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Abstract The microstructure of binary Co—13.6 wt% Cu
and Cu—4.9 wt% Co alloys after long anneals (930—
2,100 h) was studied between 880 and 1,085 °C. The
contact angles between (Co) particles and (Cu)/(Cu) grain
boundaries (GBs) in the Cu—4.9 wt% Co alloy are between
50° and 70°. In the Co-13.6 wt% Cu alloy, the transition
from incomplete to complete wetting (coverage) of (Co)/
(Co) GBs by the second solid phase (Cu) has been
observed. The portion of completely wetted (Co)/(Co) GBs
increases with increasing temperature beginning from
Twss = 970 &+ 10 °C and reaches a maximum of 15% at
1,040 °C. This temperature is very close to the Curie point
in the Co-Cu alloys (1,050 °C). Above 1,040 °C, the
amount of completely wetted (Co)/(Co) GBs decreases
with increasing temperature and reaches zero at Ty =
1,075 £ 5 °C. Such reversible transition from incomplete
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to complete wetting (coverage) of a GB by a second solid
phase is observed for the first time.

Introduction

The equilibrium and reversible transition from incomplete
to complete wetting of grain boundaries (GBs) by the
liquid phase (melt) has been experimentally observed in a
numerous systems like Zn-Sn, Ag—Pb, Al-Cd, Al-In,
Al-Pb, W-Ni, W-Cu, W-Fe, Mo-Ni, Mo—Cu, Mo—Fe,
Cu—In, Al-Sn [1-5]. The formation of continuous layers of
a liquid phase between solid grains is broadly used, par-
ticularly in various technological processes like liquid-
phase sintering, welding or soldering. Recently, it has been
observed in the Zn—Al and Al-Mg alloys that similar GB
wetting transition can proceed even in case when a second
phase wetting GBs is solid [6, 7]. In order to mark a dif-
ference with the GB wetting by a liquid phase, it can be
called a GB coverage transition. There are good reasons to
expect that the complete wetting (coverage) of GBs by a
second solid phase can be observed in many technologi-
cally important systems, particularly in the Co—Cu alloys.
They are broadly used for the electronic applications and
are especially promising due to their giant magnetoresis-
tance [8]. Therefore, the possibility of the formation of
equilibrium GB layers of a second solid phase as well as
the values of equilibrium contact angles in the triple joints
between a GB and two interphase boundaries are very
important. Also, the probability to observe the GB wetting
(coverage) by a second solid phase is quite high in the Co—
Cu alloys, since liquid Cu almost completely wets the
surface of Co single crystals and polycrystals at 1,122 °C
(i.e. slightly above the peritectic temperature, Fig. 1) and
can completely wet the GBs [9, 10].
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Fig. 1 Part of the Co—Cu phase diagram. Thick lines denote the bulk
phase transitions and are taken from Ref. [11]. Circles denote the
points where the Co—Cu alloys were annealed. Triangles denote the
measured concentration in the (Co) and (Cu) solid solutions. Thin

Experimental

The Co-13.6 wt% Cu and Cu—4.9 wt% Co alloys (Fig. 1)
were prepared from the high-purity SN Cu and Co by a
vacuum induction melting in a form of cylindrical ingots.
The 2-mm thick slices were cut from the & 10 mm
cylindrical Co—Cu ingots perpendicular to the ingot axis,
and each sample was sealed into evacuated silica ampoule
with a residual pressure of approximately 4 x 10~* Pa at
room temperature. Samples were annealed at temperatures
between 880 and 1,085 °C (see experimental points in the
Co—Cu phase diagram, Fig. 1) during long time (between
2,100 h at 880 °C and 930 h at 1,085 °C), and then
quenched in water. The accuracy of the annealing tem-
perature was =£2 °C. After quenching, samples were
embedded in resin and then mechanically ground and
polished, using 1 pm diamond paste in the last polishing
step, for the metallographic study. After etching, samples
were investigated by means of the light microscopy and
scanning electron microscopy (SEM). SEM investigations
were carried out in a Tescan Vega TS5130 MM micro-
scope equipped by the LINK energy-dispersive spectrom-
eter produced by Oxford Instruments. Using the same
equipment, the composition of various structural elements
in the annealed and quenched samples was controlled with
the aid of electron probe microanalysis. Light microscopy
has been performed using Neophot-32 light microscope
equipped with 10 Mpix Canon Digital Rebel XT camera. A
quantitative analysis of the wetting (coverage) transition
was performed adopting the following criterion: every
(Co)/(Co) GB was considered to be completely wetted only
when a layer of (Cu) solid solution had covered the whole
GB; if such a layer appeared to be interrupted, the GB was

@ Springer

lines at Ty,sc = 970 °C and T,,i; = 1,075 °C denote the tie-lines of the
start and finish of the GB wetting (coverage) phase transition of (Co)/
(Co) GBs by the second solid phase (Cu), respectively

regarded as a partially wetted. In case of partially wetted
(Co)/(Co) GBs, the contact angle between (Co)/(Co) GB
and (Cu) solid solution was measured. In case of partially
wetted (Cu)/(Cu) GBs, the contact angle between (Cu)/
(Cu) GB and (Co) solid solution was measured. At least
100 GBs were analysed at each temperature. Typical
micrographs obtained by SEM are shown in Fig. 2.

Results and discussion

SEM micrographs of the Co-Cu alloys annealed at
1,040 °C, 1,460 h are shown in Fig. 2. In the Co-13.6 wt%
Cu alloy (Fig. 2a), both completely and incompletely
wetted (Co)/(Co) GBs are visible. The grains of the
Co-based solid solution appear dark-grey. The particles of
the (Cu) solid solution phase (appears light-grey) form
chains along the incompletely wetted (Co)/(Co) GBs
(Fig. 2a). Some (Co)/(Co) GBs are completely wetted by
(Cu). In this case, the (Cu) solid solution forms the con-
tinuous layer separating the (Co) grains. Before the
annealing, the Co—13.6 wt% Cu samples had a typical cast
microstructure, i.e. the elongated grains grown radially
from the surface towards the ingot axis in the ingot
periphery and the equiaxial grains in the ingot core, in the
cylindrical area around its axis with diameter about 1 mm.
This grain structure almost did not change during the long
annealings of Co-13.6 wt% Cu samples, the radial grains
are visible in Fig. 2a, they are aligned along its diagonal.

In the Cu—4.9 wt% Co alloy, the (Cu) grains are equi-
axed. They have a size around 50-70 mm and are not
elongated. This indicates possible evolution of the cast
structure during the annealing (like for example in the work
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Fig. 2 SEM micrographs of the
annealed Co—Cu alloys: a
Co-13.6 wt% Cu alloy

(1,040 °C, 1,460 h),

b Cu—4.9 wt% Co alloy

(960 °C, 1,600 h), ¢ faceted
(Co) particle in the bulk
Cu—4.9 wt% Co alloy

(1,040 °C, 1,460 h). The Co-
based solid solution grains
appear dark-grey (matrix in the
Co-rich alloy and particles in
the Cu-rich alloy). The grains of
Cu-based solid solution appear
light-grey (matrix in the Cu-rich
alloy and particles in the
Co-rich alloy)

devoted to the investigation of GB wetting (coverage) in
the Ni-Pb alloys [12]). In the Cu—4.9 wt% Co alloy only
the chains of very fine (Co) particles are present in (Cu)/
(Cu) GBs (Fig. 2b). The isolated (Co) particles in the bulk
are large in comparison with GB particles and strongly
faceted (Fig. 2b). These circumstances allow only rough
estimation of the contact angle between (Cu)/(Cu) GBs and
(Co) particles, it is nearly 50°-~70°. In any case, no (Cu)/
(Cu) GBs completely wetted by the (Co) solid phase were
observed at all studied temperatures.

In Fig. 3, the temperature dependence for the fraction of
(Co)/(Co) GBs completely wetted by the (Cu) phase (full
circles, thin line) and for the mean contact angle between
(Co)/(Co) GBs and the (Cu) phase (open circles, thick line)
is shown. We calculated the mean contact angle since the
polycrystal contains various GBs with different energy
(depending on the GB misorientation and inclination).
Same is true also for the energy of (Co)/(Cu) interphase
boundaries. At 885 °C, only (Co)/(Co) GBs partially wet-
ted by the (Cu) phase are present. At 985 °C, few (Co)/
(Co) GBs completely wetted by the (Cu) phase appear. It
means that the starting temperature of the GB wetting
(coverage) phase transition of (Co)/(Co) GBs by the second
solid phase (Cu) can be estimated as Ty = 970 = 10 °C.
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Fig. 3 Temperature dependence for the fraction of (Co)/(Co) GBs
completely wetted by the (Cu) phase (full circles, thin line) and for
the mean contact angle between (Co)/(Co) GBs and the (Cu) phase
(open circles, thick line)

Above 985 °C, the amount of completely wetted (Co)/(Co)
GBs increases with increasing temperature and reaches a
maximum of about 15% at 1,040 °C. Above 1,040 °C, the
amount of completely wetted (Co)/(Co) GBs decreases
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with increasing temperature. At 1,065 °C, only about 1%
(Co)/(Co) GBs are completely wetted. At 1,085 °C, no
completely wetted (Co)/(Co) GBs could be found in the
Co-13.6 wt% Cu polycrystal. It means that the finish
temperature of the GB wetting (coverage) phase transition
of (Co)/(Co) GBs by the second solid phase (Cu) can be
estimated as T, = 1075 £ 5 °C. As a result, two new tie-
lines at Ty = 970 °C and Ty = 1075 °C appear in the
two-phase area of the Co—Cu bulk phase diagram (Fig. 1).
The mean contact angle (Fig. 3) first decreases with
increasing temperature and reaches a minimum of about
6 £+ 2° at 1,040 °C. Above 1,040 °C, the mean contact
angle increases with increasing temperature and reaches a
value of 22 £ 2° at 1,085 °C. At 1,040 °C, both the con-
tact angle reaches a minimum and the amount of com-
pletely wetted (Co)/(Co) GBs becomes maximal.

Thin equilibrium GB or surface films were first con-
sidered by Cahn [13] and Ebner and Saam [14]. They
proposed the idea that the transition from incomplete to
complete surface wetting is a phase transformation. Cahn
also analysed the case when wetting phase is solid [15].
Later the idea of wetting transformations was successfully
applied for GBs, also old data on GB wetting were
reconsidered from this point of view [3-5]. The phenom-
enon of the transition from incomplete to complete wetting
is more general than the wetting under the consolute point
originally proposed by Cahn [13, 15] and analysed further
in numerous works [16, 17]. The modified Cahn’s model
was developed based on the numerous experimental results
[18]. The transition from incomplete to complete wetting
occurs in all systems where the temperature dependences
of interface energies intersect [18]. In particular, GB wet-
ting phase transformation proceeds at the temperature T,
where GB energy ogg becomes equal to the energy 2o of
two solid/liquid interfaces. Above T, GB is substituted by
a layer of the melt. The tie-line of the GB wetting phase
transition appears in the two-phase area of a bulk phase
diagram. For example, in the (Al) 4+ L two-phase region of
the Al-Zn system, the GB transformation for the Al/Al
GBs wetting by Zn-containing melt occurs [19]. The
completely wetted GBs in the AI-Mg polycrystals do not
exist below Tymin = 440 °C. Tymin 1s the wetting temper-
ature for a GB with maximal energy ogpmax- Above
Tomax = 565 °C, all high-angle GBs in (Al) are completely
wetted by the melt [19]. Tymax 1S the wetting temperature
for a GB with minimal energy oggmin- GBs can also be
“wetted” (covered) by a second solid phase, as we can see
in this work, too [15, 17]. The reversible transition from
incomplete to complete solid phase wetting (coverage) was
observed for the first time in the Zn—Al system and later
also in the Al-Mg system [7, 8].

Following the Cahn’s generic phase diagram, the more
sophisticated theories of GB phases, segregation and
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wetting layers were developed [16-18]. Thin films of
interfacial phases were observed in GBs in metals (works
of Luo and coworkers [20-22]), in oxides ([23], see also
concept of complexions by Harmer et al. [24-28]), in
interphase boundaries (Kaplan with coworkers [29-31]).
According to those developments, the GB wetting tie-lines
continue as prewetting (or GB solidus or solvus) lines in
the one-phase (Al) area. Such GB solvus lines should exist
also in the Co—Cu system because the (Co)/(Co) GBs
completely wetted by the (Cu) phase are observed between
Twss = 970 °C and T, = 1,075 °C.

The GB solidus lines were first observed in the early
works on the GB Zn diffusion in the bicrystals of Fe-Si
alloys [32-35]. GBs between GB solidus and bulk solidus
possessed the high Zn diffusivity. In particular, in the
Fe-5 at.% Si alloys, close to the intersection of the GB
solidus line with the line of Curie transformation, the GB
solidus has a pronounced ‘nose’ towards low Zn concen-
tration [32]. In this work, we observe that the portion
of (Co)/(Co) GBs wetted by solid (Cu) increases with
decreasing temperature above Curie point (i.e. in the para-
magnetic region). However, below Curie point when Co
becomes ferromagnetic, the portion of (Co)/(Co) GBs wet-
ted by solid (Cu) start to decrease with decreasing temper-
ature. It continuously decreases parallel to the increasing of
Co magnetization. It has been shown in [32] that below the
Curie point the additional attractive force appears between
two ferromagnetic grains separated by the wetting (cover-
age) layer of a diamagnetic or paramagnetic phase
(remember that if a magnet is cut in two parts, the fragments
attract one another). This attractive force increases with
decreasing temperature according to the Curie—Weiss law
and can destroy the conditions of complete wetting. Most
probably, this effect is observed in our experiments in the
Co—Cu alloys. In addition, we have to underline that the GB
solidus lines should exist in the one-phase (Co) region in the
Co—Cu bulk phase diagram between T, = 970 °C and
Twst = 1075 °C (similar to the Al-Zn [19, 36, 37], Cu-Bi
[38—41] and W—Ni [21, 22] systems).

In summary, the GB wetting (coverage) phase transition
proceeds in the Co-rich alloys and does not proceed in the
Cu-rich alloys in the Co—Cu system. The new GB tie-lines
at Ty = 970 °C and Tysr = 1,075 °C appear in the Co-—
Cu phase diagram (Fig. 1). Between T, and T, some
(Co)/Co) GBs are completely wetted by the layers of solid
(Cu) phase. The maximum portion of completely wetted
(Co)/Co) GBs is reached at 1,040 °C, i.e., close to the
Curie point in the (Co) alloys.
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