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A B S T R A C T

The melting of coarse- and fine-grained Al–Mg alloys was studied by the differential scanning calo-
rimetry (DSC). The transition from incomplete to complete wetting of grain boundaries (GBs) takes place
in binary Al–Mg alloys. The heat effect of GB wetting manifests itself in the asymmetric shape of the DSC
melting curve. By decreasing grain size (and increasing specific area of GBs) the GB “shoulder” in DSC
curve becomes more pronounced. Basing on DSC data, the position of GB solidus (or premelting) line for Al–Mg
alloys has been estimated. Contrary to the Al–Zn alloys, the difference between bulk and GB solidus does not
exceed 2 °C.

1. Introduction

The Al–Mg alloys play an important role in the technology of light
alloys due to their high strength and ductility [1]. It is possible to
further improve the mechanical properties of Al–Mg alloys by
tailoring their grain size and, consequently, the specific area of grain
boundaries (GBs) [2–7]. The transition from incomplete to complete
wetting of Al/Al GBs by the melt or by the second solid phase Al3Mg2
has been observed recently in the Al–Mg alloys [8–11]. A GB is
completely wetted if the contact angle between GB and second phase
is zero. In this case second phase has to substitute a GB separating
both grains by a continuous layer. A GB is incompletely wetted
if the contact angle between GB and the second phase is finite. In this
case the GB can exist in the equilibrium contact with the second
phase. Cahn and Ebner and Saam first demonstrated that the
(reversible) transition from incomplete to complete wetting is a true
surface phase transformation [12,13]. Later the wetting phase
transitions were observed also in GBs (see [8,9,14,15] and references
therein).

Already Cahn predicted that if the tie-line of the wetting phase
transition is present in the two-phase area of a phase diagram, this tie-
line cannot finish at the border between two-phase and one-phase
areas (called solidus, solvus or transus) [12]. The wetting tie-line
should continue in a single-phase area of a phase diagram as a line of
so-called prewetting phase transition [12]. Later the continuation of

wetting tie-lines into single-phase area and resulting formation of thin
GB layers of a second phase (called also GB complexions) found a
focused attention both of experimentalists and theoreticians (for review
see [14,16–27]).

The influence of such GB layers on various properties of poly-
crystals is especially pronounced in the micro-, submicro- and nano-
grained materials [28]. Very promising techniques to obtain the bulk
nanograined materials are the 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 sample geometry and permit to strain a material
without its fracture. In our previous works SPD of binary Al–Zn, Al–
Mg and ternary Al–Zn–Mg alloys has been studied [2,29–31]. It has
been demonstrated that during HPT, the supersaturated solid solution
of Zn in Al decomposes completely and closely approaches the
equilibrium state corresponding to the room temperature. As a result,
the thin GB layers of Zn-rich phase form in Al–Zn polycrystals and lead
to the very high room-temperature ductility [28,32]. The processes of
structural changes during SPD are very complicated and have not been
yet fully understood [33–36]. Differential scanning calorimetry (DSC)
permitted us to observe the GB solidus line ~10–25 °C below the bulk
solidus line in binary Al–Zn and Cu–Co alloys [37,38]. However, the
GB solidus line was not visible in ternary Al–Zn–Mg alloys [39].
Therefore, the DSC investigation of GB wetting phase transition in the
Al–Mg system before and after HPT is the goal of this work.
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2. Experimental

The Al alloys with 2.5, 5 and 10 wt% Mg were prepared of high
purity components (99.999% Al and 99.99% Mg) by vacuum induction
melting. As-cast disks of these alloys obtained after sawing, grinding
and chemical etching were subjected to HPT at room temperature
under the pressure of 5 GPa in a Bridgman anvil type unit (5 torsions,
duration of process about 300 s) [40–42]. All samples for structural
and calorimetric investigations were cut from the deformed disks at a
distance of 3 mm from the sample centre. DSC measurements were
performed using the TA Instruments 910 and 1600 calorimeters.
Transmission electron microscopy (TEM) investigations were carried
out using a TECNAI G2 F20 microscope at an accelerating voltage of
200 kV.

3. Results and discussion

In Fig. 1a the bright field TEM micrograph is shown for the Al–
10 wt% Mg alloy after HPT and one 20–400 °C heating cycle in DSC
calorimeter. The average grain size of (Al) solid solution increased from
90 nm before heating cycle to about 500 nm after heating up to 400 °C.
The alloy contains grains of (Al) solid solution with small particles of β-
phase (Al3Mg2) in GBs. It is completely recrystallized, the higher elastic
energy stored in the HPT-processed samples as compared to the as-cast
almost dislocation-free samples fully relaxed after heating. The only
remained difference is the smaller grain size of HPT-treated samples.
The average (Al) grain size in the as-cast Al–10 wt% Mg alloy after
heating from 20 to 400 °C in DSC remains the same (about 50 µm)
(Fig. 1b). The microstructure shown in Fig. 1 was the starting point for
the high-temperature DSC experiments.

Fig. 2 shows DSC curves for the Al–Mg samples with 2.5, 5 and

10 wt% Mg for heating from 20 to 670 °C at a rate of 10 K min–1. Only
the high-temperature part between 400 and 670 °C is shown. For the
Al–Mg alloys with 5 and 10 wt% Mg, curves for both as-cast coarse-
grained and fine-grained HPT-samples are shown. According to the
standard approach to the quantification of DSC curves of the alloys
melting between solidus and liquidus temperatures [43] (these proce-
dures 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 (open circles in Fig. 2). The
measured minima positions for all samples correspond well to the
literature data for the liquidus in the Al–Mg bulk phase diagram (Fig. 3
[44]). In the standard case [43], the left side of the DSC minima for the

Fig. 2. Temperature dependence of heat flow (DSC curves) for the Al–Mg samples: ○,
liquidus temperature; ▲, incomplete wetting of GB for coarse-grained alloys; ■,
incomplete wetting of GB for fine-grained (HPT) alloys; Δ, complete wetting of GB for
coarse-grained alloys; □, complete wetting of GB for fine-grained (HPT) alloys.

Fig. 3. Part of the Al–Mg phase diagram. Thick lines mark the bulk liquidus and solidus
[44]. Experimental points are taken from Fig. 2: ○, liquidus temperature; ▲, incomplete
wetting of GB for CG alloys; ■, incomplete wetting of GB for fine-grained (HPT) alloys;
Δ, complete wetting of GB for CG alloys; □, complete wetting of GB for fine-grained
(HPT) alloys.
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melting follows the linear tangent almost until the intersection point
with the base line. In this work (Figs. 2 and 3), each of DSC curves
deviates from this tangential. The temperatures given by the conven-
tional procedure (i.e., defined using the intersection of the baseline and
the tangential to the left side of the minimum) lie deep in the middle
between solidus and liquidus lines (open squares and open triangles in
Figs. 2 and 3) [45,46]. A kind of broad “shoulder” is visible in the left
part of each melting minimum. Even more, the presence of a
secondary, superimposed, peak (itself with a minimum) may be
guessed from the Figs. 2 and 3 for both as-cast coarse-grained and
fine-grained HPT-samples. Such “shoulder” is more visible in Fig. 2 for
Al–10 wt% Mg alloy. These “shoulders” positions to the left of the main
DSC minimum reveal the second weak melting process in the samples.
It is possible to draw the second tangential at the lower temperature in
comparison with the “main” melting tangential (Figs. 2 and 3). The
temperatures obtained by the intersection of second tangential with a
base line are now close to the values of solidus temperatures (full
squares and full triangles in Fig. 3) [45,46].

It was supposed that this two-stage melting is due to the transition
from incomplete to complete wetting of GBs by the melt. Such
transition was observed both in binary Al–Zn and ternary Al–Zn–Mg
alloys [8,45,47]. During conventional melting, the bulk phase gradually
becomes liquid between solidus and liquidus lines. In this case, the
tangential to the left side of the DSC melting curve intersects the base
line almost in the point where the DSC melting curve starts to come
down from the base line. In case of GB wetting, the first portions of
melted bulk redistribute along GBs in order to wet them and to
separate the remaining solid grain one from another. The heat of the
melting also redistributes to the lower temperatures, the shape of the
DSC melting curve changes, and the tangential shifts to the higher
temperature from the bulk solidus (Figs. 2 and 3). The shape change of
the DSC curve depends on the GB energy spectrum and, therefore, on
the spectrum of GB wetting temperatures Tw. In the extreme case, if the
Tw temperatures group close to the solidus point, the “shoulder” in
melting curve is rather pronounced (like for Al–10 wt%Mg in Fig. 2). If
the Tw temperatures are uniformly distributed, the “shoulder” in
melting curve is less pronounced (like for Al–2.5 wt% Mg and Al–
5 wt% Mg in Fig. 2), and only the shift of the tangential with the base
line indicates the GB melting effect. Thus, when the Al–2.5 wt% Mg
and Al–5 wt% Mg alloys starts to melt, many GBs should become
completely wetted at once. The heat of this GB wetting process is
localized in the narrow temperature interval slightly above the solidus
temperature. For the Al–10 wt% Mg alloy, the solidus temperature is
lower than the minimum temperature of the wetting transition
Twmin=540 °C, and the liquidus temperature is close to the maximum
temperature of the wetting transition Twmax=610 °C (Fig. 3). This
means that all GBs become completely wetted between the solidus
and liquidus temperatures, one after another. As a result, the
“shoulder” in the melting curve for the Al–10 wt% Mg alloy is broader
than that for the Al–5 wt% Mg and Al–2.5 wt% Mg alloys.

In Al–Zn alloys we observed that the melting starts ~10–25 °C
below the bulk solidus line [37]. It means that between GB solidus
(premelting) line and bulk solidus the GB contains the layer of a liquid-
like phase [14,16,17,21,22,25,27,48]. Such layers could ensure the
extremely high superplasticity of Al-based alloys just below the bulk
solidus line [47]. However, in ternary Al–Zn–Mg alloys the melting
starts almost exactly at the bulk solidus line [39]. In this work (Figs. 2
and 3) we also see that the GB solidus line for Al–Mg alloys is very close
to the bulk solidus (no more than 2 °C lower). It means that, most
probably, the addition of magnesium to the Al-based alloys makes the
area between GB and bulk solidus narrower.

4. Summary and conclusions

1. The transition from incomplete to complete GB wetting in binary
Al–Mg alloys manifests itself in the asymmetric shape of the melting

curve measured by DSC.
2. The shape of the “shoulder” in the melting curve depends on the

position of GB wetting tie-lines between the solidus and liquidus
temperatures.

3. In the contrast to the Al–Zn alloys, the GB solidus line for Al–Mg
alloys is very close to the bulk solidus. The difference between them
does not exceed 2 °C.
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