ (Al-exclude

1 (Fig. 4d) 0.6035 ± 0.0291
2 (Fig. 4d) 0.3727 ± 0.0059
3 (Fig. 4d) 0.2304 ± 0.0025
4 (Fig. 4d) 0.1429 ± 0.0014
ttern taken from a dark particle shown in figure (b); (d) SAD pattern received from
spots marked 1–4 are listed in Table 3.
(KOBO extrusion) is used. STEM structure of the material processed
by the KOBO method is shown in Fig. 7. When using this method the
preheating procedure is omitted and the processing of the mate-
rial is performed at relatively low temperature. Particle thickness

exes and comparable dh k l values for a
terplanar angle is close to 60◦)

Matching error �%

-phase were found to fit the spots at ˛ = 60◦

366 nm 1.10
1 nm −3.04

−2.50
29 nm −2.50
nm 18.51

−3.04

24 nm −0.88
nm −0.88

0

3 nm 2.88
m 2.88

d) 0
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ig. 5. RS flake annealed at 773 K/15 min: (a) TEM structure; (b) enlarged view of the
btained from rod-like particle (1); (d) SAD pattern obtained from small particle (2

as measured for as-received RS-flakes, the hot-extruded rod and
or the KOBO-extruded material. Over one hundred particles were

easured for each sample. The particle size distribution was nor-
alized in order to compare the percentage distribution of the

article size in these materials (Fig. 8). Particle size distribution for
he RS flake was not uniform and two particle grades, with maxi-

ums at ∼20 nm and ∼180 nm, were observed. It seems reasonable
o conclude that a double maximum in the histogram resulted from
he limited area of observations, as well as inheriting the prelimi-

ary RS flake structure that was dependent on their initial size and
ize-dependent cooling rate.

The particle distribution for the RS flake seems to be very similar
o that for the KOBO-extruded rod. The most intense coarsen-

able 4
verage content of elements for Zn-rich particles revealed by EDX/TEM analyses
ear the edge of a thin foil manufactured by ion thinning of as-received RS-flakea.

Element content in atomic %

Element Zn Mg Cu Mn

Average 46.9 34.7 9.5 8.8
Standard deviation 5.6 6.0 3.4 1.7

a EDX analysis was performed for 20 particles. Aluminum content was neglected
o omit the matrix radiation effect.
ture with marked particles that were used for SAD pattern analysis; (c) SAD pattern

ing of particles was found for the hot-extruded material at 673 K.
The maximum particle size on the last histogram was shifted to
∼130 nm.

TEM observations were also performed for the selected samples
hot-deformed with εt ∼ 0.4. The samples were water-quenched
1–3 s after deformation had stopped. The most remarkable changes
were observed for the solution-treated samples deformed at
intermediate deformation temperatures. The structure of the
solution-treated sample (743 K/1 h), which was deformed at 573 K,
is shown in Fig. 9. Fine �′ and � particles observed on the left side
of the picture appeared due to dynamic precipitation within the
previously recrystallized grain. Heterogeneous nucleation of fine
particles at subboundaries and dislocations was evident. It should
be emphasized that after solution treatment, the mentioned grain
area was free of the original large particles that are typical for RS-
material.

The remaining area of the STEM picture (right side of Fig. 9) rep-
resents a highly recovered local structure containing large particles.
The morphology of the particles indicates unfinished dissolution of

preliminary large particles at some area of the material. It seems
reasonable to conclude that the time selected for solution treat-
ment was not long enough to complete the particle dissolution
necessary to release recrystallization fronts in previously heavily
deformed material. Due to enhanced diffusion along the migrat-
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ig. 6. Structure of hot-extruded rod: (a) STEM picture; (b) results of 50 EDX anal-
ses obtained through automatic stepping of the beam along the line marked on
TEM picture.

ng grain boundaries (i.e. recrystallization fronts), large particles
an dissolve completely. The original large particles are therefore

bserved before the grain boundary (migrating front) and disap-
ear behind it.

If a ST-sample is deformed at intermediate temperature,
ynamic precipitation operates in the large-particle-free area.

ig. 7. Structure of the rod extruded by means of oscillating die (KOBO) method
STEM).
Fig. 8. Normalized distribution of the particle size for RS flake, hot-extruded rod
(direct extrusion at ∼673 K), and KOBO-extruded rod (lengthwise dimensions of
the particles were measured).

Within the area containing large particles, re-coarsening of the
remaining particles is probably responsible for the depreciation of
Zn-content in the neighboring matrix, and, in consequence, sup-
presses the nucleation of fine �′ and � particles in the vicinity of
pre-existing large particles.

The mentioned structural effects are in accordance with the evi-
dently suppressed hardening of the hot-deformed ST-material. It is
worth emphasizing that the flow stress increase due to dynamic
precipitation was often observed for ST-materials, as reported for
other precipitation–hardenable alloys [38,39]. For the purpose of
comparison, hot compression test results for the industrial 7N01
alloy (AA7000 series) are displayed in Fig. 2b. The samples were
machined from an as-extruded 7N01alloy, with the composition:
Al–4.4%Zn, 1.4%Mg, 0.4%Mn, 0.6%Fe [32]. The flow stress vs. defor-
mation temperature dependence decreased monotonically (fine

line no. 3). However, flow stress was found to increase efficiently at
400–450 K for solution-treated samples. A “hump” on the �m − T−1

curve was attributed to the dynamic precipitation effect (see: dot-
ted line no. 4).

Fig. 9. Structure of ST-sample deformed at 573 K (STEM).
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. Conclusions

. Rapid solidification of zinc-rich aluminum alloy Meso10
(AA7000 series) results in the development of fine Zn(Mg,Cu)-
rich particles. The morphology of particles in RS-flakes suggests
a eutectic structure rather than any structures typical of as-
aged AA7000 materials, which are formed during decomposition
of over-saturated solid solutions and the ensuing growth of
�′ and � precipitates. The precipitates observed in RS-flakes
have a complex structure. However, a detailed description of
their crystallographic features requires extended TEM and HREM
observations and more detailed analysis. During annealing at
673–773 K, the particles transform to � and T-phases that are
typical for over-aged AA7000 materials.

. The solvus temperature, estimated from DSC tests at constant
heating/cooling rate of 30 K/min, was found to be ∼738 K and
∼754 K for heating and cooling tests, respectively. It was con-
cluded that solution treatment at a temperature higher than
754 K by ∼20 K should result in the dissolution of preliminary
Zn-rich particles. However, solution treatment at 773 K/30 min
was found to be insufficient to cause complete particle dis-
solution. Incomplete dissolution of hardening particles during
solution treatment is often accepted in industrial practices to
avoid abnormal grain coarsening. The remaining particles in
ST-samples prevent the recrystallization of formerly deformed
material. However, local differences in particle size, observed
for the tested material, which mostly result from different solid-
ification rates of particular RS-flakes, can affect the annealing
time that is necessary for the dissolution of particles in a given
area of the structure. Therefore, at specific time/temperature
conditions, small particles in one area may be dissolved com-
pletely, whereas some residuals of the originally large particles
may remain undissolved in another area.

. The above-mentioned inhomogeneity of particle dis-
tribution in ST-material resulted in negligible dynamic
precipitation–hardening of ST-material, while it was being
deformed at intermediate deformation temperatures. Fine
particles responsible for the strengthening of the material were
observed at locally recrystallized grains. Within the area contain-
ing residuals of preliminary particles, precipitation–hardening
was negligible. The coarsening of preliminary particles during
ageing “consumed” the excess of solutes from the surrounding
over-saturated matrix and resulted in a suppressed hardening
effect that is usually caused by homogeneous nucleation of very
fine particles.
cknowledgements
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