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Abstraet Grain boundary (GB) phase transitions can change drastically the properties
of nanograined polycrystals, leading to enhanced plasticity or brittleness, increasing
diffusion permeability. Thcy influence also liquid-phase and activated sintering,
soldering, processing of semi-solid materials. The GB wetting phase transition can
occur in the two-phase area of the bulk phase diagram where the liquid (L) and solid (5)
phases are in equlibrium. The GB wetting tie linc appears in the 7+5 arca. Above the
temperaturc of the GB wetting phase transition a GB cannot exist in equlibrium contact
with the liquid phase. The liquid phase has to substitute the GB and to scparate both
grains. The GB wetting tie-line can continue in the one-phase area of the bulk phase
diagram as a GB solidus line. This line represents the GB premelting or prewetting
phase transitions. The GB properties change drastically when GB solidus linc is crossed
by a change in the temperature or concentration. In casc if two solid phase are in
equilibrium, the GB “solid statc wetting” (or covering) can occur. In this casc the layer
of the solid phase 2 has to substitute GBs in the solid phase /. Such covering GB phase
transition occurs if the energy of two interphase boundaries between phase / and 2 1s
lowcer than the GB energy in the phase /.

1. Introduction

The propertics of modern materials, especially those of nanocrystalline, superplastic or
composite materials, depend critically on the properties of internal interfaces such as
grain boundaries (GBs) and interphase boundarics (I1Bs). All processes which can
change the properties of GBs and [Bs affect drastically the behaviour of polycrystalline
metals and ceramics [1]. GB phase transitions are onc of the important examples of
such processes [2]. Recently, the lines of GB phase transitions began to appear in the
traditional bulk phase diagrams [2- 7]. The addition of these equilibrium lines to the
bulk phase diagrams ensurcs an adequate description of polycrystalline materials,
particularly their diffusion permeability, deformation behavior and the evolution of the
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Figure 2. Temperature dependences of the contact angle between Sn-rich melt and ult Al GB
32001 15001} (T, = 6041 °C). The insert shows the in details the  (7) dependence close to Tw.

usual experiments: G5 = 2 Gg; cos (8/2). If 6,5 < 26, the GB 1s incompletely wetted
and the contact angle 6>0 (Fig. la). At the temperature 7,,, of the GB wetting phase
transition G5 = 26, and at 7 2 7, the GB is completely wetled by the liquid phasc

and O = 0 (Fig. 1b). If two GBs have different encrgies the temperatures of their GB
welting transitions will also differ: the lower Gy, the higher 7, (Figs. 1c and 1d). If the

GB wetting phase transition is of first order, there is a discontinuity in the temperature
derivative of the GB energy at T, which is equal to [065/0T — 026 AT | [ 11, 16]. If

the (B wetting phase transition is of second order, d6;,/dT  d(26¢ VoT at T, . The
theory predicts also the shape of the temperature dependence 8 (7) at 7—7,,; it must be
convex for a tirst order wetting transition [6 ~ t!"? where T = (7. T)/T,, | and concave

for a second order wetting transition: 6 ~ T2 [12].

Nowdays, the GB phase transitions of the sccond order were not observed
experimentally. All observed temperature dependences 0(7) have a discontinuity in the
temperature derivative of the GB energy at 7,,,. The 0(7) dependences are convex (like

those shown in Fig. 2 for the Al-Sn system) and follow the O ~ 12 law [17].



208

at. % Sn
y 10 20 40 60 80100
1 L )
———_____617°C o
——— 604 C 582i5°C - w2
6001 ;
w1
O
> -400 1
~ (A+L
200
(Al (BSn) —~
0 20 40 60 80 100
Al wt. % Sn Sn

Figure 3. The Al Sn phasc diagram. Thick solid lines represent the bulk phase transitions. Thin solid lines
arc the tie lines of the GB welting phase transitions. Thin dotted line represents the estimation for the GB
wetting phase transiton for the GB with highest possible cnergy.

Consider the contact between a bicrystal and a liquid phase L. If the GB energy G4 1s
lower than the energy of two solid/liquid interfaces 20, , the GB is not completely
wetted and the contact angle 6 > 0 (Fig. [a). If o5 > 205 the GB 1s wetted
completely by the liquid phase and 8 = 0 (Fig. 1b). If the temperature dependences o,
(7) and 20, (7) mtersect, then the GB wetting phase transition proceeds at the
temperaturc 7, of their intersection (Fig. Ic). The contact angle Odecreases gradually
with increasing temperature down to zero at 7. (see also the Fig. 2 for the system Cu-
In} At 77> T, the contact angle © = O (Figs. 1d and 2). The tie-fine of the GB wetting
phase transition appears at T in the two-phase region (51 L) of the bulk phase diagram
(Fig. 3). Above this tie line GBs with an energy G5 cannot exist in equilibrium with
the liquid phase. The liquid phase forms a layer separating the crystals. 1In Fig. 3 two
GB wetting tic lines are shown for two GBs with different energies obtained by
measurements of 8(7) dependences (Fig. 2). In polycrystals the whole spectrum of GBs

exist with varuious cnergies. Therefore, in polycrystals the maximal 7., .. and minimal
T

wmin Can be tound for high-angle GBs with minimal and
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Figure 4. Scheme of the phase
diagram with lines of bulk and GB
phase  transitions.  Thick  lines
represent the bulk phase transitions.
Thin lines represent the tie-lines of the
GB wetting phase transition in the § +
L arca for the high angle iBs having
maximal and minimal possible energy
and the  GB  premelting  phase
transition in the solid solution area S,

Figure 5. The Al-Mg phase diagram.
Thick lines represent the bulk phase
transitions. Thin lines are the tie-lines
of the GB wetting phase transitions
(Tpmene = 610°Cand T = 540°C)
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L min @re shown also in the Al ‘Mg phase diagram (Fig. 5). Above 7'

W
completely wetted (see Fig. 6a). At the temperature between 7, and T min SOME

GBs are wetted by the liquid phasc and other GBs are not wetted (Fig. 6b). Below
L\ min 2l GBs are not wetted, and the melt has a shape of separated inclusions (Fig. 6¢).

With increasing temperature between and the fraction of the wetted GGBs increases from
Oat T to 100% at T (Fig. 7).
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muy- Al GBs are

~

First indications of the GB wetting phase transitions were found by mecasuring of the
contact angles in polycrystals [17]. Correct measurements were later perfomed using
metallic bicrystals with inndividual iilt GBs in the Al-Sn (Figs. 2 and 3), Cy-In (4],
Al-Pb-Sn |3,18,19], Al-Ga, Al-Sn-Ga [20, 21], Cu-Bi [5, 22, 23, 30], Fe-Si-Zn [24-
27], Mo- Ni [28], W=Ni [29] and Zn--Sn [7] systems. The tie-lines of the GB wetting
phase transition were constructed basing on the experimental data (3.4.7,18-29]. The
difference in the GB wetting phase transition temperature was experimentally revealed
for GBs with different encrgies [4, 18]. The precize measurements of the temperature
dependence of the contact angle revealed also that the GB welting phasc transition is of
the first order [18). The indications of presence of the liquid-like phase along the
dislocation lines were also found [23].
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Figure 9. Temperature dependence of shear strain rate for Al -5 wt. % Mg alloy in solid and semi-solid state
[37].

The deformation behavior of metals in the semi solid state has been cxtensively
investigated from the viewpoint of rheological flow [30-32]. These studies have shown
that the viscosity of the semi-solid metals depends on the volume fraction and
morphology of the solid phase and the shear strain rate. In addition, the deformation
behavior in a semi-solid statc at the early stages of melting has been investigated by
compressive creep tests [33-36]. Vaandrager and Pharr [24} showed that the
deformation mechanism in a semi-solid state at the early stages of melting is grain
boundary sliding accommodated by cavitation in a liquid phase for the copper
containing a liquid bismuth. This deformation mechanism in the semi-solid state at the
carly stages of melting appears to be different from that in the semi-solid state during
solidification. The presence of a liquid phasc gives rise to complicated effects on the
deformation behavior in the semi-solid state. Deformation in the semi-solid state is
phenomenologically divided as follows: plastic deformation of solid phases, sliding
between solid phases, flow of liquid incorporating solid phases and liquid flow [22].
For compressive deformation, because the liquid phase is squeezed out of boundaries
experiencing compressive stresses in a very short time [24], it is difficult to investigate
deformation rclated to the liquid flow by compressive tests. In [37] the shear tests were
carried out over a wide temperature range of 480-620°C, including temperatures below
and above the solidus temperature, for Al - 5 wt.% Mg alloy to investigate deformation
behavior in semi-solid states at early stages of melting. Pharr et al. [36] showed that the
tiquid phase significantly affects creep behavior of alloys when a significant portion of
the grain boundary arca, in excess of 70%, is wet. This revealed that the volume
fraction of the liquid phase is an important factor in the deformation characteristics in
the semi-solid state. The same trend has been reported in a semi-solid state at
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solidification [34]. However, deformation in the semi-solid state is very complicated
and cannot be characterized only by the volume fraction of a liquid phase. In [37] the
pure shear ot Al 5 wt% Mg alloy was investigated. This method permits to exclude the
squeezing of the liquid phase from the sample. The shear strain to failure drops
drastically at the solidus temperature (Fig. 8) [37]. In the semi-solid phase it is about 6
times lower than in the solid solution. Using the micrographs of the structure of
polycrystals in the semi-solid state from [37] we calculated the fraction of the fully
welted GBs in dependence on the temperature. This dependence is shown in the Fig. 7.
The continuous change of the fraction of wetted GBs intluences strongly the
mechanism of the deformation. In Fig. 9 the tempcrature dependence of the shear strain
rate is shown recalculated from the data [37]. In the solid solution the of the shear strain
rate increases moderately with increasing temperature, and the activation energy (135
kJ/mol) is very close to the activation energy of Mg diffusion in Al (131 kJ/mol). In the

semi-solid state the shear strain rate increases drastically. Close to T oy the (formally

calculated) activation energy is about 1650 kJ/mol, i.c. ten times higher than the
activation energy for the viscosity of Al melt. It means that in the semi-solid state no
unique thermally activated mechanism is working. Due to the temperature increase of
the fraction of wetted GBs, the structure of the solid skeleton changes continuously. It
becomes more and more cutted with increasing temperature, therefore, making the
shear easicr in addition to the purc temperature activation.

3. Grain Boundary Prewetting (Premelting) Phase Transitions

It was pointed out by Cahn [38] that, when the critical consolution point of two phascs
is approached, GBs of one critical phase should be wetted by a layer of another eritical
phasc, and in the one-phase region of a phase diagram there should be a singularity
connected with an abrupt transition to a microscopic wetting layer. We distinguish two
possible situations: the first one, when a layer of the new phase is formed on the GB
(prewelling transition), and the second one, when the GB is replaced by a layer of the
new phasc (premelting phase transition). At the prewetting transition the difference
between two phases must be small, while at the premelting transition the wetting phase
may differ from that of the bulk dramatically. The lines of the GB prewetting or
premelting phase transitions appear in the one-phase arcas of the bulk phase diagrams
where only one bulk phase can exist.in the thermodynamic cquilibrium (c.g. solid
solution §, see Fig. 4). These lines continue the tic-lines of the GB welting phasc
transitions and represent the GB solidus (Fig. 4). The thin liquid-like layer of the GB
phase exists on the GBs between the bulk solidus and GB solidus in the phase diagram.
During the GB premelting phase transition this layer appears abruptly on the GB by the
intersection of GB solidus. As a result, the GB properties (diffusivity, mobility,
segregation) change dramatically.

In other words, above the GB wetting tie line 7, in the S*+/. area of the bulk phase

diagram G, > 20, . This is true also if we intersect the bulk solidus at 7 — const and
move into the one-phase area § of the bulk phase diagram. The GB energy O,y In this
part of the one-phasc region is still higher that the cnergy 20, of two solid-liquid
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Figure 10, Temperature dependence of the GB Gibbsian excess of Bi in Cu(Bi) polycrystals of various
compositions, measured by AES. The sudden change of the GB segregation corresponds to the intersection of
GB solidus line.

interphase boundaries. Therefore, the GB still can be substituted by two solid-liquid
interfaces, and the energy gain G = 6520, appears by this substitution. G permits to

stabilize the GB layer of the liquid-like phase. The appearance of the liquid-like phase
(otherwise unstable in the bulk) between two S/L interfaces instead of GB leads to the
energy loss g per unit thickness and unit square. Therefore, the GB layer of the liquid-
like phase has the thickness / defined by the cquation o, —265, = Agl. Thickness /

depends on the concentration and temperature and becomes / = 0 at the line of GB
premelting (or prewetting) phase transition.

The premelting transition has been revealed in the ternary Fe-Si-Zn system by
measurements of Zn GB diffusivity along tilt GBs in the Fe-Si alloys [24-27]. It was
found that the penetration profiles of Zn along GBs consist of two sections, one with a
small slope (high GB diffusivity D;8) at high Zn concentrations and one with a large

slope (low GB diffusivity) at low Zn concentrations. The transition from one type of
behavior to the other was found to occur at a definite Zn concentration ¢y, at the GB,

which is an equilibrium characteristic of a GB and depends on the temperature and
pressure. The GB diffusivity increases about two orders of magnitude which is an
indication of a quasi-liquid layer present in the GBs at high Zn concentration. The line
of GB premelting phase transition in the one-phase area of the bulk phase diagram
continues the line of the GB wetting phase transition in the two-phase L+S arca: by
pressure increase both the GB wetting and the GB enhanced diffusivity disappear
together at the same pressure value [27].

The GB mobility was studied for two tilt GBs in bicrystals grown of high purity
99.999 wi.% Al and of the same material doped by 50 wt. ppm Ga [21]. The GB
mobility increased about 10 times by addition of the Ga content for the both GBs
studicd. Normally, the addition of a second component can only decrease the GB
mobility due to the solutton drag [32]. The increase of the GB mobility can only be
explained by the formation of the liquid-like Ga-rich layer on the GBs as a result of a
premelting phasc transition

The GB segregation of Bi in Cu was studied in the broad temperature and
concentration interval [5, 22, 23, 39, 40]. It was shown that at a fixed Bi concentration
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the GB segregation Zg, changes abruptly at a certain temperature (Fig. 10). Below this
temperature the GB Bi concentration is constant and corresponds 10 4 thin layer of pure

Bi (GB phase). Above this temperature the GB segregation is lower than one monolayer
of Bi and decreases gradually with increasing temperature according to the usual laws.
Thesc features indicate also the formation of a thin layer of a GB phase in the one-
phase area of the bulk Cu-Bi phase diagram. The points of the abrupt change of the GB
segregation form the GB solidus line in the bulk Cu-Bi phase diagram [22, 23, 39, 40].
GB segregation was measured with the aid of Auger clectron spectroscopy (AES) on
the GB fracture surfaces in samples broken in sifv in the AES instrument. In other
words, the multilaycr GB segregation in Cu—Bi alloys leads to the increased GB
brittleness. In [41] the GB energy was measured in Cu--Bi alloys using individual £19
GB in bicrystals with the aid of the GB thermal grooves. The thermal groove profile
was obtained witt the aid of atomic force microscopy. The GB Bi segregation was
measured simultaneously in the same conditions. The abrupt change of the segregation
coincides with the discontinuity of GB energy. This fact demonstrates that the GB
premelting (or prewetting) phase transition is of first order. The low-temperature
measurements of resistivity temperature coefficient dp/d7 and residual resistivity py, at
4 K were performed in [40] using the Cu Bi polycrystals annealed at high temperature
and subsequently quenched. Both dp/d7” and Po demonstrate well pronounced break

exdctly at the same position where the sudden change of GB segregation was observed.
In other words, the formation of GB layers of liquid-like phase Icads to the measurable
changes of resistivity.
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Superplastic forming of micrograined and nanostructured materials is a commercial,
viable, manufacturing technology. One of the major drawbacks of conventional
superplastic forming is that the phenomenon is only found at relatively low strain rates,
typically about 10 % 1o 10 571, Recently. a number of studies have indicated that
superplasticity ol nanostructured materials can sometimes occur at extremely high
strain rates (greater than 10 7 s 1 and up 1o 107 57 ') A specific example is a tensile
clongation of over 1250% recorded at a strain rate of 107 s1 [42]. Thus far, this
phenomenon, denoted as high-strain-rate superplasticity (HSRS), has been reported in
several classes of matenals, including metal alloys [42], metal-matrix composites [43
46] and mechanically-alloyed matenals [47-49]. Despite these exlensive cxperimental
observations. the fundamental understanding of the factors leading to HSRS has not yel
been amived at. One very pertinent fact is that all of the materials that exhibit HSRS
have a very fine grain size (~ 1 pm and less). Another is that the phenomenon is
observed at rather high homologous matrix temperatures and very close to the matrix
solidus temperature. [n Fig. 11 the example is shown of HSRS for the 7475 Al-Zn-Mg
alloy. The data are taken from independent works [50, 511 and reveal the very good
reproducibility ol the effect. Both temperature dependences have rather narrow
maximum few degrees below the solidus wmperature T It is important 1w mention that
the soludus temperature was measured by the differential thermal analysis (DTA) in the
same works [50, 51]. The maximum elongation to failure reaches 1250 %, Below T, the
maximal elongation is about 500 %, above T the maximal clongation drops very
quickly down to almost 0%,
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Figure 13. The phase diagram containing the GB wetting phase transition tic-lines and GRB solidus lines
constructed for the 7xxx Al-Zn Mg alloys.

We suppose that the HSRS phenomenon can be explained using the ideas on the GB
phase transitions in the two-phase S+ area and the solid solution arca of the bulk phase
diagrams. Using the data published in the literature, we constructed the lines of the GB
wetting phase transition for the 7xxx Al=Zn-Mg alloys (Fig. 12). The liquidis line
(thick solid line, open down triangles) have been cosntructed using the lincar
interpolation of liquidus lines for the binary Al Mg and Al-Zn phase diagrams [52].
Solidus line (thick solid line, full circles) has been drawn through the melting point for
Al [52] and experimental points obtained using DTA for the 7xxx alloys {35, 50, 51,
53]. Open and full squares mark the solid and semi-solid mechantcal behaviour,
respectively [35). Open and full diamonds mark the samples where the microstructural
observations revealed the presence or absence of the liquid phase, respectively [35, 50,
51]. The analysis of the microstructures published in [35, 50, 51] permitted us to
estimate the fraction of completely and partially wetted GBs (data marked by stars).
These estimations allow to construct the GB wetting transition tie-lines (thin solid lines)
forthe 7, (above Lo @ll high-angle GBs in the polycrystal are completely wetted)

[50, 51T and 7, 500, (above 1,500, about 50% of the high-angle GBs in the polycrystal
are completely wetted) [35].
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Inthe Fig. 12 the liquidus, solidus lines dnd GB wetting tie lines obtained in the Fig. 11
are repeated without experimental points. The data on mechanical tests (full and open
up-triangles) are added [50, 53-55). Full triangles mark the maximal elongation-to-
failure obtained in the tests performed at different temperatures [30, 51, 54]. Full
triangles lye either below the bulk solidus line or coincide with it, The tcmperature
difference between temperature of the maximal clongation-to-failure and T, decreasus

with inereasing concentration of Mg and Zn. According to the thermodvnamics, the tic
lines of the GB wetting phase transition cannot finish at the iniersection with the bulk
solidus. They have w form the GB solidus line which continue in the solid solution arca
of the bulk phase diagram and finish in the melting point of the pure component. In the
limiting case the degenerated GB solidus coincide with the bulk solidus. But in some
systems 1t can extend into the solid solution area like it is shown in Fig. 4. In that case
the layer of the liquid-like GIB phasc exist in the GBs between the GB and bulk solidus
lines. We have shown above that the presence of such liquid-tike laver in GI3 leads to
the enhanced GB diffusivity, mobility and segregation of the second component [5, 11-
I7]. Such GB solidus lines are drawn also in Fig, 13 (thin solid lines), They continue
the T, oy and T, GB welting tie lines and finish in the melting point of Al. The GB

solidus lines are drawn in such a way that the points of the maximal clongation-to-
failure are between the GR and bulk solidus, Therefore, the enhanced plasticity of the
nanograined polycrystals can be explained by the GB phase transition leading to the
formation of the liquid-like layer on the GB in the narrow band of the solid solution
area, just below the bulk solidus line. The phase diagrams similar to those shown in
Figs 12 and 13 can be constructed using the published data on HSRS. DTA and
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microscopy also for the 2xxx (Al-Zn-Mg) [45, 47-59, 51, 56-58], 5xxx (Al-Mg) [47,
51, 59, 60] and 6xxx (Al-S1-Mg) [59. 61-64] alloys. All authors studied the HSRS
phenomenon mention that the physical reason of such a huge and reproducible increase
of the palsticity is unknown. We suppose for the first time that the HSRS phenomenon
can be explained by the existence of the equilibrium GB liquid-like layer close to the
bulk solidus.

4. Grain Boundary Wetting (Covering) by Solid Phase

The situation illustrated in Fig. 1 can repeat in case if sccond phase (B) is not liquid but
also solid. In other words, if in the phase o the GB energy O ey 18 lower that the energy
of two /B solid/solid interfaces, the GB oo has to be substituted by the layer of the
second solid phase B. Such process can be called the GB wetling (or covering) by solid
phase. It is clear, that the kinetics of the equlibration processes in case GB wetting (or
covering) by solid phase is much slower than in case of wetling by liquid phase. Our
preliminary experiments with Al 95 wt.% Zn alloy demonstrate that after about |
month of annealing the difference in the morphology of Al-rich phasc precipitates (Al)
at the (Zn)/(Zn) GBs in Zn-rich phase can be observed (Fig. 14). Namely, at high
tempreratures just below the eutectic temperature in the Al-Zn system, more than 50%
of (Zn)/(Zn) GBs are covered by continuous layer of the Al-rich phasc. With decreasing
temperature the portion of the (Zn)/(Zn) GBs covered by the (Al) layer decreased, and
at the temperatures just below the eutectoid point all (Al) precipitates at the (Zn)/(Zn)
(iBs have the shape of isolated particles. Another examples of the GB covering phase
transitions can be found by the analysis of the data published in the literature, for
example, for Zr-Nb [65] or W—Cu systems [66-71].

S. Conclusions

The GB phase transitions can be observed both in two-phase and one-
phasc areas of bulk phase diagrams. In the two-phase S+ arca where
solid and liquid phases are in equilibrium the GB wetting  phase
transition can take placc at I,. Above T, the GB disappcars being

substituted by two solid/liquid interfaces and the (macroscopically thick)
layer of the liquid phase. The tie-lines of the GB wetting phase transition
must have a continuation (GB solidus) in the one-phase S area of the
bulk phase diagram. By intersection of GB solidus line the GB
prewetting or premelting phase transition proceeds. Between the lines of
GB and bulk solidus the grain boundary is substituted by two solid/liquid
interfaces and the thin layer of the liquid-like phase. This liquid-like
phase is stable in the GB and unstable in the bulk. The liquid-like phase
1 stabilized in GB due to the energy gain which appears as a result of
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substitution of GB by two solid/liquid interfaces. The GB wetting and
prewetting (premelting) phasc transitions observed up-to-date are of first
order. If the GB cnergy is higher than the energy of two solid/solid
interfaces. the GB solid state wetting (covering) phase transition can
oceur in a two-phase 5,15, arca of the phase diagram.
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