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Abstract. Effect of prior heat treatment on nanostructuring of high-strength 7475 Al alloy, sub-
jected to high-pressure torsion (HPT) at ambient temperature up to strain of ~7, was investi-
gated. The alloy was (i) solution treated and water quenched, and then (ii) artificially aged before
HPT. In distinction with the state (i), the state (ii) was characterized by the presence of
nanoprecipitates of strengthening ’ - phase in Al matrix. It was shown that the initial alloy state
significantly affected the morphology and parameters of nanocrystalline structures evolved. Mixed
(sub)grain/cellular structure composed by both equiaxed and elongated crystallites, predomi-
nantly separated by dislocation boundaries, was developed in the aged state, whereas more
equiaxed and coarse crystalline structure with more equilibrium boundaries formed in the as-
quenched material. It was concluded that high density precipitates in the alloy can delay the
formation of nanograins in the deformation structures due to inhibition of dynamic recovery and
homogenization of the dislocation slip.

1. INTRODUCTION

Recent investigations have shown that there is a
great potential for extraordinary improvement in the
chemical, physical and mechanical properties of
many metals and alloys by grain refinement, and
especially by nanostructuring with processing
(sub)grain size smaller than 100 nm [1]. Among other
methods of nanostructuring severe plastic deforma-
tion (SPD) has received much attention due to the
simplicity and applicability for all classes of crys-
talline materials. During last decade few effective
SPD techniques have been developed and used [1-
9], such as equal-channel angular pressing, high-
pressure torsion (HPT) and multidirectional forging.
However, gaps in understanding the mechanisms
of grain refinement as well as the factors affecting
nanostructuring upon SPD processing still exist. It
may be related to the fact that many important data

on nanostructure formation are still lacking. In par-
ticular, the effects of microstructural variables as-
sociated with the initial material, e.g. second phase
particles of different origin, are not well documented
in the scientific literature. Most research on influ-
ence of these particles has focused on their strength-
ening effects at conventional deformation [10,11] and
much less information has been given on their influ-
ence on the features of grain refinement and devel-
opment of nanostructures during severe straining
[1,12-16]. Moreover, there are some opposite data
in the literature on the role of second phase par-
ticles in nanostructuring under SPD. For instance,
it has been shown in [12] for some aluminum-base
alloys that the high densities of alumina particles
result in strong increase in dislocation density and
accelerate new finer grain formation in a strained
material. In other works [13-15], in contrast, it has
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been pointed out that the presence of high densi-
ties of dispersoids of aluminides of transition met-
als and/or precipitates of the main strengthening
phases inhibits the development of new high-angle
boundaries and the formation of a nanocrystalline
grain structure.

The aim of this work was to contribute to under-
standing the processing-structure relationship in the
high-strength 7475 aluminum alloy subjected to HPT.
For this purpose the deformation structure devel-
oped in the alloy containing the supersaturated solid
solution has been studied and compared to that in
the same alloy artificially aged before SPD. The
material in both of the states was deformed under
identical conditions by HPT to an effective strain of
~7 at ambient temperature. Effects of initial phase
structure on the microstructure transformations tak-
ing place during SPD are discussed in detail.

2. EXPERIMENTAL PROCEDURE

The material used was a chill cast and homogenized
at 490 °C for 20 hrs ingot of Zr modified 7475 alumi-
num alloy with the following chemical composition
(in mass %): Al - 6.0Zn - 2.5Mg - 1.8Cu - 0.23Cr -
0.16Zr - 0.03Si - 0.04Fe - 0.03Mn. The ingot struc-
ture was presented by coarse lamellar grains and
coarse particles of excess phases (see more de-
tails in [17,18]). The specimens 10 mm in diameter
and 0.3 mm in thickness were machined from the
ingot and heat-treated by two different routes, i.e.
(i) water quenching from 475 °C to provide super-

Fig. 1. XRD patterns of (a) as-quenched and (b) subsequently aged samples before and after HPT to
different strains, e.

saturated solid solution [1%,11] (hereafter “as-
]uenched samples”  and (ii  ]uenching and aging
at 120 °C for 8 hrs to provide ’ - phase (MgZn2)
precipitates [1%,11] (hereafter “aged samples” . Then
the samples were subjected to HPT at ambient tem-
perature up to strains (e) of 0.5, 1, 2, 4 and 7 under
an applied pressure of 5 GPa. Strains imposed were
calculated using equations represented in [2]. The
hardness and structure of deformed samples were
examined at a distance of about 3 mm from their
center. The microhardness was evaluated using
MHT-10 Vickers hardness tester with a load of 50-
100 g on the diamond pyramid indenter. TEM struc-
ture was examined using a JEM-2000FX transmis-
sion electron microscope operating at 200 kV. The
coherent domain size was determined by X-ray dif-
fraction (XRD) analysis using the Williamson-Hall
method.

3. RESULTS

3.1. Phase constituents

Typical XRD patterns of the as-quenched and aged
samples before and after HPT to various strains are
depictured in Fig. 1 with indication of aluminum and
hexagonal -phase peaks and indexes. It is seen
that the as-quenched alloy before and after SPD
appears mostly as a continuous solid solution with
a minor quantity of second-phases, which are usu-
ally retained after solution treatment [6]. Among them,

-phase excess particles are reflected in Fig. 1a by
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Fig. 2. Typical TE> micrographs of 7475 Al alloy in (a-a‘  as-]uenched and (b-b‘  aged state processed by
HPT to e ~ 7.

very weak peaks between Al (111) and (200) ones.
X-ray patterns for aged samples exhibit a well-de-
fined broad peak that is resolved into three other
peaks, whose angular positions are a bit lower than
those of -phase (Fig. 1b). This may be a reflection
from the metastable hexagonal ‘-phase, partially
coherent with the Al matrix having larger than -
phase lattice parameter [10,19]. It is also evident in
Fig. 1b that intensities of the peaks are scarcely
changed after HPT to e ~2 and then somewhat de-
crease with subsequent straining to e ~4-7. This
suggests that the strengthening phase particles may
be partially dissolved in Al matrix at large strains.
However, even after severe deformation, the differ-
ence in the phase structure of the as-quenched and
aged samples still remains remarkable to affect the
microstructural development.

3.2. Microstructure

Typical TEM structures for the as-quenched and
aged samples subjected to HPT to e ~7 are repre-
sented in Fig. 2. For both states, the relatively uni-
form nanocrystalline structures can be seen with
ring-like diffraction patterns (taken from the selected
area of about 5 m in diam.) suggesting predomi-
nant high-angle misorientations of boundaries. How-
ever, it can be also seen that there is the significant
effect of the initial alloy state on the morphology
and character of the microstructure evolved. That
is, the essentially equiaxed crystallites with size of
about 80-100 nm outlined by relatively sharp
intercrystalline boundaries with distinct extinction

fringes are frequently developed in the as-quenched
state. In the aged state a finer mixed structure, com-
posed of both equiaxed and elongated crystallites
separated by dislocation subboundaries is formed.
The size of equiaxed crystallites is about 50-80 nm
and the elongated ones are up to about 300 nm in
length. Thus, the present data suggest that HPT of
the as-quenched material leads to more equiaxed
crystallite structure with more equilibrium intergranu-
lar boundaries. It should also be noted that the mi-
crostructure formed at high strains in the aged alloy
may be similar to that observed earlier in some cu-
bic materials subjected to SPD at low-to-intermedi-
ate temperatures [7,8,20] and can be associated
with development of a spatial net of microshear
bands that are located in different directions and
intersect the elongated cellular substructures with
high density of lattice dislocations. Shearing by
microshear bands leads to an apparent bending of
the cell and microshear bands evolved by SPD, re-
sulting in a characteristic wavy substructure (Fig.
2b‘ .

3.3. Coherent diffraction domain size

Strain dependence of the mean crystallite size D,
calculated from the XRD peak broadening, is shown
in Fig. 3. It is seen that D in the as-quenched and
aged states gradually decreases with strain and fi-
nally approaches roughly saturated values of about
20-50 nm. Besides, D remains always smaller in
the aged state than in the as-quenched one at all
strains investigated. It should be noted that its ab-
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solute value is significantly smaller than the crystal
size derived from TEM observations, because XRD
measurements give the coherent diffraction domain
size, e.g. (sub)grain/dislocation cell size [19].

3.4. Microhardness

The variation of room-temperature alloy
microhardness with strain is shown in Fig. 4. It is
seen that in both alloy conditions, hardness in-
creases with strain and reaches near the same val-
ues of Hv ~270-280 after e ~7. Besides, the as-
quenched samples reveal more intense hardening,
practically completed to e ~ 0.5-1, with no signifi-
cant hardness changes with further straining. It is
noted that such attenuating strain hardening behav-
ior of the microstructures produced by HPT can be
comparable with that of some cubic materials pro-
cessed by SPD and typical of severe straining at
low to intermediate temperatures [7,21]. The dras-
tic increase in hardness at the earlier stages of de-
formation may be due to a strong work hardening
caused by the rapid increase in the density of dislo-
cations occurring with intense shear straining in the
original grain interiors [21]. The reason why the hard-
ness is slightly changed with further strain increase
may be due to the rearrangement of dislocations in
subboundaries assisted by dynamic recovery oc-
curring during HPT. The hardness of the aged
samples, in contrast, increases continuously with
straining with roughly a constant hardening rate at
e > 2. This suggests that more homogeneous de-
formation can be introduced in the aged material
and then result in more uniform dislocation distribu-
tion in the deformation microstructure [22].

Fig. 3. Changes in coherent diffraction domain size
in 7475 Al alloy on strain, as determined by X-ray
analysis.

Fig. 4. Effect of strain on room-temperature Vickers
hardness of HPT processed 7475 Al alloy.

4. DISCUSSION

The experimental results described above testify that
HPT of cast coarse-grained 7475 Al alloy, carried
out at ambient temperature, results in formation the
relatively uniform nanocrystalline structures and that
the initial alloy state significantly affects the mor-
phology and parameters of the SPD-ed microstruc-
ture. Let us consider the reasons of the alloy be-
havior observed.

It should be noted, that the new fine grain forma-
tion and evolution processes, occurring in some cubic
materials during cold-to-hot SPD, are well repre-
sented and discussed in the literature. For instance,
in the previous works [7,8,13,17,18,20,23] it has
been shown that high strain and misorientation gra-
dients can be introduced into original coarse grains
in the earlier stages of SPD and, concurrently, new
low-to-moderate and moderate-to-high angle dislo-
cation boundaries that are related mainly to the
boundaries of microshear bands evolve often in the
regions with high local lattice rotations. It has been
also pointed out that evolution of microshear bands
can play a key role in occurrence of grain refine-
ment during SPD. Namely, several sets of these
bands, which are developed in various directions,
fragment original grains into small separate
misoriented domains. A gradual increase in the num-
ber and misorientation of the boundaries of
microshear bands and their conversion into high-
angle boundaries can result in the development of
the new ultra fine-grained structure with further strain-
ing.

A similar grain refinement process may also occur
in the 7475 Al alloy, in which microshear bands can
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be fre]uently developed by HPT (see Fig. 2 b‘ .
However, the initial grain subdivision by microshear
bands as well as rigid lattice rotations within these
bands may be considered as some mechanically-
induced events, and so these events may have
athermal nature [7,8,23]. On the other hand, the
strain-induced grain formation is usually resulted not
only from the mechanical formation of high-angle
boundaries at lower strains, but also from the fre-
quent operation of dynamic recovery in these bound-
aries at larger strains [23], because the boundaries
of microshear bands introduced by SPD are rather
non-equilibrium and diffuse interfaces [7,13]. Dy-
namic recovery that occurs even at ambient tem-
perature can assist the transformation of such strain-
induced non-equilibrium boundaries to more equi-
librium ones, leading to both an increase of grain
boundary misorientation and a decrease of disloca-
tion density in (sub)grain interiors. Microstructural
changes during SPD are, therefore, considered to
be effectively controlled by thermally activated rate
processes at large strains [8,23]. The observed
steady state-like hardness dependence on strain
at e  1 (Fig. 4) implies that dynamic recovery may
play an important role in evolution of the deforma-
tion microstructure in the as-quenched state of the
alloy. It can be generally considered that more rapid
operation of dynamic recovery in this state may
assist the formation of coarser and more equiaxed
grains with more equilibrium boundaries. In the aged
alloy, in contrast, dynamic recovery is more strongly
repressed due to the presence of the dispersed
secondary phases, which can prevent the rearrange-
ment of lattice dislocation and/or migration of dislo-
cation (sub)boundaries. The strong inhibition of re-
covery retards the formation of nanocrystalline grain
structure at least until much higher strains, where
some equiaxed crystallites are eventually formed.

Another factor that may hinder the nanostructure
evolution in the aged alloy state is conditioned by
the homogenization of dislocation slip due to a strong
interaction of lattice dislocations with the
(semi)coherent dispersed particles of ’-phase
[13,15]. The latter may provide a higher resistance
to localization of plastic flow, as compared with as-
quenched alloy, and, hence, a lower density of more
diffuse microshear bands can develop in the grain
interiors during SPD [13]. It is safely to assume
that the formation of more weakly misoriented and
diffuse boundaries in the particle-containing alloy at
the earlier stages of deformation can block the most
important mechanism of high-angled boundary de-
velopment mentioned above and thus delay the for-

mation of a well-developed nanocrystalline grained
structure at ultrahigh strains.

7. CONCLUSION

The 7475 aluminum alloy was subjected to HPT at
ambient temperature up to strain of ~7. The defor-
mation structure developed at high strains in the
solution treated and water quenched alloy with pre-
liminary supersaturated aluminum solid solution was
compared to that in the same alloy artificially aged
before HPT. In distinction with the as-quenched
state, the microstructure of the aged alloy was char-
acterized by the presence of high densities of
nanoprecipitates of strengthening ’-phase in alu-
minum matrix. The main results can be summa-
rized as follows.
(1) Relatively uniform nanocrystalline structures can
be produced by HPT in both of the alloy states ac-
companied by significant increase in its hardness
with a factor of about 1.8. In the as-quenched alloy,
hardness increases rapidly in the earlier stages of
deformation followed by saturation at higher strains.
In contrast, in the aged state, hardness growths
gradually with almost constant hardening rate, fi-
nally approaching the same saturation value at high
strains.
(2) The initial alloy state significantly affects the
morphology and characteristics of the microstruc-
ture induced by HPT. Namely, a mixed (sub)grain/
cellular structure, which is composed by both
equiaxed and elongated crystallites separated by
high-density dislocation subboundaries, is devel-
oped in the aged state, whereas SPD of the as-
quenched material leads to formation of a rather
uniform microcrystalline structure composed by
more equiaxed and coarse crystallites with more
equilibrium boundaries.
(3) It is concluded that the presence of the meta-
stable -phase precipitates in the deformation struc-
ture of the preliminary aged alloy may delay the
formation of equiaxed nanoscale grains even at large
strains due to inhibition of dynamic recovery and
homogenization of dislocation slip.
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