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Abstract—The microstructure, superplasticity characteristics at a subsolidus temperature (540°C), and the
room-temperature mechanical properties of an alloy of the Al—-Mg—Ni—Fe—Mn—Cr—Zr system have been
investigated using the methods of scanning and transmission electron microscopy and uniaxial tensile tests.
The alloy has a bimodal particle-size distribution; it contains eutectic particles of AlgFeNi with an average
size of 0.6 um; and dispersoids with an average size of 75 nm. The particles of the secondary phases ensure
grain size of approximately 4 um after the recrystallization subsolidus annealing of the cold-rolled sheet. Due
to the microsize grain structure, the alloy demonstrates a relative elongation to 500% at a subsolidus tempera-

ture in the range of the constant strain rates of 5 X 1073 to 3 x 1072 s

strength 330 MPa.

—1 vyield stress 215 MPa, and ultimate
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INTRODUCTION

Superplastic forming (SPF) at elevated tempera-
tures makes it possible to obtain articles of complex
geometry of enhanced quality made of alloys on differ-
ent bases [1, 2]. The SPF procedure is based on the
phenomenon of superplasticity, i.e., on the opportu-
nity of ensuring stable flow and large elongations with-
out necking because of a high-strain-rate sensitivity of
the flow stress [1—3]. The majority of commercial alu-
minum alloys are superplastic in the range of strain rates
of 10~*—10—3 s~! with elongations of 200—400%. At a
strain rate of 10~2 s~!, the elongation does not exceed
150%, and the strain-rate sensitivity of the flow stress
is sharply reduced, which does not make it possible to
use sheets for forming. To ensure a significant increase
in the productivity of superplastic sheet forming and
an increase in the economic efficiency of the method,
alloys are required that are superplastic at strain rates
of 1072 s7! and above [4, 5]. An increase in the rate of
superplastic deformation can be achieved via a
decrease in the size of recrystallized grains [1—4].

An approach based on the optimization of the het-
erogeneity of the microstructure [6] is widely applied
upon the obtaining of microsize grain structure [6—9].
It is known that fine particles (with a size of <100 nm)
provide an efficient retardation of grain growth upon
recrystallization [7—12], and that large nondeform-
able particles of the second phases (>0.3 um), which
are present upon cold deformation, accelerate the for-

mation of nuclei upon subsequent recrystallization
[7, 13]. The dispersoids are precipitated from alumi-
num solid solutions supersaturated by transition and
rare-earth elements, e.g., by Mn, Cr, Zr, Sc, or Er
[13—21]. According to the Zener theory [22], the
smaller the size of the dispersoids and the greater their
density, the more significant the effect. To obtain large
particles of micron sizes, the alloys can be alloyed by
eutectic-forming elements [23—26], which was suc-
cessfully achieved for guaranteeing high-strain-rate
superplasticity in the high-strength alloys of the “nika-
lin” type [23, 24, 27—29] and a superplastic state in the
Al—Cu—Mg alloy of the AA2618 type [30]. A uniform
micrograin structure with a grain size of 4 um and the
superplasticity at strain rates to 10~! s~! were achieved
by a simple thermomechanical treatment in the Al—
Mg—Fe—Ni—Zr—Sc and Al-Zn—Mg—Fe—Ni—Zr—
Sc alloys [31—33] due to the formation in their struc-
ture of large particles of the Al,FeNi phase and Al;(Sc,
Zr) dispersoids. Obtaining superplastic alloys without
Sc, i.e., with a low cost, remains an urgent task. The
principle of the optimization of heterogeneity lies in
the basis of the creation of a new alloy Alnovi-U of the
Al—Mg—Mn system [34]. Due to the high concentra-
tion of manganese (to 1.4 wt %), the particles of phases
rich in manganese (eutectic and dispersoids) ensure an
enhanced number of recrystallization nuclei and the
grain size of 6—8 um [34] stable at subsolidus tempera-
tures. The alloy shows elongations to 200—250% at
enhanced strain rates; its optimum deformation rate is
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about 1 x 1073 s~! [35]. In this work, we have studied
the influence of the eutectic-forming elements Fe and
Ni and of dispersoid-forming elements Mn and Sr on
the microstructure and on the superplasticity charac-
teristics of the Al—5.8Mg alloy with the purpose of
obtaining sheets that are superplastic at enhanced
deformation rates.

EXPERIMENTAL

We investigated an alloy of composition Al—
5.8Mg—0.8Ni—0.6Fe—0.6Mn—0.15Cr—0.1Zr (wt %).
The content of silicon was less than 0.02%. The alloy
was obtained in a Nabertherm S3 electric furnace in a
graphite-chamotte crucible. As the initial materials,
aluminum of the A99 grade, magnesium of the Mg95
grade, and preliminarily prepared master alloys Al—
10% Fe, A1-20% Ni, Al1—10% Mn, Al—5% Zr, and
Al—10% Cr were used. The composition of the alloy
was analyzed with the aid of the energy-dispersive
(EDS) analysis after casting and homogenization
annealing. The deviations of the Mg concentration from
the specified composition did not exceed 0.2 wt %; those
of the other elements, less than 0.05 wt %.

The casting was carried out into a copper water-
cooled mold with dimensions of 100 X 40 X 20 mm,
which ensured the rate of cooling during casting of
about 15 K/s. After casting, the billets were subjected
to the following thermomechanical treatment. The
homogenization was carried out in two steps: (1) at
430°C for 5 h for the leveling—off of the composition
with respect to Mg and precipitation of dispersoids;
and (2) at 500°C for 3 h to provide the fragmentation
and spheroidization of eutectic particles. The hot and
subsequent cold deformations were conducted in a
rolling mill with the diameter of rolls of 230 mm. The
temperature of the hot rolling was 420 £ 10°C; the
degree of deformation was 70%. The cold rolling was
conducted to a sheet thickness of 1 mm with a reduc-
tion of 80%, after which the sheets were annealed for
20 min at 540°C (0.97T,,).

The microstructure was studied with the aid of a
Tescan-VEGA3 LMH scanning electron microscope
(SEM) equipped with an attachment for the energy-
dispersive (X-MAX80, Oxford Instruments) and elec-
tron backscatter diffraction (EBSD) analysis. The pol-
ished microsections were prepared via mechanical grind-
ing and polishing using a Struers LaboPol machine,
and the electrolytic polishing in a chloric-alcohol
electrolyte A2 (the production of Struers) at a voltage of
15—-20 V. The analysis of the precipitates of second
phases was carried out with the aid of a JEOL JEM-2100
transmission electron microscope (TEM). As the
objects for the electron-microscopic examination,
disks with a diameter of 3 mm were used, which were
thinned by mechanical grinding to 0.25 mm, then
thinned electrolytically in a jet of the Struers Electro-
Iyte All in the Struers TenuPol-5 machine at a voltage
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of 23 V and a temperature of 0 = 4°C. For the analysis
of the grain structure, the polished samples, addition-
ally subjected to oxidizing, were analyzed in the polar-
ized light using a Carl Zeiss Axiovert 200M optical
microscope (OM). The oxidation was conducted at a
voltage of 10—12 V in an electrolyte consisting of 10%
aqueous solution of fluoroboric acid at a temperature
of 2—5°C.

The superplasticity characteristics were determined
according to the results of uniaxial tensile tests in a
Walter Bay LFM100 testing machine. The samples
with the size of the cross section £, = 6 X 1 mm and
with the length of the gage part L, = 14 mm were cut
out parallel to the direction of rolling. The index of the
high-strain-rate sensitivity m was determined based on
the results of tests with a step-by-step (with steps
of 1.5) increase in the deformation rate in the interval
of strain rates 5 x 105—8 x 10~2 s~! at a temperature
of 540°C. The relative elongation and the value of the
flow stress were determined based on the results of
tests at the constant values of the rates of deformation
equalto5 % 1073, 1 x 1072, and 3 x 10~2s~1. The veloc-
ity of motion of the traverse was increased propor-
tional to the increase in the length of the sample to
maintain a constant rate of deformation.

The room-temperature mechanical properties
were determined using a Zwick-Z250 universal test
machine at the rate of deformation equal to
4 mm/min. The samples with dimensions of the gage
part of 15 X 6 X 1 mm were cut from the annealed
sheet blanks.

RESULTS AND DISCUSSION

The grain size in the cast state varied from 30 to
500 um and the average was 220 = 10 um (Fig. 1a).
The microstructure of the alloy after casting (Fig. 1b)
and homogenization (Fig. 1c) is represented by parti-
cles of phases of crystallization origin, which are
located on the periphery of the dendritic cells of the
aluminum solid solution. According to the results of
the energy-dispersive analysis, it can be concluded
that the particles of the crystallization origin are
enriched in Fe and Ni (Figs. 1d—1g) and likely belong
to the eutectic phase AlyFeNi [36, 37]. In addition, in
the structure of the alloy there is an insignificant
amount (volume fraction less than 0.5%) of elongated
particles of a phase enriched in Mn and Fe (arrows in
Fig. 1g); in all likelihood, these particles belong to the
phase Alg(Mn, Fe), whose crystallization is typical of
the alloys of the AA5000 series [38, 39]. The volume
fraction of the particles of crystallization origin was
9%; in the cast state, the particles had a size of 0.89 &
0.11 um with a form-factor (FF) of 0.69. After the
homogenization annealing, the eutectic particles are
spheroidized, which follows from an increase of the
FF to 0.72; their average size decreases insignificantly
(t0 0.82 £ 0.09) um.
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Fig. 1. Structure of the alloy after (a, b) casting and (c, d) homogenization annealing; (e—g) EDS maps of the distribution of the
elements Ni (e), Fe (f), and Mn (g) in the region of the microstructure shown in (d); the arrows in (d) indicate the phases of crys-

tallization origin.

*200

Fig. 2. Particle of dispersoids after the homogenization annealing: (a, b, d) bright-field images (the insets show the dark-field
image of the outlined particle and the diffraction pattern); (c, e) the dark field images of the regions (b) and (d), respectively; the
insets in (c) and (d) show diffraction patterns; the reflection, in which the dark-field images are obtained, are indicated by small

circles.

After the homogenization annealing, dispersoids of
two basic types are found in the alloy: (1) elongated
particles with a size to 250 nm in the length and to
80 nm in the width (Figs. 2a, 2d, 2e); and (2) compact
precipitates of the Al;Zr phase (L1, type) with a size to
15 nm (Figs. 2a, 2b). The elongated dispersoids can be
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completely incoherent to matrix (Fig. 2a, insets); the
agglomerates of the elongated dispersoids, like the dis-
persoids of the Al;Zr phase, demonstrate an ordered
arrangement of the reflections of dispersoids and of
the aluminum matrix (Fig. 2e), i.e., the precipitates
are identically oriented relative to the matrix, which is
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Fig. 3. Particles of dispersoids in the sheets after a thermomechanical treatment: (a) fragmentation of particles; (b) splitting of

particles.

Fig. 4. Microstructure of the alloy after cold deformation (to a sheet thickness of 1 mm) and the grain structure after a 20-min
recrystallization annealing at 540°C; (a) SEM; (b) OM, polarized light.

typical of the precipitates coherent to the matrix. The
diffraction pattern for the elongated dispersoids differs
from the diffraction pattern for the Al;Zr phase in the
case of one zone axis of aluminum [110] (insets in
Figs. 2c, 2e). A similar diffraction pattern was
observed in the Al-3Mg—1.2Mn—0.3Cr alloy [40].
Judging from the elongated morphology, the disper-
soids may belong to the Al;Mn phase (of which a sub-
stitutional dissolution of iron and chromium is typical
without a change in the type of the crystal lattice
[10, 41]), to its metastable modifications, e.g., to the
Al,Mn phase, or to the a-Al;;Mn;Si phase [41, 42]. It
also cannot be excluded that some dispersoids may be
related to the e-Al;sMg;Cr, phase [42]. The average
size of the manganese-containing dispersoids after
thermomechanical treatment was 75 = 10 nm. The
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division of particles can occur via their fragmentation
trough the formation of constrictions and necks in
the bulk of particles (Fig. 3a) by the mechanism sim-
ilar to the fragmentation of cementite in steels
[10, 43]. As a result, the particles become rounded.
The size reduction is possible also via mechanical
crushing (Fig. 3b) [10].

In the process of obtaining of sheets a change
occurs in the parameters of the eutectic particles
(Fig. 4a). The particle size in the cold-rolled sheet was
0.57 £ 0.12 um; the FF increased to 0.82; the volume
fraction did not change (9%). The annealing of cold-
rolled sheets at a temperature of 540°C for 20 min does
not lead to a change in the parameters of the eutectic
particles (the average size is 0.58 + 0.09 um, FF =
0.82); an almost equiaxed recrystallized structure with
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Fig. 5. An EBSD map of grains/subgrains after a 20-min annealing at 540°C (white boundaries correspond to the grain-boundary
angle of <15°; black boundaries, to grain-boundary angle of >15°); the inset shows a histogram of the distribution of the angles

of grain misorientations.

an average grain size of 3.9 = 0.3 um is formed
(Fig. 4b). The analysis of EBSD maps (Fig. 5) showed
that mainly high-angle boundaries (shown in black
color in Fig. 5) and =10% low-angle boundaries with
misorientation of <15° (shown by white color in
Fig. 5) are present in the structure of the alloy.

It is known that the Al—Mg-alloys relate to the
alloys with a subsolidus superplasticity [44], i.e., man-
ifest the best characteristics near the solidus tempera-
ture. According to the results of thermal analysis, the
solidus point of the alloy under consideration was
558°C; therefore, to determine the superplasticity
indicators we selected the temperature of 540°C
(0.97T,). The dependence of the flow stress on the
rate of deformation in the logarithmic coordinates has
a sigmoidal form (Fig. 6a) typical of the superplastic
materials. The maximum values of the coefficient of
the strain-rate sensitivity m = 0.60—0.62 are observed
at the constant strains (1—2) x 10=2s~!; m > 0.5, at the
strains of 4 X 103—6 x 1072 s~!. The elongation of the
alloy at the constant strain rate of 1 X 10~2 s~! reaches
400%, and the flow stress is 14 MPa. For comparison,
in the case of the Alnovi-U alloy intended for the
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high-strain-rate superplastic forming, the relative
elongation at the strain rate 1 x 102 s~! does not
exceed 270% [34]. The three-fold increase in the
strain rate of the investigated alloy (to 3 X 1072 s71)
leads to an increase in the flow stress to 18 M Pa; in this
case, the elongation is 280%, which is sufficient for
obtaining components of a moderate complexity by
the SPF method. For obtaining components of very
complex geometry, it is possible to use the rate of
deformation 5 x 10~3 s, which ensures the relative
elongations of more than 500% at the flow stress of
11 MPa.

In the recrystallized state, the alloy has a yield
stress equal to 215 = 5 MPa, the ultimate strength
330 & 5 MPa, the relative elongation 20 = 1%. Thus,
the alloy demonstrates in the annealed/soft state
strength properties at the level of the properties of the
AMgb6 alloy (AA5085) with a high content of magne-
sium [45, 46]. The enhanced yield stress of the alloy
can be explained by the presence of a microsize grain
structure with a grain size of approximately 4 um.
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Fig. 6. (a) Dependences of the flow stress ¢ and of the
index of the strain-rate sensitivity m on the rate of defor-
mation at a temperature of 540°C; and (b) the relative
elongation of the alloy at the temperature of 540°C at dif-
ferent rates of deformation (indicated near the curves).

CONCLUSIONS

(1) Microstructure, room-temperature mechanical
properties, grain structure, and characteristics of
superplasticity at a temperature of 540°C of an Al—
Mg—Fe—Ni—Mn—Cr—Zr alloy have been investi-
gated. It has been shown that upon crystallization of
the alloy, eutectic particles are formed with a volume
fraction of 9%, whose average size decreases from
0.89 to 0.57 um and the form factor increases from
0.69 to 0.82 in the process of the thermomechanical
treatment that includes homogenization annealing,
hot rolling, cold rolling, and recrystallization anneal-
ing at 540°C (0. 97T,,) for 20 min.

(2) In the process of the homogenization anneal-
ing, particles of the Al;Zr phase (L1, structure) with
dimensions less than 15 nm, and particles of a manga-
nese-containing phase in the form of elongated plates
of length to 250 nm are precipitated, which can both
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have a diffraction pattern typical of the incoherent dis-
persoids of the AlgMn phase with randomly located
reflections and demonstrate an ordered arrangement
of reflections and identical orientation of the crystal
lattice with respect to the lattice of the aluminum
matrix. As a result of the deformation treatment, the
particles of the Mn-containing phase become frag-
mented and their average size becomes equal to 75 nm.

(3) After recrystallization annealing at 0.977,, the
alloy sheets have a grain size of 3.9 um, a yield stress of
215 MPa, an ultimate strength of 330 MPa, and an
elongation of 20%. The microsize grain structure
ensures a superplastic state of the alloy with a relative
elongation of 270—500% in a range of the constant
strains of 5 x 103—3 x 10~2s7L,
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