Liquid-Solid Interface Migration at Grain Boundary
Regions during Transient Liquid Phase Brazing

K. IKEUCHI, Y. ZHOU, H. KOKAWA, and T.H. NORTH

A two-dimensional (2-D) finite difference model has been used to analyze the effect of grain
boundary regions on the migration of the liquid-solid interface during transient liquid phase
(TLP) brazing of Ni with Ni-11 wt pct P filler metal. This work has been carried out to explain
the differences observed between actual and calculated completion times for isothermal solid-
ification during TLP brazing and the faster isothermal solidification rates when brazing fine-
grained nickel-base material. Modeling considers the situation where the grain boundary
intersects the liquid-solid interface at right angles. Four factors are considered in addition to
solute diffusion in solid and liquid phases, viz., (1) high diffusivity at the grain boundary region,
(2) the balance between the grain boundary energy and the liquid-solid interfacial energy, (3) the
interfacial energy due to the curvature of the liquid-solid interface, and (4) diffusional flow
along the liquid-solid interface (produced by the gradient of solute chemical potential resulting
from factors (2) and (3)). Increased solute diffusivity at the grain boundary region has a neg-
ligible effect on migration of the liquid-solid interface in the bulk region and shifts the interface
at the grain boundary region in a direction opposite that observed in actual brazed samples. On
the other hand, when factors (2) through (4) above are taken into account, the liquid-solid
interface in the region of the grain boundary is displaced in the same direction as in the ex-
perimental results and liquid penetration comparable with the experimental results occurs at the
grain boundary region. Factors (2) through (4) accelerate the isothermal solidification process

in the bulk region in accordance with actual experimental test results.

I. INTRODUCTION

IN transient liquid phase (TLP) brazing, the filler metal
is placed between the base metal surfaces and the joining
operation is carried out at a temperature between the lig-
uidus of the filler and the solidus of the base metal.!")
On holding at the brazing temperature, solute elements
in the filler metal diffuse into the base metal and dis-
solution occurs prior to isothermal solidification. The rate-
controlling factors which determine dissolution and
isothermal solidification have been examined in a num-
ber of theoretical and experimental studies and the time
for completion of the TLP brazing operation has been
estimated.!>-%

In a previous study,'” liquid-solid interface migration
during TLP brazing of commercially pure nickel using
a Ni-11 wt pct P filler metal was investigated using
one-dimensional (1-D) computer modeling. The actual
isothermal solidification rate in brazed samples was con-
siderably faster than the calculated value, and the dis-
parity between actual and calculated values increased when
the base metal grain size decreased.!®8! An examination
of the liquid-solid interface at the grain boundary regions
revealed the following:!®
(a) there was significant liquid penetration at the grain
boundaries in the base material, and consequently, the
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experimental results did not correspond with a key as-
sumption in the 1-D modeling (that the liquid-solid inter-
face would remain planar during the whole brazing
cycle®®;

(b) liquid penetration at the grain boundaries, though
undetectable in the dissolution process, was particularly
pronounced during the isothermal solidification stage; and
(c) liquid penetration was more pronounced at high angle,
random grain boundary regions than at ordered grain
boundaries (small angle and twin boundaries).

It is important to point out that Tuah-Poku et al."*) had
already suggested that the liquid penetration at grain
boundary regions produced the marked difference be-
tween their calculated and experimental completion times
for isothermal solidification during TLP brazing of silver
using copper filler metal.

II. PRIOR WORK

Several reports have dealt with liquid penetration at
grain boundary regions, although none is directly appli-
cable to the TLP brazing situation. Mullins®'! exam-
ined grain boundary grooving when a bicrystal contacted
a surrounding fluid (liquid or gas) that was saturated with
the solid element. The initial fluid-solid interface was
flat, and the grain boundary region intersected the inter-
face at right angles (Figure 1). Mullins made several as-
sumptions in his analysis, namely,

(1) that the fluid-solid interface energy was independent
of crystallographic orientation,

(2) that the Gibbs-Thompson equation determined the
relation between fluid-solid interface curvature and
chemical potential,
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Fig. 1—Schematic illustrating the grain boundary grooving.

(3) that quasi-steady-state volume diffusion occurred in
the fluid,

(4) that the slope of the interface changed little from the
initial interface configuration, and

(5) that there was negligible convection in the fluid.

In a gas-solid system, the grain boundary grooving oc-
curred due to a combination of interface diffusion and
evaporation-condensation. In a liquid-solid system, grain
boundary grooving occurred mainly due to volume dif-
fusion in the saturated fluid.!'"”

Based on assumption (3), the concentration of solid
element ¢”/(x, v, z) in the liquid satisfies the relation

Vil (x,y,t) =0 (1

Assumption (4) means that the interface can be repre-
sented as the plane y = 0. From assumption (2), there-
fore, the boundary condition at the interface is given by
the relation

cf(x,0,1) = c{)-{l +§—"—Q-K(x,t)} (2]
3 b R'T

where ¢4 is the concentration of solid element in the liq-
uid phase in equilibrium with the flat interface, {} is the
atomic volume of the solid atom, E| is the liquid-solid
interfacial energy, and XK i 1s the curvature of the interface
(the concentrations of ¢ and ¢/ are expressed as the
number of atoms per unit volume). The curvature K is
given as

- Z—W ’
1+ | —
ox
Because of assumption (4), dY/dx <€ 1 and K can be
approximated by

K=— [4]
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Mullins®'9 evaluated the concentration distribution of
cf(x,y,z) by solving Eq. [1] using the boundary con-
dition given in Eq. [2].

If interdiffusion in the solid is negligible, the rate of
migration of a segment of the interface will depend on
volume diffusion only in the liquid phase, namely,

oY ac’
_=D1'Q' _— [5]
at 0y /=0

where Y (x, 1) is the y-coordinate at the interface and D,
is the interdiffusion coefficient in the liquid phase.
Mullins® !9 differentiated this equation twice with re-
spect to x to express Eq. [5] in terms of interface curvature:

oK 3 [[ac’
— = D"Q'_z — [61
at ax 8y /y=0

Substituting the concentration distribution c/(x,y,z) which
satisfies the boundary condition in Eq. [2] produced an
integrodifferential equation for K(x, 7). This equation was
solved analytically, assuming that the interface had a fixed
slope at x = O given by

—_ = —cot 6 [7]
ax x=0 ’

The dihedral angle 6 (Figure 1) is determined by the well-
known equation for the balance between the grain
boundary energy E, and the interface energy E,,"!!

E,=2E;cos b (8]

Based on these calculations, Mullins found that the groove
profile had a fixed shaPe and linear dimensions that were
proportional to (time)'/

Steidel ef al.l'? extended Mullins’ 10 analysis to the
case where the small slope approximation (Eq. [4]) was
not valid. Since (0Y/0X) was no longer negligible, they
used Eq. [3] to express the curvature XK. Finally, they
used numerical calculation to estimate the activation en-
ergy for diffusion (by comparing the calculated results
with the experimental results) and suggested a possible
method for evaluating the liquid-solid interfacial energy.

Vogel and Ratke!*! took account of grain boundary
diffusion in a recent article that examined grain bound-
ary grooving when solid aluminum contacted a liquid
Al-In alloy. Their approach was similar to that indicated
by Mullins,®!% except that grain boundary diffusion was
taken into account. However, there are problems with
this approach.

(a) When calculating the solute concentration in the lig-
uid phase due to the grain boundary diffusion, they did
not consider that indium depletion in the liquid phase
near the grain boundary caused the migration of the liquid-
solid interface. Since the concentrations of the liquid and
solid phases are in equilibrium and indium lowers the
liquidus temperature of the aluminum, the liquid inter-
face will migrate in the direction of the bulk liquid.

(b) They applied Eq. [6] to the whole system. Since this
equation was derived based on the assumption that there
was negligible diffusional flow in the solid, this equation
cannot be applied to the grain boundary region if grain
boundary diffusion is substantial.
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(c) Their calculations violated the thermodynamic equi-
librium condition at the liquid-solid interface, and they
extended the limited slope approximation beyond its ap-
plication limit.

The Mullins’®'% grain boundary grooving approach
cannot be applied to liquid-solid interface migration dur-
ing TLP brazing, because it considers negligible solute
diffusion in solid and a saturated liquid phase, namely,
a situation where no diffusional flow occurs in the liquid
and solid phases unless interface curvature exists or there
is a point of grain boundary intersection with the liquid-
solid interface. In this case, a flat interface that has no
intersection with a grain boundary will not migrate. In
direct contrast, during TLP brazing, diffusional flow
caused by the concentration gradient in the liquid and
solid phases brings about migration of the liquid-solid
interface, even if the interface is flat and there is no grain
boundary intersection. The present study uses computer
modeling to estimate the effect of grain boundary re-
gions on migration of a flat liquid-solid interface pro-
duced during TLP brazing of nickel using Ni-11 wt
pct P filler metal.

III. COMPUTER SIMULATION

In order to account for the effect of grain boundary
regions on the TLP brazing process, we must solve a
two-dimensional (2-D) or three-dimensional (3-D), non-
steady-state diffusion problem involving a change of
phase. A number of numerical analyses have been re-
ported concerning 2-D and 3-D problems involving a
change of phase.!'#!>16 However, to our knowledge, none
has dealt with the problem using boundary conditions
which allow for the influence of the grain boundary on
liquid-solid interface migration. Because of this, we have
developed model, formulation, and numerical analyses
which simulate migration of the liquid-solid interface in
the region of the grain boundary during TLP brazing.

A. Model

In the actual brazing situation, grain boundaries are
not planar and they intersect the liquid-solid interface at
different angles and at different intervals. Since it is ex-
tremely difficult to solve a problem with such a com-
plicated grain boundary configuration, we have examined
the simpler, 2-D situation illustrated in Figure 2. In this
case, the grain boundaries are assumed to be planar and
parallel to each other, they are perpendicular to the ini-
tial liquid-solid interface at a constant interval, and they
are symmetrically arranged with respect to the y-axis and
x-axis (the centerline of the filler metal). The chemical
composition and the coordinates of the liquid-solid inter-
face for this system are obtained by solving the diffusion
equations for the shadowed area shown in Figure 2.

The following assumptions are made for mathematical
simplification.

(1) The diffusion coefficient, molar volume, and activ-
ity coefficient of the solute are independent of compo-
sition in the liquid and solid phases. The molar volume
of the liquid phase is the same as that of the solid.

(2) Flow of liquid as a result of convection and stirring
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Fig. 2— Grain boundary/liquid-solid interface model used in calcu-
lations.

is negligible, and hence, the movement of solute and
solvent elements depends only on diffusion. This as-
sumption seems appropriate, since the width of the lig-
uid phase is around 70 pwm at most during TLP brazing.
(3) Local equilibrium between the solid and liquid phases
holds everywhere on the liquid-solid interface, and the
compositions of the liquid and solid phases on the inter-
face are given by the liquidus and solidus lines in the
equilibrium phase diagram.
(4) No intermediate phases are formed during the join-
ing operation.
(5) The Kirkendall effect is neglected.

The following factors are important at the grain
boundary region:
(1) grain boundary diffusion;
(2) the balance between the grain boundary energy and
the liquid-solid interfacial energy;
(3) grain boundary solute segregation;
(4) grain boundary impurity segregation; and
(5) the difference in the melting points of the grain
boundary and the bulk region.
Since it is difficult to take into account all the above
factors, the present article emphasizes the influence of
high solute diffusivity at the grain boundary region and
the balance between the grain boundary energy and the
liquid-solid interfacial energy. These particular factors
are selected, since we assume the following.
(a) Migration of the liquid-solid interface depends
markedly on interdiffusion.
(b) Liquid penetration at grain boundary regions is es-
sentially determined by the balance between the grain
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boundary energy and the liquid-solid interfacial energy,
as suggested by previous articles'®'*! dealing with grain
boundary grooving.

Thus, our calculations allow for solute diffusion in the
bulk solid and liquid phases, the high diffusivity at the
grain boundary region, and the balance between the grain
boundary energy and liquid-solid interfacial energy.

B. Formulation

Using the above assumptions, the change in the com-
position of the liquid and solid phases at points far from
the liquid-solid interface and from the grain boundary
can be described as follows:

8¢, D;-V°C; [9]
at

where C; is the composition of the liquid and solid phases,
D; the interdiffusion coefficient, j = s for the solid phase,
and j = [ for the liquid phase. In this case, the com-
position C; is expressed in the unit of mol fraction.

The migration of the liquid-solid interface can be de-
scribed by the following equation:

aC, aC,
. — + Ds .
an

(C1=C)-V=-D, (10]

on

where V is the velocity of the interface in the direction
normal to the interface, C! is the liquidus concentration
at a brazing temperature, C is the solidus concentration,
and (8/0n) is the directional differential normal to the
interface. According to an analysis by Patel,!'” Eq. [10]
can be transformed as follows:

(C?_C‘S)).gz{_pl.<§£_’> +Dk.<acs> }
at ay y=Y ay y=Y
{+&)
ax
[11]

where Y (x, t) is the y-coordinate of the liquid-solid inter-
face, k = s for the bulk region, k = g for the grain
boundary region, and D, is the grain boundary diffusion
coefficient. This equation gives the velocity of the liquid-
solid interface in the y-direction. Therefore, by using this
equation, we can calculate the migration of the liquid-
solid interface along grid lines which are parallel to the
y-axis (this is the basis of the finite difference analysis
described in Section III-C).

The concentration at the grain boundary is given by

[18]

at X,

aC, D, (aC, ¥ c,
— = : +D, — [12]
dx x=Xp/2 ay

where C, is the concentration at the grain boundary re-
gion, D, is the interdiffusion coefficient at the grain
boundary region, and X, is the width of the grain bound-

ary region.
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The boundary and initial conditions employed are as
follows:

aC,

— =0 fort>0andy =20

dy
aC, aC;
— = =0 fortr>0andx =10
dx dx

(on the symmetry axis)

C,=0 fort>0andy = =
C,=0 fort=0andy = h/2
C,=C forr=0and h/2=y=0
Y=h/2 forr=20

where h and C; are the thickness and concentration of
the filler metal, respectively.

1. Balance between the grain boundary energy and

the liquid-solid interfacial energy

Suppose that a grain boundary intersects a liquid-solid
interface at point O and that the intersecting point shifts
from O to O’ by AY, as shown in Figure 3. The change
in free energy caused by this shift of the intersecting point
is given by!!”!

AG=(-E,+ 2 E;-cos ¢)-AY [13]

where E, is the grain boundary energy, E| is the liquid-
solid interfacial energy, and the orientation dependence
of E, is assumed to be negligible. The thickness of the
specimen in the direction perpendicular to the plane of
the page is assumed to be the unit length in Figure 3.
From Eq. [13], the solute at the intersecting point O
has an excess chemical potential, Au, compared with
the solute in the bulk, given by the following equation:

AG Ay
Ap=—=(-E,+2-E; cos p) —
An An

=(-E,+2-E ;-cos ¢) [14]

(C1-CH-8
where An(mol) is the amount of solute required to shift
the intersecting point from O to Q’, V the molar volume
of the liquid and solid phases, and § the width over which

L-S interface\
C Solid
Liquid _ 0 N\J=—aY=«] Eg
o\ 0 O Grain boundary
Eg o Solid
L-S interface

Fig. 3— Schematic illustrating the point of intersection of the grain
boundary with the liquid-solid interface.
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the chemical potential of the solute is influenced by the
grain boundary. In the present calculation, 8 is taken to
be equal to the grid size in the x-direction, &.

In order to take into account the effects of the chem-
ical potential, Au, on solute diffusion, we introduce
equivalent concentrations at the intersecting point C; and
C given by the following equations:

A
cizc?-(1 +J—L> (15]
RT
and
A
c;’zc?-<1 +—“) [16]
RT

2. Interfacial energy due to the curvature of the

liquid-solid interface

The curvature of the liquid-solid interface resulting from
liquid penetration at the grain boundary also influences
the chemical potential of the solute. The solute at the
liquid-solid interface having curvature radius r has an
excess chemical potential, Au, compared with that of
the bulk solute, expressed as!?”

Ap=-Z 4 [17]
K e e

The influence of this excess chemical potential on solute
diffusion is taken into account by introducing the equiv-
alent concentrations C; and C? given by

Au)
Ci=Cl{l+— 18
1 { ( RT [ ]
and
A
C§-vc2-(1 +—“> [19]
RT

3. Diffusion along the liquid-solid interface

As can be seen from Eqs. [14] and [17], the grain
boundary energy and the liquid-solid interfacial energy
produce a chemical potential gradient along the liquid-
solid interface. This gradient of the chemical potential
causes diffusional flow along the liquid-solid interface
and, consequently, gives rise to migration of the liquid-
solid interface described by!™!

Y D, Ciw 3 [{1 N (aY>2}"/2 oA
dt  RT(C]—C)) ox dx dx

[20]

where D; is the diffusion coefficient along the liquid-
solid interface, C; is the composition of the liquid-solid
interface, and w is the thickness of the liguid—solid inter-
face. The composition C; is taken as (C; + C?)/2. The
migration rate of the interface is assumed to be the sum
of the migration rates given by Eqgs. [11] and [20].

C. Numerical Analysis

In the present investigation, the diffusion equations
described in the preceding section are solved numeri-
cally using the explicit finite difference method. As shown
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in Figure 4, a network of lines is passed through the
shadowed area in Figure 2. The interval between the lines
parallel to the y-axis is €. The intervals between the lines
parallel to the x-axis are £ for 32 =y = 0 and &' (=5¢)
for y = 3h. The compositions of nodes far from the liquid-
solid interface and grain boundary region are computed
using the finite difference expression for Eq. [9].

In order to estimate the composition of the grain
boundary region using the finite difference expression
for Eq. [12], we must employ a grid size, €, as small
as the width of the grain boundary region, X,(~ 107° m).
However, when such a small ¢ value is employed, it
takes an extremely long calculation time to obtain cal-
culated values comparable with actual experimental re-
sults. Therefore, we have estimated the average
composition of the grain boundary region and its vicin-
ity, using effective diffusion coefficients D, in the
x-direction and D} in the y-direction:

pr==tX [21]
£ e X, *
_+_
D, D,
and
8'D5+Xb'Dg
Dy=——"— [22]
e+ X,

These diffusion coefficients are derived from the effec-
tive diffusion coefficients of a laminate composite com-
prising layers of different properties sandwiched together,
where Dy is the diffusion coefficient in the direction par-
allel to the layers and Dy in the direction perpendicular
to the layers.?!) Using these diffusion coefficients, the

y Grain boundary
4
&v
L-S interface
£
- X
| €]

Fig. 4 —Finite difference grid used.
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composition change, AC,, of nodes at the grain bound-
ary region for a time difference At can be expressed as

C:(nb - lam, t) - Cb(m’ t)

82

AC,(m,t)=2-D,-

‘At + Dy,

C,,(m + l,t) + C,,(m - 1,[) - 2'C,,(m,t) A

. AV
§2

(23]

where C,(n, — 1,m,t) is the composition of the node
next to the grain boundary region.

When the liquid-solid interface intersects the nth net-
work line parallel to the y-axis between nodes (n, m) and
(n,m + 1), the composition C;(n, m) of the node adja-
cent to the liquid-solid interface is given by

Ci - Cl(n! m, t)
AC(n,m,t)=D, - At|{—————

A¢
_ Cn,m,1) — Cy(n,m — l,t)} 2
3 §+A4¢
LGt Lmp) + Cln = 1,m, 1) = 2-C,(n,m,t)]
82

(24]

where A¢ is the distance between node (n,m) and the
liquid-solid interface on the nth network line. The com-
position change, AC(n,m + 1,t), is also estimated in
a similar manner.

If diffusion along the liquid-solid interface is ne-
glected, the migration distance, AY,, of the liquid-solid
interface is given by the finite difference expression for
Eq. [11]:

At Ci—C(n,m,1t)
AYl(n,t)=r_C‘§ —DIA—§
C.n,m+1,t) ~ cz}
+D,-
£E-A¢
2
Y - -1
-[1+{ (n+1,0) - Y(n ,t)}] 251
2'€

On the other hand, the migration distance of the liquid-
solid interface due to diffusion along the liquid-solid
interface is given by the finite difference expression for
Eq. [20]:

B-At

V1+Y?

Y, Y(n+1,0)+Y(n—1,8)—2-Y(n,1)
1+7Y? g’

AYy(n,t) =

Ap(+1) - Ap(n)
2-¢€
N Ap(n+ D+ Au(n—1)— 2-Au(n):|

26
o2 [26]
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where
D,~'C,<'W
B= o
RT-(C,/ - C))

and Y, ={Y(n+ 1) — Y(n — 1)}/2"¢).
The displacement of the liquid-solid interface, AY, for
the time difference, At is given by

AY = AY, + AY, {27]

For the stability of the solution, the time difference
At is taken as

At < — o — [28]

The parameters employed in the present study are listed
in Table I, and the values of C, C?, Cs, h, Dy, and D,
are assumed to be the same as those reported in a pre-
vious article*®! unless otherwise stated.

IV. RESULTS

When the influences of grain boundary diffusion, grain
boundary energy, and liquid-solid interfacial energy are
ignored, migration of the liquid-solid interface during the
TLP brazing is illustrated in Figures 5 and 6. In these
figures, the diffusion coefficient in the bulk solid is var-
ied from 1.95 X 107" m*/s™ by up to 10 times. The
vertical axes are the displacement of the liquid-solid

Table I. Parameters Employed in
Explicit Finite Difference Modeling

Diffusion coefficient in liquid phase

D, = 1.35 X 107% exp (—-9.92 X 10*/RT) m*/s
Diffusion coefficient in solid phase

D, =1.0 X 107°-exp (—1.83 X 10°/RT) m*/s
Grain boundary diffusion coefficient

D, = (1 — 10 X D,
Diffusion coefficient along liquid-solid interface

Di =0 - DI
Width of grain boundary region

X, = 1 nm
Brazing temperature
T=1423K

P content of liquidus

C? = 0.105 mol fraction
P content of solidus

C? = 0.0138 mol fraction
Initial concentration of filler metal

C; = 0.190 mol fraction
Initial width of filler metal

h =40 pm
Grain boundary energy

E, = 0.35 — 0.848 Jm™?
L-S interfacial energy

E, = 0.35 - 0.848 Jm?
Width of L-S interface

w = 0.3 nm
Grid size in x direction

£€=2pum
Grid size in y direction
=5 pum
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interface from its initial position, with increasing width
of the liquid phase being positive. As can be seen from
Figures 5 and 6, the displacement increases quickly,
reaches a maximum in around 10 seconds, and then de-
creases very slowly. As expected, these results indicate
that the time required for completion of the isothermal
solidification process is much longer than that for the
dissolution process. As can be seen in Figure 6, the plots
relating the displacement of the liquid-solid interface with
the square root of the holding time approach linearity
during the isothermal solidification stage. Also, an in-
crease in the diffusion coefficient in the solid signifi-
cantly accelerates the isothermal solidification process,

n
o

-
(8,

—0—Dg= 1.95x10"13m2/s
—— =9.75x10-13m2/s l
—o0— =1.95x10"12m2s

(3,

|

Displacement of L-S interface (um)
>

0 5 10 15
Time(s)

Fig. 5—Relation between the displacement of the liquid-solid inter-
face and the holding time at the brazing temperature when the influ-
ence of grain boundaries is ignored.

20 T T

-
o

Displacement of L-S interface (um) -
S o

Ds= 1.95x10"12 m2/s

50 100 150
v Time (s1/2)

-20 p
0

Fig. 6-—Relation between the displacement of the liquid-solid inter-
face and the square root of the holding time at the brazing temperature
when the influence of grain boundaries is ignored (for different dif-
fusion coefficient values in the solid).
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although its effect on the dissolution process is relatively
weak. On the other hand, an increase in the diffusion
coefficient in the liquid phase accelerates the dissolution
process, while the isothermal solidification process is only
slightly affected.

High solute diffusivity at the grain boundary region
alters the profile of the liquid-solid interface, as shown
in Figures 7 and 8. In these figures, the displacement of
the liquid-solid interface is plotted against the distance
from the grain boundary. In each curve, the area below
the curve is the liquid phase and the area above is the
solid phase. The interval between the grain boundaries
is taken to be 40 um (that reported in the previous
study'®). The diffusion coefficient at the grain boundary
region is assumed to be greater than the bulk diffusion
coefficient by a factor of 10°. As shown in Figures 7 and
8, although the grain boundary diffusion coefficient is
assumed to be such a high value, grain boundary dif-
fusion only slightly influences migration of the liquid-
solid interface, and the width of the liquid phase,
particularly at the grain boundary region, is decreased.
In effect, higher diffusivity at the grain boundary region
displaces the liquid-solid interface in a direction opposite
that observed in the actual brazing situation (Figure 8).

25 T T . . . . -

20

15

10

Dg/Ds=1000

Displacement of L-S interface (um)

20 15 10 5 0 5 10 15 20
Distance from grain boundary {(4m)

Fig. 7—Evolution of the profile of the liquid-solid interface during
the dissolution process when the grain boundary diffusion coefficient
is assumed to be 10° times as great as that in the bulk material and
the influence of the grain boundary energy and the liquid-solid inter-
facial energy is ignored.

T T Y T T T

25| Time(ks)
—o— 0.12

. . -t 15

20} Solid Grain b?undary —o— 3

Displacement of L-S interface(um)

20 15 10 5 0 5 10 15 20
Distance from grain boundary(um)

Fig. 8 —Evolution of the profile of the liquid-solid interface during
the isothermal solidification process following the dissolution process
illustrated in Fig. 7.

VOLUME 23A, OCTOBER 1992 —2911



Figure 9 illustrates the effect of increasing grain
boundary diffusivity on migration of the liquid-solid
interface at the grain boundary. The width of the liquid
phase in regions adjacent to the grain boundary is slightly
increased when the grain boundary diffusivity is higher.
However, the main influence of higher diffusivity is in
decreasing the liquid width at the grain boundary itself.
In effect, higher grain boundary diffusivity has negli-
gible influence on movement of the bulk liquid-solid
interface and shifts the liquid-solid interface at the grain
boundary region in a direction opposite that observed in
actual brazed samples (there is no liquid penetration
effect).

Because of this, we examined the influence of other
factors, namely, the balance between the grain boundary
energy and the liquid-solid interfacial energy, the inter-
facial energy due to the curvature of the liquid-solid
interface, and the diffusional flow along the liquid-solid
interface. The profiles of the liquid-solid interface under
the influence of these factors are shown in Figures 10
and 11. In these results, the grain boundary energy, E,,
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Distance from grain boundary (um)

Fig. 9— Effect of the grain boundary diffusivity on the profile of the
liquid-solid interface during isothermal solidification.
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Fig. 10— Evolution of the profile of the liquid-solid interface during
the dissolution process when the influence of the grain boundary en-
ergy and the liquid-solid interfacial energy is considered. (The dif-
fusion coefficient in the bulk material and at the grain boundary region
are identical in this case.)
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is that reported as the energy of a large angle random
grain boundary (0.848 J/m*?), the liquid-solid inter-
facial energy, E;, is assumed to be (Eg/\/g), and no
increase in solute diffusivity at the grain boundary region
exists (D, = D).

As shown in Figure 10, the liquid-solid interface is
almost planar during the dissolution process and liquid
penetration at the grain boundary region is only apparent
at the end of the dissolution process. As shown in
Figure 11, liquid penetration at the grain boundary be-
comes more pronounced as the holding time increases
during isothermal solidification. The penetration depth
at the grain boundary region increases by more than
10 um, large enough to be observed using conventional
optical and scanning electron microscopy. These indi-
cations are in accord with the experimental results ob-
served in Reference 6, namely, that the liquid penetration
is not observed during the dissolution stage but becomes
much more pronounced with increasing holding time at
the brazing temperature during the solidification stage.
The horizontal dotted lines in Figure 11 show the cal-
culated displacements of the liquid-solid interface when
the effects of grain boundary-related factors are ne-
glected. It is clear that the width of the liquid phase in
regions far from the grain boundary (represented by the
width at the axis of symmetry) is smaller when the ef-
fects due to grain boundary energy and liquid-solid inter-
facial energy are taken into account. It follows that the
isothermal solidification process in the bulk region is ac-
celerated when the effects of grain boundary energy and
liquid-solid interfacial energy are taken into account.
However, although the calculated liquid penetration depth
is comparable with Kokawa et al.’s test results,® the ob-
served difference in the widths of the bulk liquid during
TLP brazing of fine-grained and coarse-grained nickel
was significantly larger than in our calculated results.

The influence of grain boundary energy on liquid pen-
etration at the grain boundary region is shown in
Figure 12. In this figure, the liquid-solid interfacial en-
ergy is maintained at a value of 0.424 J/m’ and the grain
boundary energy is varied from 0.424 to 0.848 J /m’. It

w
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Fig. 11—Evolution of the profile of the liquid-solid interface during
isothermal solidification following the dissolution process illustrated
in Fig. 10. (The horizontal broken lines in this figure indicate the
displacement of the liquid-solid interface when the effect of grain
boundary-related factors is neglected.)
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is apparent from Figure 12 that the penetration depth in-
creases and the angle at which the liquid-solid interface
intersects the grain boundary becomes sharper when the
grain boundary energy is increased. Kokawa et al.'" ob-
served that liquid penetration at large angle random grain
boundaries was much more pronounced than that occur-
ring at ordered grain boundaries (including small angle
grain boundaries and twin boundaries). Since a large angle
random grain boundary has higher energy than an or-
dered grain boundary, the calculated results shown in
Figure 12 correspond well with Kokawa er al.’s experi-
mental observations.

Liquid penetration at the grain boundary region is also
influenced strongly by the liquid-solid interfacial energy
(Figure 13) and is more pronounced when the liquid-
solid interfacial energy decreases.

In our results, the effect of increasing diffusion along
the liquid-solid interface (by varying the diffusion coef-
ficient from zero to the diffusion coefficient value in the
liquid phase) only slightly enhanced liquid penetration at
the grain boundary region.

It has already been confirmed in Figure 6 that increas-
ing solute diffusivity in the solid accelerates the iso-
thermal solidification process. However, increasing solute
diffusivity in the solid has little influence on the shape
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Fig. 12—Effect of the grain boundary energy on the profile of the
liquid-solid interface during the isothermal solidification.
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Fig. 13 —Effect of the liquid-solid interfacial energy on the profile
of the liquid-solid interface during isothermal solidification.
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of the liquid-solid interface at the grain boundary region
(it slightly decreases liquid penetration).

V. DISCUSSION
A. Kinetics of the Isothermal Solidification Process

As can be seen from the results presented in Figures 5
and 6 (where grain boundary-related effects are ne-
glected), the isothermal solidification process requires a
much longer period than the dissolution process, and
therefore, this may be considered to be the major factor
which controls the completion time for TLP brazing.
During isothermal solidification, the kinetics of migra-
tion of the liquid-solid interface are only slightly influ-
enced by the diffusion coefficient in the liquid phase and
can be expressed as a linear function of (time)'/ 2 as shown
in Figure 6. This suggests that migration of the liquid-
solid interface during the isothermal solidification pro-
cess is governed by diffusion in the solid phase and that
diffusion in the liquid is less important, since the com-
position of the liquid phase becomes uniform. In such a
situation, migration of the liquid-solid interface can be
approximately evaluated using the model illustrated in
Figure 14. In this case, the concentration in the liquid
phase is maintained at the liquidus concentration, C?,
and migration of the interface is dependent only on dif-
fusion in the solid phase. The analytical solution of this
problem is given by the following equations:**!

Y' =Y~ Y =28Vt [29]

where Y., is the maximum value of displacement ¥ and
B is determined by the following equation:
c:-c!

exp (—B*/D,) _\/ITS_\/;,;=0 [30]
|- et (B/VD) B ¢

The dotted lines in Figure 6 show the relation given by
Eqgs. [29] and [30], and there is good agreement with the
finite difference analysis results. Therefore, if the effect
of grain boundary regions is neglected, the migration of
the liquid-solid interface during the isothermal solidifi-
cation process can be well approximated by Eqgs. [29]

Concentration
Y

Liquid Solid

cp

Cg ..........................

0 Y R

Fig. 14— Schematic showing the model for approximate estimating

the migration kinetics of the liquid-solid interface during isothermal
solidification.
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and [30}, although it is necessary to estimate Y., using
finite difference modeling. The excellent agreement be-
tween the calculated results and the finite difference
analysis results supports the validity of our treatment of
liquid-solid interface migration.

B. Effects of the Grain Boundary Diffusion on the
Migration of the Liquid-Solid Interface

If the exact profile of the liquid-solid interface at the
grain boundary region and its vicinity is to be estimated,
we should solve the problem using the finite difference
expression for Eq. [12] instead of Eq. [23] which gives
the average composition in the vicinity of the grain
boundary. However, the stability of the solution ob-
tained using the finite difference expression for Eq. [12]
is not satisfied unless a grid size € comparable with the
width of the grain boundary region is employed. The use
of a grid size € as small as the grain boundary region
involves extremely long calculation times to obtain re-
sults comparable with experimental values (assuming that
we employ the explicit finite difference method).

We believe that the results presented in this article,
although they are based on the average composition at
the grain boundary region, provide meaningful trends
concerning the effect of grain boundary diffusion on mi-
gration of the liquid-solid interface. The results which
indicate that isothermal solidification at the grain bound-
ary region is preferentially accelerated by high diffusiv-
ity at the grain boundary region can be explained by
considering that an increase in D, reduces the term (8Y/d¢)
given in Eq. [11] (for (6C//dy),-y < O and
(0C,/3y),—y < 0). Since (§Y/d1) is the rate of increase
in liquid width, it follows that a decrease in (3Y/01) is
associated with increased growth of solid at the grain
boundary region during isothermal solidification. This is
consistent with Seith’s suggestion!?* that the growth rate
of phases formed during reactive diffusion increases when
the solute diffusivity increases. Consequently, solid grows
at a faster rate at the grain boundary region, because the
diffusivity is higher than in the bulk material.

The slight increase in the liquid width immediately ad-
jacent to the grain boundary region (Figure 9) occurs,
since the phosphorus concentration in solid material near
the grain boundary is increased due to higher diffusivity
at the grain boundary region. Higher phosphorus con-
centration in this region promotes liquid formation. In
our results, the increase in liquid width caused by this
higher phosphorus concentration is quite small (<1 pwm),
even when the D, value is assumed to be as much as
five orders of magnitude higher than that in the bulk solid.

Although the average composition at the grain bound-
ary region has been calculated in our work, we believe
that the general trends indicated in this article will re-
main unchanged even if more accurate calculations are
made (e.g., using implicit finite difference or finite ele-
ment analysis methods). Consequently, higher grain
boundary solute diffusivity by itself cannot explain the
liquid penetration effect which was observed in actual
TLP brazed samples.
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C. The Balance between Grain Boundary Energy and
the Liquid-Solid Interfacial Energy

Figures 11 through 13 indicate that liquid penetration
is produced at grain boundary regions to a depth of around
10 um when factors, such as (a) the balance between
the grain boundary energy and liquid-solid interfacial en-
ergy, (b) the interfacial energy due to the curvature of
the liquid-solid interface, and (c) the diffusional flow along
the liquid-solid interface, are taken into account. These
factors also accelerate isothermal solidification in bulk
regions away from the grain boundary, as shown in
Figures 11 through 13. Although the term (Au/RT) in
Eqgs. [15], [16], [18], and [19] changes the li%uidus and
solidus compositions only by a factor of 107, the cal-
culated penetration depth compares well with the ex-
perimental values observed in a previous article.'
However, the combined influence of factors (a) through
(c) is still not large enough to explain the large differ-
ence between the isothermal solidification rates in
fine-grained and coarse-grained nickel-base metal (as re-
ported in Reference 6).

The isothermal solidification process is slightly ac-
celerated when high grain boundary diffusivity values
are assumed (Figure 9). However, the large difference
between the isothermal completion rates when brazing
fine- and coarse-grained nickel-base materials (in
Reference 6) can only be explained if extremely high
diffusivity values are assumed. It follows that the results
of this study provide a qualitative rather than a quanti-
tative analysis of the individual effects which control
isothermal solidification during TLP brazing of nickel
using Ni-11 wt pct P filler metal.

It is well known that the grain boundary energy is af-
fected by solute segregation at the grain boundary.™' For
example, in the Fe-P binary system at 1623 K, the en-
ergy of large angle random grain boundaries is reduced
from 0.8 to 0.55 Jm ™~ by the addition of 0.3 wt pct P.?%!
Similarly, the grain boundary energy of Ni may also be
reduced by the addition of phosphorus. The phosphorus
content at the liquid-solid interface is controlled by the
liquidus and solidus lines and, therefore, remains con-
stant throughout dissolution and isothermal solidifica-
tion. Consequently, the energy of the grain boundary at
the point of intersection with the liquid-solid interface
may be regarded as constant, even if the phosphorus seg-
regation at the grain boundary region occurs. It follows
that our calculations, where the grain boundary energy
is considered constant (Figures 11 through 13), may apply
to the situation where phosphorus segregation influences
the grain boundary energy.

In our results, the ratio of the grain boundary energy
and the liquid-solid interfacial energy, E,/E, is the major
factor which controls the liquid penetration depth at the
grain boundary region rather than the value of grain
boundary energy itself. A decrease in grain boundary en-
ergy will slow down the development of liquid penetra-
tion and only slightly decrease the penetration depth (a
50 pct decrease in grain boundary energy will reduce the
penetration depth by a few percent for the same E,/E
ratio, see the curves for E,/E, = 1 in Figures 12 and
13). It follows that liquid penetration at grain boundaries
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can be explained qualitatively by factors (a) through (c)
(the effects of grain boundary energy and the liquid-solid
interfacial energy), even when the grain boundary en-
ergy is reduced considerably because of phosphorus
segregation.

VI. CONCLUSIONS

The effects of grain boundary regions on liquid-solid
interface migration during TLP brazing of Ni using
Ni-11 wt pct P filler metal were calculated numerically
to explain the higher isothermal solidification rates which
were observed during brazing of fine-grained nickel-base
metal.!®! The 2-D finite difference model developed in
this study considered the situation where the grain
boundary intersected the liquid-solid interface at right
angles. In addition to solute diffusion in the liquid and
solid phases, the numerical calculations allowed for the
following factors:

1. increased solute diffusivity at the grain boundary
region;

2. the balance between the grain boundary energy and
the liquid-solid interfacial energy;

3. the interfacial energy due to the curvature of the liquid-
solid interface; and

4. diffusional flow along the liquid-solid interface.

Although higher diffusivity at the grain boundary re-
gion accelerates the isothermal solidification process in
the bulk region, this effect is very small and cannot ex-
plain the experimental test results (where the rate of iso-
thermal solidification is much faster during TLP brazing
of fine-grained nickel-base metal). In addition, high dif-
fusivity at the grain boundary region moves the liquid-
solid interface in a direction opposite that observed in
actual brazed samples. When factors 2 through 4 are taken
into account, liquid penetration at the grain boundary re-
gions is comparable with that observed in actual brazed
samples. Also, the dependence of liquid penetration depth,
both on holding time at the brazing temperature and on
grain boundary energy, follows the same trends as in the
experimental test results. Factors 2 through 4 also ac-
celerate the isothermal solidification process in bulk re-
gions away from the grain boundary; this is again in
qualitative agreement with the experimental test results.
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