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Abstract: Grain boundaries (GBs) can be wetted by a second phase. This phase can be not only
liquid (or melted), but it can also be solid. GB wetting can be incomplete (partial) or complete. In
the case of incomplete (partial) wetting, the liquid forms in the GB droplets, and the second solid
phase forms a chain of (usually lenticular) precipitates. Droplets or precipitates have a non-zero
contact angle with the GB. In the case of complete GB wetting, the second phase (liquid or solid)
forms in the GB continuous layers between matrix grains. These GB layers completely separate
the matrix crystallites from each other. GB wetting by a second solid phase has some important
differences from GB wetting by the melt phase. In the latter case, the contact angle always decreases
with increasing temperature. If the wetting phase is solid, the contact angle can also increase with
increasing temperature. Moreover, the transition from partial to complete wetting can be followed by
the opposite transition from complete to partial GB wetting. The GB triple junctions are completely
wetted in the broader temperature interval than GBs. Since Phase 2 is also solid, it contains GBs as
well. This means that not only can Phase 2 wet the GBs in Phase 1, but the opposite can also occur
when Phase 1 can wet the GBs in Phase 2. GB wetting by the second solid phase was observed in the
Al-, Mg-, Co-, Ni-, Fe-, Cu-, Zr-, and Ti-based alloys as well as in multicomponent alloys, including
high-entropy ones. It can seriously influence various properties of materials.

Keywords: grain boundaries; wetting; melt; solid phase; phase transitions; phase diagrams

1. Introduction

The phenomenon of wetting of solid surfaces with liquids has been known for many
centuries. The study of wetting metal or ceramic surfaces with melts has a shorter history.
In reality, this issue began to be investigated shortly after the Second World War, when the
technology of liquid-phase sintering of metal or ceramic powders was developed [1]. With
incomplete (or partial) wetting of the free surface, a droplet of the liquid phase lies on a
solid surface and forms a non-zero contact angle θ with it. Incomplete wetting occurs if
σSG < σSL + σLG where σSG is the energy of the solid-gas interface, σsl is the energy of the
boundary between solid and liquid phases, and σlg is the energy of the boundary between
the liquid phase and gas. It follows from the conditions of mechanical equilibrium that
σSG = σSL + σLG cos θ. If σSG > σSL + σLG, complete wetting occurs, the liquid spreads over
the surface, and the contact angle between the liquid droplet and the solid substrate is
formally equal to zero.
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Almost simultaneously with the study of the wetting of the free surface of metals or
ceramics by melts began the study of the grain boundary (GB) wetting by a liquid phase.
This is not surprising since the goal of liquid-phase sintering is to form a product that is
as compact and pore-free as possible. In this case, individual grains or solid crystallites
approach each other. Naturally, the question immediately arises, what has to be the
configuration of the melt between these crystallites? Namely, whether the melt forms
continuous interlayers between grains (complete wetting) or whether chains of liquid
inclusions or droplets appear (partial or incomplete GB wetting by the liquid phase). The
condition for complete GB wetting by the liquid phase is σGB > 2σSL, where σGB is the grain
boundary energy. The condition for incomplete (partial) wetting of the grain boundaries by
the liquid phase is σGB < 2σSL.

Around the mid-1950s, it was discovered that when the temperature changes, the
wetting conditions can also change. Namely, with an increase in temperature, a transition
can occur from incomplete wetting of the surfaces or GBs by the melt to complete one. In
this case, the temperature dependence of σGB(T) and 2σSL(T) intersect at TwGB. This is the
temperature of the GB wetting phase transformation (Figure 1a).
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11] contain the early reviews of the publications about wetting phase transformation. 

Figure 1. Schematic comparison of temperature dependence for GB energy σGB and energy of two
interphase boundaries with liquid 2σSL or solid 2σSS phases. (a) Phase transformation between
incomplete and complete GB wetting with a melt at TwGB. (b) Phase transformation between
incomplete and complete GB wetting with another solid phase at Tws. (c) Example of a polycrystal
where the GBs are incompletely wetted by another solid phase. In this case, σGB < 2σSS and the
second solid phase has a shape of lenticular precipitates along GBs with the non-zero θ > 0 contact
angle. (d) Example of the polycrystal with GBs completely wetted by a second solid phase. In this
case, σGB > 2σSS, the second solid phase has a shape of continuous rather thick layers along GBs with
zero contact angle θ = 0. Reprinted with permission from Ref. [2]. Copyright 2011 Springer.

Below TwGB σGB < 2σSL and GBs are partially wetted by the liquid phase.
Above TwGB σGB < 2σSL and GBs are completely (fully) wetted by the melt. Cahn [3]
and Ebner and Saam [4] analyzed the case of a liquid droplet on a solid surface by increas-
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ing temperature. They first supposed that, in this case, a transformation from partial to
complete wetting could take place. They also demonstrated that it is a true surface phase
transformation. Refs. [5–11] contain the early reviews of the publications about wetting
phase transformation. Cahn’s idea [3] initiated the experimental studies of GB wetting
phase transformations. They were initially performed in Ag–Pb, Zn–Sn, and Zn–Sn–Pb
polycrystals (see Ref. [12] and the references therein). GB wetting phase transformations
can be first-order or second-order [13]. A detailed study of the physical foundations of such
transformations became possible when the transitions from incomplete wetting to complete
wetting began to be studied with bicrystals containing single-grain boundaries [14–16].

Several decades later, namely in the early 2000s, it was discovered that the second
phase, which wets the grain boundaries, is not always liquid but can also be a solid [2,17].
From the point of view of thermodynamics, the conditions for wetting the boundaries with
the second phase, if the second phase is solid, practically do not differ from the conditions
for wetting with the melt, namely, the condition for complete wetting of the GBs by the
second solid phase is σGB > 2σSS where 2σSS is the energy of a boundary between two
different solid phases. The condition for incomplete (partial) GB wetting by the other
solid phase is σGB < 2σSS. In Figure 1, schemes for the polycrystals with GBs completely
(Figure 1d) and partially (Figure 1c) wetted by a second solid phase are shown. Similar
to GB wetting with a melt, the transition between complete and partial GB wetting can
also proceed at a certain temperature Tws. It is important to underline that for solid-solid
wetting, the condition σGB < 2σSS includes interfacial energy of the two solid phases 2σSS.
However, the σSS value is affected by interfacial structure, e.g., a coherent interface should
have smaller interfacial energy than an incoherent interface. This fact should also be
considered in the discussion of GB wetting by other solid phases.

A natural question arises. Why was it possible to detect GB wetting by the second
solid phase only half a century after the beginning of the study of GB wetting by the
liquid phase? It is because of the slow kinetics of the wetting process with the second solid
phase. If the second phase is liquid, then the equilibrium in the system, due to the high
rate of mass transfer through the liquid, is established very quickly, literally within a few
minutes, at least within half an hour. If both phases are solid, the mass transfer rate is many
orders of magnitude lower than in a liquid. This means that it takes a much longer time to
reach equilibrium. For example, in typical experiments on the study of GB wetting by the
second solid phase, the duration of annealing is usually several hundred hours and can
even reach several months. It becomes clear that the phenomenon of GB wetting by the
second solid phase could not be discovered by chance. It required a purposeful search and
understanding of the nature of the phenomenon.

Almost 20 years have passed since the discovery of the phenomenon of GB wetting
by other solid phases in 2004 [17]. The indications of GB wetting by other solid phases
were found and studied in a large circle of systems such as Al alloys [16–35], Fe-based al-
loys and steels [36–76], Co- and Ni-based alloys [77–85], Cu alloys [86–90], Ti- and Zr-based
alloys [91–123], Mg alloys [124–131], as well multicomponent and high-entropy
alloys [132–144] (more details see below, especially in Section 6). Some fundamental dif-
ferences were also found between wetting by other solid phases and wetting by the liquid
phase. Namely, if the wetting phase is solid, the contact angle can increase with increasing
temperature. Moreover, the transition from partial to complete wetting can be followed by
the opposite transition from complete to partial GB wetting. The GB triple junctions are
completely wetted in the broader temperature interval than GBs. Since the wetting phase is
also solid, it contains GBs as well. It means that not only can Phase 2 wet the GBs in Phase 1,
but the opposite can also occur when Phase 1 wets the GBs in Phase 2.

2. Transition from Incomplete to Complete GB Wetting with Increasing Temperature

The transition from incomplete to complete wetting of grain boundaries occurs when
the grain boundary energy σGB becomes higher than the energy of two interphase bound-
aries. In the case of liquid-phase wetting, this is the energy of two interfaces between the
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solid and liquid phases 2σSL. In the case of GB wetting by a second solid phase, this is the
energy of two interfaces between the solid α- and solid β-phases 2σSS. The free energy
of grain and interphase boundaries always decreases with increasing temperature. If one
of the phases is liquid, then its entropy is higher than that of a solid body, and the free
energy of the interface between the liquid and solid phases 2σSL, as a rule, decreases with
increasing temperature faster than the free energy of the interface between two grains of
the same phase σGB (see the diagram in Figure 1a). This means that at each individual
GB, the transition from incomplete wetting to complete wetting by the melt always occurs
with increasing temperature. It concerns, however, only the thermodynamic issue (namely,
how the ratio σGB/2σSS or σGB/2σSL changes with increasing temperature). Therefore, we
should emphasize the difference between the thermodynamic and kinetic aspects of the GB
wetting problem. The kinetics of equilibration is determined by the diffusion in the solid or
liquid phases, and its rate always grows with increasing temperature.

If individual grain boundaries in bicrystals are not analyzed but instead a whole
ensemble of GBs in a polycrystal at once, then each individual GB has its own value of
TwGB. As a result, the fraction of fully wetted GBs increases with increasing temperature,
and the fraction of partially wetted GBs decreases. In the case of GB wetting by the second
solid phase, the situation in many systems is similar to liquid-phase wetting. In other
words, the fraction of completely wetted GBs also increases with increasing temperature
until it reaches 100%. Then all GBs in the α phase will be separated from each other by the
layers of the β phase.

The first work where GB wetting by other solid phases was intentionally studied was
published in 2004 [17]. It considered an aluminum-zinc system, or rather, the trapezoidal
part of the Al−Zn phase diagram. It is between the temperature of the eutectic transforma-
tion of the melt into a mixture of solid phases (Al) + (Zn) at 381 ◦C and the temperature of
monotectoid decomposition of the Al-based solid solution (Al) at 277 ◦C. At 277 ◦C, (Al)
decomposes into two solid solutions (Al)′ and (Al)”. The (Al)” phase is enriched in zinc,
and the (Al)′ phase is depleted in zinc. Figure 2 shows the microstructure of this alloy in
the cast state before prolonged annealing [17]. It consists of typical eutectic grains where
the plates of an aluminum-rich phase and a zinc-rich phase alternate. Moreover, it is clearly
seen that when the cast alloy is cooled, the aluminum-rich phase undergoes a monotectoid
transformation and, in turn, decomposes into two phases, one rich in aluminum (Al)′, and
the other poor in aluminum (Al)”.

Metals 2023, 13, x FOR PEER REVIEW 4 of 26 
 

 

temperature. If one of the phases is liquid, then its entropy is higher than that of a solid 
body, and the free energy of the interface between the liquid and solid phases 2σSL, as a 
rule, decreases with increasing temperature faster than the free energy of the interface 
between two grains of the same phase σGB (see the diagram in Figure 1a). This means that 
at each individual GB, the transition from incomplete wetting to complete wetting by the 
melt always occurs with increasing temperature. It concerns, however, only the 
thermodynamic issue (namely, how the ratio σGB/2σSS or σGB/2σSL changes with increasing 
temperature). Therefore, we should emphasize the difference between the 
thermodynamic and kinetic aspects of the GB wetting problem. The kinetics of 
equilibration is determined by the diffusion in the solid or liquid phases, and its rate 
always grows with increasing temperature. 

If individual grain boundaries in bicrystals are not analyzed but instead a whole 
ensemble of GBs in a polycrystal at once, then each individual GB has its own value of 
TwGB. As a result, the fraction of fully wetted GBs increases with increasing temperature, 
and the fraction of partially wetted GBs decreases. In the case of GB wetting by the second 
solid phase, the situation in many systems is similar to liquid-phase wetting. In other 
words, the fraction of completely wetted GBs also increases with increasing temperature 
until it reaches 100%. Then all GBs in the α phase will be separated from each other by the 
layers of the β phase. 

The first work where GB wetting by other solid phases was intentionally studied was 
published in 2004 [17]. It considered an aluminum-zinc system, or rather, the trapezoidal 
part of the Al−Zn phase diagram. It is between the temperature of the eutectic 
transformation of the melt into a mixture of solid phases (Al) + (Zn) at 381 °C and the 
temperature of monotectoid decomposition of the Al-based solid solution (Al) at 277 °C. 
At 277 °C, (Al) decomposes into two solid solutions (Al)′ and (Al)″. The (Al)″ phase is 
enriched in zinc, and the (Al)′ phase is depleted in zinc. Figure 2 shows the microstructure 
of this alloy in the cast state before prolonged annealing [17]. It consists of typical eutectic 
grains where the plates of an aluminum-rich phase and a zinc-rich phase alternate. 
Moreover, it is clearly seen that when the cast alloy is cooled, the aluminum-rich phase 
undergoes a monotectoid transformation and, in turn, decomposes into two phases, one 
rich in aluminum (Al)′, and the other poor in aluminum (Al)″. 

  
Figure 2. Light (a) and SEM (b) micrographs of the solidified Zn–5 wt% Al alloy. The black arrows 
in (b) show the boundary between grains of the Zn-rich phase. Reprinted with permission from Ref. 
[17]. Copyright 2004 Elsevier. 

During annealing, the microstructure evolves toward an equilibrium state. This 
process is controlled by diffusion in a solid state and, therefore, takes a long time (about 
one month in Ref. [17]). In the case of GB wetting by the liquid phase, the equilibration 
includes diffusion through the melt, and an annealing time of half an hour can be long 
enough [12–16]. Thus, the system tends to minimize its total free energy. First, the area of 
(Al)″/(Zn) interphase boundaries in the eutectic colonies should decrease. During this 
process, the eutectic plates of the (Al)″ phase disintegrate into separate elongated 

Figure 2. Light (a) and SEM (b) micrographs of the solidified Zn–5 wt% Al alloy. The black arrows
in (b) show the boundary between grains of the Zn-rich phase. Reprinted with permission from
Ref. [17]. Copyright 2004 Elsevier.

During annealing, the microstructure evolves toward an equilibrium state. This
process is controlled by diffusion in a solid state and, therefore, takes a long time (about
one month in Ref. [17]). In the case of GB wetting by the liquid phase, the equilibration
includes diffusion through the melt, and an annealing time of half an hour can be long
enough [12–16]. Thus, the system tends to minimize its total free energy. First, the area
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of (Al)”/(Zn) interphase boundaries in the eutectic colonies should decrease. During this
process, the eutectic plates of the (Al)” phase disintegrate into separate elongated particles,
i.e., they are spheroidized (Figure 3 [17]). The former eutectic colonies turn into large
grains of the zinc-rich phase (Zn) (it looks bright in the micrograph). The aluminum-based
solid solution (Al) appears dark in the micrograph. It, in turn, undergoes a monotectoid
transformation (Al)→ (Al)′ + (Al)” upon cooling after annealing.
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(e) The dependence of the fraction of (Zn)/(Zn) GBs completely wetted by the layer of the (Al) phase on
temperature. Reprinted with permission from Ref. [17]. Copyright 2004 Elsevier.

Second, the boundaries between eutectic colonies should also equilibrate. It turns out
that these boundaries between eutectic colonies are now the boundaries between large
(Zn) grains. They are of two types. In the first case, they contain a chain of dark particles
of the second solid phase, rich in other solid phases and aluminum. At other boundaries
between zinc grains, a continuous interlayer of a second solid phase rich in aluminum (Al)
is observed (Figure 3c). This is a case of complete wetting of the Zn/Zn GB phase by a
second solid phase rich in aluminum.

Thus, we can clearly emphasize the role of wetting (it concerns thermodynamic
equilibrium and determines the driving force for diffusion). Diffusion, in turn, determines
the rate of equilibration (slow in the wetting by the solid phase and quick in the wetting by
the melt).

At this point, the difference between a free thin plate of an aluminum-rich phase and a
plate of the same phase at the grain boundaries should be emphasized. Thus, thin plates of
an aluminum-rich phase formed as a result of eutectic crystallization are unstable during
prolonged annealing and break up into separate pieces, which, upon further annealing,
become spheroidized and approach a ball shape. This is especially well seen in Figure 3c
above and below the GB, running horizontally in the middle of the micrograph. On the
contrary, in the case of complete GB wetting, new thin plates of the aluminum-rich phase
are formed at the grain boundaries. In several binary titanium alloys, the thickness of such
grain boundary plates has been measured. It increases with annealing as the square root of
the annealing time [96,98]. This means that the thickening of such plates is controlled by
volume diffusion.
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As the annealing temperature rises from the monotectoid decomposition temperature
of 277 ◦C to the eutectic transformation temperature of 381 ◦C, the fraction of zinc GBs that
are completely wetted by the aluminum-rich phase (Figure 3e) also grows. However, it
does not reach 100% since the temperature interval of the specified two-phase zone on the
aluminum-zinc phase diagram is small.

It is interesting to note how the energy of an individual boundary in zinc affects the
wetting parameters. The micrograph in Figure 4a shows a curved (Zn)/(Zn) GB. It is known
that the GB strongly depends on its inclination, especially in such anisotropic materials as
zinc. Indeed, we see in Figure 4a as the GB of one inclination (marked with letters C–B)
contains a chain of particles of the (Al) phase, while a GB with another inclination (marked
with letters B–A) contains a continuous interlayer of the (Al) phase. This means that the
GB energy σGB is lower in the first section and higher in the second. As a result, in the
second section, the GB energy σGB turns out to be higher than the energy of two interphase
boundaries 2σ(Al)(Zn), and as a result, it is replaced by an interlayer of a darker (Al) phase.
The second part of the same figure (Figure 4b) shows Zn/Zn twin boundaries. They are
clearly visible in microstructures since they form a set of twin plates. Twin boundaries are
known to have the lowest energy among other GBs [145]. Indeed, we see that lenticular
particles of the second phase are formed along these boundaries. Moreover, these lenticular
particles are even slightly turned and do not lie exactly in the plane of the twin GB.
Such a rotation is obviously determined by the energy anisotropy of the aluminum-zinc
interphase boundary.
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It has been observed in aluminum-zinc, aluminum-magnesium, and magnesium-
rare-earth metals systems, as well as in some titanium alloys (Ti–Cu, Ti–Fe) and steels.
Refs. [17,21,37,94,98,127] that the fraction of GBs completely wetted by other solid phases
increases with increasing temperature. Thus, Figure 5 shows the SEM micrographs of Ti-Fe
alloys annealed at 695 ◦C [98]. The α-Ti phase appears dark, and the β-Ti phase appears
bright in these micrographs. Some β/β GBs are completely wetted by the second solid
phase α-Ti. Letter C marks some of theses completely wetted GBs. Other β/β GBs are
partially wetted by the α-Ti phase (marked by letter P). Such GBs contain the chain of
lenticular α-Ti precipitates. The fraction of completely wetted β/β GBs in different Ti−Fe
alloys increases with increasing temperature (see Figure 6).
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Figure 5. The microstructure of Ti–Fe alloys annealed at 695 ◦C, 1032 h. (a) Ti–4.5 wt% Fe alloy,
(b) Ti–9 wt% Fe alloy. The β-Ti phase looks bright in these SEM micrographs, and the α-Ti phase
is dark. Letter C shows the GBs between grains of the β-Ti phase completely covered (wetted) by
continuous layers of other solid phases of α-Ti. Letter P shows GBs between grains of the β-Ti phase
containing the chains of lenticular α-particles. They are partially wetted by the α phase. Reprinted
with permission from Ref. [98]. Copyright 2018 Springer.
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3. Transition from Incomplete to Complete GB Wetting with Decreasing Temperature

When GBs are wetted by the second liquid phase, the free energy of the interface
between the solid and liquid phases 2σSL always decreases with increasing temperature
faster than the GB energy σGB. That is why the transition from incomplete wetting by the
liquid phase to a complete one in individual GBs always occurs with increasing temperature.
If the second phase is solid, then the energy of two interphase boundaries two σSS does
not always have to decrease faster with increasing temperature than the free energy of
the grain boundary σGB. The free energy σGB can decrease with increasing temperature
faster than the energy two σSS (see the diagram in Figure 1b). In this case, the transition
from incomplete GB wetting to a complete one can occur without an increase but instead
with a decrease in temperature. An example of such a phenomenon can be observed
in the same aluminum-zinc system. Now we will consider another two-phase region,
namely below the monotectoid transformation Tmon = 277 ◦C, where the (Al)’ and (Zn)
phases are in equilibrium (Figure 7a). In SEM micrographs of samples annealed at 260 and
190 ◦C, the aluminum-based phase appears dark, while the zinc-based phase appears
light (Figure 7b,c). One can see that in the sample annealed at a higher temperature
of 260 ◦C (Figure 7b), the (Al)′/(Al)′ boundaries contain lenticular zinc particles. They
form the non-zero contact angle θ > 0 with (Al)′/(Al)′ GBs. It can be seen that both large
(about 5 µm in size) and very small zinc particles less than a micron in size are located at
these GBs. This situation corresponds to incomplete wetting of (Al)′/(Al)′ GBs by solid



Metals 2023, 13, 929 8 of 25

zinc. Figure 7c shows a sample annealed at 190 ◦C. In this case, the contact angle θ of
the flat layers of the zinc-based phase is almost close to zero. Thus, as the temperature
decreases, there is a transition from incomplete wetting of the (Al)′/(Al)′ boundaries by the
second solid phase Zn to complete one.

Metals 2023, 13, x FOR PEER REVIEW 8 of 26 
 

 

are located at these GBs. This situation corresponds to incomplete wetting of (Al)′/(Al)′ 
GBs by solid zinc. Figure 7c shows a sample annealed at 190 °C. In this case, the contact 
angle θ of the flat layers of the zinc-based phase is almost close to zero. Thus, as the 
temperature decreases, there is a transition from incomplete wetting of the (Al)′/(Al)′ 
boundaries by the second solid phase Zn to complete one. 

 

  

Figure 7. (a) Al–Zn phase diagram with thick lines showing the bulk phase transitions and thin lines 
for GB phase transformations. The inset shows the Zn-rich corner of the diagram. Triangles denote 
data for GB prewetting line. Crosses mark the points for the measurements of θ between Zn particles 
and (Al)′/(Al)′ GBs. The values of TwsAl0% = 205 °C and TwsAl100% = 125 °C were obtained using 
extrapolation of θ (see Figure 8). SEM micrographs show the morphology of GB Zn precipitates at 
(b) 260 °C and (c) 190 °C. Zn particles appear bright, and (Al)′ matrix appears dark. Reprinted with 
permission from Ref. [16]. Copyright 2011 Springer. 

Figure 8 shows the temperature dependence of the minimum (hexagons), average 
(diamonds), and maximum (circles) values of the contact angle θ between zinc particles 
and the (Al)′/(Al)′ GBs. All these values decrease with decreasing temperature. This means 
that the transition from incomplete to complete GB wetting occurs with decreasing 
temperature. Moreover, these dependences make it possible to determine at what 
temperature the first Al GBs begin to appear wetted with a zinc-based phase. This can be 
achieved using the dependence for the minimum contact angle (hexagons). This 
temperature is approximately 210 °C. The dependence for the maximum contact angle θ 
in a polycrystal (circles) makes it possible to determine the temperature below which all 
(Al)′/(Al)′ GBs should be wetted by interlayers of the Zn solid phase. Unfortunately, in the 
Al−Zn system, this value can only be determined by extrapolation. It is about 125 °C. It 
must be extrapolated because the equilibration processes at such low temperatures are too 
slow. Already at a minimum annealing temperature of about 190°C, its duration reached 
half a year. Thus, in the example of the aluminum-zinc phase diagram, we see that the 
fraction of GBs completely wetted by the other solid phase can either increase or decrease 
with increasing temperature. 

T      = 277°Cmon

Te
m

pe
ra

tu
re

,°C

700

600

500

400

300

200

100

0 4020 60 80 100
Atomic Percent Zn Zn

(Zn)

Al

(Al)

(Al)''+(Zn)

(Al)+L

L

(Zn)+L

(Al)'+(Zn)

(Al)'+(Al)''(Al)' (Al)''

(Zn)+L
L

(Al)''+(Zn)

T  e

T  
T  
T  

mZn
w84°
w46°

(Zn)

wsAl 0%T              = 205°C

T                = 125°CwsAl 100%

(a)

Figure 7. (a) Al–Zn phase diagram with thick lines showing the bulk phase transitions and thin lines
for GB phase transformations. The inset shows the Zn-rich corner of the diagram. Triangles denote
data for GB prewetting line. Crosses mark the points for the measurements of θ between Zn particles
and (Al)′/(Al)′ GBs. The values of TwsAl0% = 205 ◦C and TwsAl100% = 125 ◦C were obtained using
extrapolation of θ (see Figure 8). SEM micrographs show the morphology of GB Zn precipitates at
(b) 260 ◦C and (c) 190 ◦C. Zn particles appear bright, and (Al)′ matrix appears dark. Reprinted with
permission from Ref. [16]. Copyright 2011 Springer.
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Figure 8. Temperature dependence on the contact angle θ between (Zn) particles and (Al)’/(Al)’
GBs. The maximal θmax (circles), mean θmean (diamonds), and minimal θmin (hexagons) θ values are
shown. The value θmin of minimum contact angle reaches zero at TwsAl 0% = 205 ◦C. Extrapolating
the maximal contact angle θmax to the low temperatures gives the minimal temperature TwsAl100%

of the GB wetting transition. It is TwsAl100% = 125 ◦C for the extrapolation down to θ = 0. Below
this temperature of 125 ◦C, all GBs (Al)′/(Al)′ (Al)/(Al) would be completely wetted by solid (Zn).
Reprinted with permission from Ref. [16]. Copyright 2011 Springer.
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Figure 8 shows the temperature dependence of the minimum (hexagons), average
(diamonds), and maximum (circles) values of the contact angle θ between zinc particles and
the (Al)′/(Al)′ GBs. All these values decrease with decreasing temperature. This means that
the transition from incomplete to complete GB wetting occurs with decreasing temperature.
Moreover, these dependences make it possible to determine at what temperature the first
Al GBs begin to appear wetted with a zinc-based phase. This can be achieved using the
dependence for the minimum contact angle (hexagons). This temperature is approximately
210 ◦C. The dependence for the maximum contact angle θ in a polycrystal (circles) makes it
possible to determine the temperature below which all (Al)′/(Al)′ GBs should be wetted
by interlayers of the Zn solid phase. Unfortunately, in the Al−Zn system, this value can
only be determined by extrapolation. It is about 125 ◦C. It must be extrapolated because
the equilibration processes at such low temperatures are too slow. Already at a minimum
annealing temperature of about 190 ◦C, its duration reached half a year. Thus, in the
example of the aluminum-zinc phase diagram, we see that the fraction of GBs completely
wetted by the other solid phase can either increase or decrease with increasing temperature.

4. Non-Monotonous Transition from Incomplete to Complete GB Wetting with
Increasing Temperature

The diagram in Figure 9 shows that the temperature dependence of the free energy
of the grain boundary in the α-phase σαα(T) and that of the interphase boundary of two
solid phases 2σαβ(T) can intersect more than once, for example, twice. In this case, there
are two temperatures of their intersection TW and TDW.
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Figure 9. (a) Schematic temperature dependences for the GB energy σαα (thin line) and energy
2σαβ of interphase boundaries (Cu)/δ (thick line). They intersect two times at TW = 370 ◦C and
TDW = 520 ◦C. (b) The solubility limit of In in (Cu) solid solution (solid line). The dashed line shows
the typical shape of the solubility limit in the phase diagrams without non-monotonous GB wetting.
Reprinted with permission from Ref. [89]. Copyright 2014 Springer.

For the case shown in the diagram, this means that below the first crossing temperature
TW, the α/α boundary will not be completely wetted by the second solid phase β. Between
the intersection temperatures TW and TDW, the α/α GB will be completely wetted by the
second solid phase β. In other words, the β phase forms a continuous layer at the boundary
separating the α grains from each other. Above the second intersection temperature TDW
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of the σαα(T) and 2σαβ(T) dependences, the α/α GB will again be incompletely wetted,
and the second phase βwill again form a chain of lenticular particles in the α/α GB.

In the copper-indium system, we deal again with a structure consisting of eutectic
colonies before annealing (Figure 10). After prolonged annealing, the boundaries between
large copper grains become clearly visible. Copper appears dark in the micrographs.
Particles of intermetallic compound δ appear bright in the micrographs. They exist in the
bulk of copper grains as well as at the Cu/Cu GBs. The micrograph of the alloy annealed
at 360 ◦C (Figure 10a) clearly shows that the boundaries between copper grains contain
chains of white intermetallic particles δ. This behavior witnesses the partial wetting of
Cu/Cu GBs by the solid intermetallic phase δ.
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Figure 10. Microstructure of annealed Cu–In alloys (a) Cu–8 wt% In, 360 ◦C. (b) Cu–12 wt% In,
450 ◦C, letter A marks the completely wetted (Cu)/(Cu) GB. (c) Cu–17.5 wt% In alloy, 520 ◦C. SEM
micrographs are reprinted with permission from Ref. [89]. Copyright 2014 Springer.

At temperatures above 370 ◦C, the non-interrupted layers of intermetallic com-
pound δ exist in the Cu/Cu GBs (Figures 10b and 11a). This means the Cu/Cu GBs are
completely wetted by the solid intermetallic compound δ. The fraction of completely
wetted Cu/Cu GBs grows with increasing temperature and reaches almost 100% around
450 ◦C (Figure 11, black squares). However, if the annealing temperature increases
above 450 ◦C, the portion of completely wetted Cu/Cu GBs begins to decrease. Thus,
above 520 ◦C, the completely wetted boundaries disappear again. In the micrograph
of the sample annealed at 520 ◦C (Figure 10c), we again see only individual particles
and not continuous interlayers at the boundaries. Thus, two new lines of GB phase
transformations appear on the copper-indium phase diagram (Figure 11b). The first at
TW = 370 ◦C corresponds to the beginning of complete wetting of the Cu/Cu GBs by
the intermetallic compound, and the second TDW = 520 ◦C marks the upper border of
the region where complete GB wetting is observed. Above 520 ◦C and below 370 ◦C,
there are no copper grain boundaries in the system completely wetted with intermetallic
compound δ.

A non-monotonic increase in the fraction of grain boundaries completely wetted by
the second solid phase with increasing temperature is also observed in some titanium alloys
(Ti–Co, Ti–Cr) [92,98], Co–Cu alloys [77], as well as in the low-alloy steel [37]. Cementite
wetting of GBs in steels is an important topic that has been reported by various authors,
particularly in hyper eutectic steels and stainless steels [46,49] (see also the discussion in
Section 6).
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5. Wetting of Grain Boundary Triple Junctions by the Second Solid Phase

The grain boundaries form so-called triple junctions (TJs). A triple GB junction is a
linear defect along which three adjacent grains meet. At triple junctions, complete and
incomplete wetting by a liquid or second solid phase can also be observed. Figure 12
shows various combinations for complete and incomplete wetting of three-grain bound-
aries and their common triple junction. In the case of complete TJ wetting, a triangular
prism of the second phase substitutes the triple junction. With incomplete wetting, a
chain of triangular particles of the second phase is visible along the triple junction.

In the case of complete GB wetting, an interlayer of the second phase is formed
along the GB, and the condition for complete GB wetting is that the GB energy is higher
than the energy of two interphase boundaries σGB > 2σSS (Figure 13a,b). When the triple
junction is completely wetted, a triangular prism of the second phase is formed on it
(Figure 13d). It replaces the star of three GBs that was previously inside it (Figure 13c).
Thus, the wetting conditions for a triple junction are as follows: σGB >

√
3 σSS. In other

words, the free energy of the wetted GB should not be higher than 2σSS, but it should
be higher than

√
3σSS. The TJ wetting condition σGB >

√
3 σSS is not as stringent as the

GB wetting condition σGB > 2σSS because the root of three is less than two. Therefore,
in the scheme of temperature dependences of free energy of interphase boundaries and
GBs (Figure 13f), the condition for complete wetting for TJs is located below the line for
complete GB wetting. This means that the transition temperature from incomplete to
complete TJ wetting should be lower than the transition temperature from incomplete
to complete GB wetting.
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Figure 12. GB triple junction among grains 1, 2, and 3. Grey color marks the liquid phase. (a) Dry TJ
contacting three dry GBs. (b) Incompletely wetted GB TJ in contact with three incompletely wetted
GBs. (c) Completely wetted GB TJ contacting dry GBs. (d) Completely wetted TJ contacting three
incompletely wetted GBs. (e) A dry GB TJ contacting three incompletely wetted GBs. (f) Fully
wetted GB TJ contacting one fully wetted GB. (g) Fully wetted GB TJ contacting two fully wetted GBs.
(h) Fully wetted GB TJ contacting three fully wetted GBs. Reprinted with permission from Ref. [87].
Copyright 2021 Springer.
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Figure 13. (a) Non-wetted GB having energy σGB. (b) Fully wetted GB (it is substituted by a layer of
other solid phase and two interphase boundaries having energy 2σSS). (c) Non-wetted GB TJ, which
is constructed of three GBs of the same energy σGB. (d) GB TJ substituted by the triangular prism
of solid phase (it is the case of complete wetting of GB TJ). (e) Temperature dependence for σGB,
2σSS, and

√
3σSS (being the energy of interphase boundaries of two solid phases in the triangular

prism). Such a triangular prism substitutes the GB TJ in case of its complete wetting. Reprinted with
permission from Ref. [87]. Copyright 2021 Springer.
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Such a phenomenon for the wetting of GB TJs by a melt was observed experimentally
for the first time for aluminum-based alloys [87]. Indeed, it turned out that the difference
in temperature between the wetting transition for TJs and GBs is quite measurable and
reaches about 15–20 ◦C. The wetting of GB TJs by the other solid phase was first studied
on magnesium alloy EZ33A [125]. Figure 14a shows the microstructure of such an alloy.
In the micrograph, the magnesium matrix appears dark, while the particles of the second
phase, containing different metals, appear light. Letters in Figure 14a denote differently
wetted triple junctions. These letters correspond to the wetting schemes for the GBs and
TSs in Figure 12. As a result of the experiments carried out at temperatures from 150 to
400 ◦C, it turns out that the fraction of completely wetted boundaries between magnesium
grains is everywhere lower than the fraction of completely GB TJs (Figure 14b). Above, we
considered the copper-indium system, where the transition from incomplete to complete
GB wetting by solid intermetallic compound δ occurs non-monotonically. For example, the
(Cu)/(Cu) GBs completely wetted with intermetallic compound δ exist in the temperature
range between 370 ◦C and 520 ◦C (Figure 11). However, above 520 ◦C, the completely
wetted (Cu)/(Cu) GBs disappear again. In the diagram shown in Figure 13, a case is
considered of how the energy curves of interfacial boundaries, grain boundaries, and triple
junctions may look. This scheme predicts that the temperature range in which there will be
GB TJs completely wetted by other solid phases may be wider than the temperature range
in which there are completely wetted GBs.
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Figure 14. (a) Microstructure of the EZ33A alloy annealed at 150 ◦C (SEM micrograph). The mg-rich
matrix appears black; the GBs and TJ wetting layers appear bright. The letters a, c, f, g, h mark
differently wetted GBs and TJs according to the scheme in Figure 12. (b) Fraction of wetted GBs (filled
squares, lower curve) and GB TJs (filled triangles, upper curve) at different temperatures. Reprinted
with permission from Ref. [125]. Copyright 2020 Springer.

Indeed, it was observed experimentally that the first completely wetted GB TJs appear
in this system below 300 ◦C [87]. At the same time, the first fully wetted GBs appear only
at 375 ◦C. The fully wetted GBs disappear at about 520 ◦C. At this temperature, there are
still many fully wetted triple junctions in the system (Figure 15). Figure 11 clearly shows
that the portion of completely wetted TJs at all studied temperatures is higher than the
portion of completely wetted GBs. Moreover, the curve for temperature dependence is
much broader for triple junctions than for GBs. The curve for TJs seems to cover from
above and from both sides of the curve for completely wetted grain boundaries.
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Figure 15. Microstructure of Cu–In alloys annealed at 430 ◦C (a) and 520 ◦C (b). The (Cu) matrix
appears black in SEM micrographs. The δ-phase wetting the GBs and TJs appears white. The letters a,
c, f, g, h mark differently wetted GBs and TJs according to the scheme in Figure 12. Reprinted with
permission from Ref. [87]. Copyright 2021 Springer.

6. Influence of GB Wetting by the Second Solid Phase on the Properties of Materials

GB wetting by the second solid phase can have a strong influence on the properties of
materials, including Al alloys [18,20,22,23,25–35], Fe-based alloys and steels [36,38–76], Co- and
Ni-based alloys [78–85], Cu alloys [86,88,90], Ti- and Zr-based alloys [91,93,95,97,99–123], Mg
alloys [124,126,128–131], as well multicomponent and high-entropy alloys [132,134,136–144].

For example, it was observed by Qin et al. that the shape of the second phase(s) in
the precipitation-hardenable Al–0.31Mg–0.68Si wt% alloy strongly depends on the cooling
rate [18]. The changing cooling rate drives the GB wetting transition and, thus, modifies
the hardening of the studied Al–Mg–Si alloy. Gao et al. observed that the precipitates in the
Al–Cu–Li-based alloys significantly influence the behaviors in the subsequent processing
and heat treatment procedures and, therefore, potentially expand their applicability for the
aerospace industries owing to their relatively low density and excellent performances [22].
The studied alloy contained Cu–2.66, Li–1.31, Mn–0.27, Zr–0.11, Mg–0.09, Ti–0.03, and
Fe–0.04 wt%. The air-cooled sample was dominated by T-phase (Al20Cu2Mn3), and β′-
phase (Al3Zr) precipitated at high temperature, accompanied by naturally aged δ′-phase
(Al3Li). In the sample cooled with the furnace, in addition to the T and δ′/β′ phases,
predominant are the precipitates of micrometer-scale T1-phase (Al2CuLi) and some of
θ′-like (Al2Cu) phase. The shape of GB precipitates of all these phases differed, changing
between complete and partial GB wetting [22].

GB wetting by the second solid phase was also observed in an ER4043 Al-based al-
loy after wire and arc additive manufacturing [20], Al–Cu–Li alloy after slowed cooling
from 520 ◦C [25], during GB precipitation of T1-phase during quenching in a 2A97 alu-
minum alloy (Figure 16a) [26], after non-isothermal aging of Al–4.44 wt%Zn–1.57 wt%
Mg–0.37 wt%Mn–0.24 wt%Cr–0.12 wt%Cu–0.10 wt%Zr–0.05 wt%Si–0.09 wt%Fe alloy
(Figure 16b) [28], in an Al–Cu–Mg alloy after friction stir spot processing [30], in an Alnico
alloy compounded by hot isostatic pressing and hot rolling followed by the traditional
heat treatment [31], in a high-strength AA7075–H18 alloy [32], in Al–1.5B–3.7Ti–1Mn and
Al–2Mn–1Fe alloys [33], in an Al–2.5Mn–3.3Cu–0.5Zr (wt%) produced with the aid of
electromagnetic casting [34], and during superplasticity of an Al–15 Zn (at%) alloy [35].



Metals 2023, 13, 929 15 of 25

Metals 2023, 13, x FOR PEER REVIEW 15 of 26 
 

 

6. Influence of GB Wetting by the Second Solid Phase on the Properties of Materials 
GB wetting by the second solid phase can have a strong influence on the properties 

of materials, including Al alloys [18,20,22,23,25–35], Fe-based alloys and steels [36,38–76], 
Co- and Ni-based alloys [78–85], Cu alloys [86,88,90], Ti- and Zr-based alloys 
[91,93,95,97,99–123], Mg alloys [124,126,128–131], as well multicomponent and high-en-
tropy alloys [132,134,136–144]. 

For example, it was observed by Qin et al. that the shape of the second phase(s) in 
the precipitation-hardenable Al–0.31Mg–0.68Si wt% alloy strongly depends on the cool-
ing rate [18]. The changing cooling rate drives the GB wetting transition and, thus, modi-
fies the hardening of the studied Al–Mg–Si alloy. Gao et al. observed that the precipitates 
in the Al–Cu–Li-based alloys significantly influence the behaviors in the subsequent pro-
cessing and heat treatment procedures and, therefore, potentially expand their applicabil-
ity for the aerospace industries owing to their relatively low density and excellent perfor-
mances [22]. The studied alloy contained Cu–2.66, Li–1.31, Mn–0.27, Zr–0.11, Mg–0.09, Ti–
0.03, and Fe–0.04 wt%. The air-cooled sample was dominated by T-phase (Al20Cu2Mn3), 
and β′-phase (Al3Zr) precipitated at high temperature, accompanied by naturally aged δ′-
phase (Al3Li). In the sample cooled with the furnace, in addition to the T and δ′/β′ phases, 
predominant are the precipitates of micrometer-scale T1-phase (Al2CuLi) and some of θ′-
like (Al2Cu) phase. The shape of GB precipitates of all these phases differed, changing 
between complete and partial GB wetting [22]. 

GB wetting by the second solid phase was also observed in an ER4043 Al-based alloy 
after wire and arc additive manufacturing [20], Al–Cu–Li alloy after slowed cooling from 
520 °C [25], during GB precipitation of T1-phase during quenching in a 2A97 aluminum 
alloy (Figure 16a) [26], after non-isothermal aging of Al–4.44 wt%Zn–1.57 wt% Mg–0.37 
wt%Mn–0.24 wt%Cr–0.12 wt%Cu–0.10 wt%Zr–0.05 wt%Si–0.09 wt%Fe alloy (Figure 16b) 
[28], in an Al–Cu–Mg alloy after friction stir spot processing [30], in an Alnico alloy com-
pounded by hot isostatic pressing and hot rolling followed by the traditional heat treat-
ment [31], in a high-strength AA7075–H18 alloy [32], in Al–1.5B–3.7Ti–1Mn and Al–2Mn–
1Fe alloys [33], in an Al–2.5Mn–3.3Cu–0.5Zr (wt%) produced with the aid of electromag-
netic casting [34], and during superplasticity of an Al–15 Zn (at%) alloy [35]. 

  
(a) (b) 

Figure 16. (a) GB precipitation of T1-phase during quenching in a 2A97 aluminum alloy. Reprinted 
with permission from Ref. [26]. Copyright 2021 Elsevier. (b) HAADF-STEM images of intergranular 
precipitates after non-isothermal aging of an Al–Mg–Zn alloy. Yellow lines and arrows show the 
precipitate-free zone [28]. Reprinted with permission from Ref. [28]. Copyright 2021 Elsevier. 
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Figure 16. (a) GB precipitation of T1-phase during quenching in a 2A97 aluminum alloy. Reprinted
with permission from Ref. [26]. Copyright 2021 Elsevier. (b) HAADF-STEM images of intergranular
precipitates after non-isothermal aging of an Al–Mg–Zn alloy. Yellow lines and arrows show the
precipitate-free zone [28]. Reprinted with permission from Ref. [28]. Copyright 2021 Elsevier.

The hardness of boronized AISI 1045 steel depends on the shape of iron borides in a
GB Fe-based matrix [36]. GB carbides (such as Mo-rich M6C and Cr-rich M23C6 phases)
in the metal after multi-pass welding can initiate a stress rupture in the 9%Cr–CrMoV
welded joints [40]. M23C6, MX carbides, σ phases, Z phase, and ε-Cu phase precipitate
in the Super 304H austenitic stainless steel after long-term aging. The precipitation (in-
cluding different GB precipitates) changes the creep strength [58]. GB wetting by other
solid phases was also observed in TiC-reinforced steel matrix composite [38], 316L stainless
steel [39], Fe–2Cu–1.5Ni–1.5Mn low-alloyed steel [41], boron-alloyed 304 and 316 stainless
steels [42], Fe–0.2%C–0.92%Cr–0.52%Mn–0.24%Si–0.16%Mo alloy [43], χ-phase between
ferrite grains in super duplex stainless steel S32750 [44], gas nitrided die steel modified by a
plasma detonation [45], hydrogen treated 304 austenitic stainless steel [47], the experimen-
tal Fe–2.03Mn–1.92Cu–1.35Ni–1.04Al–0.84Si–0.26–0.16NbMo–0.16C alloy annealed at 700
and 720 ◦C [48].

In Ref. [46], the high-carbon steel with 0.77 wt%C, 0.59 wt%Mn, 0.36 wt%Cr, and
0.21 wt%V has been investigated. It has been confirmed that vanadium addition results
in the formation of GB ferrite films, even in the eutectoid composition range. It has
been argued that this ferrite is the product of eutectoid transformation and is not a pro-
eutectoid ferrite. The structure observed by Han et al. [46] was formed by continuous
cooling during eutectoid decomposition. Therefore, the ferrite GB layers could indicate
the wetting of austenite GBs before the eutectoid decomposition rather than the ferrite
wetting of cementite GBs afterward. In hypereutectoid steel (with 1.24 wt%C, 0.25 wt%Si,
0.26 wt%Mn, 0.17 wt%Cr, 0.028 wt%Mo, 0.12 wt%Ni, 0.025 wt%Al, 0.19 wt%Cu, 0.019 wt%P,
0.015 wt%S) annealed at 1100 ◦C. After cooling through the austenite+cementite area of
the phase diagram, continuous GB layers of cementite formed in the austenite GBs [49].
It is an important indication of the wetting of austenite/austenite GBs by cementite. The
ferrite completely wets the grain boundaries of austenite transformed into perlite in the
medium-carbon micro-alloyed steel (Fe–0.47 C–0.92 Mn–0.32 Si–0.21 Cr–0.006 P–0.046
S–0.09 V–0.022 Ti–0.015 N) after heating to 1000–1300 ◦C with different rates of 0.1–1.0 K/s.
With an increasing heating rate, the GB ferrite layers become thinner (Figure 17) [50].
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in the Fe–6.63Mn–0.077Si–0.40Mo–0.021C (wt%) medium Mn steel [51], the 45 steel irra-
diated by electron beam [52], medium Mn steel Fe–8.9Mn–1.54Si–1Al–0.05C (wt%) [54], in 
316 L stainless steel fabricated by laser powder bed fusion [55], low carbon steel with ad-
ditions of TiC–TiB2 nanoparticles [59], 0.02Ni and 0.44 Ni steels [60], the die steel alloyed 
with Si–V–Cr–Mn–Ni–Mo–Nb–Ti [61], in the iron–carbon–chromium hard coatings [62], 
in the coarse-grained heat affected zone of welded ultra-high strength steel [63]. The dop-
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[56]. The samples were austenitized for 10 min at 1050 °C and subsequently transformed 
at 600 °C for 3 min. The continuous and discontinuous cementite layers in GBs of austenite 
(transformed into perlite by cooling) are easily visible in vanadium steel (0.79C–0.22Si–
0.62Mn–0.2V) and high-vanadium silicon steel (0.91Si–0.82C–0.66Mn–0.2V). On the con-
trary, the samples of plain carbon steel (0.72Mn–0.76C–0.23Si), silicon steel (0.96Si–0.81C–
0.72Mn) as well as of, low-vanadium-silicon steel (1.01Si–0.84C–0.1V–0.73Mn) do not 

Figure 17. Ferrite network between grains of austenite transformed into perlite after heating to 1300
with a heating rate of 1.0 K/s (left), 0.3 K/s (middle), and 0.1 K/s (right). Reprinted with permission
from Ref. [50]. Copyright 2021 Elsevier.

The continuous and discontinuous GB layers of a second phase were observed also in
the Fe–6.63Mn–0.077Si–0.40Mo–0.021C (wt%) medium Mn steel [51], the 45 steel irradiated
by electron beam [52], medium Mn steel Fe–8.9Mn–1.54Si–1Al–0.05C (wt%) [54], in 316 L
stainless steel fabricated by laser powder bed fusion [55], low carbon steel with additions
of TiC–TiB2 nanoparticles [59], 0.02Ni and 0.44 Ni steels [60], the die steel alloyed with
Si–V–Cr–Mn–Ni–Mo–Nb–Ti [61], in the iron–carbon–chromium hard coatings [62], in the
coarse-grained heat affected zone of welded ultra-high strength steel [63]. The doping with
alloying elements can also affect the wetting of grain boundaries. K. Han et al. studied a
series of high-purity steels with varying carbon, silicon, and vanadium content [56]. The
samples were austenitized for 10 min at 1050 ◦C and subsequently transformed at 600 ◦C for
3 min. The continuous and discontinuous cementite layers in GBs of austenite (transformed
into perlite by cooling) are easily visible in vanadium steel (0.79C–0.22Si–0.62Mn–0.2V) and
high-vanadium silicon steel (0.91Si–0.82C–0.66Mn–0.2V). On the contrary, the samples of
plain carbon steel (0.72Mn–0.76C–0.23Si), silicon steel (0.96Si–0.81C–0.72Mn) as well as of,
low-vanadium-silicon steel (1.01Si–0.84C–0.1V–0.73Mn) do not possess such GB cementite
layers [56]. J. Yuan et al. studied the morphological evolution of carbonitrides and the effect
of these precipitates on GB pinning during pseudo-carburizing an Nb–Ti–Al micro-alloyed
steel [57]. Various complex carbide and nitride precipitates formed in samples austenitized
at different temperatures and times. The concentration of Nb, Ti, and Al strongly influences
the morphology of these precipitates, which partially wet the austenite GBs [57].

The morphology of the GB phases influences the strength as well as ductile-brittle
transition temperature of ultra-high strength steel Fe–0.1 wt%C–0.015 wt%Ti–1.0 wt%Mn–
0.2 wt%Si–3.0 wt% (Cr + Ni + Cu + Mo + Nb) [64]. The GB segregation and GB wetting
influence the microstructure and mechanical properties (strength and ductility) of an inter-
critically annealed quenching and partitioning steel [65]. The 10Cr–3Co–3W–1Mo nitrogen
free creep resistant steels without B and with 90 ppm and 120 ppm of B were annealed at
a temperature of 650 ◦C [66]. They contained GB films of Laves phase. These films did not
show a detrimental effect on the material plasticity in the quasistatic tensile tests at 650 ◦C [66].
The transformation-induced plasticity (TRIP) steel with the composition of Fe–0.295C–0.9Si–
2Mn–0.65Al–0.082V (wt%) was obtained through casting, hot forging, hot rolling, cold rolling,
and two-stage annealing at 800 ◦C (inter-critical annealing (IA)) + 430 ◦C for isothermal
bainitic transformation (IBT) [67]. The retained austenite (RA) in the bulk phase and GBs
have the highest stability at different IBT times of 4 min. A good combination of ductility
and strength is obtained in this sample [67]. The high strength low alloy steel Fe–0.16C–
1.45Mn–0.20Si–2.80–0.12 (Nb + V + Ti) (Cr + Ni + Cu + Mo + Co)–0.0005B (wt%) possesses the
highest density of high angle GBs at the nose temperature of bainite transformation curve.
It corresponds to the cooling rate of 5 ◦C/s. The GB wetting phenomena were observed in
the bainite+martensite mixture [67]. GB wetting by the second solid phase was also observed
in Fe75Cu7.5Ga18.5 alloy [69], Nb–V micro-alloyed steel [70], as-cast S31254 super austenitic
stainless steels modified with boron [71], column-faced 45 steel [72], ultra-heavy E500 offshore
engineering steel [73], Fe–1.3 wt% Cr–0.13 wt% C–0.56 wt% Mo alloy [74], 316 L stainless
steel fabricated using the hybrid in-situ rolled wire-arc additive manufacturing (HRAM) [75]
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and bainitic steel with C0.31, Mn2.11, Si1.18, Cr1.19, Al0.78, Ni0.25, Mo0.26, S0.0016, P0.006
(wt%) [76].

Thulasiram et al. [80] studied the grain size refinement, texture, and tensile proper-
ties of a novel Inconel 718 alloy annealed between 500 and 800 ◦C. The decreased grain
size and GB layers of a second solid led to the decreased cleavage size. The decreased
cleavage size, in turn, increased ductility [80]. The high-temperature oxidation behavior
induced by precipitation in a Ni–Y–Al alloy is also controlled by the wetting of inter-
faces [82]. The perfect orientation relationship between hcp Ni5Y and fcc γ-Ni phases in
this Ni–Y–Al alloy resulted in the internal oxidation of Al and Y within the Ni5Y-based
phase. In turn, this resulted in the formation of parallel Al2O3 and Y4Al2O9 (YAM) strips
along the YAM/Ni5Y interphase boundaries in a wetting manner. It follows from these
examples that the phenomenon of GB wetting by the second solid phase gives in the hands
of materials engineers a new instrument to tailor the properties of a broad spectrum of
two and multiphase materials. The GB wetting phenomena were observed in the CoCr-
FeNiMo alloys and Inconel 718 with Ni interlayer after vacuum diffusion bonding [78], in
the Ni-based superalloy Inconel 718 (IN718) after delta-processing treatment (DP718) and
subsequent high-temperature deformation [79], in a Ni–Y–Al alloy after high-temperature
oxidation [82], in the (Ti45Ni55)100−xFex (x = 0.5, 1, 3, 5 at%) alloy containing X-phase precip-
itates and having high hardness and high compressive strength [85], the Invar/Cu bimetal
composites [88], NiTi superelastic alloy manufactured by selective laser melting [115], Cu
based Ti2AlC composite [91] as well as in Bi-containing brass (Cu–3wt%Bi–30wt%Zn) [90].
The transition between discontinuous and continuous precipitation of the Cr-rich phase
was observed by the annealing of solution-treated binary Ni–Cr alloys with 30%, 35%, 40%,
45%, and 50% Cr, and ternary ones doped by 0.5% third elements (Cu, Zr, Nb, Fe, and
B) [81]. In some samples, this Cr-rich phase formed continuous wetting layers along matrix
GBs (Figure 18).
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Figure 18. SEM micrograph of the Ni-45 wt%Cr alloy annealed at 850 ◦C. The Cr-rich phase ap-
pears bright and formed by discontinuous (DP) and continuous (CP) precipitation. Reprinted with
permission from Ref. [81]. Copyright 2021 Elsevier.

Different heat treatment routes were studied by Zhang et al. for the Ti–6Al–4V al-
loy produced by additive manufacturing [101]. Its dynamic compressive strength was
increased by the heat treatment process. The heat treatment also changed the dynamic
compressive strength. It was isotropic before heat treatment and became anisotropic af-
terward. The heat treatment also reduced the strain rate sensitivity of the material by
heat treatment. It correlates with mutual GB wetting of α and β phases [101]. In the
(TiC + TiB+(TiZr)5Si3)/TA15 composite, after oxidation, the β-Ti phase forms the layers
wetting the α/α GBs (Figure 19) [99]. GB wetting by the second solid phase was observed
in a β-solidifying γ-TiAl alloy during β-α transformation [93], α-β phase transformation
in a metastable TiZr based alloy [95], single-pass laser welding of 304 stainless steel and
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TC4 Ti alloy with V interlayer and Cu/V bilayer [97], in the TiAl2 and TiAl aluminum-
rich intermetallics [100], Ti6Al4V/TiC composite coatings [102], in titanium aluminide
materials manufactured by combustion and high-temperature shear deformation [103], in
Ti–30.46 wt%Zr–0.73 wt%Hf–5.29 wt%Al–3.04 wt%V α + β alloy [104], in α + β Ti–4V–6Al
titanium alloy [105], in Ti–80 at% W alloys [106], in 4J36/Ni/Cu/V/TC4 diffusion-bonded
joints [107], the welded CP–Ti/304 stainless steel and CP–Ti/T2 bimetallic sheets [108], in
the near-β Ti–5Mo–5Al–5V–1Fe–1Cr (Ti-55511) alloy [109], the hot isostatic pressed TA15
titanium alloy after solution and aging treatment [110].
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By changing the Mo content in the Ti–44Al–(0–7)Mo (at%) alloys, the different variants
of mutual complete and incomplete GB wetting by the α2, γ, and βo phases were observed
(see Figure 20) [111]. The Ti–Nb–Mo alloys with different Nb concentrations were manufac-
tured by powder metallurgy [112]. The temperature and duration of sintering influenced
the mechanical properties and microstructure of these alloys, including the morphology of
GB layers of the Nb-rich phase. In Ref. [112], the microstructure and mechanical properties
of a Ti–15Zr alloy (wt%) manufactured by powder metallurgy and hot extrusion were
investigated. The alloy is comprised of an α-phase matrix with Zr-rich stripes distributed
both in the bulk phase and between grains (GB wetting layers). The alloy had an excellent
combination of ductility and strength due to the presence of Zr-rich stripes. It is because the
Zr-rich stripes can hinder dislocation movements. They also strengthen the GBs. However,
they cannot completely stop their movement. It is because the slip transmission could also
occur across Zr-rich GB layers [112]. In Ref. [114], the TC4/Nb/Cu/316L diffusion welded
joints (they were also subjected to cryogenic treatment after welding) were studied. The GB
wetting in the α+βmixture in TC4 alloy is easily visible. The strength of TC4/Nb/Cu/316L
joints increased as a result of cryogenic treatment [114]. The adiabatic shear bands and
crack propagation mechanism have been studied in Ref. [117] in a Ti–6Al–4V alloy during
hot deformation. The crack propagation is controlled by the voids and micro-cracks on
prior-α/βtrans interphase boundaries and, therefore, by GB wetting. GB wetting by the
second solid phase was observed in the Ti–Nb–Al alloys produced by spark plasma sin-
tering and mechanical alloying with varied Ta additions [116], Ti–6Al–4V–xCe (x = 0, 0.1,
0.3, 0.5, 0.7 wt%) alloys [118], Ti–Ni shape memory alloys doped with boron [119], hot-
deformed Ti–47Al–1.5Re–X (Cr, Mn, V, Nb) alloy [120], TC11 duplex titanium alloy (with
nominal composition Ti–3.5Mo–6.5Al–1.5Zr–0.3Si) manufactured by the laser-directed
energy deposition and annealed afterward at 1020 ◦C [121].
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H. Guo et al. [124] studied the thermal conductivity and phase morphology of Mg-
RE (Rare-Earth) alloys (Mg–Nd, Mg–La, Mg–Sm, Mg–Ce) in both as-cast and annealed 

Figure 20. Microstructure of Ti–44Al–(0–7)Mo (at%) alloys HIP heat-treated at 1200 ◦C for 4 h. SEM-
BSE micrographs shows that in the alloy 1Mo (a) only the α2 phase and the γ phase were observed.
The white arrow shows the area of discontinuous precipitation in GBs. The βo phase also occurs in
alloy 3Mo (b), alloy 5Mo (c), and alloy 7Mo (d) in addition to the γ and α2 phases. Reprinted with
permission from Ref. [111]. Copyright 2022 Elsevier.

H. Guo et al. [124] studied the thermal conductivity and phase morphology of Mg-RE
(Rare-Earth) alloys (Mg–Nd, Mg–La, Mg–Sm, Mg–Ce) in both as-cast and annealed states.
Nd and Sm have observable solid solubility in α-Mg. The addition of Nd and Sm reduces
thermal conductivity. This effect was significantly stronger than after the addition of La and
Ce. In turn, La and Ce have negligible solid solubility in an α-Mg matrix. La and Ce form
the layers of intermetallic phases, which completely wet the Mg/Mg GBs (see Figure 21).
GB wetting by the intermetallic Mg–RE phases was also observed in Mg–2Nd–4Zn [126],
Mg–5Sn–2Zn–0.5Zr (wt%) [128], Mg–2Dy–0.5Zn (wt%) [129], Mg–14Li–0.5Ni alloys [130]
and AZ31/ZK60 bimetal rods [131].
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GB wetting by a second solid phase was observed in multicomponent high-entropy
alloys (HEA) such as in arc-melted CoFeNi0.5AlCrx (x = 0.25, 0.50, 0.75 and 1.00) alloy
heat treated at 1200 ◦C [84], CoCrFeNi(SiC)x alloy deposited powder plasma arc additive
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manufacturing [132], in Al0.2MoNbTaTiW/MC refractory HEA composite manufactured by
spark plasma sintering and hot extrusion [134], carbon-alloyed FeMnCr-NiCo0.95C0.05 HEA
subjected to different thermal-mechanical treatments [136], AlCoCrFeNiTi-C HEA annealed
at 1200 ◦C [138], NiCoCrAlY coating on 304 stainless steel laser processed at 950 ◦C [139],
spark plasma sintered (SPS) HfNbTaTiZr HEA [140], AlCoCrCuFeNi HEA heat treated at
1200 ◦C [141], AlCoCrFeNiCu HEA coating deposited by the high velocity oxygen fuel
spraying (HVOF) and vacuum heat treatment (VHT) at different temperatures (500, 700, 900
and 1100 ◦C) [142], AlNb2TiV low-weight refractory HEA [143] ans Al10Co19Cr16Fe20Ni35
HEA homogenized at 1200 ◦C and annealed at 800 ◦C and at 590 ◦C [144].

7. Conclusions

In this review, several grain boundary (GB) wetting phenomena were analyzed. Espe-
cially important are the cases when the GB wetting phase is not liquid but solid. It turns
out that in this case, the transition from partial to complete GB wetting can occur not only
with increasing but also with decreasing temperature. Moreover, the portion of GBs fully
covered by a layer of another solid phase can non-monotonously change with changing
temperature. In this case, the wetting can be followed by dewetting. Afterward, the wetting
appears again. The completely wetted GBs are substituted by continuous layers of a second
solid phase. Differently, the completely wetted grain boundary triple junctions (TJ) are
substituted with a trigonal prism of a wetting phase. As a result, the thermodynamic
conditions for complete wetting of a GB TJ are less strong in comparison with a similar
condition for GBs. In turn, this feature leads to the fact that TJs become fully wetted earlier
(i.e., at lower temperatures) than GBs. In addition, they become dewetted later (i.e., at
higher temperatures) than GBs. All this variety of GB and TJ wetting phenomena, in the
hands of materials engineers, gives them a new instrument to tailor the properties of a
broad spectrum of two and multiphase materials.
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