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In this work, the wetting phase transition of grain boundaries (GBs) and their triple junctions (GB TJs) by the
second solid phase in the magnesium-based alloy EZ33A is studied. The condition for complete wetting for

the GB TJ (65 > V3 304s) is weaker than that for GBs (6 > 20gs). Therefore, if the transition from partial
to complete wetting occurs with increasing temperature, then all GB TJs should become completely wetted
at a temperature 7,1y, which is lower than the temperature 7,,gg, at which all GBs become completely wetted.

For the first time,

it has been found experimentally that GB TJs are completely wetted at

T, = (380 £ 10)°C, which is approximately 70°C lower than T, gg = (450 = 10)°C. The wetting phase at
the GBs is the intermetallic compound (Mg, Zn),,RE. A similar phenomenon was previously observed for
GB TJ wetting with a liquid phase [ B.B. Straumal, O. Kogtenkova, and P. Zieba, Acta Mater. 56, 925 (2008)].
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Phase transformations in solids is the instrument
that allows one to control the structure of materials
and purposefully change their properties. The phase
transformations that are most frequently used by
materials scientists when developing new and improv-
ing known materials include melting and solidifica-
tion, formation and decomposition of a solid solution,
amorphization, ordering and disordering, eutectic,
peritectic, eutectoid and peritectoid transformations,
allotropic phase transitions (for example, in iron, tita-
nium, manganese, zirconium, etc.). However, in
addition to such transformations that are observed in
the bulk (or three-dimensional) phases, there are also
phase transformations at interfaces (like grain bound-
aries and interphase boundaries). First of all, they
include wetting phase transitions. The melt can com-
pletely or partially wet the grain boundaries (GBs). In
the first case, the melt layer completely separates one
grain from another and the contact angle between the
liquid and solid phases is zero. In the second case, the
melt does not completely cover the interface, the lig-
uid phase has the form of separate drops, and the con-
tact angle along the line of contact between the inter-
face and the liquid is not zero [1—4].

The transition from complete to incomplete wet-
ting and vice versa can occur when the temperature or
pressure changes [5—8]. Cahn, as well as Ebner and
Saam, showed that wetting transitions at external sur-
faces or interfaces are true two-dimensional phase

transformations [9, 10]. They can be of either first or
second order (continuous) [11, 12]. As a result of the
studies of GB wetting phase transitions, the new lines
of these transformations are increasingly enriching the
traditional bulk phase diagrams for three-dimensional
systems [1—8, 11—14]. Therefore, for example, in two-
phase regions of volume phase diagrams, where solid
solution and melt are in equilibrium, the tie-lines of
GB wetting phase transitions appear. Usually, these
are two horizontal tie-lines limiting the temperature

range in which GBs with different energies Ggp
become completely wetted one after another [1, 15,
16]. The lower of these tie-lines corresponds to the

minimum wetting temperature 7, for the GBs with

wmin

the highest energy Ggpmax- 1he upper tie-line corre-
sponds to the maximum wetting temperature 7, for

the GBs with the lowest energy 6ggmin- In GBs not
only thick layers of a “true” bulk liquid phase can
form, but also thin layers of specific GB phases. For
example, the lines of prewetting and premelting GB
phase transitions begin in the ends of wetting phase
transitions tie-lines in S + L regions of a bulk phase
diagram. They continue then into the single-phase
region of a solid solution [2—6].

In addition to three-dimensional (bulk) phases and
two-dimensional GBs, there are also one-dimensional
(linear) defects in solids. Except the well-known dislo-
cations, these also include the lines of the GB triple
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Fig. 1. Triple junction of GBs between grains 1, 2, and 3. (a) Dry TJ in contact with three dry GBs. (b) A partially wetted TJ in
contact with three partially wetted GBs. (c) Fully wetted GB TJ in contact with three dry GBs. (d) Fully wetted TJ in contact with
three partially wetted GBs. (e) A dry GB TJ in contact with three partially wetted GBs. (f) Completely wetted GB TJ in contact
with one completely wetted GB. (g) Completely wetted GB TJ in contact with two completely wetted GBs. (h) Completely wetted

GB TJ in contact with three completely wetted GBs.

junctions (GB TJs). It turns out that wetting phase
transformations can also be observed in one-dimen-
sional (linear) defects such as GB TJs or dislocations
[17]. In the case of complete wetting, the linear defect
is replaced by a liquid tube along its entire length. In
the case of incomplete (partial) wetting, the chains of
particles of the second phase are observed on the dis-
location “decorating” them like beads [18]. The vari-
ous possible combinations of completely and partially
wetted GBs and TJs are shown schematically in Fig. 1.
The wetting phase transformations of one-dimen-
sional (linear) defects are even more difficult to
observe than GB wetting ones. In the case of GB triple
joints, the morphology of the wetting phase, in con-
trast to a dislocation, is more similar not to a tube, but
to a trihedral prism, at the vertices of which there are
the GBs.

The second phase, wetting GBs or triple joints, can
be not only liquid but also solid [19—21]. The phe-
nomena associated with the “wetting” of the GB by
the second solid phase were observed in various sys-
tems: aluminum alloys [22], titanium alloys [23],
tungsten alloys [24], steels [25], nickel-based superal-
loys [26], multicomponent alloys without the main
component (so-called high-entropy ones) [27, 28],
composites [29], welded and brazed joints [30].

Already D. McLean mentioned that the wetting of
triple joints should occur under softer conditions than
at the GBs [31]. Referring to the older work of Smith
[32], McLean showed by a very simple calculation that

GBs are completely wetted if 655 > 205, , and GB TJs

are wetted if 655 > \f305L (here, oy, is the energy of
solid—liquid interfaces). This fact logically leads to the
difference in the temperatures 7, of the wetting transi-
tion for the GBs and GB TJs. It was shown [17] that
the transition from partial to complete wetting of GB

TJs occurs at a temperature 7,,r;, which is lower than

that for GB wetting transition 7,,;5. However, the
question about the ratio of the wetting transition tem-

perature for the GBs 7,5 and GB TJs 7,1, in case of
the wetting by a second solid phase, remains open.
This work should answer this question.

The wetting of GBs and their triple joints with the
second solid phase was studied on polycrystals of mag-
nesium-based alloy EZ33A (provided by CanMet
Materials, Canada). The alloy contains (in mass per-
cent) 2.5% Zn, 0.4% Zr, 3% rare earth elements (RE),
the rest is magnesium. Rare earth metals were added
during smelting to the Mg—Zn—Zr alloy in the form of
“mischmetal,” consisting mainly of cerium, lantha-
num, and neodymium. The 2-mm-thick discs were
cut from the cast ingot EZ33A using electric spark cut-
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Fig. 2. Microstructure of the EZ33A alloy after annealing
at 150°C, obtained by SEM (backscattered electrons).
Magnesium-rich matrix looks dark; the wetting layers on
the GBs and TJs look bright. Differently wetted GBs and
TJs are marked with letters according to the diagram in

Fig. 1.

ting. The samples were chemically etched in a solution
of 75% HCI + 25% H,0. After cutting, the samples
were placed in evacuated quartz ampoules (residual
pressure 4 x 10~* Pa) to prevent oxidation. Then the
samples were annealed at 150°C, 1826 h; 200°C, 2371
h; 300°C, 100 h; 350°C, 100 h, and 400°C, 150 h. After
quenching, the samples were embedded in an electri-
cally conductive resin, mechanically ground, and pol-
ished. The polished samples were examined using a
LEO 1530 VP scanning electron microscope (SEM)
equipped with an EDX detector and a backscatter
detector (EBSD).

A quantitative analysis of the wetting transition was
performed using the following criterion: each GB was
considered completely wetted only when the layer of
the second solid phase completely covered the GB (all
three GBs in Fig. 1h). If such a layer turned out to be
interrupted, the GB was considered partially (incom-
pletely) wetted (all three GBs in Figs. 1b, 1d, and le).
If the second solid phase was absent in the GB, it was
considered as “dry” (all three GBs in Fig. 1a). Like-
wise, a GB TJ was considered wet if a triangle of the
second solid phase was visible in the TJ (Figs. 1c, 1d,
1f—1h), in other cases the junction was considered as
dry (Figs. 1a, le). Careful sequential grinding of the
annealed samples did not reveal any partially wetted
TJ (shown in the diagram in Fig. 1b). Therefore, they
were not considered in the analysis. Along with dry
TJs, we counted separately wetted TJs in contact with
three (Fig. 1h), two (Fig. 1g), one (Fig. 1f) or none
(Fig. 1¢) wetted GBs. At least 500 GBs and/or GB TJs
were analyzed at each temperature.
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Fig. 3. (Color online) Temperature dependences of the
portion of wetted GBs and triple joints. Upper curve (filled
triangles) represents the sum of the wetted triple joint con-
figurations shown in Figs. 1c, 1f—1h. Lower curve (filled

squares): completely wetted GBs.

Figure 2 shows a SEM micrograph of the structure
of the EZ33A alloy after annealing at 150°C. Magne-
sium-rich matrix looks dark; the wetting layers of the
second solid phase, rich in rare-earth metals, in GBs
and TJs, look bright. The different types of wetted GBs
and TJs are marked in Fig. 2 with letters correspond-
ing to the diagram in Fig. 1. The wetting phase in the
GBs is the intermetallic compound (Mg, Zn),,RE
[33]. In the EZ33A alloy, the GB wetting by the melt
was also observed (at higher temperatures) [34].

Figure 3 shows the temperature dependences of the
portion of wetted GBs and TJs. The filled triangles
(upper curve) represent the portion of wetted triple
joints. It includes the sum of the configurations shown
in Figs. 1c, 1f—1h. The portion of wetted GB TJs
grows with increasing temperature: at 150°C, it is
~85%. At T,ry =(380110)°C, all triple joints are
already “wetted” by the second solid phase. The filled
squares (bottom curve) show the portion of com-
pletely wetted GBs. It also grows with increasing tem-
perature from ~25% at 150°C to ~90% at 400°C.
Thus, the portion of fully wetted GBs is everywhere
lower than the portion of wetted TJs. If we extrapolate
the fraction of completely wetted GBs to 100%, then

we can determine the temperature 7,55 = (450 £
10)°C. Thus, 100% wetting by the second solid phase
of triple joints occurs (70 + 10)°C earlier (i.e., at a
lower temperature) than 100% wetting of all GBs.
Consider a GB in equilibrium contact with the sec-
ond solid phase. The second solid phase can com-
pletely wet the GB if 655 > 204g. In other words, the
GB energy 655 should be higher than the energy of
two solid/solid interfaces 20gg (see the diagram in
Figs. 4a, 4b). In case of GB complete wetting, GB
must be replaced with a layer of the second solid phase
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Fig. 4. (a) Dry GB with energy 6Gg. (b) Completely wetted GB, replaced by a layer of the second solid phase (shown in dark gray)

and two interphase boundaries with an energy of 26gg. (c) Dry TJ with three boundaries having the same energy 6g. (d) Triple
joint of the GBs, replaced by the triangle of the second solid phase (the case of complete wetting of the GB TJ). (e) Temperature

dependence for the GB energy 655, the energy of two interphase boundaries 26gg, as well as the energy of the interphase bound-

aries of two solid phases NE! 305s in a triangular prism surrounding a completely wetted GB TJ.

and two interphase boundaries “solid phase/solid
phase” (Fig. 4b). Let us now consider a triple joint in
the same alloy. The second solid phase can completely
wet also GB TJ. In this case, a triangular prism filled
with the second solid phase replaces the GB TJ
(Figs. 4c, 4d). In this case, the “star” of three GBs
(Fig. 4c¢) is replaced by a triangle of three interphase
boundaries (Fig. 4d). In the simplest case of an ideal
symmetric TJ with the same boundaries having the

same Ggp, the condition of complete wetting should

be 655 > \/_30'53- This condition is less strong that for
GBs (0 > 20). Here we consider a wetted TJ of a
macroscopic size (at least several microns) and, thus,
in the first approximation, we neglect the energy G,

of the TJ itself. Both 655 and Ggg decrease with
increasing temperature due to a decrease in elastic

moduli (Fig. 4e). If the temperature dependences
0gg(T) and o44(T) intersect at 7,55 below the melt
appearance temperature 7, then at 7,55 a wetting

phase transition occurs. Below T, 55, GBs can coexist
in equilibrium contact with the second solid phase.

Above T, g, GBs must be replaced by a layer of the
second solid phase. Thus, GB cannot coexist in equi-
librium contact with the second solid phase and must
disappear. The temperature dependence V3 3o4s(7) lies
below the dependence 2644(7") (Fig. 4e). Therefore,

NE 3045(T') intersects with 655(7") at a T,y temperature,
which is below 7,,55. As a result, completely wetted
GBs are absent in the polycrystal in the temperature
range between T,; and 7,;5. However, completely

JETP LETTERS  Vol. 112 No.4 2020
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wetted TJs can exist in the temperature range between
T,cg and T, ;.

Thus, we observed in this work the transition from
incomplete to complete wetting by the second solid
phase for GBs and their triple joints with increasing
temperature. In the studied magnesium alloy EZ33A,
TJs, and GBs are wetted by the intermetallic com-
pound (Mg, Zn),RE. It is shown experimentally that
in this case all GB TJs become completely wetted at a

temperature 7,,r;, which is lower than the 7,55 tem-
perature, at which all GBs become completely wetted.
The temperature 7,1, was T,r; = (3801 10)°C. This
value is approximately 70°C lower than the tempera-

ture of complete wetting of all GBs 7,55 = (450 =
10)°C.
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