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Abstract Based on transient nucleation theory, a nu-
merical model has been constructed to describe the nu-
cleation process of a new phase in front of the liquid—solid
interface of a prior steady-growth phase in peritectic alloy
with the combination of the concentration field calculated
by a self-consistent numerical model for cellular/dendritic
growth. The results show that the nucleation incubation
time of a new phase varies with the solidification rate
during unidirectional solidification. During unidirectional
solidification of the Zn—4.0 wt.% Cu alloy, the incubation
time changes very slightly when the solidification rate in-
creases from 50 to 500 pm/s, but it increases significantly
when the solidification rate exceeds 500 pm/s. The calcu-
lated results show a reasonable agreement with the ex-
perimental ones. This model reveals that nucleation of a
new phase is time-dependent and reasonably explains the
effect of the solidification velocity on the behaviors of
nucleation and growth of € dendrites in the matrix of the y
phase in unidirectional solidification of Zn rich Zn—Cu
alloys.
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Introduction

Solidification of materials includes two important stages,
i.e. nucleation and growth. In general, nucleation is treated
as an important control factor of the microstructural se-
lection in undercooled solidification of peritectic materials.
Nucleation of the primary and peritectic phases in bulk
melts of Fe-C [1], Sn—Sb [2] and Al-Ti [3] alloys was
studied at rather low cooling rates in 1970s. In the last
decade, the high undercooling technique was introduced
into the nucleation research to investigate the selection of
stable and metastable phases of peritectic alloys under non-
equilibrium conditions. Via this technique, some new
phenomena, such as direct nucleation of metastable phases
from the melt, were observed [4-6]. However, there were
much fewer experimental researches on the nucleation in
peritectic alloys under unidirectional solidification. Ma
et al. [7] observed equiaxed € dendrites in the matrix of the
n phase during unidirectional solidification of Zn rich Zn—
Cu alloys. In our previous paper [8], Wang et al. quanti-
tatively measured the critical solidification rate at which
these equiaxed € dendrites disappeared in the same alloys
and calculated the constitutional undercooling for the €
phase nucleating in front of a prior steady-growth interface.
But there still lacks a good understanding on the fact that
these equiaxed ¢ dendrites will disappear even if the €
phase still has large enough undercooling to nucleate het-
erogeneously.

In 1942, considering nucleation as a process determined
by the activated state of the systemic ambient phase, Zel-
dovich [9] formulated a generalized version of the kinetics
of first order phase transitions and obtained the first fun-
damentally correct solution for the kinetics of forming
crystal nuclei. These solutions showed that nucleation is a
transient process and determined by the time lag of the
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nucleation process, t". 7" is the time interval spent by the
nucleating system on reaching a steady-state distribution of
growing clusters, i.e. a steady-state nucleation rate. In
1976, Binder and Stauffer [10] introduced another char-
acteristic time Afp,, which is the time spent by the clusters
of the new phase on reaching a perceptible size [11]. It
built a correlation between the transient nucleation theory
established by Zeldovich and the experimental observa-
tions. Up to now, Zeldocich model has been widely em-
ployed to evaluate the kinetic stability of undercooled
liquids and their glass-forming abilities [12-14], in-
vestigate the influence of the kinetics of non-steady-state
heterogeneous nucleation on the glass-formation abilities
of ceramic materials [15], and explore the effect of un-
dercooling on the formation of metastable phases during
high undercooling rapid solidification [4, 16]. In 1993,
Kelton [17] developed a numerical model to describe the
transient nucleation process in lithium disilicate, a model
glass, and it showed a reasonable agreement with the DSC
data.

In this paper, a numerical model has been developed to
simulate the nucleation process of a new phase in front of a
steady-growth interface in peritectic alloys during uni-
directional solidification. The calculated results were
compared with the experimental results of unidirectionally
solidified Zn rich Zn—Cu peritectic alloys. The binary phase
diagram of Zn-rich Zn—Cu alloys was shown in Fig. 1.

Formulation of the model

Self-consistent model for cells/dendrites

Before the nucleation behavior of a new phase in front of a
steady growth interface can be simulated, temperature and
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Fig. 1 Binary phase diagram of Zn-rich Zn—Cu alloys [18]

concentration fields in the liquid phase and the shape of the
solid/liquid interface should be solved. So in the present
paper, a self-consistent numerical model for single-phase
solidification represented in our previous papers [19, 20]
was applied to obtain a self-consistent interface with
quantitatively defined temperature and concentration fields
in front of it.

Considering an axisymmetric interface shape and ne-
glecting the effect of convection currents, we set a moving
coordinate system fixed to the experimental sample during
unidirectional solidification. Usually, the solidification la-
tent heat is small and the heat conductivity is large, so the
temperature field is assumed to be linear. Then the tem-
perature field is defined as

T, =Ty + Grz, (1)

where T, is the liquidus temperature of the mean
composition, Cy, Gy is the imposed temperature gradient
at the interface, z is the axial position in the coordinate
system moving at the pulling velocity, V,, and this
coordinate system 1is referred to as the gradient
coordinate system. The solute distributions in the liquid
and solid are determined by the following diffusion

equations corresponding to the above moving
coordinates, respectively:
oCL 0CL

DLVCL + Vg =~ 2

LV NS T @
0Cs 0Cs

DsV?Cs + Vp— = —2, 3
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where Cy, Cs are the solute concentrations for the liquid
and solid phases and Dy, Dg are the solute diffusivities for
the liquid and solid phases, respectively. The solute
concentrations for the liquid and solid phases should also
satisfy the following far field conditions:

CL=0Cy, atz— +o0 (4)
C.

on, at z — —o0. (5)
0z

At the interface:

Csi = kCy; (6)

oCL 0Cs
V.(k — 1)Cri = D, —— — Ds ——, 7
it )Cu L on S on @)

where V,, is the growth velocity in the normal direction and
k is the distribution coefficient, respectively.

The temperature and concentration fields at the interface
must satisfy the Gibbs—Thomson equation
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where & = 1-a,cos(nf), 0 is the angle between the inter-
facial normal and the dendrite growth direction, n is the
rotational symmetry degree of the alloy crystal lattice, o, is
the anisotropic coefficient (As the two solid phases in-
volved in Zn rich Zn—Cu peritectic alloys, i.e. € and 7
phases, are all non-facet phases, the anisotropy of them can
be neglected. Consequently, o, was set to O in the present
paper.), I' is the Gibbs—Thompson coefficient, R; and R,
are the main curvature radii at the interface, u = VcAS,/
(R,T) is the kinetic coefficient, V( is the upper limit of the
crystalline growth velocity, AS, is the fusion entropy, R, is
the gas constant, m = mg(1 + (k.—k(1-Ink/k,))/(1-k,) is the
non-equilibrium liquidus slope, and m, is the equilibrium
liquidus slope, respectively.

Given a proper initial interface shape, the diffusion
equations (2—7) were solved by using the finite-difference
method through the control volume integration discretiza-
tion technique. A self-consistent interface shape was ob-
tained by coupling the temperature field with the solute
field along the solid/liquid interface through Eq. 8. Based
on the fact that the dendritic arrays in unidirectional soli-
dification usually have a hexagonal structure of axial
symmetry, only a symmetry unit of a dendrite, i.e. half of a
dendrite unit, was taken into consideration in numerical
calculations. The results of the above model included the
concentration distribution in both the liquid and solid
phases and some major morphological factors, such as the
tip undercooling, the tip radius, the primary spacing, the
stable shape of the dendrite, etc.

Then, for a new phase which possibly nucleates in front
the solidification interface, the undercooling of each grid
point in the liquid phase can be described as follows:

AT =T —T; =T, +m'C(x,z) — (To — Grz) 9)

where C(x, z) is the concentration at the grid point (x, z), T’l
is the liquidus temperature of the new phase with a con-
centration of C(x, z), Ty, is the melting point of the pure
new phase, m’ is the liquidus slope of the new phase, re-
spectively. The relevant parameters were listed in Table 1.

Transient nucleation model

It is known that crystal nuclei will exist in the liquid phase
if the temperature of the liquid phase is below the corre-
sponding liquidus line. Consequently, crystal nuclei of the
new phase will generate in the liquid phase in front of the
solid/liquid interface as long as there is a constitutional
undercooling zone for this phase. On considering a con-
vection-free condition, these crystal nuclei stay still in the

@ Springer

Table 1 Parameters for Zn—Cu diagram and thermophysical data of
the phases involved solidification procedure

Parameters Symbol Value References
Melting point of Zn Tzn 692.73 K [21]
Melting point of Cu Tcu 1358.02 K [21]

Gibbs—-Thompson coefficient of I, 1.1 x 10~ [22]

€ phase "Km
Gibbs-Thompson coefficient of T, 1.1 x 1077 [22]
n phase Km
Equilibrium distribution ke 0.65 [21]
coefficient of € phase
Equilibrium distribution ky, 0.62 [21]
coefficient of # phase
(corrected)
Peritectic temperature T, 698.14 K [22]
Liquid composition at peritectic C; 1.7 wt.%Cu  [22]
reaction

Diffusion coefficient in liquid at Dy, 2.04 x 10 [21]

peritectic temperature * m?/s
Diffusion coefficient in solid at D; 1.59 x 10~ [23]
peritectic temperature 12 m%s

Composition in primary € at C; 11.7 wt.%Cu [21]

peretectic reaction

Composition in peritectic 7 at ~ C, 2.75 wt.%Cu [21]

peretectic reaction

Equilibrium liquidus slope of € m.e -17.1 K/ [21]
phase wt.%Zn

Equilibrium liquidus slope of 1 m.n -3.19 K/ [21]
phase wt.%Zn

Limit of crystalline growth Voe 4,304 m/s [24]

velocity of € phase

Limit of crystalline growth Von 4,243 m/s [24]

velocity of 5 phase

liquid phase. It means that the solid/liquid interface moves
towards these crystal nuclei at a velocity of V (equal to Vj
under the steady-state condition) during unidirectional so-
lidification. As mentioned in the Eq. 9, the constitutional
undercooling for the new phase, AT, is a function of the
axial position in the moving coordinate system, z. As a
result, the constitutional undercooling of these crystal nu-
clei will change while the interface moves towards them.
Under the steady-state condition discussed here, the axial
position is just a function of time. Therefore, the nucleation
of the new phase can be described as a non-isothermal
crystallization process with a given temperature-variation
rule determined by the applied solidification condition (G,
V) for a given alloy. If we employ the classical nucleation
theory to solve this problem, we will find that this approach
is unsuitable for such a non-isothermal problem. Espe-
cially, when V,, is higher than 1 mm/s, the corresponding
variation rate of AT  is above 50 K/s. In such a condition,
the strong time dependence of the nucleation rate and the
rapid temperature-variation rate made it difficult to obtain a
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cogent solution by employing the classical nucleation
theory. Consequently, a numerical transient nucleation
model similar to the one developed by Kelton [25] was
adopted in the present paper.

Several simplifying assumptions have been made for the
present model. First, spherical clusters of the nucleation
phase have the same concentration as the liquid, i.e., a
polymorphic crystallization is assumed. Second, stress is
believed to relax quickly on the timescale of the crystal
transformation and therefore ignored. Finally, a sharp in-
terface between the cluster and the liquid phase is assumed
and the thermodynamics of small clusters are derived from
macroscopic thermodynamic parameters.

Clusters are assumed to evolve slowly in size by a series
of bimolecular reactions [9]:

kt+
E,_1 +E ?E (10)
ke
En+E]]jf>En+1, (11)

n+l

where E, represents a cluster of n molecules and E
represents a single molecule. Here, &\, the rate of monomer
addition to a cluster of n molecules, and k,, the rate of
subtraction, are given by:

24n*3D 58n
+ = e ex ( 2kBT) (12a)
_ 24(n-1)*°D 0gn
k, = ( }2) exp < 2kBT)’ (12b)

where dg,, is free energy of a cluster of n + 1 molecules
less than that of a cluster of n molecules, /1 is the atom jump
distance and kg is the Boltzmann constant, respectively.

The time-dependent cluster distribution is determined by
the following coupled differential equations:

dN
— +
— = N1k, —

dr [Nn,tkn_ + Nn,tk;] + Nn+1.tkn__17 (13)

where N, , is the number of clusters of » molecules at a
time 7.

The finite difference method was employed to solve the
above equations. The time was divided into a large number
of small intervals, ¢, and the number of clusters of n
molecules at the end of the interval, N, .., is calculated by

Nn7t+§t = Np; + 5t(dNn,t/dt)- (]4)

Substituting Eq. 13 into Eq. 14, one can get the fol-
lowing finite-difference equation:

Nn.t+5l - Nn,t + (St (Nn_]’zk;lill - [Nll,tk; + Nl’llk;] (15)

+Nn+11tkni_1 ) .

The initial distribution of clusters of different number of
molecules can be defined by the Boltzmann distribution
function as follows:

AF*
Nm):No-exp(— ), (16)

ksT

where N, is the number of clusters of n molecules at the
initial time, N, is the density of nucleation points in the
system and AF" is the nucleation work of a clusters of n
molecules, respectively.

Theoretically, if the growth is continuous, this bimole-
cular reaction theory can describe the growth of large
clusters as well. However, since the bimolecular reaction
theory has a limitation of the cluster size and computer
resources are finite, the evolution of such large clusters
cannot be evaluated directly. Instead, an upper limit of the
cluster size was set, and the growth of the cluster with a
size larger than it was computed by using an approximate
expression derived by Kelton et al. [23]:

16D (3% '/ v 20
=22 (22} sinh AG, — 2. 1
8(r) )2 <4n) st [ZkBT( G r)} (17)

The determination of the physical parameters

In the present binary multiphase peritectic system, during
the nucleation of a new phase, it is more difficult to de-
termine the free energy change, AG, as a function of
temperature than to do so in a single phase system. By
employing Thermo-calc'™ software, the free energy
change of each phase included in the peritectic reaction
(liquid, n and & phases) was calculated as a function of
temperature and shown in Fig. 2.

Combining the calculated results with the phase dia-
gram, we fitted the change of the volume free energy as a
function of undercooling with a polynomial

AG = a| AT + a, AT + a3AT?, (18)

where o, o, and o3 are constants.
According to Ref. [24], the interfacial energy was ex-
pressed as following:

¢ = 0o + (T — To)(do/dT), (19)

where 0, Ty and do/dT are thermodynamic constants.
The temperature-dependent diffusion coefficient was
calculated from the Stokes—Einstein relation

@ Springer
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Fig. 2 Free energy changes of liquid, € and # phases as a function of

temperature calculated by Thermo-calc™ software in (a) Zn—
2 wt.%Cu alloy and (b) Zn—4 wt.%Cu alloy, respectively

D = kg /3man, (20)
where « is atom diameter, # = yoexp(E/RT) is the kinematic
viscosity, 7o and E are physical constants, and R is gas
constant, respectively. The corresponding parameters were
listed in Table 2.

Results and discussions

Time-dependent nucleation rate

Figure 3 shows the number of the € crystal nuclei of a
given size in front of the steady-growth interface of the 5

@ Springer

Table 2 Parameters for Zn—Cu physical data of the phases involved

Parameters Symbol Value References

Volume free energy o, 7.6802593 J/mol/K  Thermol-calc!

o 2.0328255 J/mol/K* [24]
o3 0.0033461 J/mol/K> [24]
Interfacial energy a9 7.82E-1 J/m? [24]
do /dr  —1.7E—4 J/m®/s [24]
T, 692.15 K [24]
Density Pcu 8.000 x 10° kg/m®>  [24]
dpcy/dr —0.801 kg/m*/K [24]
Pzn 6.575 x 10° kg/m®  [24]
dpza/dt  —1.10 kg/m*/K [24]
Kinematic viscosity # -3.19 K/wt.%Zn [24]
E 4,243 m/s [24]

! For 4 wt.%Cu alloy

phase under a solidification rate of 100 um/s and a tem-
perature gradient of 45 K/mm during unidirectional soli-
dification of Zn—4.0 wt.%Cu alloy. It can be seen that each
curve can be divided into two parts: linear and non-linear
portions. The slope of each curve represents the nucleation
rate of the corresponding phase. The non-linear behavior
resulting from transient nucleation can be clearly observed.
Since the linear portion of the curve corresponds to a
steady-state nucleation rate, the transient time, ‘c:, can be
determined by extrapolating the linear portion of the curve
to the time axis. For crystal nuclei of a given size, the
nucleation rate increases with the nucleation time till the
threshold 7, is reached and then keeps constant.

Incubation time

The total nucleation incubation time consists of the time
lag of the nucleation process, 7", and the time spent by the
clusters of the new phase on reaching a perceptible size,
At,. Thus total nucleation incubation time is

fine = T + At (21)

As mentioned in the Section ‘‘Transient nucleation mod-
el’’, the nucleation of the new phase can be described as a
non-isothermal crystallization process. Supposing that this
process may start at any point with positive constitutional
undercooling for the new phase, we can obtain a series of
tine and choose the shortest one as the actual incubation
time. In the present model, first, the temperature and con-
centration fields were defined by numerically solving the
coupled equations (1-8). Second, the constitutional un-
dercooling for the new phase was calculated from the
Eq. 9. Third, 7, for crystal nuclei of the upper limit size
was computed by numerically solving the Eq. 15. Fourth,
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Fig. 3 The computed distribution density of nucleus of a given size
in a unidirectionally solidified Zn-4.0 wt.%Cu alloy with a
solidification rate of 100 pm/s under temperature gradient of 45 K/
mm

At, was calculated from Eq. 17 and then #,. was de-
termined by adding Af, to 7,,. Finally, after f;,. of every
point with positive constitutional undercooling for the new
phase had been calculated, their minimum was chosen as
the actual incubation time of the nucleation process. We
should mention that the perceptible size employed here is
1 um, which coincides with the value adopted in Ref. [18].
Furthermore, we found that the incubation time changes
very slightly (about several percent) when the perceptible
size varies from 0.1 to 1 pm, because the growth rate, g(r)
intensively increases with the nucleus size, r.

Figure 4 shows the calculated incubation time of the €
phase in front of the steady-growth interface of the n phase
under a temperature gradient of 45 K/mm during uni-
directional solidification of Zn—4.0 wt.%Cu alloy. For ex-
hibiting a clearer dependence of the incubation time on the
solidification rate, the non-linear fitting curve of the cal-
culated data was also plotted in this figure.

Experimental results

Unidirectional  solidification  experiments on Zn—
2.0 wt.%Cu hypoperitectic and Zn—4.0 wt.%Cu hyperper-
itectic alloys were carried out at withdrawal velocities
varying from 1 to 6,400 pm/s in a Bridgman equipment
under a high pure nitrogen atmosphere. A temperature
gradient of 45 K/mm was employed in all these experi-
ments. High-purity Zn(99.99%) and Cu(99.995%) were
melted by the electric resistance melting method under
high-purity argon atmosphere in a alumina crucible and
cast into samples by the suction casting method. The dia-
meter and the length of these samples are 1.8 and 150 mm,
respectively. After the unidirectional solidification experi-
ments, the samples were cut into longitudinal and trans-

Solidification rate, um/s

Fig. 4 The computed incubation time of new phase in a
unidirectionally solidified Zn-4.0 wt.%Cu alloy with various
solidification velocities under temperature gradient of 45 K/mm and
the non-linear fitting curve of the calculated points

verse specimens. Each specimens was mounted, polished
and etched for further analysis. The etchant was aqueous
solution of CrO5; and HCI (10 g CrO; plus 1.5 mL HCI in
100 mL de-ionized water). The metallographic observa-
tions were made at positions between 50 and 90 mm from
the front end of the rods to ensure that the observed mi-
crostructures were in a steady state.

The optical micrographs of longitudinal sections in a
Zn-2.0 wt.%Cu alloy growing at 10, 20 and 50 pm/s were
shown in Fig. Sa—c, respectively. As shown in Fig. 5a, the
typical microstructures at a velocity of 10 pm/s clearly
consisted of dendrites (tree-like structures in Fig. 5a) and a
featureless phase without any obvious microsegregation
structures (the interdendritic phase in Fig. 5a) i.e. cells,
dendrites, eutectic and so on. These tree-like structures
were identified as € dendrites, while the matrix was the
planar interface structure of the un phase [7, 8, 26]. The
typical microstructures at a velocity of 20 pm/s are similar
to those obtained at 10 pm/s, but the dendrites are less
developed (as shown in Fig. 5b). It can be clearly seen that
these ¢ dendrites are isolated and dispersed in the matrix of
the n phase. So these dendrites should not result from
epitaxial growth but more possibly nucleation. As shown in
Fig. 5c, when the solidification velocity increased to
50 pm/s, the € dendrites disappeared and only the # phase
was observed. This n phase obviously showed a cellular
structure characteristic because the planar interface became
instable and changed to cells with the increase of the so-
lidification velocity. When the growth velocity increased
further to 6,400 pm/s, these dendrites were never observed
any more. In our previous paper [8], the constitutional
undercooling for the € phase in front of the steady-growth
interface of the # phase was calculated. The result clearly
showed that the maximum constitutional undercooling was
still much higher than the minimum nucleation under-
cooling predicted by the classic nucleation theory, even if

@ Springer
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100 um

Fig. 5 Microstructure of longitudinal section for Zn-2 wt.%Cu alloy
investigated under unidirectional solidification velocities of (a)
10 pm/s, (b) 20 pm/s, (¢) 50 um/s, and the temperature gradient
G =45 K/mm

the solidification velocity exceeded 50 pm/s much. Similar
result was also reported by Ma et al. [7, 26]. That is to say,
according to the classic nucleation theory, the & phase
should nucleate in the melt and consequently exist in the
final solidification microstructures whether the solidifica-
tion velocity is below 50 mm/s or not. But it obviously
contradicts the experimental results.

Figure 6a—c show the typical microstructure of long-
itudinal sections in a Zn—4 wt.%Cu alloy at unidirectional
solidification velocities of 10, 100 and 1,600pm/s, respec-
tively. In Fig. 6a, tree-like gray structures can be clearly
observed, which are ¢ dendrites dispersed in the matrix of
the 1 phase. These structures are similar to those of the Zn—
2 wt.%Cu alloy grown at 10 and 20 pm/s, but relatively
coarser. At a solidification velocity of 100 pm/s, as shown
in Fig. 6b, the typical microstructures are also the 7 phase

@ Springer

Fig. 6 Microstructure of longitudinal section for Zn—4 wt.%Cu alloy
investigated under unidirectional solidification velocities of (a)
10 pm/s, (b) 100 pm/s, (¢) 1,600 pm/s, and the temperature gradient
G =45 K/mm

and the € dendrites. As the solidification velocity increased
to 1,600pm/s, the ¢ dendrites (tree-like gray phase in-
dicated by the black arrow in the figure) still existed, but
the matrix changed to lamellar structures (as shown in
Fig. 6¢).

Comparison with experimental results

Experimental measurements of the cluster-dependent
growth velocity do not exist and for technical reason, it is
not possible to directly measure the incubation time during
unidirectional solidification so far. So a direct proof of the
present model is not available. However, the nucleation
behavior predicted by this model can be compared with the
results obtained in unidirectional solidification experiments
indirectly.
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As mentioned in Section ‘‘Incubation time’’, it should
take a certain time for a new phase to nucleate and coarsen
even if the undercooling of the liquid phase is positive.
During unidirectional solidification, the new phase can be
observed in the final solidification structure only if the
crystal nuclei of the new phase have grown to a perceptible
size before the liquid/solid interface captures them, i.e. the
ambient liquid phase solidifies. That is to say, the calcu-
lated incubation time, f;,., should be shorter than the local
solidification time based on the corresponding starting
point, f,, or else they will be captured by the solidification
interface. So the present model can be connected to the
experimental results by comparing £, with #. If #;,. < 1,
the new phase (the € phase) will exist in the final micro-
structure and vice versa. The local solidification period
of a point j in front of the solid/liquid interface can be
determined as follows:

tg = (3 — )/ Vs, (22)

where z; is the axial position of point j in the moving
coordinate system, z; is the axial position of the solid/liquid
interface in the moving coordinate system, and V is the
solidification velocity, which is equal to the pulling velo-
city, Vo, under the steady-state condition.

According to the above expressing, the values of #; of
the corresponding points in the Zn-2.0 wt.%Cu and Zn-—
4.0 wt.%Cu alloys at various unidirectional solidification
velocities were calculated. Via comparing them with the
values of f;,. calculated by the present numerical model,
one can predict whether the € phase can be observed in the
final microstructure or not at a given solidification velocity.

Figure 7 shows ;. of the € phase and the corresponding
t; in the Zn-2.0 wt.%Cu and Zn—4.0 wt.%Cu alloys at
various unidirectional solidification velocities, respec-
tively. For the Zn-2.0 wt.%Cu alloy, £, is shorter than

10 4
. —t. of Zn-2.0wt.% Cu
\ ===t of Zn-2.0wt.% Cu
1o ‘\w\ - —-t of Zn-4.0wt.% Cu
RN == of Zn-4.0wt.% Cu
» N
- * \~
) Y
F 10° .
NN
SN
ToN
A :\~
N -
10" 4 s
T T
10" 10? 10°

Solidification rate, pm/s

Fig. 7 The comparison between the local solidification time, f, and
the incubation time, f#;,. in unidirectional Zn-2.0 wt.%Cu and
Zn-4.0 wt.%Cu alloys, respectively

at a low solidification velocity. With the increase of soli-
dification velocity, #;,. increases and t, decreases quickly.
While the solidification velocity exceeds about 30 um/s,
the former one will get ahead of the latter one. This in-
dicates that the € phase will not grow up to a perceptible
size in front of the steady-growth # interface at a uni-
directional solidification velocity above 30 pm/s. That is to
say, for the Zn-2.0 wt.%Cu alloy, the € phase can only be
observed in the final microstructure at a solidification ve-
locity below 30 pum/s. This result shows an excellent
agreement with the experimental results of this alloy. It can
be seen that the present model reasonably explains the
effect of the solidification velocity on the appearance of the
¢ dendrites in Bridgman solidification of the Zn-
2.0 wt.%Cu alloy. For the Zn—4 wt.%Cu alloy, the present
model predicts that #,. will outstrip #, at a solidification
velocity above the threshold of about 2.8 x 10° pm/s. This
means that the € phase should not be observed in the final
microstructure obtained at a solidification velocity above
2.8 x 10° pm/s. However, there are & dendrites in the
Bridgman sample at a solidification velocity even as high
as 3.2 x 10° um/s, which is a bit higher than the predicted
threshold. We hold the viewpoint that besides possible
impurity elements and the uncertainties of the thermo-
physical parameters, the most important reasons for this
deviation should include the difference between the ideal
conditions assumed in the present numerical model and the
actual experimental condition, especially, convection cur-
rents usually existing in the liquid phase. As shown in the
Zn—Cu binary phase diagram presented in Fig. 1, the li-
quidus slopes of both 1 and & phases are positive. During
unidirectional solidification, as the solidification interface
is advancing, component of Zn will be rejected by the
solidification interface and then the concentration of Cu
near the interface will be lower than that away from it. As a
result, a concentration field in which the composition of Cu
increases with the distance from the liquid/solid interface
will be established. Because the solidification direction in
our Bridgman experiments is upward and the Cu compo-
nent has a larger density than Zn, a density current can be
generated in the liquid phase upon the interface. It results
in a spatial distribution of the crystal nuclei which is dif-
ferent from the convection-free condition assumed in the
present numerical model. On the other hand, since the
crystal nuclei of the € phase have a higher density than the
melt, these crystal nuclei will descend towards the inter-
face. It makes the distribution density near the interface
become higher than that predicted by the present numerical
model and causes the decrease of the actual incubation
time. However, since the difference between the results of
calculation and the experiments is very slight, the calcu-
lated results are in reasonable agreement with those ob-
tained by experiments.
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Conclusions

Based on the transient nucleation theory, a numerical
model has been constructed to describe the nucleation of
a new phase in front of the liquid—solid interface of a
prior steady-growth phase in peritectic alloys with the
combination of the concentration field calculated by a
self-consistent numerical model for cellular/dendritic
growth. The main results have been obtained as
following:

1. The distribution density of the crystal nuclei of a given
size in Zn rich Zn—Cu alloys non-linearly increases
with nucleation time till the nucleation time reaches a
threshold, and then increases approximately linearly.

2. For Zn—4.0 wt.% Cu alloys, the predicted incubation
time changes very slightly when the unidirectional
solidification rate increases from 50 to 500 pm/s, but it
increases significantly when the solidification rate ex-
ceeds 500 pm/s.

3. The present model shows an excellent agreement
with the results of the Bridgman experiments on the
Zn rich Zn—Cu peritectic alloys. It reasonably ex-
plains the phenomenon that the € dendrites in the
matrix of the # phase will disappear when the soli-
dification velocity exceeds a certain value during
unidirectional solidification of the above alloys. The
calculated results also indicate the time-dependent
characteristic of the formation of a new phase nu-
cleating in front of the liquid—solid interface of a
prior steady-growth phase.
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