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ABSTRACT The kinetic equation of liquid penetration was derived from the suppositions that the
solid-liquid interface energy is less than half of the grain boundary energy and the penetration is con-
trolled by the diffusion of solute. The equation, verified by the existed experiment, showed that both
thermodynamics and kinetics of liquid penetrating into grain boundary are dependent on solid-liquid in-

terface energy.

Key words: interface interface energy wetting penetration

1 INTRODUCTION

The interactions between solid and liquid
exist in the processing and application of ma-
terials. The liquid penetrating into grain
boundary, one of the interactions, is a key
mechanism for various phenomena in materi-
als. In the corrosion of refractory by slag,
slag melt penetrates along the grain bound-
ary, and the isolated grains are easily swept
into the slag melt. The isolation of grains by
liquid phase initiates the cracking of the weld-
ed materials and embrittles the materials
cooled by metal melts in a nuclear reactor. On
the other hand, the liquid penetrating along
grain boundary is beneficial to powder sinter-
ing. But, the liquid penetration was seldom
analyzed kinetically™l.

Thermodynamically, the equilibrium dis-
tribution of liquid at grain boundary depends
on the interface energy'™. In case the solid-
liquid interface energy ( 7s. ) is less than half
of grain boundary energy (7ss), the liquid
can completely penetrate into grain boundary.
If 1/(27ss) <7Ys << v/ 3 /37ss, the liquid phase
can penetrate completely into grain edge but

not into grain boundary. If Y. > v/ 3 /37ss,
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both grain edge and grain boundary can not be
completely penetrated by the liquid. In the
present paper, the kinetic equation for-liquid
penetrating into grain boundary was derived
from the suppositions that the penetration is
controlled by the diffusion of solute and 27
< Vss.

2  KINETICS MODEL OF LIQUID
PENETRATING INTO GRAIN
BOUNDARY

2.1 Mechanism and Suppositions

When a polycrystal exists in equilibrium
with a ligiud, the grain boundary of the poly-
crystal, unlike the plain surface, is not in e-
quilibrium. Since the interface tensions on the
grain boundary are not balanced by each oth-
er, there is additional pressure. Then, the
chemical potentials of components on the grain
boundary are greater than that of components
on the solid plain surface, and the concentra-
tions of the components of solid phase in the
equilibrium liquid near the grain boundary are
correspondingly higher than the concentra-
tions near the solid plain surface. The differ-
ence between the concentrations near the grain
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boundary and near the surface results in the
diffusive transfer, and the solid components
on the grain boundary dissolve into the liquid
and deposit on the solid surface. With the dis-
solution and deposition, the configuration of
the solid-liquid interface changes.

— O
K (7}
r
“©

b

b~

w\\\#\\\

Fig.1 Schematic drawing of liquid
penetrating into grain boundary
b —the width of grain boundary, s —grain boundary
as solid phase, L —liquid phase, & —the depth of
liquid penetrating into grain boundary, r —the ra-
dius of the curved surface

In case the solid-liquid interface energy or
tension (7s. ) is greater than half of grain
boundary energy or tension ( ¥ss ), the grain
boundary tension can be balanced by the solid-
liquid interface tension at the equilibrium dihe-
dral angle of the liquid. In this case, the com-
ponents on grain boundary can not continue to
dissolve in advance, and the configuration of
the solid-liquid interface changes further by
the dissolution and deposition of the compo-
nents at the solid surface sites with different
curvatures. The process is analogous to the
formation of grain boundary groove during
heat treatment[],

In case 275, < 7ss, grain boundary tension
can not be balanced by the solid-liquid inter-
face tension, and the chemical potentials of
the components on the grain boundary are al-
ways higher than that of the components on
the polycrystal surface. As shown in Fig. 1,
the components on the grain boundary dis-
svlve continuously and the liquid completely
penetrate into the grain boundary. In general,
grain boundary energy is related to the orien-
tation of adjacent grains. But the large angle
grain boundary, which amounts to 80 percent

of all grain boundaries in polycrystal, has a
definite grain boundary energy’. For the
derivation of the kinetic equation of the liquid
penetration, the following suppositions are
taken: 1) the liquid is composed of compo-
nents A and B, and the polyerystal is com-
posed of component B. 2) the solid-liquid in-
terface energy and grain boundary energy are
not related to the orientation of grain in poly-
crystal. 3) the rate of liquid penetration is
controlled by the diffusion in the liquid.

In the process controlled by diffusion, the
components of solid and liquid on the interface
are in equilibrium. In present paper, the equi-
librium compositon of the liquid on grain
boundary is firstly derived from thermody-
namics law, and the kinetic equation of liquid
penetration is then derived from diffusion law.

2. 2 Equilibrium Composition (Xg) of
Liquid on Grain Boundary
Take a system which consists of the lig-
uid phase penetrating into grain boundary and
the grain boundary with a width of 4 as solid
phase. In the system, consider the isothermal
equilibrium transformation between the solid
and liquid phases, or, the dissolution and
growth of solid phase. Since the volume
change in the dissolution or growth is little,
the process can be considered as an isothermal
and iso-volume process. So, the change of
work function ( F) in the process equals to
zero,
dF =dFt +dFS =0 1§D
where F° and F* are the work functions of
solid phase and liquid phase respectively, dF°
and dF* can be expressed as follows:
dFS = — §5dT — PSdv*
+ /fzdni + yssdAs
dF* =— ST — PXVE
+ pkdnf + Vs A"
S, T,P,V,7Y, A, nand ppare en-
tropy, temperature, pressure, volume, inter-

@

where

face tension, interface area, mole number,
and the chemical potential of component B re-
spectively, and superscript S and L represent
solid phase and liquid phase respectively.
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Since dV% =— dVv*
dn® = — dnt (3
dA® =— 2d A"

and the chemical potentials of corresponding
components in the two phases equal to each
other,

My = 15 (4
from equations (1), (2), (3) and (4) , the
following equation can be derived:

PS = Pl 4 % (5)

As shown in Fig. 1, the width of solid phase
or grain boundary is . Take the thickness of
solid phase as A,

dAs = rdé
dV® = hbdo (6)
from equations (5) and (6),
PS =P+ (Yss — 27s) d—AS (7
A

To express #5(P°,T ) by Talor’s progression
around P”, and to take the one order item of
the progression,
w2 (P, T) = 1p(P",T) + (P° — PY)
% | ppt
= uy (P5,T)
+ I = Pays 8
V3% is the molar volume of solid com-
ponent B. The chemical potential of compo-
nent B in the liquid can be expressed by fol-
lowing equation.
pE(PH,T) = pi (P*, T)
+ RT Lnay (9)
From equations (4), (8) and (9), the follow-
ing equation is derived.
OBS(PL ,T) - /JOBL(PL ,T)
RT ]
- 2751.

7
exp (S

= a%exp(y—ssﬁﬂf—ys“ VD ¢L)

ay is the activity of component B in
the equilibrium liquid near plain solid surface.
If the activity coefficient does not vary with
concentration, then

where

a = exp[£

where

Ys — 27
Xp = Xgexp(ssTTzs" VY av

2.3 Kinetic Equation of Liquid Pene-
trating Into Grain Boundary

As shown in Fig. 1, in case the penetra-

tion rate is limited by diffusion, there are fol-

lowing mass equilibrium equations at the con-

tact site of liquid and grain boundary'®,

Ado’ Adé*
VS * Xi - Vi * le‘l
YA L
_ ADIA ,dX3% . ds
Ve dy (12)
Adds s Adé* L
VS ¢ X — VE « X5
_ ADj dXj
= — Ve . dy o dt
where superscripts S and L represent solid

(grain boundary) and liquid respectively, and
subscripts A and B represent component A and
component B respectively, and X is molar frac-
tion. From equations (12),

do* XD’ XbD

dt X5 — X5

dxl, VS
. d—yB "L 13

X% is represented by X;. Since

X5 =

A
X3i=1
X:— Xk

the following equation can be derived from e-
quation (13),

do _ do°
dt — de _
D dX; V*
=T=x3 Ay (e

Suppose that the concentration of component
B in the liquid varies linearly with the site in
the penetrated grain boundary shown in Fig. 1
within the penetration depth( § ). Then

(% ~Xe—Xs (15)

y 8
Where X; and X5 are the concentration of
component B in the liquid at the 0 and ¢ sites
of y coordinate, shown in Fig. 1.

Since X% < 1, it can be infered from the
law of mass conservation and Fick’s second
law that the composition of the liquid varies in
the range beyond the penetrated depth while
the liquid penetrates into grain boundary™l.
But since the dissolved amount of solid is very
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small in the penetration and the component
can diffuse in three directions at the 0 site of y
coordinate, the effective range within which
the liquid composition varies is near 8. In addi-
tion, the solid surface at the contact of grain
boundary and plain surface, or at 0 site of y
coordinate, becomes a curved surface by the
dissolution and deposition, as shown in Fig.
1. The concentration of component B in the
liquid in equilibrium with the curved surface
can be expressed as follows ;

X% RT 3 = X5 (16)
where 7 is the curvature radius of the curve
surface

According to equation (11) and (16),
X — X=Xz — X3

— X [exp(iﬂs

TV)

— exp( RTVS )]

Since r > &, and in case r is not very small,

X~ X5

XB - X’B

— YO 27 ST

= X [exp(——T—“‘ 1] (17)

From the equations (14), (15) amd (17), the
following equation can be derived:

s DS
&~ A= xv*
Xolexp (U8~ 2lsiyey
bRT
- : (18)

Integrate (18), the dependence of penetration
depth( ) on time (¢ ) is derived as follows:
5 — 2X4D, VS
(1 — X3 )V"
275

[eXP(TVfa) — 1 19

3 DISCUSSION

It has been showed that the copper melt
can penetrate completely into the grain bound-
ary of iron polycrystal®®, Hongh R RYet al
measured the dependence of the depth of cop-
per melt penetrating into the grain boundany
of iron polycrystal on penetration time, as
shown in Fig. 2. The depth is proportional to

the time’s square root, which qualitatively
verifies the derived kinetic equation. The pa-
rameters in the equation (19) are shown in
Table 1. According to the equation(19), the
width of grain doundary can be computed as
3.14 A and 3.56 A from Hongh’s measure-
ment of 1100 and 1 130 C respectively. In
general, the width of grain boundary is the
size of two or three atoms (or 3~4 & I,
which is identical to the above computed val-
ue. To take the width of grain boundary as
3.56 A, 7sat 1100 C is computed as 3. 62X
107! J/em?, which is identical to the measured
value. All of above comparison between com-
putation and measurement verifies the equa-
tion(19). The equation can be used to quanti-
tatively predict the time dependence of the
penetration depth and to compute the interface
energy by measuring the penetration depth.
As to various solid-liquid systems, the param-
eters in the kinetic equation vary in some defi-
nite ranges. By the equation, the main factors
influencing the penetration rate can be deter-
mined.

In the metallic systems, D; is about 5 X
107° m?/s", the molar volumes of various
metals have almost the same value®. Then,
the penetration rate depends mainly on inter-
face energy for various metallic systems.

In the oxide systems, the interdiffusion
of the components in the melt is that of posi -
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Fig. 2 The time dependence of the
depth( 0 ) of copper melt penetrating into
the grain boundary of iron polycrystal'”
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Table 1 Parameters in the kinetic equation of liquid penetration
Temperature o Ve Vss Y51 Dy, De, D,
/C Feo /107°m*mol /107! Jm™? /107" Jm~™%  /107°m?s™! /107°m’s™! /107° m’s™!
1100 0.032 7. 66 10. 89 3. 87 3.91 4.17 3.92
1130 0. 036 7.66 10.72 3.01 4. 30 4. 50 4. 31
reference  [8] (9] [2] [7] [10] [10] copputed lrom
tive ion under the electric neutrality. The in- (in Japanese).
terdiffussion coefficent is determined by the 2 Ji Mengguang, Dong Jiaan. Strength and Fracture
component with the smallest selfdiffusion co- ;f Welde; Structure. (?e”mg: Machinary Industry
efficient . In the oxide melts containing SiO, ress, 1988. 154—160.
ALO th 1l selfdiff . ffici 3 Kaysser W A, Huppman W J, Petzow G. Powder
or AlLJy with small selldittussion coe j‘f;eng’ Metallurgy. 1980, (2):86
the interdiffusion coefficient is about 107" m*/ 4 Murr L E. Interfacial Phenomena in Metals and
S; In the non-fused oxide melts, the interdif- Alloys, Massachusetts: Addison — Wesley Pub-
fusion coefficient is similar to that of metallic lishing Co. 1975. 3—43.
melts' Therefore’ ln Oxide Systems y the pene- 5 Verhoeven J D. Fundamentals of Physical Metal-
trating rate depends on both the interface en- lurgy. New York: John Wiley & Sons Inc, 1975.
. . .. 80—150.
ergy and the component with low diffusivity.
&y p with fow drfustvity 6 Hillert M. Li Qing bing(ed), Diffusion Controlled
) Reactions in Alloys and Thermodynamics of Al-
4 CONCLUSION loys. Shenyang: Scientific Press of Liaoning, 1984
16—59.
The kinetic equation of liquid penetration 7 Hough R R, Rolls R. Metall Trans, 1971, (9):
into grain boundary derived from the diffusion 2471 _ _
as rate limitting step, is verified by the previ- 8 Qi Yujue. Phase Diagrams of Binary Alloys.
. Shangshai: Scientific Press of Shanghai, 1987,
ous measurement, and can be used to predict 334
quantltatlvely the dep-endence of the penetra- 9 Turkdogan E T. He Weiji(trans), Physical Chem-
tion rate on the various parameters and to istry of High Temperature Technology, Beijing:
compute the interface energy by measuring the Metallurgy Industry Press, 1988,141.
penetration depth. 10 Kawai Y, Shiraishi Y. Handbock of Physico-
chemico Properties at High Temperature. Tokyo:
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