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INTRODUCTION

Wetting of free surfaces and inner interfaces is
important not only for various technologies (oil extrac�
tion, soldering, welding, sintering, water drainage from
roads, effective deposition of pesticides on plant leaves,
etc.) but is also associated with discovering new physical
phenomena [1–9]. Partial or incomplete (Figs. 1a, 1b)
and complete (Figs. 1c, 1d) wetting (IW and CW) of the
surface and/or internal interfaces are distinguished. If
there is a small amount of liquid with CW and the area
of the surface or the grain boundary (GB) is large, then
liquid propagates laterally until both solid grains or solid
substrate and gas would start to interact with one another
through the liquid layer. The latter forms a “pancake”
with thickness es ≈ 2–5 nm in this case [1, 10]:

es = [A/(4πS)]1/2. (1)

Here, S = σsg – σsl – σlg is the spreading coefficient
over a dry solid surface, where σsg, σsl, and σlg are free
energies of solid/gas, solid/liquid, and liquid/gas

interfaces; A is the Hamaker constant [11]. In the case
of complete wetting, A > 0 and S > 0 [10].

In most cases, the immediate transition between
partial (incomplete) wetting (see phase diagram in
Fig. 1g proposed in [2]) and complete wetting, for
example, upon heating [12, 13] or rarefaction [14] is
observed.

However, the state of pseudopartial wetting (PPW),
which is arranged in the phase diagram between IW
and CW (see Fig. 1g), is sometimes observed. In this
case, contact angle θ > 0 and a liquid droplet does not
spread over the substrate; however, a thin (several
nanometers thick) precursor film which separates the
substrate and gas occurs around it (see Fig. 1e). Such a
film is similar to a quasi�liquid “pancake” in the case
of CW and a deficit of the liquid phase (see above, as
well as [15, 16]). Pseudopartial wetting was observed
for the first time on the of free surface [2, 17]; it also
occurs on the GB [3, 4].
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The presence of thin intergrain interlayers for most
GBs and a simultaneous absence of thick wetting melt
layers separating the matrix grains can be extremely
important to monitor the properties of polycrystalline
materials and should be investigated in detail. This is
the goal of our study.

The Al–Zn system is a good object for such inves�
tigations (Fig. 2). In Al–Zn alloys various GB wetting
transitions both of the first and second orders [13] both
by the liquid phase [12–14, 18] and the second solid

phase [19, 20] take place. Thin quasi�liquid interlayers
at GBs and GB triple junctions were observed using
transmission electron microscopy (TEM) [17, 21] and
differential scanning calorimetry [21, 22]. Thus, it is
reasonable to seek the PPW of the GB by the second
solid phase just in these materials.

Unfortunately, the diffusion in Al–Zn alloys is
extremely slow below 200°C, and we could not inves�
tigate the wetting phenomena using usual thermal
annealing for an acceptable period (<6 months).

(a)
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(d)
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Fig. 1. Schematic diagrams illustrating the wetting of free surfaces and GBs. (a, b) Incomplete wetting of (a) the of free surface
(L is the liquid phase, S is the solid phase, and G is the gas phase) and (b) GBs; (c, d) complete wetting of (c) the surface and
(d) GBs; (e, f) pseudopartial wetting of (e) the surface and (f) GBs; and (g) mutual arrangement of wetting transformations
IW ↔ PPW ↔ CW ↔ IW [2] (CEP is the critical end point, the thick solid line denotes the first�order wetting transition, and the
thin dashed line is the second�order (continuous) transition).
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Therefore, instead of prolonged annealings, we used
severe plastic deformation (SPD) by high�pressure
torsion (HPT) to produce ultra�fine�grain polycrystals
at room temperature.

It was shown in our previous article [21] that the
contact angle between Zn grains and Al/Al GBs,
which is seen in usual TEM micrographs after the
HPT, was about 60° and, consequently, it was far
from zero. On the other hand, ultrafine�grained Al–
30 wt % Zn alloys possess unusually high room�tem�
perature ductility after the HPT [23]. We assumed that
zinc�rich interlayers along the boundaries will pro�
mote mutual sliding along Al/Al GBs as a peculiar
lubricant.

EXPERIMENTAL

The Al–10 wt % Zn alloy was fabricated from high�
purity components (99.999% Al and 99.9995% Zn)
using vacuum induction melting. Then it was cast in
vacuum into water�cooled copper crucibles with an
inner diameter of 10 mm. The deformation was per�
formed at room temperature using the HPT process.
Casts were cut into discs about 0.7 mm thick and
10 mm in diameter. Each disc was placed between two
steel anvils. The applied pressure was 6 GPa, and the
strain rate was 1 rpm. The deformation was deter�
mined by the number of anvil rotations N = 5.

Analytical TEM has been performed with a
ARM200F JEOL microscope operating at 200 kV.
High�angle annular dark�field images (HAADFs)
were recorded in a scanning mode (STEM) using a
probe size of 0.2 nm with a convergence angle of
34 mrad and collection angles in the range of 80 to
300 mrad.

RESULTS

Similarly to [24], the supersaturated solid solution
in cast alloys decomposed after the HPT almost com�
pletely. The average grain size in aluminum decreased
from 500 μm to 800 μm in the course of deformation,
while for Zn particles it decreased from 5 μm to 200 nm.
Figure 3a shows the HAADF micrograph, where the
contrast is associated with the average local atomic
number.

Thus, zinc�rich zones look bright, while dark seg�
ments correspond to aluminum. A white zinc grain is
seen in the lower micrograph part. The Al/Al grain
boundary, which ranges from the lower to the upper
part of the photograph, is also observed. The arrow in
the upper part shows a segment of GB which is com�
pletely wetted by the Zn�rich phase.

The intensity profile of the HAADF signal across
the Al/Al GB (see Fig. 3b) shows that the thickness of
the Zn�rich layer is about 30 nm (the elongated white
rectangle in Fig. 3a shows the profile position). Fig�
ures 3c and 3d show electron diffraction patterns from

local segments (LSEs) from left 1 and right 2 alumi�
num grains (Fig. 3a), respectively, which allows us to
determine the normal to sample planes [114] and
[547]. This fact means that the GB is asymmetric.

Figure 4a represents the bright�field image, which
shows zinc grain (dark) in the right part and incom�
pletely wetted Al/Al GB (it is started in the left lower
angle of the photograph and is elongated to the right
upwards). The contact angle between the Zn particle
and Al/Al GB is about 115°. The intensity of the
HAADF signal in the profile perpendicular to this
boundary does not manifest its enrichment with zinc.
This case corresponds to incomplete wetting of the
Al/Al GB with the zinc�rich phase. Electron diffrac�
tion patterns from local segments of the upper and
lower Al grains are presented in Figs. 4c and 4d. Cor�
responding normals to the sample plane are defined as
[001] and [114].

A zinc grain (dark) and two pseudopartially wetted
Al/Al GBs (they are directed from the middle upwards
to the left and to the right) are observed in the bright�
field STEM image (Fig. 5a). Two corresponding
HAADF images recorded in the Z�contrast mode are
presented in Figs. 5b and 5c. Contact angles between
the Zn particle and Al/Al GBs are about 110°
(left GB) and 60° (right GB). These boundaries are
clearly seen in the image as bright lines, which points
to the local enrichment with zinc. Intensity profiles of
the HAADF signal at the left and right Al/Al GBs in
Figs. 5d and 5e contain high but narrow maxima.
These profiles show zinc�rich layers at the GB with a
thickness of 1–2 nm.

Electron diffraction patterns from segments of the
left, middle, and right aluminum grains are presented
in Figs. 5f–5h. Corresponding normals to the sample
plane are [110], [111], and [114]. This means that both
Al/Al GBs are asymmetric.

Figure 6 shows a high�resolution TEM micro�
graphs of one of pseudopartially wetted Al/Al GBs.
Both Al grains remain crystalline, and there are no
amorphous layers at the GB. Approximately 20–30%
of GBs observed in the samples are PPW.

DISCUSSION

We should primarily note that the state of the mate�
rial after the HPT (both of bulk and GB phases) is not
equilibrium at the HPT pressure and temperature. In
our case, it corresponds to the steady state, which is
attained in Al–Zn alloys after ~1 rotation of anvils
[24]. Therefore, it would be incorrect to affirm that the
HPT application is equivalent to an increase in the
annealing duration. The steady state during the SPD is
usually observed upon attaining a definite degree of
deformation. The grain size, strength, hardness, long�
range order parameter, composition of phases, etc.,
stop varying with an increase in deformation in this
case (i.e., the number of passages during the
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Fig. 3. Complete wetting of the Al/Al grain boundary. (a) Image recorded using the HAADF in the Z�contrast mode (the arrow
notes the position of the HAADF profile), (b) intensity of the HAADF signal along the profile perpendicular to the Al/Al GB,
and (c, d) local electron diffraction patterns from left 1 and right 2 Al grains.
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equichannel angular pressing or rotations of anvils
under the HPT, or passages during the accumulative
roll bonding).

Moreover, we can find numerous published facts
which indicate that the phases in the material are dif�

ferent before and after the SPD [25]. Such deforma�
tion frequently leads to phase transformations such as
the formation or decomposition of the supersaturated
solid solution, the dissolution of phases, disordering of
the ordered phases, the amorphization of crystalline

200 nm
(а)

(b)
50
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Fig. 4. Incomplete (partial) wetting of the Al/Al grain boundary. (a) Bright�field image in the STEM mode (the arrow denotes the
position of the HAADF profile), (b) the intensity of the HAADF signal across the profile perpendicular to the Al/Al GB, and
(c, d) local electron diffraction patterns from the upper and lower Al grains.
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phases, and the synthesis of low�temperature and
high�temperature allotropic polymorphs or high�
pressure phases as well as nanocrystallization in the
amorphous matrix [25]. Room�temperature SPD usu�
ally leads to very rapid phase transformations. This
fact can be easily understood taking into account the
high density of forming defects similarly to that occur�
ring with an increase in temperature. On the contrary,
the elevated pressure leads to a decrease in diffusivity
and/or GB mobility [26, 27]. In other words, grains
are refined in the material after the SPD, but and the
phases are formed, which could form after prolonged
annealing at certain temperature Teff with subsequent
quenching. It is not surprising that the SPD can lead
not only to bulk, but also to GB phase transforma�
tions.

Unfortunately, we observed only the initial (before
the HPT) and final (after it) GB states in our experi�
ments. In addition, these are other boundaries because
of the large structural changes. Therefore, it is impos�
sible to judge on the order of the observed GB transi�
tions—first or second—from our data. More precise
experiments with a small step strain steps are necessary
for this purpose.

It was shown by the authors of [2, 10] that
the IW ↔ CW direct transition can perform in two
stages IW ↔ PPW ↔ CW (see Fig. 1) if the corre�
sponding Hamaker constant changes the sign from
positive to negative. It is always positive for alumi�
num: A = 0.56 ± 0.02 × 10–21 J (solid–melt–vacuum)
[28]. The Hamaker constant of low�melting metals
with a noncubic lattice depends on indices of the
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Fig. 5. Pseudopartial wetting of the Al/Al grain boundary. (a) Bright�field image in the STEM mode; (b, c) images recorded using
the HAADF STEM in the Z�contrast mode for left and right Al/Al GBs, respectively (arrows denote the position of the HAADF
profiles); (d, e) intensities of the HAADF signal from the left and right Al/Al GBs, respectively; and (f, g, h) local electron
microdiffraction patterns from the left, middle, and right Al grains.
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plane outgoing to the surface and can change the sign
to negative.

The authors of [29] modified the well�known Lif�
shits and coauthors equation [30] for the calculation of
the dependence of A on the orientation of the surface
for noncubic metals:

 (2)

where ћ is the Plank constant, ϑ is the rotation angle
around axis x, ε are the components of the permittivity
tensor, and ξ is the Matsubara frequency [29].

Their calculations resulted in negative values of the
Hamaker constant, which differ for various crystallo�
graphic faces. For example, for planes (001) for gal�
lium (A = –3.0 ± 0.02 × 10–21 J) and β�Sn (A =
⎯0.45 ± 0.1 × 10–21 J), they were more negative than
for phases (010) (A = –2.5 ± 0.02 × 10–21 and
⎯0.38 ± 0.1 × 10–21 J, respectively) [28, 29]. Although
the authors did not calculate the Hamaker constant for
zinc, its properties from this viewpoint are comparable
with properties of gallium, cadmium, and β�Sn.

However, the situation is somewhat different in our
case than in [29], where constants A are determined
for the solid/liquid/gas configuration; in our experi�
ments we deal with a peculiar “sandwich” in which
continuous aluminum is arranged from above and at
the bottom, while a thin zinc�rich layer is arranged
between them. However, the strongly positive
Hamaker constant for Al, as well as a probably nega�
tive one for Zn, can form the conditions necessary for
the PPW of the Al/Al GB with solid zinc.
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In addition, since A for noncubic metals strongly
depends on the crystallographic plane, we can expect
the difference in PPW for GBs with various misorien�
tations and inclinations [31]. Thus, varying the latter,
we could perform the “fine tuning” of the Hamaker
constant. This tuning was performed for wetting hex�
ane on water by adding salt brine [2], which led to the
change from direct IW ↔ CW transformation to the
IW ↔ PPW ↔ CW transformation (see scheme in
Fig. 1g). This occurs because constant A changes the
sign in the CEP point (Fig. 1g) [32], the occurrence of
which was predicted in [33]. The sequence of
described transitions was observed for the first time in
a mixture of alkanes and water [2].

Thus, PPW is very important from the viewpoint of
technology. A high room�temperature ductility of
ultrafine�grained Al–Zn alloys opens the way for the
development of new light materials [23]. Thin interfa�
cial layers�rich with cobalt between tungsten carbide
grains ensures simultaneously high strength and duc�
tility of WC–Co alloys [34]. Neodymium layers sev�
eral nanometers thick between the grains of the
Nd2Fe14B phase ensure the unique magnetic proper�
ties of Nd–Fe–B alloys for permanent magnets [35].

CONCLUSIONS

(i) Severe plastic deformation of Al–Zn alloys by
high�pressure torsion leads to the formation of three
various classes of Al/Al GBs wetted by the zinc�rich
solid phase, namely, completely, incompletely and
pseudopartially wetted.

(ii) Completely wetted Al/Al GBs are covered with
a layer of a zinc�rich solid phase more than 30 nm

5 nm

Fig. 6. Micrograph of one pseudopartially wetted Al/Al GB recorded with the help of high�resolution electron microscopy.



RUSSIAN JOURNAL OF NON�FERROUS METALS  Vol. 56  No. 1  2015

PSEUDOPARTIAL WETTING OF GRAIN BOUNDARIES 51

thick. Incompletely wetted Al/Al GBs lie between the
particles of the zinc�rich solid phase with a contact
angle >60° and contain no measurable zinc concen�
tration.

(iii) Pseudopartially wetted Al/Al GBs are similar to
incompletely wetted ones: they are also arranged
between the particles of the zinc�rich solid phase with a
contact angle >60°. However, they contain a thin layer
of the zinc�rich phase with a uniform thickness of 2–
4 nm. Its presence causes an unusually high ductility of
Al–Zn alloys after high�pressure torsion.
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