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ABSTRACT

The liquid film migration process has been studied during the penetration of a
Ni-rich liquid phase along a symmetrical 70°(011){011} tilt grain boundary in a
Mo bicrystal at 1380°C. The experimentally determined average migration rate of
the film is two orders of magnitude lower than expected from an estimate made
according to coherency-strain theory. This discrepancy can be explained under
the assumption that the actual film migration time is much lower than the
annealing time.

§ 1. INTRODUCTION

Liquid film migration (LFM) is a widely observed phenomenon in metallic sys-
tems (Baik and Yoon 1986). Liquid films occur in a material for different reasons:
the melting of a eutectic phase present at the grain boundaries (GBs) (Dang and
Baudelet 1994); the initial coexistence of a solid phase with a liquid phase during the
material manufacture process, as during hquid-phase sintering; the interaction of a
solid metal with a liquid-metal environment as in experiments on liquid-metal
embrittlement (Lynch 1988); the constitutional melting of multiphase alloys during
heating (Acoff, Thompson and Griffin 1994). A common condition for LFM to
occur 1s the complete wetting of the GB by the liquid phase. If complete wetting
occurs, the following condition should be valid if Herring’s torque terms are
neglected:

YGB > 27¥sL ' (1)

where vgp and v are the excess Gibbs energies of the GB and solid-liquid interface
respectively. In this case, deep narrow grooves (liquid films) along the GBs form in
the polycrystalline solid embedded in a liquid-metal environment. Any small asym-
metry in the properties of two solid—liquid interfaces bounding the liquid film can
lead to the migration of the wetted GB in one preferred direction. This phenomenon,
called LFM, has been frequently observed and is reminiscent of a similar phenom-
enon in the completely solid state, namely diffusion-induced grain boundary migra-
tion (DIGM) (Ma, Rabkin, Gust and Hsu 1995). However, although both
phenomena are fairly ubiquitous, the origin of the driving force and the kinetics
are still not completely understood. For example, most studies of LFM have been
performed on powders undergoing sintering with a liquid phase. The geometry of the
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liquid film in such a situation is governed by the geometry of the contacts between
the grains in the powder and cannot be controlled during the experiment.

In the present study. we have chosen a system which has already been investi-
gated by sintering experiments, but we perform better controlled cxperiments using a
bicrystal. Figure 1 (a) shows the geometry of our experimental set-up; a layer of the
low melting point metal (Ni) is deposited on the external surface of 2 Mo bicrystal.
The Mo—Ni system was chosen because LFM can easily be observed in the systems
Mo-Ni-Fe (Baik and Yoon 1986), Mo-Ni—Co-Sn (Rhee and Yoon 1987) and Mo—
W-Ni (Lee and Yoon 1992). It has been shown in sintering experiments that the
LFM velocity scales with 6%, where § is the coherency strain arising from the addition
of a ternary element (Rhee and Yoon 1987). It was suggested for this system that the
elastic energy due to the misfit associated with the gradient in the Ni concentration
ahead of the moving film is the driving force for LFM. In particular, it was shown
that, when the misfit was exactly compensated by ternary alloying, LFM did not
occur. This indicates that the chemical contribution to the driving force for LFM in
this system is below the threshold for migration (Brechet and Purdy 1989). This well
defined system is therefore an ideal candidate for well controlled cxperiments on
bicrystals where the misorientation between the grains, the thickness of the liquid
film, and the velocity of LFM can be readily observed.

§ 2. EXPERIMENTAL DETAILS
A Mo bicrystal with a symmetrical (011){011} tilt GB having a misorientation
angle ¢ = 70" has been used. This bicrystal was grown using the electron-beam
floating-zone method. A Ni layer was deposited on the bicrystal surface and the
specimen was annealed in a vacuum of 3 x 10 *Pa at 1380°C for 20min. This
temperature hes slightly above the peritectic temperature of the Mo-Ni system
(1362°C), but still below the melting temperature of pure Ni (Massalski er af.
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(@) Preparation scheme of the Mo bicrystal used for the experiment. (h) Optical micrograph of
the specimen cross-section after annealing at 1380°C for 20 min.
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1990), so that the liquid phasc forms at the Mo—Ni interface during the anneal. This
liquid phase, containing about 60at.% Ni (Massalski er «f/. 1990), wets the GB
completely and spreads along it, forming a liquid film. The morphology and position
of this film were observed by optical microscopy on a cross-section prepared by
standard metallographic methods. The concentration of Ni in the alloy was mea-
sured by electron probe microanalysis (EPMA). The intensity of the Ni Ka line was
measured with the aid of a wave-dispersive spectromceter, and conventional software
for quantitative analysis was used.

§ 3. RESULTS AND DISCUSSION
In fig. 1(b) an optical micrograph of a Mo bicrystal is shown after the annealing
in contact with Ni at 1380°C. The following features can be scen on this micrograph:

(1) a GB groove near the surface of the bicrystal, having the characteristic form
of the groove resulting from the penctration of the liquid metal along the
GB:

(2) a film along the GB having an optical contrast different from the bulk of
Mo;

(3) a curve region of thc GB film, which resembles the typical morphologies of
DIGM and LFM.

EPMA measurcments of the Ni concentration have been performed in order to
quantify these features. The Ni concentration inside the GB groove near the surface
ol the bicrystal is about 47 at.%. This corresponds to the MoNi intermetallic phase,
which is stable up to 1362°C. According to the Mo-Ni equilibrium phase diagram,
the MoNi phase forms during cooling of the sample as the result of a peritectic
reaction between the Ni-rich melt and Mo (Massalski er al. 1990). Therefore the
liquid phase was present in our sample during the anneal. In fig. 2 (). a contour plot
is shown of the Ni distribution in two dimensions in the curved region obtained by
EPMA measurcments. The position of the film visiblc in the micrograph (fig. 1 (b)) is
connected with the Ni concentration spike, which can be as high as 12at.%. Of
course, this does not mean that this is the actual Ni concentration of the film
phase. Indeed, the zone in the sample excited by the electron beam during the
EPMA measurement i1s approximately 2 um in diameter. If the clectron beam is
positioned in the middle of the film, then the following approximate relationship

between the actual Ni concentration Cy- in the film and the measured concentration
(', should be valid:

em = =g, 2)
mr

where d and r are the film width and the radius respectively of the zone excited by the
electron beam. Substituting ¢g = 47 at.% (the Ni concentration in the solidification
product of the Ni-rich liquid phase), ¢,, = 12at.%, and r = 1 pm we get, from eqn.
(2), d = 0-4 pm, which is close to the film width, which could be estimated from the
optical micrograph in fig. 1 (b)). Therefore the curved region in fig. 1(h) corresponds
to a liquid tilm approximately 0-4 pm wide at the GB, which migrated during the
experiment, and we are dealing with the typical LFM phenomenon. As can be seen
from fig. 2 (a), the Ni concentration profile across the liquid film is asymmetric, the
Ni content in the alloyed zone left behind the migrating film being about 1-5at.%,
which corresponds approximately to the solubility of Ni in Mo at 1380°C. The
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(«) Contour plot of the Ni distribution in the LFM zone. The directions of film migration arc
shown by the arrows. The original position of the grain boundary (OGB) is shown. ()
Schematic illustration showing the development of incoherent zoncs along the liquid
film. The LFM phenomenon occurs at those sections of the liquid film at which the
coherency is lost only from one side.

characteristic S-type LFM morphology (migration in both directions) can be also
seen in fig. 2(a), although it is not so obvious [rom the LFM micrograph (fig. 1 (h)).
The Ni is not homogeneously distributed along the final GB or liquid film position; it
seems to be collected in droplets distributed along the GB. Such a ‘string-of-pearls’
morphology has been observed in other systems during the rapid penetration of
liquid phase along GBs (Vogel and Ratke 1991).

The migration distance measured from figs. 1(#) and 2 (@) is 6 pm in 20 min. The
migration rate v is assumed to be constant during the heat treatment: v 2 Snms .
This is in accordance with data from the literature (Song, Ahn and Yoon 1985). The
bulk diffusion coefficient of Ni in Mo at 1350°C lies between 2-4 x 107'° and
32 % 10 "m?s ™" (Mehrer 1990). We shall take the value of 3 x 10 '¢m?s™
(Mehrer 1990). We shall take the value of 3 x 107" m?s ! at 1380°C to make
estimates. This corresponds for a 20 min anneal to an average width of the bulk
diffusion zone of 0-6 um. This width is large enough to dissipate the chemical driving
force for LEM. Therefore, the coherency-strain model should be relevant, and we
can use this model for an estimation of the velocity of the liquid film. If only the
grain ahead of the migrating film 1s elastically stressed, the Gibbs energy difference
AG across the film is given by

AG = Y8, (3)
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where § = 'r](cSNi’O — . g being the lattice misfit parameter 1 = —0-054 for Ni-Mo
(Rhee and Yoon 1987), ¢f" and CSN"U are the Ni concentrations at the solid-liquid
interface and far from the liquid film in the bulk of Mo respectively. In the present
study, cg" = 0-015 and cSN]‘O = 0. Y is an elastic parameter dependent on the interface
normal, which can be calculated according to the method of Hilliard (1970). The
velocity of the liquid film is then (Handwerker 1988)

Dy Ve (1 —a)

— AG, (4)
RTd(cy, - )

1%

where Dy, Vi, ¢, R and T are the diffusion coefficient in the liquid, the molar
volume of the liquid phase, the liquidus concentration, the gas constant and the
absolute temperature respectively. For the calculation of ¥ at 1380° in the direction
of the GB normal n, given by the expression

[ 211/’2 COS(%)I
n=m| =i cos() (5)
n —sin (%)

with respect to the standard axes, where ¢ = 70°, the values of the elastic constants
at 1380° were estimated using the measured temperature dependence between —200
and 700°C (Dickinson and Armstrong 1967). We obtained, for 1380°C,
ey = 372GPa, ¢, = 164 GPa and ¢y = 93-3 GPa. The calculated elastic constant
is ¥ = 365GPa. Then, from eqns. (3)(5), using the characteristic for the liquid-
phase value of the diffusion coefficient D; = 3 x 10" m?s ' and ¢ = 04 um, we find
that the liquid-film velocity that we observe is two orders of magnitude smaller than
the value predicted according to the coherency-strain model. This discrepancy can-
not come from neglecting the chemical contribution to the driving force. Another
possible reason for it is neglect of the contribution to AG arising from the curvature
of the liquid film, which slows down the film motion. This contribution changes the
driving force for LFM:

AG = Y6 — ZZSL : (6)
where a is the radius of curvature of the film. As a rough estimate of s for the solid
Mo-liquid Mo-Ni alloy, we take the excess energy of the solid-liquid interface in
pure Mo, 500 mJ m ? (Miedema and den Broeder 1979). From the micrograph in fig.
1(h), a~ 20 um, which gives a negligibly small correction to the coherency-strain
driving force. However, at the early stage of the LFM process, the bulge could be
very small and retard the film migration considerably. Taking into account the
relationship + = da/d¢, where t is the time, one can obtain from eqns. (4) and (6)
a differential equation for a which has the following solution:

—da, Dy Ve (l —¢
a— ay +ac ln(a ac) — L mcL( sz)
ag — 4 RTd (e, — b

2

Yéu, (7)

where a. = 2y /Y6 and ag is the bulge radius at 1 = 0. Only bulges with ay > a,
can grow under the action of the coherency-strain driving force. For the Mo(Ni}
system, ¢, ~ 4-2 um, which excludes the possibility of formation of the critical LFM
nucleus by thermal fluctuations (this is similar to the problem of nucleation of
recrystallization (Humphreys and Hatherly 1995)). Therefore, the LFM process
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can start only from a pre-existing bulge of the radius ay > a, or it can develop by
some other mechanism. The logarithmic term on the left-hand side of eqn. (7) is very
insensitive to the value of ¢,. For example, for ay = 4-201 pm (which exceeds the g,
value by only 1 nm) the bulge radius after 20 min anncaling should be 537 um accord-
ing to eqn. (7), which is still about two orders of magnitude higher than the experi-
mentally observed liquid film displacement. Therefore the influence of the film
curvature cannot explain the observed discrepancy.

In our opinion, the two most probable reasons for the discrepancy between
theory and expceriment are as follows.

(1) The LFM process in Mo-Ni is not diffusion controlled but interface con-
trolled. It is known that, in a number of metallic systems, the precipitate
dissolution and constitutional melting are interface controlled
{Radhakrishnan 1993). In this case, eqn. (3) should be replaced by the gen-
eral relationship v = M AG, where M is the mobility of the liquid film,
which can be very small.

(2) The liquid film has migrated not during the whole annealing time of 20 min,
but during a shorter period of time. Then the actual (instantaneous) film
velocity is higher than the estimated average value of 5nms ™'

We now consider possibility (2) in more detail. In our experiment, the Ni-rich liquid
film penetrates along the GB from the surface of the sample into the interior of the
bicrystal. Then Ni diffuses from the liquid phase in the film into the two grains,
which causes coherency strains in them. The coherency-strain energy increases as the
bulk diffusion of Ni proceeds, and at some moment the transition from a coherent to
an incohcrent Ni-rich layer occurs. If the loss of coherency occurs simultaneously in
both grains of the bicrystal, no LFM would occur. For the LEM it 1s important that
the incoherent Ni-rich layer in one grain is in advance of such a layer in the other
grain (see fig. 2(h)). However, both incoherent layers spread downwards together
with the liquid film to the bicrystal interior. When the ‘retarded’ incoherent layer
catches up with the advanced layer, the LFM process stops. The time As, during
which the LFM process occurred, can be estimated as foliows. We assume that the
liquid film penetrates into the Mo bicrystal according to the parabolic law
L= A/W2 where L and A are the penetration depth and a time-independent con-
stant respectively. Under the assumptions that the left incoherent layer stops for
some reason and then catches up with the right layer instantly, and that the spread-
ing rate of the incoherent layer follows the same kinetic law as that of the liquid film,
At = (L,/4)" - (L,/A). where L, and L, are defined in fig. 2(b). From fig. 1(h).
Ly = 134um and I, ~ 165um. A can be estimated from the overall spreading
kinetics: the ‘strings-of-pearls’ morphology is visible on the micrographs up to
Lx~1mm after a 20min anneal. Therefore 4~29x 10 °ms 2. Then
At = 11s, which means that the actual film velocity was 0-5ums~'. This value
resolves the discrepancy between theory and experiment. The difference of up to
three orders of magnitude between the instantancous and averaged GB velocitics is
also characteristic of the discontinuous precipitation reaction (Kaur, Mishin and
Gust 1995). It should be noted that, according to the EPMA data (fig. 2 (a)), back-
ward LFM under the action of the film curvature did not occur, which means that
this driving force is below the threshold for the LFM process.

In conclusion, our experimental results can be made consistent with the coher-
ency-strain model for LFM only under the assumption that the actual migration
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time is about two orders of magnitude lower than the annealing time, or that the
LFM process is not diffusion controlled but interface controlled.
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