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Abstract

The structure, phase composition and thermal evolution of binary Al–Zn alloys were studied before and after high-pressure torsion
(HPT) in Bridgman anvils. On heating of HPT-deformed samples from room temperature to 300 �C, Zn grains dissolved, and a relatively
fine-grained (Al) equilibrium solid solution formed. Differential scanning calorimetry curves reveal two-stage melting in the Al–Zn alloys
studied, i.e., the melting of the (Al) solid solution starts 10–25 �C below the bulk solidus line. The effect is more pronounced in fine-
grained samples. It is explained by the presence of layers of liquid-like phase in the (Al) grain boundaries (GB) between bulk and
GB solidus lines. The new metastable GB solidus line appears in the (Al) single-phase region of the Al–Zn phase diagram, it can be com-
pared with the metastable solvus lines for the formation of GP zones and a phases in the (Al)+Zn two-phase area.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The manufacture of materials with a very small grain size
in the nanometre range is an important way of improving the
mechanical properties of metallic materials [1,2]. In particu-
lar, such nanograined alloys possess higher strength in com-
parison with coarse-grained (CG) ones. At the same time,
they conserve reliable plasticity. In special cases, in the nar-
row interval below the solidus line, fine-grained Al–Mg–Zn
alloys possess n extremely high plasticity up to 2500% [3,4].
The reason for the superplasticity of these Al-based alloys
as well as for the high diffusivity in Cu–Bi and Fe–Si–Zn
alloys may be the formation of liquid-like layers of grain

boundary (GB) phases [5–8]. The influence of such GB layers
on the overall properties of polycrystals will be especially
pronounced in micro- and nanograined materials.

Very promising techniques for obtaining bulk nano-
grained materials include different variants of severe plastic
deformation (SPD). Such SPD techniques as equal channel
angular pressing (ECAP) and high-pressure torsion (HPT)
do not involve changes in the material geometry, in con-
trast to the conventional processes of high deformation
such as rolling or wire drawing. The severe plastic deforma-
tion of binary Al–Zn, Al–Mg, and ternary Al–Zn–Mg
alloys was studied in previous work [9–12]. It was demon-
strated that, during HPT, the Zn-containing (Al) supersat-
urated solid solution decomposes completely and closely
approaches the equilibrium state corresponding to room
temperature. The authors concluded that the severe
plastic deformation of supersaturated solid solutions could
be considered a balance between deformation-induced
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disordering and deformation-accelerated diffusion, bring-
ing the alloys closer to equilibrium.

In the as-cast state, the hardness of the supersaturated
solid solutions increases with increasing Zn and Mg con-
tent, owing to the solid solution hardening. However, after
HPT, the work hardening and Hall–Petch hardening due to
the decreasing grain size compete with softening due to the
decomposition of a supersaturated solid solution. In the
net effect, the severe plastic deformation resulted in the
softening of binary Al–Zn and Al–Mg alloys [11,12]. Soft-
ening is more pronounced in Al–Zn alloys, where the HPT
leads to the almost full decomposition of the supersatu-
rated solid solution. First, differential scanning calorimetry
(DSC) investigations of the ECAP-deformed Al-7034 and
Al-2024 alloys demonstrated that their thermal evolution
is quite different from that of conventional CG materials
[13,14]. Therefore, the processes of structural changes dur-
ing SPD are very complicated and have not been yet fully
understood. The goal of this work is the investigation of
thermal evolution in severely deformed fine-grained Al–
Zn alloys and the possible input of grain boundary phase
transformations. Al–Zn alloys were chosen because of their
quick diffusion relaxation during the thermal treatments.

2. Experimental

Aluminium-based alloys of the following compositions
were investigated: Al–10 wt.% Zn, Al–16 wt.% Zn, Al–
17.5 wt.% Zn, and Al–24 wt.% Zn. The alloys were pre-
pared from high-purity components (5N5 Al and 5N Zn)
by vacuum induction melting. As-cast disks of these alloys
obtained after grinding, sawing and chemical etching were
subjected to HPT at room temperature under a pressure of
5 GPa in a Bridgman anvil-type unit (five torsions, dura-
tion process �300 s) [15]. All samples for structural and
calorimetric investigations were cut from the deformed
disks at a distance of 5 mm from the sample centre. For
this distance, the shear strain is �6. Transmission electron
microscopy (TEM) investigations were carried out in a Phi-
lips CM 20 microscope equipped with an energy-dispersive
spectrometer at an accelerating voltage of 400 kV.
Scanning electron microscopy (SEM) investigations were
carried out on a Philips XL30 scanning microscope
equipped with a LINK ISIS energy-dispersive spectrometer
produced by Oxford Instruments. Measurements by differ-
ential scanning calorimetry (DSC) were performed using
TA Instruments 910 and 1600 calorimeters.

The 2-mm-thick slices were also cut from the £10 mm
cylindrical Al–Zn ingots and sealed into evacuated silica
ampoules with a residual pressure of �4 � 10�4 Pa at room
temperature. Samples were annealed at 200 �C (4000 h),
230 �C (1200 h), 250 �C (1000 h), 270 �C (800 h) and
280 �C (800 h), and then quenched in water. The accuracy
of the annealing temperature was ±2 �C. After quenching,
samples for TEM investigations were cut from the
specimens. The residual material was embedded in resin
and then mechanically ground and polished, using 1-lm

diamond paste in the last polishing step, for the metallo-
graphic study. After etching, samples were investigated
by means of the light microscopy, SEM and electron
back-scattering diffraction (EBSD). Light microscopy was
performed using a Neophot-32 light microscope equipped
with a 10 Mpix Canon Digital Rebel XT camera. EBSD
maps were obtained using a FEI E-SEM XL30 scanning
microscope equipped with NORDIF EBSD hardware at
acceleration voltage 20 kV, tilt angle 70� and working dis-
tance 16 mm detector, using CHANNEL 5 EBSD software
for the orientation imaging microscopy.

3. Results

Fig. 1 shows the bright-field TEM micrograph for the
Al–24 wt.% Zn alloy after HPT. Specimens of all studied
Al–Zn alloys after HPT have two phases, and two types
of grains are observed in the structure (Fig. 1). These are
grains of (Al) solid solution 1 lm in size (instead of
500 lm before HPT), and grains of Zn �200 nm in size
(instead of 3–5 lm before HPT). (Al) grains appear grey
and Zn grains appear black in Fig. 1. This was revealed
by the local concentration measurements. (Al) grains are
almost Zn free. Zn content in the (Al) grains after HPT
is <1 wt.% (measured in TEM by scanning energy-disper-
sive spectrometry). This value corresponds to Zn solubility
in Al at room temperature. Al content in Zn grains is neg-
ligible; this fact also corresponds to the equilibrium Al–Zn
phase diagram [14].

In Fig. 2, the DSC curves (dependences of heat flow on
the temperature) are shown for the Al–17.5 wt.% Zn sam-
ples for heating from 20 to 300 �C. The temperature of
300 �C is higher than the temperature of monotectoid
transformation in the Al–Zn system. At 300 �C, all alloys
studied are in the one-phase (Al) solid solution area of
the Al–Zn phase diagram [14]. Samples after HPT were
heated in the same temperature interval with two different

Fig. 1. Bright-field TEM micrograph for the Al–24 wt.% Zn alloy after
HPT.
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rates, namely 10 and 20 K min�1. At a lower heating rate
of 10 K min�1 (upper curve), only one deep endothermic
minimum at 263 �C is visible. By 20 K min�1 (lower curve),
this minimum is shifted towards 270 �C. After heating from
20 to 300 �C, the samples were cooled down and heated
again with the same heating rates as in the first cycle
(two curves in the middle, second cycle). Both curves after
the second cycle are slightly concave, but do not possess
any pronounced minimum.

Fig. 3 shows the bright-field TEM micrograph for the
Al–24 wt.% Zn alloy after HPT and one 20–300 �C heating
cycle in a DSC calorimeter. The (Al) grain size increased
from 1 lm before the heating cycle to �10–30 lm after
heating to 300 �C. Zn grains disappeared. The concentration

measurements show that Zn particles almost fully dissolved
in (Al) grains. However, the Zn is not uniformly distributed
in (Al). Zn concentration is higher close to the GB in (Al).
TEM reveals that, after the second 20–300 �C heating
cycle, the (Al) grain size increased further to �30–50 lm.
The Zn content in (Al) became almost uniform.

The microstructure shown in Fig. 3 was the starting point
for the high-temperature DSC experiments. Fig. 4 shows
DSC curves for the Al–Zn samples with 10, 16 and 24 wt.%
Zn for heating from 20 to 670 �C at a rate of 20 K min�1.
Only the high-temperature part between 570 and 670 �C is
shown. For the Al–Zn alloys with 16 and 24 wt.% Zn, curves
for both as-cast CG and fine-grained HPT-samples are
shown. According to the standard approach to the quantifi-
cation of DSC curves of the alloys melting between solidus
and liquidus temperatures [17] (these procedures are also
included in the quantification software of modern DSC
equipment), the position of a deep minimum corresponds
to the end of melting, i.e., to the liquidus temperature. The
measured minima positions (Fig. 4) for all samples corre-
spond well to the literature data for the liquidus in the Al–
Zn bulk phase diagram (Fig. 5 [16]). In Fig. 5, the high-tem-
perature part of the Al–Zn bulk phase diagram close to the
Al melting point is shown [16]. Thick lines denote the liqui-
dus and solidus for bulk (Al) alloys. Open circles in Figs. 4
and 5 denote the positions of minima in DSC curves. The
minimum temperatures for the HPT-samples coincide with
those for the CG alloys.

According to the same standard approach [17], the sol-
idus temperature was defined using the linear tangential
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Fig. 2. Temperature dependence of heat flow (DSC curve) for the Al–
17.5 wt.% Zn samples. After HPT, samples were heated at a rate of
10 K min–1 (upper curve) and 20 K min–1 (lower curve). After these
measurements, the same samples were cooled down and heated again with
the same heating rates as in the first cycle (two curves between upper and
lower curves, the second cycle).

Fig. 3. Bright-field TEM micrograph for the Al–24 wt% Zn alloy after
HPT and one DCS cycle (heating from 20 to 300 �C).
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on the low-temperature side of the melting minimum and
its intersection point with the base line. These intersection
points are marked in Figs. 4 and 5 by open squares (HPT
samples) and open triangles (CG samples). These intersec-
tion points for HPT and CG alloys are very close to each
other (though less close than the minimum points). Both
full and open triangles coincide well with the solidus line
in the Al–Zn bulk phase diagram (Fig. 5). In the standard
case [17], the left-hand side of the DSC minima for the
melting follows the linear tangent almost until the intersec-
tion point with the base line. In the present case, the DSC
line deviates from this tangential. Even more, the shallow
second minimum is visible in DSC curves for the fine-
grained HPT Al–16 wt.% Zn and Al–24 wt.% Zn alloys.
These ‘‘shoulders” positioned to the left of the main DSC
minima reveal the second, weak melting process in the sam-
ples. It is possible to draw the second tangential at lower
temperatures in comparison with the ‘‘main” melting tan-
gential. The intersection points of these second tangentials
are marked in Figs. 4 and 5 by full squares (HPT samples)
and full triangles (CG samples). They lie �10–25 �C below
the bulk solidus line (Fig. 5).

Long annealing of as-cast alloys between 200 and 280 �C
allowed the morphology of Zn particles to be determined.
In Fig. 6, the SEM micrograph is shown for the Al–
24 wt.% Zn alloy annealed at 200 �C for 4000 h. Zn parti-
cles appear white and the (Al) matrix appears black in
the micrograph. Two types of Zn particles are visible: (1)
lens-like particles 2–10 lm in size arranged in chains; and
(2) small round particles <1 lm in size arranged in arrays
(walls) with thickness �2–3 lm. The EBSD map for the
same sample (Fig. 7) visualizes the grain orientations by
different brightness, and marks the high-angle GB (with
misorientation angle above 10�). The Zn precipitations
appear white in Fig. 7. Big Zn particles are arranged along
the high-angle GB. Chains of small particles are positioned
inside the grains. EBSD revealed that arrays of small,
round precipitates coincide with small-angle GBs (with

misorientation angle between 2� and 5�). The mean contact
angle between lens-like Zn particles and GB (Al)/(Al) can
be estimated. It is �60�. When the temperature is
increased, the mean contact angle decreases to �30� at
270 �C (temperature slightly below the monotectoid tem-
perature of 277 �C) but remains above zero.

4. Discussion

The TEM investigations reveal that, as observed earlier
[3–6], in the as-cast Al–Zn alloys about half the Zn is in the
supersaturated (Al) solid solution. As a result of HPT, the
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Fig. 5. Part of the Al–Zn phase diagram. Thick lines mark the bulk
liquidus and solidus [16]. Thin lines mark GB solidus. Experimental points
are taken from Fig. 4. s, liquidus temperature; 4, bulk solidus for CG
alloys; h, bulk solidus for fine-grained (HPT) alloys;, N, GB solidus for
CG alloys; j, GB solidus for fine-grained (HPT) alloys.

Fig. 6. SEM micrograph for the Al–24 wt.% Zn alloy annealed at 200 �C
for 4000 h. Zn precipitates appear white. The surrounding (Al) solid
solution appears dark. Two types of Zn particles are visible: (1) lens-like
particles 2–10 lm in size arranged in chains; and (2) small round particles
1 lm in size and lower arranged in arrays (walls).

Fig. 7. EBSD map for the Al–24 wt.% Zn alloy annealed at 200 �C for
4000 h. Zn precipitates appear white. Greyscale visualizes the grain
orientations (angle between the sample plane and <111> axis or the
respective grain). High-angle GBs (misorientation angle >10�) are
represented by thick lines and big brightness contrast. Arrays of small,
round Zn precipitates coincide with small-angle GB (shown by thin lines,
with misorientation angle between 2� and 5�).
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Zn-containing (Al) supersaturated solid solution decom-
poses completely and closely approaches the equilibrium
state corresponding to room temperature (<1 wt.% of Zn
dissolved in Al [16]). The grain size decreases drastically
after HPT. The size of (Al) grains decreases from 500 lm
before HPT to �1 lm after HPT. The size of Zn grains
decreases from 3–5 lm before HPT to 200 nm after HPT.
This was the starting microstructure before the DSC exper-
iments (Fig. 1).

The decomposition is less pronounced for Al–Mg and
Al–Mg–Zn alloys [9,10]. Thus, the severe plastic deforma-
tion of supersaturated solid solutions could be considered
a balance between deformation-induced disordering and
deformation-accelerated diffusion, bringing the alloys clo-
ser to equilibrium. In other words, HPT can be regarded
as a hot deformation at room temperature. SPD leads first
to the formation of lattice defects, including the non-equi-
librium GB. These defects initiate the enhanced diffusion
and lead in turn to the equilibration of phases during
SPD. Zn has higher bulk and GB diffusivity in Al com-
pared with Mg. As a result, the decomposition of Al–Zn
supersaturated solid solution proceeds earlier than that of
Al–Mg or Al–Zn–Mg supersaturated solid solutions
[9,10]. The steady state is already reached in Al–Zn during
HPT after one anvil torsion.

In DSC, the rate of heat absorption or emission dQ/dt

by the sample is measured as a function of temperature.
In the absence of any significant thermal events, the posi-
tion of the baseline in such a plot is proportional to the spe-
cific heat of the sample [18]. The presence of an
endothermic peak superimposed on the baseline indicates
the occurrence of a heat-absorbing event, such as melting
or species dissolution. However, an exothermic peak can
occur as a result of some sort of heat-releasing event, such
as solidification or precipitation. The area under a peak is
proportional to DQ, the heat absorbed or released by the
sample over the temperature range of the peak. During
the heating of HPT-deformed fine-grained alloys, only
one endothermic process was observed around 270 �C
(Fig. 2, upper and lower curves). The minimum shifted
slightly from 263 �C to 270 �C with an increase in heating
rate from 10 to 20 K min�1. These temperatures are slightly
below the monotectoid temperature of 277 �C in the Al–Zn
system [16]. Therefore, the minimum in a DSC curve can be
attributed to the complete dissolution of Zn grains and the
formation of (Al) solid solution. After the first heating
cycle, the (Al) grains increase from 1 lm before heating
cycle to �10–30 lm after heating to 300 �C. The Zn grains
disappear (Fig. 3). They almost fully dissolve in (Al) grains.
Repeated heating of samples after the first heating cycle no
longer reveals the deep minimum (Fig. 3, the curves in the
middle). This is because the (Al) solid solution is almost
completely formed during the first heating cycle. Both the
second cycle curves in Fig. 3 are slightly concave. This
can be explained by further equilibration of the (Al) solid
solution, as Zn is not uniformly distributed in (Al).
Usually, when the supersaturated Zn-rich Al-based solid

solution decomposes, the particles of an equilibrium
b(Zn) phase do not appear immediately in the bulk: the
pre-precipitates and metastable phases with increasing Zn
content appear one after the other. The usual sequence is:
Guinier–Preston (GP) I zones (spherical pre-precipitates
coherent with Al-matrix) ? GP II zones (semi-coherent
ellipsoidal pre-precipitates) ? rhombohedral distorted fcc
aR phase ? distorted fcc am phase ? b(Zn) equilibrium
phase [19]. The solvus lines for the formation of these meta-
stable phases lie in the (Al) + b(Zn) two-phase area of the
Al–Zn phase diagram below the stable solvus line for the
formation of the b(Zn) equilibrium phase [20]. Below these
metastable solvus lines is the line for the spinodal decom-
position [20]. The DSC curves for the aged Al–Zn alloys
contain one to three overlapping endothermal peaks for
the dissolution of GP zones and a phases [20–24]. These
peaks lie at temperatures between 70 and 170 �C, i.e., well
below the stable solvus line and the position of endother-
mal peak in the present work (Fig. 2). The total thermal
effect at a heating rate of 20 K min�1 is between 8 and
12 J g�1 in the Al–15 wt.% Zn alloy [20], �5.9 J g�1 in
the Al–10 wt.% Zn alloy, and quite small at 0.8 J g�1 in
the Al–5 wt.% Zn alloy [21]. The temperature of the disso-
lution peak also decreases in this sequence. Using the Al–
13.5 wt.% Zn alloy, Hirano and Hori [23] determined the
dissolution enthalpies of 7.3 and 5.9 J g�1 for the GP(I)
and GP(II) zones formed at 70 and 160 �C, respectively.
In the present case, HPT leads to full decomposition of
the supersaturated solid solution and to the formation of
the equilibrium b(Zn) phase. As a result, the dissolution
of this phase proceeds at a higher temperature (close to
270 �C) and with a higher thermal effect of 18.15 J g�1 than
that of the dissolution of metastable phases in the Al–Zn
alloys (70–170 �C and 0.8–12 J g�1).

It must be emphasized that no exothermal peaks were
observed in the DSC curves for the aged or HPT-deformed
Al–Zn alloys either in the present work (Fig. 2) or in the
literature [20–24]. The situation is more complicated in
the Al–Zn–Mg alloys containing other additives such as
Cu, Zr or Sc [13,14,21,25–27]. The supersaturated solid
solution transforms in such alloys (with or without forma-
tion of GP zones) to the metastable g phase and then to the
stable g(MgZn2) phase. As a result, a complicated sequence
of endothermal and exothermal peaks can be observed in
the DSC curves. Nevertheless, the heat effect of the
endothermal dissolution of the metastable phase is
�5–11 J g�1 [13,14,21,25] and is, therefore, always lower
than the effect of full Zn dissolution in this work
(18.15 J g�1). However, the thermal effect of full dissolu-
tion of the stable g(MgZn2) phase is �20 J g�1 and higher
[14,25] and is comparable with the thermal effect of full dis-
solution of the equilibrium b(Zn) phase in the Al–Zn alloys
after HPT (Fig. 2). The heating processes shown in Fig. 2
finish at 300 �C, i.e., in the one-phase solid solution area
of the Al–Zn system [16]. Note that the equilibration
processes (such as precipitation by the decomposition of
supersaturated solid solution or coarsening of the lamellar
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structure) proceed discontinuously in the Al–Zn system,
namely by the migration of GB between supersaturated
grains and fine-lamellar (Al) + Zn colonies, or between
fine-lamellar and coarse-lamellar areas [28–30]. This pro-
cess is controlled by GB diffusion.

Most probably, GB diffusion accompanied by the for-
mation of non-equilibrium vacancy fluxes during the
severe torsion is responsible for the quick decomposition
of the Al–Zn supersaturated solid solution [9]. In Al–Zn
alloys, the supersaturated solid solution with a concentra-
tion of �12 wt.% completely decomposes after 300 s of
HPT at room temperature. The supersaturation is the driv-
ing force for the bulk and GB diffusion of Zn from the
solid solution to the sinks being the particles of (Zn).
The diffusion paths for the individual Zn atoms would be
�800 nm. It corresponds to the bulk diffusion coefficients
of 10�15 m2 s�1. The extrapolation of the tracer diffusion
data for bulk diffusion of Zn in Al [31,32] to room temper-
ature delivers the value D (300 K) = 10�23 m2 s�1. This is
�8 orders of magnitude less than the value estimated from
the diffusion path of the actual solid solution decomposi-
tion during HPT. The mean distance between Zn particles
in the nanostructured Al–30 wt.% Zn alloy is �2 lm. This
means that each particle collected the Zn atoms from the
surrounding with radius (diffusion path) of �2 lm. This
area includes several (Al) grains and many (Al) GB. The
transport of Zn from the (Al) matrix can be controlled
by GB diffusion of Zn atoms along (Al) GB. Suppose that
the moving GB during HPT swept each Zn atom in the
bulk at least once, and then bulk diffusion towards a GB
does not have to be considered. In this case, the path for
GB diffusion would be roughly 1 lm, yielding an sDd value
of 1.5 � 10�24 m3 s�1 for a GB thickness d = 0.5 nm and a
segregation factor s = 1. The extrapolation of Zn GB
diffusion data in Al polycrystals and bicrystals obtained
by various methods [33–36] to room temperature yields
the sDd values between 10�29 and 10�24 m3 s�1. If GB dif-
fusion is so effective, why does the supersaturated solid
solution not decompose without any HPT? The reason is
the low bulk diffusivity. The solute atoms are frozen in
the bulk and cannot reach the GB. During HPT, GB move
and cross every element of the volume many times, sweep-
ing in such a way the ‘‘frozen” solute atoms. This mecha-
nism is to a certain extent opposite to the well-known
diffusion-induced grain boundary migration (DIGM).
Therefore, the explanation for the quick decomposition
of the supersaturated (Al) solid solution can be the forma-
tion of the non-equilibrium vacancies during deformation
and their migration to the sinks. Early estimations of
vacancy production during cold work were made based
on data for residual resistivity measurements [37]. From
the residual resistivity per Frenkel pair, deduced from
irradiation experiments, it was concluded that atomic
concentrations of 10�5–10�4 are reached for strains e � 1
[38,39]. Therefore, even a strain of e � 1 produces a
vacancy concentration comparable with the equilibrium
value at melting point (�10�4 [37]).

DSC curves measured in Al-based alloys usually finish
below the melting temperature [18–27]. The beginning of
melting can be seen only in the DSC curves obtained on
the ECAP-deformed Al-7034 and Al-2024 alloys [13,14].
The thermal effect of the melting in the present samples is
between 183 and 310 J g�1 (Fig. 4). It is �10–20 times
higher than the relatively small heat of Zn dissolution in
(Al)-matrix (Fig. 2) and �40% lower than the heat of melt-
ing of pure Al (399.9 ± 1.3 J g�1 [40] and 401.3 ± 1.6 J g�1

[41]). The present data are close to the melting heat of Al–
34 wt.% Mg–6 wt.% Zn alloy studied as the materials for
latent heat storage [42]. In the freshly prepared Al–
34 wt.% Mg–6 wt.% Zn alloy, the melting heat was
329 J g�1. However, it decreased to 292 J g�1 after multiple
melting–solidification cycles [42].

The main unusual result obtained in this work is that the
melting of the Al–Zn alloys studied (especially that of fine-
grained HPT ones) proceeds in two stages (Fig. 4). The
small endothermic satellite peak is visible at temperatures
just below the main endothermic melting peak. It becomes
weaker with increasing grain size. The heat of this process
can be estimated as �15–25% of the whole thermal effect of
melting. This phenomenon can be explained by the exis-
tence of the GB solidus line below the bulk solidus line
in the Al–Zn system. In other words, the layer of GB
liquid-like phase is present in Al–Zn alloys just below the
solidus line. The structural indications of such GB liquid-
like phase were observed in Al–Zn alloys by TEM [6].
The GB liquid-like phase drastically influences the GB dif-
fusivity [5,8], GB segregation [7], GB mobility [43], GB
energy and electrical resistivity [44,45]. According to the
theory of pre-melting or pre-wetting phase transitions,
the thin GB liquid-like layer appears by the intersection
of the GB solidus line, and its thickness logarithmically
increases by approaching from the GB solidus to the bulk
solidus line [46,47]. At the bulk solidus line, the GB liquid-
like phase transforms into a conventional liquid phase, and
its thickness becomes macroscopic (i.e., a few microns). If
the thickness of the GB liquid layer close to the bulk soli-
dus is �2 lm, and the grain size is �10–30 lm, it leads to
the estimation that �10–25% of the whole volume of the
fine-grained sample is already liquid at the bulk solidus
temperature. The grain size in the as-cast alloys is about
ten times larger than in the HPT alloys heated up to
300 �C. Therefore, the magnitude of the observed GB melt-
ing heat effect in as-cast alloys is much lower than in HPT
samples. However, the starting point of GB melting esti-
mated using the second tangential (Fig. 4) is not very differ-
ent for as-cast and HPT alloys (Fig. 5). If one carefully
compares the DSC melting curves of Al-7034 and Al-
2024 alloys in as-received and ECAP-deformed state, one
can observe that the melting starts a few K earlier after
ECAP (Fig. 2 in Ref. [13] and Fig. 3 in Ref. [14]). The grain
size of Al-7034 and Al-2024 samples immediately after
ECAP (i.e., before the DSC heating) was �0.3 lm [13,14].

The GB solidus line appears in the (Al) single-phase
region of the Al–Zn phase diagram because the GB wetting
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transition by liquid phase proceeds in the (Al)+L two-
phase region [48]. The new metastable GB solidus line
can be compared with the metastable solvus lines for the
formation of GP zones and a phases in the (Al)+Zn
two-phase area. The GB solidus line starts at the intersec-
tion point between the tie-line of the GB wetting phase
transition and the bulk solidus line [49]. It finishes at the
bulk melting point of Al. It was possible to observe the
melting of GB below the bulk solidus by DSC only because
the grain size in the first DSC heating cycle was small
enough. Thus, the application of severe plastic deformation
in the preparation of such samples is very important. The
observed splitting of the solidus line into a conventional
bulk solidus and a novel GB solidus can explain the myste-
rious phenomenon of the high strain-rate superplasticity
(HSRS) observed in several nanostructured Al ternary
alloys and nanostructured Al metal–matrix composites
containing Zn and Mg [3,4,50–58]. The maximum elonga-
tion-to-failure increased drastically from 200–300% to
2000–2500% in a very narrow temperature interval of
�10 �C just below the respective solidus temperatures.
For a very long time, no satisfactory explanation was
offered for this phenomenon.

Owing to the fact that the Al–Zn and Al–Mg systems
are the basis of multicomponent alloys which present
HSRS, and having observed wetting of GB for these sys-
tems, it is suggested that GB pre-melting or pre-wetting is
responsible for the HSRS. In that case, a liquid-like thin
layer would cover the GB, leading to enhanced plasticity
of the materials. Indeed, a GB wetting transition proceeds
in binary Al–Zn and Al–Mg systems [48,59]. Considering
this hypothesis and using results published on HSRS for
Al–Zn–Mg alloys, it could be observed that GB wetting
proceeds in multicomponent alloys as well as in binary sys-
tems [3,4,54–58]. From the micrographs published in [3,4],
the maximum temperature of the GB wetting transition
Twmax = 535 �C was estimated for the 7xxx Al–Mg–Zn
alloys (Fig. 8). Above Twmax, all high-angle GB are com-
pletely wetted by the melt. At 475 �C, �50% of GB are wet-
ted (see Tw50% in Fig. 8). Unfortunately, the micrographs
of the Al–Mg–Zn alloys published in Refs. [3] and [4] do
not enable one to estimate Twmin < Tw50%. The hypotheti-
cal GB solidus lines are shown in Fig. 8. They start from
the intersection of GB wetting tie-lines Twmax and Tw50%

with the bulk solidus and finish at the melting point of
Al. The scheme in Fig. 8 demonstrates that, at higher tem-
peratures close to the bulk solidus line, more GBs in the (S)
area are liquid-like than at lower temperatures. It can be
seen that maximum elongation-to-failure values observed
in [3,4,50–58] can be explained by the shape of GB solidus
lines and, therefore, by the presence of GB liquid-like lay-
ers. At lower Zn and Mg concentrations, the maximum
elongation-to-failure values were well below bulk solidus
temperature. It corresponds to the high amount of GB
completely wetted in the S+L area and, respectively, a high
amount of GB having a liquid-like layer in the S area. With
increasing Zn and Mg concentration, the maximum of

elongation-to-failure values first merges with the bulk soli-
dus lines, and then HSRS disappears. This is because the
amount of GB completely wetted in the S+L area and of
GB with a liquid-like layer in the S area decreases with
increasing Zn and Mg concentration. One of the possible
mechanisms for superplasticity is GB diffusion. According
to the Dorn equation for secondary creep strain rate, it is
proportional to the diffusion coefficient controlling the
superplasticity process [60]. In [3,4,50–58], the strain-rate
increases �2 to 10 times close to the solidus line. By cross-
ing the GB solidus line, the GB diffusivity increases by one
to two orders of magnitude [5,7,8]. The GB mobility, which
is also controlled by the mobility of GB atoms, increases
�10 times [43]. Therefore, such an increase can easily
explain the onset of HSRS in the fine-grained Al-based
alloys [3,4,50–58]. Therefore, it is concluded that GB pre-
melting or pre-wetting can be the reason for the HSRS in
the nanostructured 7xxx alloys. In [3,4,50–58], the nano-
composites were produced by ball milling and consolida-
tion. However, the nanograined alloys obtained by
various SPD methods are most promising from the point
of view of their mechanical properties, especial their ability
in superplastic forming (for a review, see Ref. [61]).

In Ref. [62], the GB wetting phase transformation was
experimentally observed for the first time when GB was
wetted not by a liquid, but by a second solid phase. In this
work, the microstructure of Zn–10 wt.% Al polycrystals
was studied in the temperature range 250–375 �C. The
Al-rich phase formed either chains of separated lens-like
precipitates or continuous layers at the (Zn)/(Zn) GB upon
annealing at different temperatures. The contact angle at
the intersection between the (Al)/(Zn) interphase bound-
aries and the (Zn)/(Zn) GB decreased with increasing tem-
perature. It became zero at a certain temperature, and
remained zero above this solid state wetting temperature,

Fig. 8. Pseudobinary phase diagram for 7xxx Al–Zn–Mg alloys (thick
lines), containing GB wetting phase transition tie-lines at Twmax and Tw50%

(thin lines). Hypothetical GB solidus lines are also shown. Experimental
points are taken from Refs. [3,4,54–58]. S marks the one-phase area of
solid solution. L marks the one-phase area of liquid. S+L marks the
two-phase area where liquid and solid phases are in equilibrium.
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i.e., a continuous (Al) layer covered the (Zn)/(Zn) GB. The
fraction of wetted GB increased with increasing tempera-
ture and was independent of annealing time. From this
work, a very interesting question arises, whether the oppo-
site is true, i.e., can the (Al)/(Al) GB be completely wetted
by a layer of Zn? It is a logical hypothesis, as the liquid Al–
Zn phase wets (Al)/(Al) GB in solid Al polycrystals [62].
The experiments conducted in this work inevitably wit-
nessed that the Zn particles remain lens-like in all observed
(Al)/(Al) GBs between 200 and 270 �C. The contact angles
of Zn precipitates in high-angle (Al)/(Al) GB are low, and
decrease with increasing temperatures (Fig. 6), but remain
non-zero up to the temperature of monotectoid transfor-
mation (277 �C [16]). Therefore, full wetting of (Al)/(Al)
GB by the Zn solid phase does not occur in the Al–Zn
system.

5. Conclusions

1. HPT of as-cast Al–Zn alloys leads to full decomposition
of supersaturated (Al) solid solution. The size of both
(Al) and Zn grains becomes 10–100 times smaller than
in the as-cast state.

2. By the heating of HPT-deformed samples from room
temperature to 300 �C, Zn grains dissolve, and equilib-
rium (Al) solution forms. (Al) remains relatively fine
grained. The quick dissolution of Zn is ensured by the
very fine-grained structure obtained by HPT, and pro-
ceeds close to the equilibrium solvus temperature, i.e.,
�100–200 �C higher than the dissolution of metastable
GP zones and a phases.

3. The heat of Zn dissolution in (Al) is about two to three
times higher than the heat of dissolution for metastable
GP zones and a phases in Al–Zn alloys, but it is compa-
rable with the heat of full dissolution for the stable
g(MgZn2) phase in Al–Zn–Mg alloys.

4. The satellite endothermic DSC peak is observed below
the main melting peak. It is more pronounced in HPT-
deformed fine-grained alloys. Melting of the fine-grained
(Al) solid solution starts below the bulk solidus line. It
can be explained by the presence of layers of liquid-like
phase in the (Al) GB between bulk and GB solidus lines.
The GB solidus line appears in the (Al) single-phase
region of the Al–Zn phase diagram, because the GB wet-
ting transition by liquid phase proceeds in the (Al)+L
two-phase region.

5. The formation of liquid-like GB layers close to the solidus
temperature explains the phenomenon of high strain-rate
superplasticity observed in several nanostructured Al ter-
nary alloys and nanostructured Al metal–matrix compos-
ites containing Zn and Mg, in a very narrow temperature
interval under the bulk solidus lines. This phenomenon
remained unexplained for a long time.

6. Below the monotectoid temperature, i.e., in the (Al)+Zn
two-phase area of the bulk phase diagram, the contact
angles of Zn precipitates in high-angle (Al)/(Al) GB

decrease with increasing temperature, but remain non-
zero. Therefore, full wetting of (Al)/(Al) GB by the Zn
solid phase does not occur in the Al–Zn system.
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[59] Straumal BB, López G, Mittemeijer EJ, Gust W, Zhilyaev AP. Def
Diff Forum 2003;216–217:307.

[60] Cahn RW, Haasen P, editors. Physical Metallurgy. North-Holland,
Amsterdam; 1996. p. 1964.

[61] Valiev RZ, Langdon TG. Prog Mater Sci 2006;51:881.
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