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Abstract. Grain boundary (GB) wetting involves several phenomena: interaction of two
solid/liquid (S/L) interfaces and the GB, diffusion of the elements from the wetting liquid along the
GB, phase transformations at the GB, diftusion in the bulk and in the melt near the triple junction of
interfaces. High pressure influences all the above phenomena. In the present paper recent results of
the study of the pressure effect on the GB wetting phenomenon are reviewed. The main results are:
discovery of the pressure induced GB - wetting/dewetting transition, confirmation that during GB
wetting by liquid Zn in Fe—6 at.% Si bicrystals GB premelting occurs, description of the solidification
of GB at high temperatures, the melting iceberg model of the solid/liqud interface, describing
reactive interfaces between the solid and melt.

Introduction. The grain boundary (GB) wetting is a complex phenomenon involving the
thermodynamics, kinetics and structure of the GB and solid/liquid (S/L) interfaces, as well as various
diffusion mechanisms [1-48]. Its technological importance was established long ago [38-48] and its
effect on embrittlement and reliability of materials attracts continuos attention [44]. The purpose of
the present paper is to focus attention on the new information following from high pressure studies
of the wetting phenomenon [24-28, 34-36]. Firstly, however, a brief review of the phenomena
related to GB wetting is given.

Systematics of the Grain Boundary Wetting Phenomena. GB wetting takes place at the
intersection of a GB and the solid/liquid (S/L) interface. The crucial parameter is the wetting angle 8
(Fig. 1). One can distinguish two cases: a wetting angle 9 > 0 (partial wetting) and 8 = O (wetting).
The transition from 0 > 0 to 0 = 0 is called the wetting transition. Further, one can consider the case
when the metal is wetted by its own melt or when it is wetted by another metal. For the case of
wetting by the own melt, the liquid and the solid can coexist only in a temperature gradient. When
the temperature increases, the liquid penetrates along the GBs. For metals with a high heat of fusion
the wetting angle usually depends on whether the temperature is increased or decreased and whether
the liquid is an inclusion in the solid phase or is present on the external surface of the solid [2, 45]
The reason is that in metals with a high energy of melting the S/L interface is sharp and has a
tendency to facet [45] whereas in metals with low energy of melting the S/L interface 1s smooth and
a few atomic diameters thick [45-49].

Since the melting phenomena take place within a fraction of a degree around the melting point and
the temperature in a real system always either increases or decreases, it is difficult to draw
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Figure 1. Schematic representation of the wetting angle 6, wetting transition and prewetted GB
region on the example of Fe-6at%Si bicrystals wetted by liquid Zn. (a) The GB is wetted and there
is a prewetted region of the GB. (b) No prewetting and wetting.

conclusions about the wetting angle for the case of melting of a pure metal. However, one fact seems
well established: for low angle GBs 6 > 0 while for general GBs 8 = 0 [2,50,61]. The practical
consequence is that during melting the liquid phase appears first at general GBs. This phenomenon
was explained in two ways. One theory is that GBs melt at lower temperatures than the bulk {47].

] T I 1 T
-1 0.004 GPa 0.05GPa 014 GPa 035GPa 058GPa 074GPa ]
Op o)
Op
RS Cero
£ )
_2 | .
50 um ©
| { | 1 J
y

Figure 2. The effect of pressure on the penetration profiles for Zn diffusion along a 43°<001>
symmetrical tilt GB in a Fe - 6 at.% Si bicrystal at 905°C. ¢, is the measured close to the GB Zn
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Figure 3. Part of the bulk (solid lines) and GB phase
diagram (broken lines) a 45°[001] GB in a Fe-6 at% Si
alloy wetted by Zn (according to Rabkin et al [20]). The
dashed line shows the GB solubility limit of Zn. The dotted
line shows the direction of the shift of the solubility limit
under pressure [26,35]. The effect of Si on the phase
diagram was neglected. cgpo is defined as the
concentration of Zn in the bulk close to the GB above
which the GB wetting and pre-melting transition takes
place. The lowest cgpo value is for the peritectic
temperature. The small cusp at 740°C is connected with
the Curie point.
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concentration. csro 15 the Zn solubility
limit. At cgpo Zn concentration the
diffusion rate decreases by two orders
of magnitude [24].

According to the calculations of Hillard
and Cahn [47], in noble metals the
energy of two S/L interfaces is lower
than the energy of a GB at the melting
point. Therefore, close to the melting
point the GB may transform in a
sandwich structure with two S/L
interfaces separated by a thin layer of
undercooled liquid. This phenomenon
was called GB premelting and was
observed during computer simulations
of GBs [51-54]. There is a number of
experiments which seem to support this
theory {2, 55-57]. However, there are
also observations that do not match the
premelting theory [50, 58--60]. It was
shown during sintering experiments of
single crystalline spheres to single
crystal surfaces that the spheres rotate
to minimize the GB energy even at
temperatures 0.95 and 097 of the
melting point [59, 60]. Further,
structural grain boundary dislocations
can be observed up to the melting point
[58]). The wetting angle is above zero
also for low angle boundaries in the
case of melting of gallium [61] The in
situ transmission electron microscopy
observations of melting of aluminum by
Hsieh and Balluffi [S0] are not
consistent with the premelting theory.

The alternative explanation is that GB premelting is a kinetic phenomenon and GBs are places where

melting starts.

One can clearly distinguish two cases of the wetting transition. One is when a very rapid penetration
of the GBs by the liquid metal is observed. The mechanism of such a rapid penetration is not clear.
The other situation is when the kinetics of the wetting transition is controlled by diffusion and is slow
enough to permit investigations of its mechanism. For the systems: Ni wetted by Bi [5], Fe-Si alloys
wetted by Zn [20] and Al wetted by Ga [63] the kinetics of GB wetting was studied in detail. 1t was
shown that the low melting point metal diffuses along GBs and transforms their structure. The
transformed GBs are characterized by high diffusion coefficients. This transformation was called
prewetting transition [20]. For the Fe-Si alloys wetted by Zn it was proposed that the concentration
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level of Zn at which the prewetting transition takes place is equivalent to the GB solubility limit of
Zn [20]. Let us denote as cz, the concentration of Zn in the GB The pre-wetting transition was
interpreted as the result of ¢z, > ¢gpo, where cgpo is the solubility limit of Zn in the GBs. capo 15 the
concentration of Zn in the bulk close to the GB and 1s measured by estimating the limit value of the
Zn concentration when approaching the scanning electron microscope probe to the GB. Detailed
investigations of cgno as a function of the Si content, GB misorientation, temperature and pressure
permitted to construct the first GB phase diagrams for the prewetting transition [20, 27] (Fig. 2-4).
As far as the physical nature of the prewetting transition, it was assumed that at high ¢z, values a thin
Zn rich liquid film is present at the GBs which would be unstable outside the GB for the same
composition and temperature. In other words, GB premelting is a preliminary stage before GB
wetting by the bulk melt. Figure 2 and 3 shows that the solubility limit of Zn in the GBs is the mirror
reflection of its solubility in the bulk. Under equilibrium conditions the contact angle € at the

intersection of the GB and the S/L mterface (Fig. 1b) is defined by the equation:
@ i
cOs— = Lo , (hH
2 Zyg

where ys and 5, are the GB and S/L interface energy per unit area, respectively. The anisotropy of
the S/L interface and GB energy is neglected. It is clear that the wetting transition means that:

Vo = 2¥ g - (2)

Let us assume that ysp and yg, are linear functions of temperature or pressure. Figure 5 and Eq 3
show that the wetting pressure or temperature shall depend on the energy, excess entropy and excess
volume of each of the interfaces.

g o =& 1 4 pV
z_ arccos( Yoro 7 Sas ‘ P GB, j 1
2 2ygo =284 T+2pVg

(3)

where ysao and yso are the energies of the GB and S/L interface at zero pressure and room
temperature, respectively, sgp and sg, are the excess entropies, ¥y and Vg, are the excess volumes of
the interfaces, and p is the pressure [23-27, 72].

High Pressure Studies of Grain Boundary Wetting. The pressure effect on GB wetting in Fe-6
at.% Si bicrystals wetted by liquid Zn was presented in detail in refs [24-27] The main results of the
high pressure studies are:

(a) Pressure induced dewetting transition. It was observed that high pressure prevents GB wetting
(Fig. 6). To explain  this result it was assumed that the energy of the liquid film penetrating along
the GBs during the prewetting transition is increasing faster with increasing pressure than the GB
energy (Fig. 5).

(b) The effect of temperature on the dewetting transition pressure. It was found that the dewetting
pressure is a function of temperature [25] and has a minimum at 885°C (Fig. 7). This result was
interpreted in terms of the pressure effect on the Zn solubility limit in GBs. Figure 3 shows the
proposed shift of the solubility limit under pressure {26, 35, 36]. At low pressure, wetting occurs at

each temperature. However, at high pressure there is a temperature range where the dewetting
transition takes place.
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Figure 4. The three-dimensional phase diagram for the GB wetting transition of a 45°<001> GB in
Fe-6 at.% Si alloy [36].
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Figure 5. Schematic representation of the pressure
effect on the energy of the S/L interface and GB.
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The physical meaning of the dotted or dashed line in Fig. 3 and the fact that pressure has the
strongest effect on the dewetting transition at the peritectic temperature was explained as follows
[26, 35]. It was postulated that in the GB there are two types of clusters around the Zn atoms: the I’
phase clusters and the liquid-like clusters [26, 35]. The I'-phase clusters are assumed to form below
the peritectic temperature, where the Zn atoms may form bonds with Fe atoms like in the the I” phase
which is the closest intermetallic phase. As the temperature increases up to the peritectic temperature
the fraction of I' phase clusters should decrease and the fraction of the liquid—like clusters should
increase. On the other hand when approaching the melting point the fraction of liquid-like clusters
should decrease at high temperatures because at high temperatures Zn is expected to desegregate
from GBs. The above model explains the lowest solubility limit at the peritectic temperature. As a
consequence, the higher the temperature the more solid—like the GB structure.

In conclusion: assuming that the energy of a liquid-like GB increases faster with pressure than a
solid-like GB, the lowest dewetting pressure corresponds to the peritectic pressure. Further, it is
expected that GBs should show a higher tendency towards premelting at intermediate temperatures,
where low melting point impurities are still segregated on them, than at high temperatures, where
desegregation takes place. This idea was expressed as solidification of GBs with increasing
temperature [26] and corresponds to the bending to the right of the dashed and dotted lines in Fig. 3
describing the GB solubility limit, contrary to the behavior of the solid line which corresponds to the
bulk solubility limit.

(c) The effect of misorientation angle on the dewetting transition pressure. As it is seen from Figs. 6
and 8, the dewetting pressure is highest for the near 25 GB. Let us consider what that means. At low
pressure, the GB is wetted and the equilibrium situation is when a liquid film separates the two
grains. When the pressure is increased, the experimental fact is that the two crystals surfaces
approach to each other and form the GB. Let us consider this situation based on the assumption that
the intermediate state between wetting and dewetting is the formation of a thin liquid film
corresponding to the prewetted state. The liquid film is stable to the highest pressure for the near X5
GB. If the transition pressure is high, then either the GB energy is high or the excess volume of the
liquid film is small (Fig. 5). It is unlikely that the near 25 GB has a considerably higher energy than
the general GBs. Therefore, the liquid film must have the smallest excess volume for the near 25 GB
(Fig. 5). It follows that for this periodic orientation of the two crystals, there must be some long
range interaction of the crystals across the liquid phase, which decreases its excess volume. Such a
situation would indicate that even in the prewetted state this near 35 GB is not completely
disordered.

(d) The effect of pressure on the wetting angle. Figure 8 shows the pressure effect on the wetting
angle. Above the dewetting transition pressure the contact angle increases with pressure. We have
performed a fitting procedure of Eq. (3) to the experimentally determined &p) dependencies. We
used the following fixed values: y550=800+200 m}/m”and 5 = 300 mJ/m” [31,32, 64], Vep= 0, and
neglected the entropy terms. Using this procedure, the lower limit for the excess volume of the S/L

interface was estimated: Vs> 0.2 nm. Vy is measured in the units: m*/m® = m. The results of the
fitting procedure are listed in Table 1.
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Figure 6. Optical micrographs of Fe(Si) bicrystals (below, bright) in contrast with a Zn rich melt
(above, dark) after annealing at 905°C under different pressures. The GBs are represented by the
thin vertical lines. The dewetting pressure is between 0.3 and 0.85 GPa for the 35°<001>
symmetrical tilt GB while it is between 0.85 and 1.17 GPa for the 38°<001> near £5 GB.
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Table 1. Results of the fitting procedure of Eq. 3 to the experimental data shown in Fig. 8.

Misorientation angle Dewetting pressure, GPa Vg, nm
35° 0.6+0.1 0.65+0.15
38° (~E5) 0.8+0.1 0.9+0.3
43° 04+01 0.30.1

From thermodynamic considerations [45-49] and computer modeling studies [65-69] it follows that
in the case of a low heat of fusion the S/L interface is diffuse and assumes a thickness of a few
atomic diameters. However, such effects could not account for the high free volume found in the
present study. In ref [36, 72] it was assumed that the S/L interface is thick by a few nm and the
density deficit of the S/L interface originates from the fact that the liquid is less dense than the solid.
Figure 9 illustrates the above concept. If the interface width /. decreases to zero, the volume of the
system decreases by Vg, = LAp. The density difference Ap between the liquid and solid is on the
order of 2%. Therefore, for the minimum value of Vg, 0.2 nm, the S/L interface thickness is on the
order of 10 nm. Such a thick S/L interface can be understood in terms of the association model of
liquid alloys [70]. It predicts the stability of solid like-clusters in the liquid. If solid-like clusters
containing a few atoms and of diameter 1-2 nm detach from the solid and dissolve in the liquid, then
the S/L interfacial region must be at least a few nm thick. The above model was called melting
iceberg model for the solid/liquid interface.
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Figure 7. The effect of temperature on the dewetting pressure in Fe—6at %Si
bicrystals wetted by liquid Zn.
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The high excess volume of the S/L interfaces found in the present study was in contrast with the low
excess volumes found by Stickels and Hucke [28] in the Ni-Pb system However, these authors
studied a system in thermodynamic equilibrium, where no interdiffusion perpendicular to the
interface took place. In the case of Fe-Si bicrystals wetted by Zn, diffusional fluxes take place and
the S/L interface has a reactive character. This may be the main reason of the difference in the
behavior of the two systems under pressure.

The present results are also consistent with recent investigations of the pressure effect on GB
segregation of oxide phases in ceramics [37]. It is known that such oxide layers may exist in
thermodynamic equilibrium in GBs in ceramics {73]. However, application of high pressures may
prevent both segregation and formation of amorphous GB films [37].

Conclusions

I. Pressure causes the de—wetting transition in Fe-6 at.% Si bicrystals by liquid Zn.

2. The strong pressure effect on the wetting angle indicates an excess volume of the solid/liquid
interface in the above system of more than 0.2 nm.

3. To explain such a high excess volume, it was proposed that the S/L interface encloses clusters of
atoms detaching from the solid and melting in the liquid, like in the case of melting icebergs. The
above model was called the melting iceberg model for the solid/liquid interface.

4. The dewetting transition pressure is higher for the near X5 special grain boundary than for the
general boundanes. This result was interpreted as an evidence that the liquid film between two
S/L surfaces is in that case not fully disordered.

Free volume
Ve = LAp

Density p

S/L
Interface!

L

Spatial coordinate

Figure 9. lllustration of the melting iceberg model for the solid/liquid interface. It is assumed that
the S/L. interface has density oscillations corresponding to solid—like atomic clusters which detach
from the bulk and dissolve in the liquid. The width of the interface corresponds to the range of the
existence of the clusters. If the interface width L decreases to zero, the volume of the system
decreases by Vs, = LAp. The absolute value of the change of volume per unit surface is defined as
the excess volume of the S/L interface.
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