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Numerical Analysis of Observations on Diffusion Induced Recrystallization in

the Ni(Cu) System using A Kinetic Model

Yukinori Yamamoto * and Masanori Kajihara
Department of Materials Science and Engineering, Tokyo Institute of Technology, Yokohama 226-8502, Japan

Considering the effect of the friction force due to volume diffusion of a solute on the driving force, a new kinetic model has been proposed
for diffusion induced recrystallization (DIR) in the A(B) system in which solute B atoms diffuse into a pure A metal or a binary A-B alloy. The
energy balance model [M. Kajihara and W. Gust: Scr. Mater. 38 (1998) 1621] has been combined with the columnar geometry and boundary
diffusion model [C. Li and M. Hillert: Acta Metall. 29 (1981) 1949] and the extended model [Y. Kawanami et al.: ISIJ Int. 37 (1997) 921] in
order to describe mathematically the growth rate of the fine grain region (DIR region) formed by DIR as a function of the reaction time. DIR in
the Ni(Cu) system was experimentally observed by Kawanami ez al. [Y. Kawanami ez al.: Mater. Trans., JIM 39 (1998) 218] at 923 and 1023 K.
The new model has been utilized to analyze their observations theoretically. According to the observations, the migration rate v of the moving
boundary gradually decreases with increasing reaction time. However, the decrease in the migration rate v is negligible during a small time
interval of At = 1s at the experimental reaction times. Thus, the value of v was assumed to be constant at each time step with Az = 1s in order
to simplify the analysis. Using the mobility M of the moving boundary as the fitting parameter, the thickness of the DIR region was calculated
as a function of the reaction time by a numerical technique. The calculation gives values of M = 3.73 x 10717 and 1.51 x 107! m*/Js at 923
and 1023 K, respectively, and thus Mo = 1.03 m*/Js and Qs = 290 kJ/mol for M = Mg exp(—Q;/RT). The temperature dependence of the
mobility indicates that the grain boundary migration may be governed by the solute drag effect for which the volume diffusion of the solute

along the moving direction in the untransformed matrix ahead of the moving boundary has the most important role.
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1. Introduction

Diffusion induced recrystallization (DIR) is the phe-
nomenon that new fine grains with discontinuously differ-
ent solute concentrations are formed behind moving grain
boundaries owing to recrystallization combined with diffu-
sion of solute atoms along the moving boundaries. DIR in the
Fe(Zn) system was experimentally studied by Li and Hillert
using polycrystalline Fe specimens zincified at temperatures
between 733 and 923 K for various times."” Here, according
to convention, the notation A(B) means that a solute B dif-
fuses into a pure A metal or a binary A-B alloy. In their ex-
periment, the fine grain region alloyed with Zn is produced at
the surface of the Fe specimen and grows towards the inside
of the specimen. It is pointed out by many investigators that
the compositional discontinuity between the alloyed region
and the untransformed matrix ahead of the moving bound-
ary is the most important driving force.>”” The driving force
due to such compositional discontinuity is called the chemi-
cal driving force. On the basis of this idea, Hillert and Purdy
proposed a chemical driving force model.? For a theoretical
-analysis of the observations on DIR in the Fe(Zn) system, Li
and Hillert suggested a kinetic model (Li-Hillert model) to de-
scribe the growth rate of the fine grain region (DIR region) as
a function of the zincification time by combining the chem-
ical driving force model with their own columnar geometry
and boundary diffusion model.” The Li-Hillert model is valid
for DIR in the A(B) system in which solute B atoms diffuse
into a pure A metal. According to this model, the thickness /

of the DIR region increases in proportion to the zincification
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time ¢ at early stages of the reaction, whereas it becomes pro-
portional to the square root of ¢ at late stages of the reaction.
This means that the exponent n takes values of 1 and 1/2 at
the early and late stages, respectively, if [ is expressed as a
function of ¢ by the equation [ = k(¢/#)". Here, k has the
same dimension as I, ¢ is measured in s, and 7 is unit time,
1s. At the intermediate zincification times between the early
and late stages, the exponent n decreases from 1 to 1/2 with
increasing zincification time.

The kinetics of DIR in the Ni(Cu) system was experimen-
tally studied by Kawanami et al. using Cu/Ni/Cu diffusion
couples consisting of pure Cu single crystals and a pure Ni
polycrystalline specimen.®? The diffusion couples were an-
nealed at 923 and 1023 K for various times between 1.8 x 10°
and 1.76 x 10°s. In this experiment, the DIR region alloyed
with Cu was observed to form at the Cu/Ni interface in the
diffusion couple and to grow into the Ni phase. The thick-
ness [ of the DIR region increases with increasing annealing
time 7 according to the relationships / = 4.9 x 1073(z/£,)%#
and 1.8 x 1077(¢/1)°>" m at 923 and 1023 K, respectively.”
Since Cu atoms diffuse into pure Ni, the Li-Hillert model is
expected to be applicable to DIR in this experiment. Unfortu-
nately, however, the observations indicate that the exponent n
is smaller than 1/2. Such small values of n cannot be realized
even at the late stages in this model.

The Li-Hillert model was extended by Kawanami et al.'®
to DIR in the A(B) system where a solute B diffuses into a
binary A-B alloy. It is pointed out by Kajihara and Gust® that
the chemical driving force for formation of the DIR region re-
markably decreases with increasing mol fraction xg of the so-
lute in an untransformed matrix. Such remarkable decrease in
the chemical driving force affects the growth behavior of the
DIR region. According to the extended model, the exponent
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n at the late stages becomes smaller than 1/2 for the values of
xp greater than zero, and reaches to 1/3 at xg = 0.001. This
means that the thickness of the DIR region is proportional to
the cubic root of the annealing time at the late stages if xp
is equal to or greater than 0.001. Consequently, the extended
model apparently seems to explain the values of n < 1/2 ob-
served on DIR in the Ni(Cu) system. In both the Li-Hillert
and extended models, however, it is assumed that the whole
chemical driving force is effective for the grain boundary mi-
gration without any friction forces. This assumption is valid
on condition that the migration rate v of the moving bound-
ary is large enough to make the penetration distance d of the
solute due to volume diffusion in the untransformed matrix
ahead of the moving boundary atomic dimensions or less.
However, if v is very small, d becomes much greater than
atomic dimensions. In such a case, most part of the chemi-
cal driving force will be consumed by the volume diffusion
in the penetration zone. The observed values of the migration
rate v for DIR in the Ni(Cu) system indicate that the pene-
tration distance d may not be smaller than atomic dimensions
at the experimental annealing times.? Under such conditions,
the energy consumption due to the volume diffusion should
be taken into account for evaluation of the driving force.

Recently, an energy balance model was proposed by
Kajihara and Gust” to evaluate the driving force for DIR dur-
ing alloying in binary systems. The energy consumption due
to the volume diffusion is explicitly considered in this model.
The energy balance model gives a mathematical expression
of the effective driving force as a function of the migration
rate v for a very wide range of the penetration distance d. In
the present work, a new model has been proposed to take ac-
count of an influence of the energy consumption due to the
volume diffusion on the kinetics of DIR by combining the en-
ergy balance model with the Li-Hillert and extended models.
The new model has been applied to a numerical analysis of
the observations on DIR in the Ni(Cu) system” by estimating
the energy consumption in a simplified manner.

2. Model

In the binary Ni—Cu system, a complete solid solution
phase with the face-centered cubic (fcc) structure appears at
the temperature range between 628 and 1358 K.'V The ob-
servations by Kawanami e al.®? indicate that DIR occurs
in the fcc single-phase region of this binary system at 923
and 1023 K. The chemical composition changes discontinu-
ously across the boundary between the DIR region and the
untransformed matrix. In the case of the complete solid so-
lution phase, however, the compositional discontinuity can-
not be related with the phase diagram. On the other hand,
the two-phase region consisting of the fcc-Cu («) and fcc-Fe
(y) phases exists at 1123 to 1369 K in the binary Fe—Cu sys-
tem.'? According to the observations by Kawanami et al.'®
on DIR in this binary system, the DIR region alloyed with Cu
is formed at the ¢¢/y interface and grows into the y phase at
1193 and 1323 K. In this case, the compositional discontinu-
ity across the interface is known from the phase diagram as
long as the local equilibrium is established at the interface.
In order to simplify an explanation of a kinetic model, it is
more convenient to focus our attention on DIR that takes place
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in a two-phase region of an appropriate binary system like
the Fe~Cu system. Consequently, we consider a hypotheti-
cal substitutional binary A-B system in which A and B are
the solvent and solute elements, respectively, and the A-rich
(a) and B-rich (B) solid solution phases are in equilibrium
with each other. In this binary system, DIR is supposed to
occur only in the ¢ phase at a reaction temperature. Figure 1
schematically shows that fine grains alloyed with the solute
are produced at the interface due to DIR and grow into the o
phase in an «/B two-phase diffusion couple. The growth of
the fine grain DIR region is realized by the transport of so-
lute atoms along the grain boundaries from the interface to
the moving boundaries. The migration rate v of the moving
boundary is related to the driving force AG by the equation
di

- % _ Mmac. 1
YT @

Here, [ is the thickness of the DIR region, ¢ is the reaction
time, M is the mobility of the moving boundary, and AG has
the dimension of force per unit area or energy per unit volume.
If the quantities /, # and AG are measured inm, s and J/m3, re-
spectively, the mobility M takes a unit of m*/Js. Equation (1)
indicates that the migration rate v or the growth rate of the
DIR region d//dt is proportional to the driving force AG. On
the basis of this equation, Li and Hillert proposed a kinetic
model (Li-Hillert model) for DIR in the A(B) system in which
solute B atoms diffuse into a pure A metal. In a new model,
the Li-Hillert model has been extended to DIR in the A(B)
system where the solute B diffuses into a binary A-B solution
phase. Furthermore, the energy consumption due to the vol-
ume diffusion of the solute in the untransformed matrix ahead
of the moving boundary has been taken into consideration in
the present new model. These models will be explained in
detail for the reaction shown in Fig. 1.

2.1 Li-Hillert model

In order to estimate the rate of supply of solute atoms to
the moving boundary, Li and Hillert assumed that the shape
of each fine grain in the DIR region is columnar and the dif-
fusion coefficient along the moving boundary parallel to the
o/ B interface is much greater than that along the stationary

B i o
xi xef x0
DIR region
7 AN )
Interface Moving
boundary

Fig. 1 Schematic diagram of fine grains formed in the o phase from the
interface of the o/ B diffusion couple in the binary A-B system due to DIR.
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circular grain boundaries normal to the interface.? Thus, they
obtained the following equation to describe the rate of sup-
ply of the solute along the circular boundary to the moving
boundary.

dm 1 Dbdx  msé D xi—x©

a - 2Vey T 2 v
Here, m is the amount of the solute supplied to the moving
boundary, s is the diameter of the columnar fine grain, Db
is the interdiffusion coefficient along the circular boundary, &
is the thickness of the grain boundary, Vy, is the molar vol-
ume, x is the mol fraction of the solute, and y is the distance
along the circular boundary measured from the interface. The
quantities x' and x¢ stand for the solute concentrations in
the DIR region at the interface and the moving boundary, re-
spectively. In eq. (2), the concentration profile of the solute
along the circular boundary is assumed to be straight and thus
dx/dy = (x® — x)/1. This assumption is valid as long as the
boundary diffusion occurs sufficiently fast compared with the
grain boundary migration and there is no composition depen-
dency in D®. The factor 1/2 means that the diffusional flux
along the circular boundary is shared with the neighboring
fine grains. For the columnar geometry of the fine grain, the
supply rate dm /dt is correlated with the growth rate d//ds by
the equation

@)

dm (£>2 x¢ dl 3)

&~ \2) vear
When the o phase is initially a pure A metal and the DIR
region with composition x© grows into the « phase, the chem-
ical driving force A°G acting on the moving boundary is eval-

uated as follows using the chemical driving force model pro-
posed by Hillert and Purdy?

[ RT C
A°G = ———In(1 —x), “
Vi
if the o phase is thermodynamically ideal. This chemi-
cal driving force model is hereafter called the Hillert-Purdy
model. For the values of x® much smaller than unity, eq. (4)
reduces to

A°G = —x°. 5)

If any friction forces are neglected, A°G is considered as the
driving force AG in eq. (1). In such a case, AG is propor-
tional to x° according to eq. (5). From eqgs. (1) and (5), the
following relationship is obtained.

ﬂ =MAG = MRTxc 6)

dr Vi
Equation (6) indicates that the growth rate d//d¢ is directly
proportional to the composition x°. Combining eq. (6) with
egs. (2) and (3) and eliminating the term dm/d¢, we obtain
the equation

28DV (x' —x%)

c\2
@) MRTls

O
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For s =1/2, eq. (7) yields the relationship

2 i
X = al ®)

1 1+ MRTx'I?
+ 8DPV,

Tnserting eq. (8) into eq. (6), the following equation is ob-
tained.

MRTx'I? \ dI _ 2MRTx'

1 1
Ty sDPV,, | dt Vi

®

Equation (9) is an ordinary differential equation of the first
order in which ¢ and [ are the independent and dependent
variables, respectively. This differential equation can be in-
tegrated analytically as follows

1:=2A+A\/1+A2+ln(k+\/1+kz>,

if the quantities M, § D®, V;;, and x' are constant during the re-
action. Here, T and A are the normalized reaction time and the
normalized thickness of the DIR region, respectively, defined
as

(10)

4(MRTx | Vy)*?
:t_(__ﬂ_ (11
3Db
and
| MRTxi
A=1)— 12
8D" Vi (12

The thickness [ is mathematically expressed as a function of
the reaction time 7 in an implicit manner by eq. (10) through
eqs. (11) and (12).

2.2 Present model

In the Li-Hillert model, it is assumed that the whole chem-
ical driving force is effectively utilized for the grain bound-
ary migration without any friction forces. This assumption is
valid, when the grain boundary migration occurs sufficiently
fast and thus the penetration distance of the solute due to vol-
ume diffusion in the untransformed matrix ahead of the mov-
ing boundary becomes atomic dimensions or less. However,
if the migration rate of the moving boundary is very small,
the penetration distance becomes much greater than atomic
dimensions. In this case, the chemical driving force is con-
siderably consumed by the volume diffusion of the solute in
the penetration zone. Under such conditions, the energy con-
sumption due to the volume diffusion should be taken into
consideration for evaluation of the driving force.

Recently, an energy balance (EB) model was proposed by
Kajihara and Gust” in order to evaluate the driving force for
DIR during alloying in binary systems as a function of the
migration rate. When one mol of the DIR region with com-
position x° is formed from (x¢ — x%)/(1 — x%) mol of solute
atoms and (1 — x¢) /(1 — x%) mol of the & phase with compo-
sition x°, the chemical driving force A°G is described by the
following equation according to the EB model

RT 1—x° x° x°
ACGZ—V;(I—)CC) (lnl—xc—i_T———_)COlnF)’ (13)
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if the o phase is again thermodynamically ideal. It should be ~ according to the EB model. Here, x" is the composition in
noted that the term A°G in eqs. (4) and (5) is evaluated with  the untransformed matrix at the interatomic distance A from
respect to the initial composition of the untransformed matrix ~ the moving boundary, Y is the biaxial elastic modulus of the
but that in eq. (13) indicates the quantity at the compositionjn ~ untransformed matrix along a plane parallel to the moving
the DIR region. The friction force A¥4G owing to the volume ~ boundary, and 7 is the misfit parameter. The quantity A*G

diffusion in the penetration zone is given as defined as the following equation is the effective driving force
0 0 0 that remains against the friction force AYYG and then con-
AVlG = EZ (1 —x° (ln l—_x_? + _x__o In x_f) tributes to the grain boundary migration.
1 —x® 1—x xn
" . A%G = A°G — A™G (15)
2 LT X nf__0y2
+Yn 1 —x0 (™ =) (14)  From egs. (13) to (15), we obtain the relationship
RT 1 — xof xO x0f (xnf _ xO)Z
A%G = (1 —x%) 1 — (1 In— ) - ¥pP—- "1, 16
( x){Vm<n1—x°+1—x°nxc) g (16)

which describes A*¥G as a function of x¢ and x™. If AG is replaced with A%G, the following equation is obtained from
egs. (1) and (16).

dl

— = MA“G
dt

RT 1— nf 0 nf of _ ,.0y2
:M(l—xc){v—(ln r Lz lnx—)—Ynz(—x———x—)—} 17

n 1—x¢  1-—x0 x¢

Let xP be the composition in the penetration zone at the in-  ferential equations of the first order where ¢ and [ are again

terface between the untransformed matrix and the moving the independent and dependent variables, respectively, if the

boundary. This interface is designated the front interface. The  quantities x', Vi, D°, Y, n and M are known, the mathe-

composition x™ in eq. (17) is a function of the composition  matical expression of f (v, xP) is given, and s is described

xPf and the growth rate d//d¢ or the migration rate v as fol-  as a function of ¢ or [ at a reaction temperature. When the

lows. simultaneous differential equations are solved in an appropri-
of fo, xpf) (18) ate nllannefr under given initi.al and bgundary conditions, the

, relationship between ¢ and [ is determined.

A mathematical expression of the function f(v,xPf) will

be obtained, if the reaction time dependence of the migra- 3. Amnalysis

tion rate v is known for a given value of xP!. Considering

the local equilibrium between the moving boundary and the 3.1 Observations by Kawanami et al.

penetration zone at the front interface, xP! is determined by DIR in the Ni(Cu) system was experimentally studied by
the parallel-tangent construction (PTC) method.!¥ The PTC ~ Kawanami et al.” using the Cu/Ni/Cu diffusion couples com-
method gives the equation posed of a pure Ni polycrystalline specimen and pure Cu sin-
o 2¥ Vo e gle crystals. In all the diffusion couples, .the Miller indices

In —— + Rl;‘ P —x% =1n s (19)  of the Cu single crystals were (111) at the interfaces. In their

experiment, the diffusion couples were annealed at 923 and
if the concentration gradient of the solute across the moving 1023 K for various times between 1.8 x 10° and 1.76 x 10° s,
boundary is negligible. Since the DIR region with composi-  and then the DIR region alloyed with Cu was observed to
tion x° grows into the untransformed matrix with composition ~ form at the interface and to grow into the Ni phase. Their
xY in the present case, the composition x© in eq. (3) should be  observations on the relationship between the thickness I of
replaced with the compositional difference (x® — x°) as fol-  the DIR region and the reaction time or annealing time ¢ are

lows. represented in Fig. 2. In this figure, open circles and squares
dm s\2 x¢ — x0di show the experimental points at 923 and 1023 K, respectively.
a (5) V. ar (20) Although the experimental points are slightly scattered, the

m

observations indicate that the thickness / increases with in-

Eliminating the term dm /dt from egs. (2) and (20), the fol- creasing annealing time ¢ according to the relationship

lowing relationship is obtained to describe the composition
x¢ as a function of /, s and d//dt for given values of x' and I =k(t/1)". (22)

b
3D". Here, ty is unit time, 1s. The proportionality constant k and

Lo sLod the exponent 7 take values of 107731022 m and 0.41 =+ 0.05,
e r+x 25Dbdr 1) respectively, at 923 K whereas those of 1076742917 m and
0.37 £ 0.04, respectively, at 1023 K. Solid lines in Fig. 2

sl dl
+ SsDbdr show the calculations from eq. (22) for the mean values of

=4, -8 . =7 = U. d .37
Equations (17), (18), (19) and (21) are the simultaneous dif-  © — +° * 107 and 1.8 x 10" mandn = 0.41 and 0
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Fig. 2 The thickness [ of the DIR region versus the annealing time ¢
for DIR in the Ni(Cu) system observed by Kawanami et al. at 923 and
1023K.Y

Using the Li-Hillert model, Kawanami et al. analyzed the
observations.” In their analysis, the mobility M in eqs. (11)
and (12) was chosen as the fitting parameter and determined
tobe 1.86 x 10718 and 2.14 x 10~ m*/Js at 923 and 1023 K,
respectively, from the experimental points in Fig. 2. For these
values of M, the thickness / was calculated as a function of the
annealing time ¢ from eq. (10). The results at 1023 and 923 K
are shown as solid curves in Figs. 3(a) and (b), respectively.
In these figures, the experimental points in Fig. 2 are also rep-
resented. At 1023 K, the solid curve is almost straight at an-
nealing times longer than 2 x 10°s as indicated in Fig. 3(a).
The straight part of the solid curve is expressed by eq. (22) us-
ing values of k = 5.20 x 10" ®m and n = 0.5. A dashed line
in Fig. 3(a) indicates the calculation for these values of k and
n. As can be seen, the open squares are located on both the
solid curve and the dashed line at 1023 K. On the other hand,
at 923 K, the solid curve is almost straight at annealing times
shorter than 3 x 10%s and at those longer than 3 x 10*s as
shown in Fig. 3(b). The exponent z is 1 at the shorter anneal-
ing times, but it becomes 0.5 at the longer annealing times. At
intermediate annealing times between 3 x 10? and 3 x 10%s,
the exponent n decreases with increasing annealing time ¢.
Half of the open circles are distributed at the longer annealing
times, whereas the other ones are located at the intermediate
annealing times. Considering the slightly scattered experi-
mental points, agreement between the observations and the
calculations using the Li-Hillert model may be satisfactory.
As mentioned earlier, however, the observations provide the
values of n = 0.41 £0.05 and 0.37+£0.04 at 923 and 1023 K,
respectively. Such small values of n cannot be realized in the
Li-Hillert model.

3.2 Penetration distance in untransformed matrix

As already mentioned in Section 2.1, it is assumed in the
Li-Hillert model that the whole chemical driving force is ef-
fectively utilized for the grain boundary migration without
any friction forces. In order to determine whether this as-
sumption is valid, the penetration distance of the solute due
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Fig. 3 The thickness / of the DIR region versus the annealing time ¢ for
DIR in the Ni(Cu) system calculated by Kawanami ez al.®) using egs. (10)
to (12) at (a) 1023 and (b) 923 K. The experimental points in Fig. 2 are
also shown.

to volume diffusion in the untransformed matrix ahead of the
moving boundary should be known under the experimental
conditions. The penetration distance d from the front inter-
face is estimated from the following equation as a function
of the migration rate v of the moving boundary, if the grain
boundary migrates in a steady state manner.

d=D/v (23)

The observations in Fig. 2 indicate that the thickness / of the
DIR region is expressed as a function of the annealing time
t by eq. (22). Thus, the annealing time dependence of the
migration rate is described as follows.

dl  nk (r )‘“"”
V= — = —| —
dr o \lo

According to eq. (24), the migration rate v varies depending
on the annealing time #, and thus the steady state migration is
not realized under the experimental conditions. However, in
order to test the validity of the assumption mentioned above,
it is still useful to combine eq. (23) with eq. (24). Hence, we

(24)
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obtain the equation

Dty [t )\
d= o <t0) (25)
to estimate the penetration distance d as a function of the
annealing time ¢. Using eq. (25), the annealing time de-
pendence of the penetration distance was calculated at 923
and 1023 K with the following parameters: n = 0.41 and
k=49x10%mat923K;n =0.37and k = 1.8 x 10 " m
at 1023K; and Dy = 5.7 x 107> m?%/s and Q = 258 kJ/mol
for D = Dyexp(—Q/RT)."> The results are shown as solid
lines in Fig. 4. In this figure, open squares and circles show
the calculations corresponding to the experimental annealing
times at 1023 and 923 K, respectively, whereas a horizontal
dashed line indicates the interatomic distance A. As can be
seen in Fig. 4, the penetration distance d monotonically in-
creases with increasing annealing time ¢. At 1023 K, d is al-
ways greater than A at the experimental annealing times. On
the other hand, at 923 K, d is smaller than A at r < 10%s, but
it becomes greater than A at t > 10*s. Three open circles
are located at 1 < 10%*s, whereas the other open circles are
distributed at t > 10*s. Consequently, we may conclude that
the friction force due to the volume diffusion is negligible at
the three shorter experimental annealing times at 923 K.
Recently, the relationship between the penetration distance
and the friction force due to the volume diffusion was quan-
titatively analyzed for an ideal solution phase in a binary sys-
tem by Kajihara and Gust using the EB model.” Accord-
ing to this analysis, the friction force is negligibly small at
d < A/8, but it gradually increases with increasing pene-
tration distance at d > A/8. Hence, the critical penetration
distance, which determines whether the friction force is neg-
ligible or not, should be A/8 instead of A. The critical value
of d = A/8 is indicated as a horizontal dotted line in Fig. 4.
As can be seen in this figure, d is greater than A/8 at all the
experimental annealing times. Thus, it is concluded that the
chemical driving force is partially or considerably consumed

TTTT T T T T T T
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Fig. 4 The penetration distance d of the solute due to volume diffusion
in the untransformed matrix ahead of the moving boundary calculated by
eq. (25) as a function of the annealing time #. Open squares and circles
indicate the calculations for the experimental annealing times at 1023 and
923 K, respectively.
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by the volume diffusion in the penetration zone ahead of the
moving boundary during DIR under the present experimental
conditions.

3.3 Growth rate of DIR region

If the energy consumption due to the volume diffusion is
not negligible, the driving force cannot be evaluated from
eq. (4) nor (5) and thus eqgs. (10) to (12) are no longer ap-
plicable. In such a case, the effect of the energy consumption
on the driving force should be taken into account. Hence, in
this Section, eqgs. (17), (18), (19) and (21) were applied to a
theoretical analysis of the observations in Fig. 2.

In order to carry out the analysis, a mathematical expres-
sion of f (v, xPY) in eq. (18) should be known. When v is con-
stant during the reaction, we obtain a very simple expression
of f(v, xPf) as follows.

2 = f(v, 2" = x° + (* — x®) exp(—vA/D)  (26)

According to eq. (24), however, the value of v gradually de-
creases with increasing annealing time 7. Nevertheless, for a
small time interval of At = 1s, v merely varies by 0.03% at
the shortest annealing time of t = 1.8 x 10s at 1023 and
923 K. The variation of v for the same time interval mono-
tonically decreases with increasing annealing time, and then
reaches to 0.003 and 0.0003% at the longest annealing times
of t = 2.16 x 10* and 1.76 x 10° s at 1023 and 923 K, respec-
tively. This means that v is considered almost constant during
At = 1s. Consequently, in the present analysis, f (v, xPf)
was approximately described by eq. (26) at each time step
with a time interval of At = 1s. However, it should be
noted that this approximation is just for the sake of conve-
nience and the validity of the present model is independent of
the approximation. Since the polycrystalline pure Ni speci-
mens were used in the Cu/Ni/Cu diffusion couples, there may
not exist special crystallographic orientation relationships be-
tween the Ni phase and the DIR region. Therefore, the Ni
(o) phase was assumed to be elastically isotropic. This as-
sumption results in ¥ = E/(1 — v). Here, E and v are the
Young’s modulus and the Poisson’s ratio, respectively. In-
serting x° = 0 into egs. (17), (19) and (26), considering the
relationship ¥ = E/(1 — v), and then replacing the differ-
ential coefficient d//dr with the difference coefficient Al/At¢,
we obtain the equations

Al RT . 1—xf E
= = M= c | _ 2 ,..nf\2 ,
ar M x){anl—xc 1,7
27N
pf E 2V 2 c
In—> m of — 1y > (28)
1—xf  1—v RT 1—x¢
and
Al
nf — xPf =), 29
X X exp( DAt) (29)

Here, Al is the increment of the thickness of the DIR region
for the time interval Az. According to the observations,” the
ratio s /[ is almost unity independent of the annealing time for
DIR in the Ni(Cu) system. Inserting s = [ and x° = 0 into
eq. (21) and replacing again dI/dr with Al/At, the following
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equation is obtained.
Cc __ xl
x¢ = Al 30)
+ 28 DV At

Equations (27) to (30) are simultaneous difference equations
of the first order. Using these equations, the increment Al was
calculated for a given value of the interval Az at time step ¢;.
For the calculation, it is assumed that the quantities E, v, Vp,,
D, 8DV and x! are constant at a reaction temperature. The mo-
bility M was chosen as the fitting parameter and determined
to minimize the parameter S defined as

n
S=Y (¥ -1
j=1

Here, I;XP and l;al are the observed and calculated values of [,
respectively, at each experimental annealing time ¢,. From
the experimental points in Fig. 2, the mobility was deter-
mined to be M = 3.73 x 1077 and 1.51 x 107 m*/Js
at 923 and 1023 K, respectively, adopting the following pa-
rameters: Dy = 5.7 x 1079 m?/s and Q0 = 258kJ/mol
for D = Dgexp(—Q/RT);'" 8§D} = 5.25 x 10710m’/s
and Qp, = 133.9kJ/mol for §D® = 3DYexp(—Qy/RT);!®
Vi = 6.845 x 107 m3/mol;!” x! = 0.25; E = 168 GPa;'®
v =0.3;'" 5 = 0025329 A = 0.3nm; and At = 1s. The
relationships between / and ¢ calculated at 1023 and 923K
using these values of M are shown as solid curves in Figs.
5(a) and (b), respectively. In these figures, the experimental
points at 1023 and 923 K are represented as open squares and
circles, respectively, whereas the solid lines in Fig. 2 are in-
dicated as dashed lines. As can be seen, the solid curve coin-
cides well with the dashed line at each temperature. Since the
dashed line is described by eq. (22) with a constant value of
the exponent #, it has a constant slope. On the other hand, the
slope of the solid curve gradually decreases with increasing
annealing time at both temperatures. According to the results
in Fig. 5, the exponent n varies from 0.350 to 0.347 between
t = 1.8 x 10% and 2.16 x 10*s at 1023 K, whereas it changes
from 0.437 to 0.349 between ¢ = 1.8 x 10° and 1.76 x 10° s
at 923 K. This means that the annealing time dependence of
the thickness of the DIR region cannot be simply expressed
by a power function with a constant exponent.

The value n = 0.5 at the late stages in the Li-Hillert model
implies that the growth of the DIR region is controlled by dif-
fusion of solute atoms. Through a theoretical analysis of the
observations on DIR in the Cu(Zn) system, it is concluded by
Goukon et al.?V that the boundary diffusion of the solute is
actually the rate-controlling process of DIR. This conclusion
is considered valid also for DIR in the Ni(Cu) system. In this
case, however, the chemical driving force is considerably con-
sumed by the volume diffusion of the solute in the penetration
zone ahead of the moving boundary as mentioned earlier. As
the annealing time increases, the migration rate of the moving
boundary decreases, and hence the consumption of the chem-
ical driving force increases. As a result, the exponent n takes
values smaller than 0.5 and gradually decreases with increas-
ing annealing time under the present experimental conditions.
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Fig. 5 The thickness / of the DIR region versus the annealing time ¢ for
DIR in the Ni(Cu) system calculated by egs. (27) to (30) at (a) 1023 and
(b) 923 K. The experimental points and the fitting lines in Fig. 2 are also
shown as open symbols and dashed lines, respectively.

3.4 Mobility

For the calculations of the solid curves in Figs. 5(a) and (b),
the mobility M was chosen as the fitting parameter. The val-
ues of M determined at 1023 and 923K are plotted as open
circles in Fig. 6. In this figure, the ordinate and the abscissa
show the logarithm of the mobility M and the reciprocal of the
absolute temperature T, respectively. The temperature depen-
dence of the mobility may be described as follows.

M = Mo exp(—Qum/RT) (32)

The parameters My and Q,, were determined to be 1.03 m*/Js
and 290 kJ/mol, respectively, from the open circles in Fig. 6.
In this figure, the values of M evaluated by Kawanami et
al.”) using the Li-Hillert model are also represented as open
squares. Since the chemical driving force in the Li-Hillert
model corresponds to the maximum value of the effective
driving force, the result by Kawanami ef al. may overestimate
the driving force and thus underestimate the mobility. Their
result yields M = 2.14x 1077 and 1.86 x 10~ m*/Js at 1023
and 923 K, respectively, and therefore My = 1.4 x 1077 m*/Js
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Fig. 6 The logarithm of the mobility M versus the reciprocal of the ab-
solute temperature 7 for DIR in the Ni(Cu) system. The values of M
obtained by Kawanami et al® are also shown as open squares.

and Qy = 192kJ/mol. These values of M are one to two or-
ders of magnitude smaller than those obtained in the present
analysis.

The mobility of the moving boundary for DIR may be rel-
evant to the solute drag effect. The solute drag is usually
governed by the boundary diffusion of the solute across the
moving boundary and/or the volume diffusion of the solute
along the moving direction in the matrices ahead of and be-
hind the moving boundary. The value Q, = 192 kJ/mol ob-
tained by Kawanami ez al. is greater than the activation en-
thalpy of 133.9 kJ/mol for boundary diffusion of Cu in Ni,'®
but smaller than that of 258 kJ/mol for volume diffusion of
Cu in Ni."» Hence, they concluded that both the volume dif-
fusion and the boundary diffusion might play important roles
for the solute drag effect on DIR in the Ni(Cu) system. On
the other hand, the value Q) = 290kJ/mol in the present
analysis is greater than the activation enthalpy of the bound-
ary diffusion, whereas it is nearly close to that of the volume
diffusion. Therefore, the volume diffusion seems predomi-
nant for the solute drag. However, both values of Q) were
determined from the experimental points at only two anneal-
ing temperatures. In order to draw conclusions reliably, more
detailed experimental information is needed.

4. Conclusions

A new kinetic model was proposed to describe the growth
rate of the fine grain DIR region as a function of the anneal-
ing time for DIR in the A(B) system where solute B atoms
diffuse into a pure A metal or a binary A-B alloy. The energy
balance model by Kajihara and Gust” was combined with the
columnar geometry and boundary diffusion model by Li and
Hillert and the extended model by Kawanami et al.'” The
effect of the friction force due to the penetration of the solute
by volume diffusion in the untransformed matrix ahead of the
moving boundary was explicitly taken into consideration to
evaluate the effective driving force as a function of the migra-
tion rate v of the moving boundary. The new model was uti-
lized to analyze theoretically the observations by Kawanami

Y. Yamamoto and M. Kajihara

et al.? on DIR in the Ni(Cu) system at 923 and 1023 K. Ac-
cording to their observations, the migration rate v gradually
decreases with increasing annealing time. However, the value
of v merely varies by 0.03% even at the shortest annealing
time during a small time interval of At = 1s. The variation
of v for At = 1s monotonically decreases with increasing
annealing time, and then reaches to 0.003 and 0.0003% at
the longest annealing times at 1023 and 923 K, respectively.
Consequently, in order to simplify the analysis, the migra-
tion rate v was assumed to be constant at each time step with
At = 1s. The growth behavior of the DIR region could be
quantitatively accounted for by the analysis. The analysis in-
dicates that the chemical driving force for the grain boundary
migration is considerably consumed by the volume diffusion
of the solute in the untransformed matrix ahead of the moving
boundary during DIR under the present experimental condi-
tions. From the temperature dependence of the mobility for
the moving boundary, it may be concluded that the volume
diffusion in the untransformed matrix plays the most impor-
tant role for the solute drag effect on the grain boundary mi-
gration.

Acknowledgements

The authors are particularly grateful to Professor M. Hillert
at the Royal Institute of Technology, Sweden for stimulat-
ing discussions and valuable comments at early stages of the
present work. This work was partially supported by a Grant-
in-Aid for Scientific Research from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan.

REFERENCES

1) C.Liand M. Hillert: Acta Metall. 29 (1981) 1949.
2) M. Hillert and G. R. Purdy: Acta Metall. 26 (1978) 333.
3) C.Liand M. Hillert: Acta Metall. 30 (1982) 1133.
4) M. Hillert: Scr. Metall. 17 (1983) 237.
5) R. A. Fournelle: Mater. Sci. Eng. A 138 (1991) 133.
6) M. Kajihara and W. Gust: Acta Metall. Mater. 39 (1991) 2565.
7) M. Kajihara and W. Gust: Scr. Mater. 38 (1998) 1621.
8) Y. Kawanami and M. Kajihara: Netsu-Shori 37 (1997) 67.
9) Y. Kawanami, M. Nakano, M. Kajihara and T. Mori: Mater. Trans., JIM
39 (1998) 218.
10) Y. Kawanami, M. Kajihara and T. Mori: ISIJ Int. 37 (1997) 921.
11) Binary Alloy Phase Diagrams, ed. by T. B. Massalski et al., Vol. 2,
(ASM International, Ohio, 1990) p. 1444.
12) Binary Alloy Phase Diagrams, ed. by T. B. Massalski et al., Vol. 2,
(ASM International, Ohio, 1990) p. 1409.
13) Y. Kawanami, S. Yoshida, N. Takeuchi, M. Kajihara and T. Mori: ISIJ
Int. 37 (1997) 590.
14) M. Hillert: Monograph and Report Series No. 33, (Inst. of Metals,
London, 1969) p. 231.
15) Metals Data Book, ed. by Japan Inst. Metals, (Maruzen, Tokyo, 1993)
p- 23.
16) J. Unnam, J. A. Carpenter and C. R. Houska: J. Appl. Phys. 44 (1973)
1957.
17) Metals Data Book, ed. by Japan Inst. Metals, (Maruzen, Tokyo, 1993)
p- 10.
18) D.Liu, W. A. Miller and K. T. Aust: Acta Metall. 37 (1989) 3367.
19) C. R. Barrett, W. D. Nix and A. S. Tetelman: The Principles of Engi-
neering Materials, (Prentice-Hall Englewood Cliffs, New Jersey, 1973)
p- 197.
20) W.B.Pearson: A Handbook of Lattice Spacing and Structures of Metals
and Alloys, (Pergamon Press, London, 1958) p. 592.
21) N. Goukon, T. Ikeda and M. Kajihara: Acta Mater. 48 (2000) 2959.



