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Abstract: The complete and incomplete wetting of (Al) / (Al) grain boundaries by the melt L is observed in the (Al)+L two-
phase region of the Al-Cu phase diagram. Already slightly above the eutectic transformation temperature, approximately 20 % 
of the (Al) / (Al) GBs in the polycrystal are completely wetted by the melt. Their fraction increases with increasing temperature 
and reaches 100 % at a temperature of 600°C. Above this temperature, all (Al) / (Al) GBs remain completely wetted by the 
melt L. In the (Al)+Al2Cu two-phase region of the Al-Cu phase diagram the particles of the second solid phase Al2Cu (θ-phase) 
are observed in the (Al) / (Al) GBs and in the bulk. The Al2Cu precipitates form a nonzero (and rather large) contact angle 
with (Al) / (Al) GBs. Thus, the complete wetting of the (Al) / (Al) GBs by the second solid phase Al2Cu is not observed in the 
Al-Cu system. From this point of view, the Al-Cu alloys differ from the previously studied Al-Mg and Al-Zn alloys where the 
(Al) / (Al) GBs can be completely wetted by the second solid phase (Al3Mg2 and (Zn), respectively).
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1. Introduction

If you put a small amount of liquid on a large solid flat 
substrate, then two different situations are possible in 
principle. In the first case, the liquid forms small droplets 
on the substrate. In this case, the contact angle θ between 
the liquid surface and the substrate is not zero. This situation 
is called incomplete wetting. In the second case, the liquid 
completely spreads over the substrate. Then the contact 
angle θ is formally zero. This is a complete wetting of the 
substrate with liquid. In 1977, Cahn, as well as Ebner and 
Saam showed that with a change in temperature, a transition 
from incomplete to complete wetting is possible at a certain 
temperature Tw [1, 2]. Moreover, this transition at Tw is, 
from a thermodynamic point of view, a true surface phase 
transition. Subsequently, the wetting phase transitions 
attracted a lot of attention from researchers [3]. In addition, 
it was found that wetting phase transitions can also occur 
at interfaces, in particular at grain boundaries (GBs) [4]. In 
the case of incomplete wetting (see diagram in Fig. 1a), the 
liquid phase forms separate droplets at GBs with a non-zero 
contact angle θ. In the case of complete GB wetting by the 
melt (see diagram in Fig.  1b), the liquid phase completely 
separates the solid grains from each other and θ = 0. It is 
essential that the second phase can be not only liquid, but 

also solid [5]. The thermodynamic scheme of incomplete and 
complete wetting does not differ for GB wetting by melt and 
by the second solid phase. However, the kinetics of achieving 
equilibrium is different. If the wetting phase is liquid, then 
equilibrium can be achieved within a few minutes. If the 
wetting phase is solid, then several months of annealing may 
be required to achieve equilibrium.

Subsequently, the GB wetting phase transitions became 
a popular object of research [6 – 8]. In particular, it was 

	             a				    b
Fig.  1.  A diagram showing incomplete and complete GB wetting by 
the second phase. With incomplete wetting (a), the second phase 
forms particles at the grain boundaries with a contact angle θ not 
equal to zero. In the case of complete wetting (b), the second phase 
is distributed along the boundaries and completely separates the 
grains of the matrix from each other. The contact angle in this case 
is θ = 0.
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found that since the GB energy significantly depends on 
GB crystallographic parameters, the temperature Tw of the 
wetting phase transition can vary in a wide range. Below a 
certain temperature of Tw min (being minimum wetting phase 
transition temperature) all grain boundaries are incompletely 
wetted, but above the maximum wetting temperature of 
Tw max, all GBs are completely wetted, and grains are separated 
from each other by a liquid layer. In the range between Tw min 
and Tw max, the portion of fully wetted GBs increases smoothly 
from zero to 100 %. GB wetting phase transitions significantly 
affect a number of technological processes, such as severe 
plastic deformation and friction plunge welding [9,10]. 
Depending on how the second phase is distributed along the 
boundaries (in the form of particles or continuous layers), for 
example, the mechanical or magnetic properties of materials 
can also change [11,12]. Grain boundary wetting phenomena 
were observed in steels [13 –15], in titanium-based alloys 
[16 –18], in tin alloys [19, 20], in copper alloys [21– 24], in 
lithium alloys [25], in WC-Co cemented carbides [26, 27], 
in magnesium alloys [11, 28], in materials for permanent 
magnets based on the Nd-Fe-B system [12, 29], as well as in 
multicomponent high-entropy alloys [30, 31].

Aluminum-based alloys play a special role in modern 
technologies. They are used in a huge variety of products. 
It is not surprising that the phenomenon of GB wetting has 
been studied in detail in aluminum-based alloys [32 – 34], 
in Al-Zn alloys [35 – 42], including those after severe plastic 
deformation, as well as in Galfan Zn-5 wt.% Al alloys for the 
protective coatings [5, 43 – 49]. At the same time, aluminum-
copper alloys have not been studied sufficiently [50, 51]. Only 
the “wormlike coarse Al2Cu particles” were observed in the 
annealed Al-33.2 wt.% Cu alloy modified with γ-Al2O3 [50] 
or ZrB2 particle clusters [51]. Therefore, the purpose of this 
work was to study the GB wetting in the aluminum-copper 
system, both by melt and by the second solid phase of Al2Cu 
(θ-phase, see the phase diagram in Fig. 2 a).

2. Materials and methods

The Al-Cu alloys with 1, 2, 4 and 6 wt.% Cu (Fig. 2) were 
prepared from the high-purity 5N Al and 5N5 Cu using the 
vacuum induction melting. The ∅10 mm cylindrical Al-Cu 
ingots were cut using the spark erosion into 2  mm thick 
disks. Each disk was sealed into evacuated silica ampoule 
with a residual pressure of approximately 4×10−4 Pa. Samples 
were annealed at temperatures between 300 and 610°С (see 
experimental points in the Al-Cu phase diagram, Fig.  2). 
The accuracy of the annealing temperature was ±2°C. Green 
circles between 550 and 610°С in Fig. 2 show the experimental 
points in the (Al)+L area of the phase diagram. These samples 
were annealed for 15 min each and then quenched in water 
at 20°С. Red circles between 300 and 500°С in Fig. 2 show 
the experimental points in the area of the phase diagram 
where solid solution (Al) and the second solid θ-phase Al2Cu 
are in equilibrium. These samples were subjected to long-
term annealing (for 2000 h at 400°C and for 600 h at 610°С), 
and then quenched in water. After quenching, samples were 
embedded in resin. Then they were mechanically ground 
and polished for the metallographic study, using 1  µm 
diamond paste for the last polishing step. The samples were 

investigated using scanning electron microscopy (SEM) or 
(after additional etching) by means of the light microscopy 
(LM). SEM characterization has been carried out on a Vega 
TS5130 MM (Tescan) microscope equipped with the LINK 
energy-dispersive spectrometer (Oxford Instruments). The 
energy-dispersive spectroscopy was used to determine the 
composition in various points of the annealed and quenched 
samples. Light microscopy has been performed using 
Neophot-32 LM equipped with 10 Mpix Canon Digital 
Rebel XT camera. The quantification of the grain boundary 
wetting transition was performed adopting the following 
criterion. Each Al / Al GB was considered to be completely 
wetted if a layer of Al2Cu θ-phase had covered the whole GB. 
If the Al / Al GB contains the separated particles of Al2Cu 

			        a

			        b
Fig.  2.  (Color online) A section of the aluminum-copper phase 
diagram for aluminum-rich alloys (a). The experimental points 
for annealing in the region of the phase diagram, where the solid 
solution (Al) and the solid Al2Cu θ-phase are in equilibrium, are 
shown by red circles. The experimental points in the region of the 
phase diagram, where the aluminum-based solid solution (Al) and 
the melt  L are in equilibrium, are shown by green circles. Solid 
thick lines show the boundaries of the existence of bulk phases. 
A thin horizontal tie-line at Tw max = 600°C shows the maximum 
temperature of the grain boundary wetting phase transition. Above 
Tw max the alloy contains completely wetted grain boundaries.  
Temperature dependence of the fraction of (Al) / (Al) grain 
boundaries completely wetted by the copper-containing melt (b).
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θ-phase, the GB was regarded as an incompletely wetted. 
At least 100 GBs were analysed at each temperature. Typical 
micrographs obtained by SEM are shown in Figs. 3 and 4.

3. Results and discussion

3.1. Wetting of Al / Al GB by the Cu-rich melt

Figure 3 shows micrographs of samples annealed above the 
temperature of eutectic decomposition of the melt L into a 
solid solution of copper in aluminum (Al) and intermetallic 
phase Al2Cu (θ-phase). The corresponding experimental 
points are indicated in Fig. 2 by green circles. The aluminum 
matrix (Al) looks dark in these micrographs, it contains a 
little amount of copper (see Table  1). The areas that were 
liquid during annealing look light in the micrographs in 
Fig. 3. They contain an amount of copper that approximately 
corresponds to the composition of the melt on the liquidus 
line during annealing (see Table 1). During quenching, these 
areas solidified in accordance with the eutectic reaction 
L → (Al) + Al2Cu. Therefore, at high magnification (Fig. 3 d), 
it is clearly visible that they are fine-crystalline eutectic 
containing Al2Cu intermetallic phase, which looks light, and 
small plates of solid solution (Al).

After annealing at a temperature of 550°C (Fig.  3 a), 
slightly exceeding the temperature of the eutectic 
transformation, the melt consisted of equiaxed particles 
in the volume of (Al) grains, as well as elongated lenticular 
particles in the grain boundaries (Al) / (Al). These GBs were 
not completely wetted. In addition, the continuous melt 
layers are located at some (Al) / (Al) boundaries. These GBs 
were completely wetted by the melt. In Fig. 3 b, the symbols 
PW and CW show, respectively, such partially and completely 
wetted GBs. Thus, the GBs completely wetted by the melt, 
although in small portion, appear in the sample already at 
a temperature almost identical to the eutectic one. This 
means that in the aluminum-copper system, it is impossible 
to plot a minimum wetting phase transition tie-line at Tw min 
in the phase diagram, below which only incompletely wetted 
boundaries are observed in the polycrystal. After annealing at 
a temperature of 580°C (Fig. 3 b), the number of completely 
wetted GBs increases, and the number of partially wetted 
boundaries decreases compared to a temperature of 550°C. 
At a temperature of 600°C (Fig. 3 c, d), all grain boundaries 
are completely wetted by the melt, and the number of melt 
particles in the grain volume is small.

Figure  2 b shows the temperature dependence of the 
fraction of grain boundaries (Al) / (Al) completely wetted 
by the melt containing copper. This portion increases with 
increasing temperature from about 20 % at 550°C to 100 % at 
600°C. Thus, starting from this temperature and above it, all 
(Al) / (Al) GBs are completely wetted by the melt. This means 
that the Tw max temperature in this system is 600°C.

Thus, we observe that the portion of completely wetted 
Al / Al GBs in the aluminum-copper system increases with 
increasing temperature until it reaches 100 % at a temperature 
of 600°C. The transition from incomplete GB wetting by the 
melt to the complete one, as a rule, occurs with increasing 
temperature (as for example in aluminum-tin [52], copper-
indium [53] or zinc-tin [20] systems). This is due to the fact 

that the entropy of the melt is always higher than the entropy 
of the solid phase. Therefore, the temperature dependence 
of the free energy of the two interfaces between the solid 
and liquid phases decreases with increasing temperature 
faster than the GB free energy. This means that GBs coexist 
in equilibrium contact with the melt at lower temperatures 
and disappear, being replaced by a melt layer, with increasing 
temperature.

We observed earlier that the portion of GBs completely 
wetted by the melt increases with increasing temperature 
in polycrystals of copper-silver [54], copper-cobalt [55], 
copper-indium [53], aluminum-zinc [24], aluminum-
magnesium [34], magnesium-REM (ZEK100 alloy [11] and 
EZ33A alloy [56]), NdFeB [29]. At the same time, in most of 
these systems, both the maximum Tw max and the minimum 
GB wetting transition temperature Tw min were observed 
[11, 24, 34, 53 – 56]. In this case, when a melt appears in the 
system with an increase in temperature, at first there are no 
completely wetted GBs below Tw min. In this work, we observe 
that already just above the eutectic temperature of 550°C, the 

Table  1.  Concentration of copper in the (Al) solid solution and in the 
Cu-rich GB layers in the Al-4 wt.% Cu alloy after annealing at 610°C.

	            a			                    b

	            c			                    d
Fig.  3.  SEM micrographs of Al-Cu samples annealed above the 
temperature of eutectic decomposition of the melt L into a solid 
solution of copper in aluminum (Al) and intermetallic Al2Cu 
(θ-phase). 550°C (a), 580°C (b), 600°C (c, d). The aluminum matrix 
(Al) looks dark in these micrographs, and the areas that were liquid 
during annealing look light in micrographs. During quenching, 
these areas solidified in accordance with the eutectic reaction 
L → (Al) + Al2Cu. Therefore, at high magnification (Fig. 3 d), it can be 
seen that they are a fine-plate eutectic made of Al2Cu intermetallic 
phase, which looks light, and small plates of solid solution (Al). 
The symbols in Fig. 3 b show partially (PW) and completely wetted 
(CW) GBs.

Temperature,  
°C

Cu content in (Al),  
wt.%

Cu content in GB layers, 
wt.%

610 2 34
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completely wetted GBs immediately appear in polycrystals, 
about 20 % of them (see Fig.  2 b). From this point of view, 
the Al-Cu system resembles the NdFeB-based alloys [29] 
and EZ33A alloy [56], where, too, after crossing the eutectic 
temperature the completely wetted GBs immediately appear. 
From the thermodynamic point of view, it means that the 
energy of solid / liquid interphase boundaries is especially low, 
and the high-energy GBs become completely wetted already 
by the first portions of the melt.

3.2. Wetting of Al / Al GB by the second solid 
θ-phase Al2Cu

Figure 4 shows micrographs of samples annealed below the 
temperature of eutectic decomposition of the melt L into a 
solid solution of copper in aluminum (Al) and intermetallic 
phase Al2Cu (θ-phase). The corresponding experimental 
points are indicated in Fig. 2 by red circles. The aluminum 
matrix (Al) looks dark in these micrographs, it contains 
from 1 to 6 wt.% Cu (see Table 2). This concentration follows 
the solvus line in the Al-Cu phase diagram (Fig.  2). The 
areas of the Al2Cu (θ-phase) look light in the micrographs 
in Fig.  4. The concentration of copper in θ-phase after 
annealing at different temperatures is given in Table  3. At 
low temperatures the area of existence of intermetallic Al2Cu 
phase is very narrow, and it contains exactly 33.1  at.% Cu 
at 390°C. Close to the eutectic temperature, the area of 
existence of intermetallic Al2Cu phase becomes broader. 
Therefore, it contains 32.2 at.% Cu at 460°C and 32.0 at.% Cu 
at 500°C (see Table 3).

θ-phase particles are present both in the grain volume 
and in the (Al) / (Al) GBs. When the annealing temperature 
increases, the number of particles in the grain volume 
decreases. The particles in the volume are rounded having 
almost spherical shape. The particles in GBs are elongated 
and have almost spherical lenticular shape. The contact angle 
that the θ-phase particles form with the (Al) / (Al) GBs is not 
zero. It is quite large and varies slightly with the annealing 
temperature. This means that in the studied temperature 
range, there is no complete wetting of the (Al) / (Al) GBs by 
the second solid phase. Thus, in the two-phase region of 
the volumetric phase diagram aluminum-copper (Fig.  2 a) 
there are no new lines for wetting phase transitions of grain 
boundaries (Al) / (Al) by the second solid phase Al2Cu.

Thus, the aluminum-copper system differs significantly 
from the previously studied aluminum-zinc and aluminum-
magnesium alloys in terms of GB wetting by the second 
solid phase [24, 57, 58]. For example, in the Al-Mg alloys, the 
second solid phase Al3Mg2 can completely wet (Al) / (Al) GBs 
[24, 57]. At temperatures below Tw min = 220°C, there are no 
(Al) / (Al) GBs completely wetted with the second solid phase 
in the Al-Mg polycrystals. The fraction of completely wetted 
(Al) / (Al) GBs increases with increasing temperature and 
reaches 100 % at 410°C. At temperatures above Tw max = 410°C, 
all (Al) / (Al) GBs are completely wetted with the second solid 
phase Al3Mg2. In the Al-Zn system, on the contrary, at higher 
temperatures above Tw min = 205°C, there are no (Al) / (Al) 
GBs completely wetted with the second solid phase (Zn) 
[24, 57]. They appear at temperatures below Tw min = 205°C. 
Their fraction, on the contrary, increases with decreasing 
temperature and reaches 100 % at Tw max =125°C. We should 
also underline that the amount of second phase (liquid or 
solid) does not change the thermodynamic conditions for the 
complete or partial GB wetting. However, if the amount of 
the wetting phase is high, its layer can surround the matrix 
grains even if the contact angles are small but non-zero 
[53]. This phenomenon was called the apparently complete 
wetting [53]. However, it is not our case in this work since the 
experimental points (Fig. 2) are quite close to the solidus and 
solvus lines and, therefore, the portion of the wetting phase 
is low.

4. Conclusions

In the Al-Cu system, the complete and incomplete wetting 
of (Al) / (Al) grain boundaries by the melt  L. is observed. 
In the (Al)+L two-phase region of the Al-Cu phase 
diagram, already slightly above the eutectic transformation 
temperature, approximately 20 % of the (Al) / (Al) GBs in the 
polycrystal are completely wetted by the melt. Their fraction 
increases with increasing temperature and reaches 100 % at a 
temperature of 600°C. Above this temperature, all (Al) / (Al) 
GBs remain completely wetted by the melt L.

In the (Al)+Al2Cu two-phase region of the Al-Cu phase 
diagram the particles of the second solid phase Al2Cu 
(θ-phase) are observed in the (Al) / (Al) GBs and in the bulk. 
The Al2Cu precipitates form a nonzero (and rather large) 
contact angle with (Al) / (Al) GBs. Thus, the complete wetting 
of the (Al) / (Al) GBs by the second solid phase Al2Cu is not 
observed in the Al-Cu system.

	           a			                  b
Fig.  4.  SEM micrographs of Al-Cu samples annealed below 
the temperature of eutectic decomposition of the melt L into 
a solid solution of copper in aluminum (Al) and intermetallic 
Al2Cu (θ-phase). Al-4 wt.% Cu alloy, 400°C (a), Al-6 wt.% Cu 
alloy, 600°C  (b). The aluminum matrix (Al) looks dark in these 
micrographs, and the areas of the Al2Cu (θ-phase) look light in 
micrographs.

Table  2.  Concentration of copper in the (Al) solid solution after 
annealing at different temperatures.

Annealing temperature, °C 300 390 400 420 450 460 500
Cu content in (Al), wt.% 1.1 2.1 2.4 2.5 3.4 4.8 6.2

Temperature, °C 390 460 500
Cu content in θ-phase, wt.% 53.3 52.8 52.6
Cu content in θ-phase, at.% 33.1 32.2 32.0

Table  3.  Concentration of copper in the GB layers of θ-phase after 
annealing at different temperatures.
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