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Abstract

A systematic study of grain boundary wetting by a solid phase was carried out for the first time. The microstructure of Zn—5 wt%
Al polycrystals was studied in the temperature range 250-375 °C. The Al-rich phase formed either chains of separated lens-like
precipitates or continuous layers at the Zn-rich phase/Zn-rich phase grain boundaries upon annealing at different temperatures. The
contact angle at the intersection between the Al-rich phase/Zn-rich phase interphase boundaries and the Zn-rich phase/Zn-rich phase
grain boundary decreased with increasing temperature. It became zero at a certain temperature, and remained zero above this solid-
state wetting temperature, i.e., a continuous Al-rich phase layer covered the Zn-rich phase/Zn-rich phase grain boundaries. The
fraction of wetted grain boundaries increased with increasing temperature and was independent of annealing time. The growth of
the Al-rich phase at the grain boundaries is controlled by volume diffusion in the matrix phase.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Decomposition of supersaturated solid solutions is a
very important process occurring upon heat treatment
of materials, because thereby the microstructure of the
alloy can be changed and thus the properties of the
material can be controlled.

Precipitation at grain boundaries can occur easier
than in the bulk, because the reduction of grain-
boundary area and thus grain-boundary energy favours
nucleation [1]. Two morphologies may be distinguished
for second-phase () particles at a grain boundary (GB)
in the matrix (o):

(1) If the GB energy of grains in the matrix o per unit
area, oy, is smaller than two times the energy per
unit area of the o/p interphase boundary (IB), af‘g ,

* Corresponding author. Tel.: +49-711-689-3318; fax: +49-711-689-
3312.
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formed upon precipitation of the B particle on the
o/o GB, then the growing B particle tends to reduce
its surface, and develops a lens-like shape character-
ized by a contact angle 0 (see Fig. 1(d)). If the sur-
face tensions at the junction of the GB and the IBs
are balanced (in ‘“equilibrium’), it holds
0% = 2078 cos (0/2) [2]. This equation holds for
isotropic interfacial energies and for a stress-free
state.

(2) If ogp > 26;"5, the growing B particle tends to in-
crease its surface: a layer of B-phase covers continu-
ously (“wets”) the a/o0 GB (Fig. 1(e)). In other
words: the o/o GB is unstable in contact with the
growing P particle and the “equilibrium” (see above)
contact angle 0 is nil.

Layers of solid second phases fully covering the GBs

in a matrix have been observed in many systems. Im-

portant examples are Fe;C layers at GBs in ferritic and

austenitic steels [3,4], layers of Cu at GBs in sintered W

polycrystals [5-8], a-Zr layers at GBs of B-(Zr, Nb) [9]
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Fig. 1. (a) Schematic phase diagram showing tie-lines of GB wetting by
a liquid phase and of GB wetting by a solid phase at Ty, and Ty, and
Twspp, respectively. (b) Liquid phase L does not wet a GB in the solid
phase o (7 < Ty). (c) Liquid phase L wets a GB in the solid phase
o (T > Ty). (d) Solid phase B does not wet a GB in the solid
phase o (T < Tysuy)- (€) Solid phase B wets a GB in the solid phase
o (T > Tysan)- (f) Only /B IBs exist in an o + B polycrystal if wetting
occurs at both o/o and B/B GBs (T > Tyspp). (g) Schematic depen-
dencies of ogg and 2013 on temperature. The point of intersection
indicates the wetting temperature, Ty.

and Bi layers at GBs in Cu [10]. Such continuous GB
layers of a solid second phase can have either detri-
mental effects (e.g. enhanced brittleness) or favourable
effects (e.g. improved plasticity).

The GB wetting (covering) by a layer of a solid
second phase is analogous to the conventional GB
wetting by a liquid second phase [11-18]: cf. Fig. 1(b)-
(e). The value of the temperature is decisive for the
occurrence of wetting. With increasing temperature
both the GB energy ogp(7) and the IB energy op(7)
decrease normally. If, at sufficiently low temperature
2013 > ogs and, upon increasing temperature, the
temperature dependencies ogp(7T) and 2015(7) intersect
(Fig. 1(g)), then a GB wetting proceeds at the temper-
ature T, of intersection and at temperatures higher

than Ty (cf. points (1) and (2)). Starting from a rela-

tively low temperature, upon increasing the tempera-

ture the contact angle 0 decreases down to 0 = 0 at Ty,.

Above T,, the contact angle remains 0 = 0 (Fig. 1(c)

and (e)). The tie-line of GB wetting, i.e. the tie-line

connecting the phases in equilibrium at 7j,, can be
drawn in the two-phase regions (o + L) and (a0 + B) of
the phase diagram for the cases of liquid and solid GB
wetting (Fig. 1(a)). At and above this tie-line the sec-
ond, liquid or solid, phase forms a layer separating the

crystals. GBs with a relatively low energy possess a

relatively high T,,. In polycrystalline materials a spec-

trum of GBs with different energies exists. Therefore, in
polycrystals a range of T, values occurs: from Ty, to

Twmax- Corresponding tie-lines at Tymin and Tymax for

wetting by a liquid phase have been presented in the

Al-Sn, Al-Mg and Al-Zn phase diagrams [15,17,18].

Above Tymax all GBs are completely wetted. At tem-

peratures between Tymi, and Tymax only a fraction of

the total number of GBs is wetted. Below Tymin all GBs
are not wetted, and the second phase appears at the

GBs only as (chains of) isolated particles. Peculiar

electrical and mechanical properties of materials can be

caused by a layer of a second phase fully covering the

GBs. This has relevance especially for nanocrystalline

materials that have a large volume fraction of GBs.

Tie-lines as mentioned can then be very useful with a

view to practical applications.

The ‘‘wetting” phenomenon, although described
above deliberately in a general way, has until now been
discussed and observed in the literature with respect to
wetting by a liguid phase. The purpose of this contri-
bution is to demonstrate that “wetting” by a solid phase
can occur and be explained on the basis of the same
thermodynamic background. The following predictions
can thus be made in advance:

e Transition from incomplete coverage (wetting) of a
single GB by a solid second phase to complete cov-
erage (wetting) of that GB with increasing tempera-
ture at a certain, solid-state wetting temperature,
Tiys.

e Dependence of Tys on the GB energy (low Ty for
high ¢} and vice versa).

e Increase of the fraction of GBs covered by a solid
phase from 0 to 100% with increasing temperature
from Tysmin 1O Twsmax-

These phenomena of solid-phase wetting have been
studied and discussed for the first time in this work. To
this end the Al-Zn system has been chosen. For this
system the occurrence of conventional liquid-phase
wetting was shown recently for the two-phase ((Al)+ L)
region of the Al-Zn phase diagram [18]. The current
study demonstrates the occurrence of solid-phase wet-
ting and, as a final result, provides the tie-line for first
occurrence of solid-phase wetting in the Al-Zn phase
diagram.
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2. Experimental details

A Zn-5 wt% Al alloy was produced by melting the
corresponding amounts of Zn (99.999 wt%, Hereaus)
and Al (99.9995 wt%, VAW Aluminium AG), and
subsequent cooling down under vacuum (residual pres-
sure of about 107> Pa). Slices (2 mm thick) of the alloy
were prepared by sawing, grinding and chemical etching
for 15 s (using a 5 wt% HF aqueous solution). Next,
these samples were sealed in evacuated silica ampoules
(residual pressure of approximately 10~* Pa) and an-
nealed in a tube furnace at several temperatures between
250 and 375 °C (see Fig. 2) for 336, 672 and 2016 h
(temperature control within 1 °C). Thereafter, the
specimens were quenched by crushing the ampoules in
water.

The microstructure of the specimens was studied by
optical microscopy (microscope Zeiss Axiophot) and
scanning electron microscopy (field emission microscope
JEOL JSM 6300 F). For the metallographic investiga-
tions, the samples were etched for 15 s with a 5 wt% HF
aqueous solution.

The quantification of the wetted GBs by light mi-
croscopical analysis was performed adopting the fol-
lowing criterion: every GB was considered to be wetted
only when a continuous layer had covered the whole
(visible part of the) GB; if such a layer appeared to be
interrupted, the GB was regarded as a non-wetted GB.
At least 100 GBs were analysed at each temperature. In
addition, using an imaging software (Prolmage 3.20) the
thicknesses of the second phase at the GBs were mea-
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Fig. 2. The Zn—-Al equilibrium phase diagram [19]. The vertical thin
line represents the Zn—5 wt% Al alloy of this study. Points at that line
represent the annealing temperatures applied. The tie-line at
Twsmin ~ 290 °C represents the minimal temperature determined in this
work for wetting of Zn-rich phase/Zn-rich phase GBs by the Al-rich
phase.

sured to investigate the growth kinetics. The average
thickness value from 40 to 50 measurements and the
corresponding standard deviation were determined for
every annealing time (see above) at 250, 275, 283, 345
and 375 °C. The accuracy of these kinetic data would be
enhanced by applying longer annealing times at the
temperatures mentioned, but the relative slowness of the
process makes this impossible for a practical period of
time of investigation (longest annealing time applied was
2016 h).

To confirm the presence of the different phases X-ray
diffraction (XRD) patterns were taken from cross-sec-
tions of the samples. The XRD data were recorded
employing a Philips X’Pert MPD diffractometer equip-
ped with a graphite monochromator applying Co Ko
radiation. The data were acquired in the diffraction
angle range 20-120°, with a step width of 0.05° and a
step time of 25 s. To identify the phases the character-
istic peaks were compared with those given in the da-
tabase of the International Centre for Diffraction Data
(see cards 89-4037 for Al and 87-0713 for Zn). In ad-
dition, the reflection positions were determined by peak
fitting with symmetric pseudo-Voigt functions (PROF-
IT; Sonneveld & Delhez, 1996). From these data the
lattice parameters were determined for both phases.

The measurement of the chemical composition of the
phases was carried out using electron probe microanal-
ysis (EPMA; Cameca SX100 instrument equipped with
five wavelength-dispersive spectrometers). The mea-
surements were performed at an accelerating voltage of
15 kV, a beam current of 20 nA and a take-off angle of
40°. The time per single point measurement was 60 s.
The intensities of the Ko X-ray lines were taken as the
difference between the peak maxima and the back-
ground intensities at the left and right sides of the peaks
using thallium-acid—phthalate (for Al) and large-area
LiF (for Zn) crystals as monochromators. The measured
Al Ko and Zn Ka intensities were divided by those of
pure Al and Zn standards, respectively. Then the com-
position was calculated from the corresponding intensity
ratios applying the approach described in Ref. [20]. For
the determination of the concentration profiles the
electron beam was moved along a straight line on the
specimen cross-sections with intervals from 1 to 5 um
between the locations for point measurements.

3. Results and discussion
3.1. As-cast microstructure

The as-cast microstructure of the as-prepared Zn—5
wt% Al alloy, i.e. after solidification and cooling down
to room temperature, is shown in Fig. 3. Eutectic col-
onies of Al-rich phase and Zn-rich phase lamellae,
formed at the eutectic temperature 7, = 381 °C during
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Fig. 3. Optical (a) and secondary-electron (b) micrographs of cross-
sections of the as-cast Zn-5 wt% Al alloy after cooling down to
room temperature. A Zn-rich phase/Zn-rich phase GB is marked by
arrows (b).

solidification, can be observed clearly (Fig. 3(a); see
Fig. 2 for the Zn-rich part of the Al-Zn phase diagram).
EPMA indicates the existence of (only) two phases in
these alloys, namely, the Al-rich and Zn-rich solid so-
lutions. In the optical micrographs, the Zn-rich phase
appears with a light grey colour and the Al-rich phase
appears with a dark grey colour (Fig. 3(a)). Since the
composition of the studied alloy is very close to the
eutectic one, almost no primary Zn-rich phase crystals
are present in the samples. The volume fraction of the
Zn-rich phase solid solution in the eutectic is much
larger than that of the Al-rich solid solution, in accor-
dance with the lever rule. Therefore, each eutectic col-
ony can be conceived as a Zn-rich grain containing
Al-rich lamellae, and thus neighbouring eutectic colonies
are separated by Zn-rich phase/Zn-rich phase GBs.
Practically, no Al-rich phase/Al-rich phase GBs oc-
curred as colony boundaries; the Al-rich lamellaec of
neighbouring eutectic colonies meet at the Zn-rich
phase/Zn-rich phase GBs as two combs.

Upon casting, during the cooling to room tempera-
ture, a second (monotectoid) transformation proceeds at
Tt = 277 °C in the Al-rich lamellae: the Al-rich solid
solution with an Al content in the range of about 17-22
wt% (cf. the phase diagram; Fig. 2) decomposes into an
Al-richer solid solution (containing more than 67.6 wt%
Al [19]) and the Zn-rich solid solution. The corre-
sponding, resulting fine structure of the parent eutectic
Al-rich phase lamellae can be seen in Fig. 3(b) (see also
Figs. 4(c) and 5(a)).

3.2. Morphology of the grain-boundary precipitation

Long-time annealings of the as-cast specimens at
several temperatures between 250 and 375 °C led to
drastic changes of the initial microstructure. Typical
microstructures of Zn—5 wt% Al alloys annealed at 250,
283, 345 and 375 °C are shown in Fig. 4. In all samples
coarsening of the Al-rich phase lamellae had occurred in
the bulk and Al-rich phase precipitates had grown at the
Zn-rich phase/Zn-rich phase GBs. Note that after cast-
ing no precipitates were observed at the Zn-rich phase/
Zn-rich phase GBs (see Fig. 3(a) and (b)). In Fig. 3(b)
the Al-rich lamellaec of the (former) eutectic micro-
structure are indicated as (Zn)+ (Al). These solid solu-
tions, (Zn) + (Al), formed by the monotectoid reaction
at 7 <277 °C, are nearly pure Zn and pure Al, respec-
tively, according to the phase diagram (Fig. 2). Upon
heating of the as-cast specimens from room temperature
to the annealing temperature, the Al-rich lamellae
((Zn) + (Al)) become a single Al-rich phase (again) after
crossing the monotectoid temperature (7, = 277 °C).
The amount and composition of this Al-rich phase in
the specimen may be approximately given by the equi-
librium values at a temperature slightly above the tem-
perature of the monotectoid reaction experienced during
the preceding solidification (cf. Fig. 2 and Section 3.1
and results given in Section 3.3). Then, the (subsequent)
annealing at Ty < T < T, involves that the existing
Al-rich phase has to adjust its composition by dissolu-
tion of Al in the surrounding Zn-rich phase and that
new, additional Al-rich phase has to be formed, as fol-
lows from the phase diagram (Fig. 2). Against this
background the development of Al-rich phase at the Zn-
rich phase/Zn-rich phase GBs can then be understood as
driven by a favourable change in the (total) interface
energy (cf. Section 2). Indeed, adjacent to the precipi-
tates at Zn-rich phase/Zn-rich phase GBs a depleted,
precipitate-free zone can be observed (Fig. 4(a)—(d)).

Two different kinds of morphologies have been ob-
served for the precipitates at the Zn-rich phase/Zn-rich
phase GBs, depending on the annealing temperature.
Chains of more or less isolated precipitates are observed
at GBs of a specimen annealed at the relatively low
temperature of 250 °C for 672 h (Fig. 4(a)). A contin-
uous solid Al-rich phase layer covering certain GBs is
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Fig. 4. Optical micrographs of the cross-sections of samples annealed for 672 h at 250 °C (a), 375 °C (b) and 345 °C (c), and annealed for 2016 h at
283 °C (d).

observed in specimens annealed at relatively high tem-
peratures (Fig. 4(b)).

A triple junction of Zn-rich phase/Zn-rich phase GBs
is shown in Fig. 4(c). The GB positioned horizontally is
fully covered by a uniform Al-rich phase layer. The two
GBs on the right-hand side of the micrograph are cov-
ered by chains of lens-like Al-rich phase precipitates.
The contact angle 0 for the precipitate particle and the
GB of the latter type at the triple junction is about 86°
(Fig. 4(c); cf. Fig. 1(d)).

The temperature of annealing appears to be decisive
if wetting can occur: even 2016 h of annealing at the
relatively low temperature of 283 °C did not lead to
“wetted” GBs (Fig. 4(d)). To verify that the observa-
tions on solid-phase grain-boundary wetting do not
depend on the pre-history of the specimen, specimens
annealed at 250, 275 and 283 °C were annealed addi-
tionally at 375 °C. Note that after the anneals at 250,
275 and 283 °C no covered GBs occurred (see Section
3.4 and Fig. 6). After the additional anneal at 375 °C for
two days covered GBs appeared indeed: the micro-
structure was the same as that shown in Fig. 4(b). Also
the fraction of covered GBs, determined as about 35%,
well agrees with the value obtained after annealing of as-
cast samples directly at 375 °C (Fig. 6). Hence, the

-

temperature appears to be a state variable for grain-
boundary wetting by a solid phase.

As expected, with increasing annealing time at con-
stant temperature all kinds of Al-rich phase precipitates
coarsen. The coarsening is more pronounced at higher
temperatures (Fig. 4(a) and (b)). The Al-rich phase la-
mellae in the bulk become unstable, break up and start
to spheroidize. If individual precipitates occur at the
GBs, upon continued annealing at the same temperature
they remain lens-like. The continuous Al-rich phase
layers at the GBs thicken with increasing annealing time.

It can be concluded that GB wetting by a solid phase
proceeds in the two-phase (Zn-rich phase+ Al-rich
phase) area of the Al-Zn bulk phase diagram confined
by the eutectic and monotectoid temperatures, if the
temperature is above a critical value.

3.3. Composition of the Al-rich and Zn-rich phases

The composition of the phases involved was deter-
mined by EPMA. A concentration profile measured
from a specimen annealed at 375 °C for 672 h is shown
in Fig. 5. The average composition of the Zn-rich solid
solution (about 0.9 wt% Al) as well as the overall
composition of the (decomposed upon cooling, cf.
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Fig. 5. Secondary-electron micrograph of a specimen annealed at
375 °C for 672 h (a). Composition profile along the line indicated in the
micrograph as determined by EPMA (b).
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Fig. 6. Temperature dependence of the fraction of Zn-rich phase/Zn-
rich phase GBs fully wetted by a continuous layer of the Al-rich phase.
The temperatures Ty, and T, of the bulk monotectoid and eutectic
transformations have been indicated. Tysmin i the minimal temperature
of GB wetting by a solid phase. The data points for every temperature
are averages of the data given in Table 1 for the different annealing
times at each temperature.

Section 3.1) Al-rich solid solution (about 21 wt% Al)
correspond well with the equilibrium values for these
phases at a temperature slightly higher than 7., (Fig. 2),
thereby supporting the discussion in Section 3.2. The
fine microstructure due to the monotectoid decomposi-
tion of the Al-rich phase upon cooling is observed in
Fig. 5(a) and is revealed by oscillations in the concen-
tration profile. XRD patterns from samples annealed at
375 °C for 672 and 2016 h were acquired. The calculated
lattice parameters from the fitted XRD patterns are
close to those reported in the literature for pure Al and
for pure Zn. These results are consistent with the results
from the metallographic observations and from the
EPMA measurements, recognizing the decomposition of
the Al-rich phase by monotectoid decomposition upon
cooling after the anneal.

3.4. Quantification of the solid-phase wetting

The fraction of GBs fully covered by continuous
layers of the Al-rich solid solution has been determined
at each annealing temperature. A total of about 100 GBs
was considered. The data obtained at the applied tem-
peratures and annealing times have been gathered in
Table 1. Evidently, the fraction of wetted GBs does not
depend on annealing time at constant temperature. The
temperature dependence of the fraction of GBs covered
by a continuous layer of the Al-rich phase is shown in
Fig. 6. The temperatures of the bulk monotectoid and
eutectic transformations, T, and 7., have been indi-
cated. Below T,,; no GB was covered by a continuous
layer of a solid phase (Fig. 4(a)). At T = 283 °C (>T1y)
all GBs contain only chains of isolated Al-rich phase
particles (Fig. 4(d)). At 300 °C the first GBs occur which
are completely covered by a continuous layer of the Al-
rich phase. Hence, the minimal temperature of GB
wetting by a solid phase, Tysmin, for Zn-rich phase/Zn-
rich phase GBs is in the range 283-300 °C. The corre-
sponding tie-line has been drawn in the phase diagram
(Fig. 2). The fraction of covered GBs increases with
increasing temperature. The fraction of covered GBs
does not reach 100%. Just below the eutectic tempera-

Table 1
Fraction of Zn-rich phase/Zn-rich phase GBs wetted by the Al-rich
phase.

T (°C) t=336h t=672h t=2016 h
250 0 0 0

275 0 0 0

283 0 0 0

300 0.05 0.05 0.04

315 0.06 0.06 0.07

330 0.09 0.09 0.10

345 0.12 0.09 0.11

360 0.25 0.25 0.26

375 0.36 0.35 0.34
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ture, Tt, the fraction of covered GBs equals only about
35%. This implies that Tysmax (see Section 2) is higher
than T, and no Tysmax tie-line of complete solid-phase
wetting can be indicated.

The increase in the fraction of wetted GBs with in-
creasing temperature is indicative of the presence of GBs
in the specimens with different grain-boundary energies.
Even for a single GB, the GB energy is not constant:
differently oriented parts of a curved GB have different
energies [21,22]. Thus, GBs could be found where parts
with different orientations can be either completely
(section AB in Fig. 7(a)) or incompletely (section BC in
Fig. 7(a)) covered by the second solid phase.

The minimal value for the GB energy of a high-angle
GB occurs for a twin GB. Therefore, twin GBs must

Fig. 7. (a) Curved Zn-rich phase/Zn-rich phase GB in a specimen
annealed at 375 °C for 672 h (optical micrograph). Due to the incli-
nation dependence of GB energy, the section AB with (apparently)
relatively high ojis wetted by a continuous layer of the Al-rich phase,
and the section BC with (apparently) relatively low ¢¢}is occupied by a
chain of Al-rich phase particles. (b) Twin GBs in the Zn-rich phase of a
specimen annealed at 375 °C for 336 h (optical micrograph). Due to
the low GB energy of twin GBs, the twin boundaries GBs are not
wetted but are occupied by chains of Al-rich phase particles. TB, twin
boundary.

have the highest possible critical temperature, Tys. Twin
plates in the Zn-rich phase (matrix) grains were recog-
nized easily in the studied specimens using optical mi-
croscopy by applying polarized light. Indeed, even at the
highest temperature studied (375 °C) twin GBs were
never covered with a continuous layer of the Al-rich
phase (Fig. 7(b)). Furthermore, the contact angle 0 at
the intersection of the precipitate particle and the twin
GB is close to 180° (Fig. 7(b)). Further, note that the Al-
rich phase particles on the twin GB are not even elon-
gated along the twin GB. For chains of particles on
other GBs the value of 0 is between 30° and 100°. Evi-
dently, Ty, correlates with the GB energy: the lower 635y,
the higher 7,s. For the case of liguid wetting it has also
been shown that GB character/energy correlates with
occurrence of wetting [23].

3.5. Growth kinetics of the Al-rich phase formed at the
GBs

The increase of the (average) thickness, L, of the Al-
rich phase formed at the GBs was measured. Either
chains of elongated lens-like precipitates (7 < Ty) or
layers (T > Ty) occur. In both cases L was determined as
the average of 40-50 measurements. A parabolic growth
for L was observed with increasing annealing time, ¢
(e.g. see Fig. 8(a)). The kinetic growth parameter
k =L*/t, as determined from least-squares fitting of
straight lines to the data in plots of L?> vs. ¢ for the
temperatures investigated, increases exponentially with
increasing temperature (i.e. Arrhenius behaviour occurs;
see Fig. 8(b)). It follows that the kinetics of thickness
growth of both the (isolated) elongated precipitates and
the layers can be described by one and the same Ar-
rhenius plot, implying that the corresponding thickness
increases are controlled by the same mechanism.

The results shown in Fig. § indicate that the growth is
controlled by a diffusion process: the activation energy,
0, was determined as 96 kJ/mol and the pre-exponential
factor, ko, was found to be about 4x10~° m?/s. For
comparison, the Arrhenius plots for the self-diffusion
coefficients, D, of Zn [24,25] are also shown in Fig. §(b)
(diffusion data on Al bulk diffusion in Zn are not avail-
able in the literature). The value of Q for (lateral) growth
of the Al-rich phase at the GBs agrees very well with the
Q values for bulk self-diffusion for the diffusion per-
pendicular and parallel to the crystal c-axis in Zn, (96
and 92 kJ/mol, respectively [25]). It is concluded that the
thickness increase of the Al-rich phase formed at the GBs
is controlled by volume diffusion in the Zn-rich phase.

4. Final remark

An important difference between GB wetting by a
liquid phase and GB wetting by a solid phase can be
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Fig. 8. (a) Parabolic growth of the thickness L of Al-rich phase formed
at the GBs in specimens annealed at 345 °C. (b) Arrhenius plot of the
kinetic growth constant k. The data for the bulk self-diffusion coeffi-
cients of Zn perpendicular and parallel to the crystal c-axis (thin lines:
[24,25]) are shown for comparison. The variation of the k values as
indicated in (b) follows from the possible variations in k as determined
from least-squares fittings as that shown in (a).

indicated. In general in a two-phase (o + ) region of a
(binary) phase diagram o/a, B/p and o/f interfaces can
occur. The composition of the binary Zn—Al alloy of this
study was such that in the two-phase region analysed
(see Fig. 2) B/B (i.e. Al-rich phase/Al-rich phase) GBs
were practically not observed (see Section 3.1). Now
consider an alloy of composition involving that a rela-
tively large amount of B-phase occurs in the (o0 + B)
phase region. Then a relatively large amount of B/ GBs
can be present. The B/B GBs can in principle also ex-
hibit wetting: wetting by a solid a-phase. Generally,
Tyspp Will not be the same as Tysqy. Hence, two kinds of
GB wetting tie-lines can be drawn in the two-phase
(e + PB) area of the phase diagram: one at Tygy, for
wetting of o,/o. GBs by the B-phase and one at Tipg for
wetting of /B GBs by the a-phase (Fig. 1(a)).

If Tysua < Twspp, upon increasing the temperature o/o
GBs will be first wetted by the B-phase and when the

temperature is higher than T,,sp, B/B GBs will be wetted
by the a-phase. Eventually, at sufficiently high temper-
ature, only o/B IBs are stable in the polycrystal. This
must lead to a configuration of o and B based on the
alternating principle as exhibited by the light and dark
fields on a chess-board (Fig. 1(f)).

5. Conclusions

e The transition from incomplete coverage of Zn-rich
phase/Zn-rich phase grain boundaries by an Al-rich
solid phase to complete wetting of the grain bound-
ary by a continuous Al-rich phase layer occurs upon
increasing the temperature at a critical temperature of
solid-state wetting, Tys.

e The critical temperature 7y is different for grain
boundaries and grain-boundary areas with different
energies: Tys decreases for increasing grain-boundary
energy.

e The tie-line for the minimal temperature of wetting
by a solid phase, Tysmin, Was determined for the Zn-
rich phase+ Al-rich phase two-phase area of the
Al-Zn phase diagram confined by the monotectoid
temperature, Ty, and by the eutectic temperature,
Tt. Twsmin 10 the Zn—Al system lies slightly above Tpy.

® Tusmax In the Zn—Al system lies above the temperature
of the eutectic transformation, 7.

e The fraction of grain boundaries wetted by a solid
phase depends only on the temperature and not on
the annealing time, and increases from 0% to about
35% with increase of temperature from Tygpin to Te.

e The thickness of the Al-rich phase formed at the
grain boundaries is controlled by volume diffusion
in the Zn-rich phase.
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