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Response dynamics of the lamellar spacing for AI-Si 
eutectic during directional solidification 
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People's Republic of China 

The response of the lamellar spacing to abrupt change of the solidifying rate for AI-Si 
eutectic during directional solidification has been investigated both experimentally and 
theoretically. When the solidifying rate was changed abruptly, the response of the lamellar 
spacing was gradual and retarded, which was attributed to the "cluster branching" and 
"cluster terminating" mechanisms of the lamellar phases. The retarded distance, as 
a function of the abrupt change factor, p, for both p > 1 and p < 1, has been evaluated, and 
the uniqueness of the spacing selection has been verified. A theoretical approach of the 
response dynamics has been presented by considering the solute diffusion in liquid and the 
growth anisotropy effect of the eutectic lamella. A dynamic factor has been introduced to 
characterize the growth anisotropy. Excellent agreement between the theoretical approach 
and the measured results has been shown. Finally, this theory has been successfully applied 
to describe non-steady-state directional solidification of AI-Si eutectic with constant 
accelerating solidification rate. 

1. Introduct ion 
The problem of spacing selection of lamellar eutectics 
during directional solidification (DS) has received in- 
terest both from the viewpoint of technological ap- 
plications during the last few decades [1 4], and also 
as a representative example of spontaneous pattern 
formations which have been attracting theorists in 
recent years [5-10]. For the case of steady-state solidi- 
fication, the solidifying interface forms parallel lamel- 
lae of two coexisting solid phases: ~ and 13. The central 
problem is the mechanism dominating selection of the 
lamellar spacing, )~. For this topic, many theories have 
been developed [11-16], including the recently de- 
veloped similarity laws [17-21]. The dynamic fluctu- 
ations during DS with constant solidifying rate, V, 
and temperature gradient, GL, which result in the 
generation and transfer of a tilting wave along the 
solidifying interface, have been investigated in detail 
[17-21]. 

However, as an event occurring in practice, the 
non-steady state solidification of lamellar eutectic is 
not understood well. An approach to this problem 
suggests the two fundamental problems for DS of 
lamellar eutectics: (1) spacing selection dynamics for 
fixed V and G•: (2) the response of the spacing to 
fluctuations during DS, including transfer of the tilting 
waves on the solidifying interface. To our knowledge, 
this problem has only been studied in a few cases 
[22-26]. As V or GL change, the solute field in the 
liquid will respond and then an adjustment of the 
spacing, )v, will follow. Mollard and Flemings [22, 23] 
calculated the response of solute diffusion in a liquid 
to an abrupt change of V. They claimed that the 
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diffusion was so rapid that the response would end 
within the length L = D L / V  , where DL represents the 
diffusion coefficient of the solute in the liquid. Car- 
lberg and Fredriksson [24] investigated the spacing 
response to an abrupt change of V for DS of A1-A12Cu 
eutectic. They showed that the response was abrupt 
but slightly retarded, although the dependence of the 
retarded distance on the abrupt change of V was not 
presented. The sudden splitting (or terminating) of the 
lamellae was observed as a dynamic mechanism re- 
sponsible for the response of the spacing. In addition, 
the evolution of the eutectic structure modified by 
a sodium-based modifier during DS of A1-Si eutectic 
with constant accelerating solidification rate has been 
studied [25]. 

It should be pointed out that in all these studies the 
response dynamics of )v to variation of V or G was 
ignored. It is still not clear what is involved in the 
transition dynamics from an initial state to a final one, 
after fluctuations of V or GL occurred. Is the final state 
unique or path-correlated? Does the adjustment of 
)v only depend on the response of solute diffusion in 
a liquid? Besides the sudden splitting (or terminating) 
mechanism, does another structure response mechan- 
ism exist to fluctuations of V and GL. The answers to 
these problems will be of interest for a deep insight 
into the spacing selection dynamics for lamellar eutec- 
tics during directional solidification. 

In the present work, the non-steady-state direc- 
tional solidification of A1-Si eutectic was studied. 
The reasons for selecting this system were that it is 
interesting from the viewpoint of application, and a 
new structure response mechanism was previously 
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observed. Particular attention was paid to the re- 
sponse dynamics of X to fluctuations of solidification 
rate, V. For  a generality consideration, the fluctu- 
ations are assumed to be an abrupt change of V from 
an initial rate, VI, to an end rate, V2, because any 
fluctuation of V during non-steady-state solidification 
can be approached by a series of abruptly changing 
steps with V2 = V~ + dV, where dV is the derivative 
of V. The transition of the lamellar structure from an 
initial spacing to an end spacing, and the structure 
response mechanism responsible for the transition, 
after the abrupt change of V, were investigated in 
detail. It is shown that the response is gradual and 
seriously retarded. A new mechanism for the spacing 
response was observed. Based on the experimental 
observations, a theoretical approach of the response 
dynamics is presented, which shows an excellent 
agreement with the experiments. 

the distance between the initial solid-liquid interface 
and the quenched solidifying interface S, ~ �89  2, 
where t is the solidification time. This clearly showed 
that V indeed synchronized with Vp, otherwise we 
should have S, < �89 2. Therefore, V was taken to be 
equal to Vp. 

In the present work, a special controlling unit was 
designed to change V of the sample from an initial 
value of Vt to a final value of V= within 1 s for 
realizing the abrupt change of V. This interval had 
virtually no influence on the response curve because 
the transition distance between the two steady states 
at V = V~ and V = Va was of the order ofmillimetres. 
After the abrupt change, the sample was held to solid- 
ify at the rate V2 for a distance which was much larger 
than the transition distance between the two steady 
states. An abrupt change factor, 9, was defined as 

p = Vu/V1 (1) 

2. Experimental procedure 
The experiments were performed on a unidirectional 
solidification apparatus. For  detail of the DS experi- 
ments, see our previous reports [27, 28]. The samples 
with a nominal composition of A1-12.62 at % Si were 
prepared by melting high-purity aluminium and single 
crystals of silicon in a vacuum induction furnace 
and casting into cylindrical bars of diameter 
8 m m x  140 mm. Each sample was set into a high- 
purity graphite tube, which was placed vertically into 
an alumina pipe surrounded by two heaters. The 
sample was first heated to 1000 ~ and then held for 
30 min. The graphite tube was then lowered into 
a freezer connected to the bottom of the alumina pipe. 
The cooling medium in the freezer was liquid 
Ga- In  Sn alloy with a freezing point of 5 ~ The 
freezer and the alumina moved upwards relative to the 
sample at a speed Vp. Because the freezer could effec- 
tively cool the end part of the sample, the temperature 
distribution in the liquid zone ahead of the 
solidqiquid interface remained linear and unchanged 
and so GL was then constant during DS. In the experi- 
ments, the end part of each sample which had been 
melted was first immersed into the liquid alloy con- 
tained by the freezer for 10 mm and held for 10 rain to 
guarantee formation of an equilibrium solid-liquid 
interface. After the experiment, the position of this 
interface could be observed by etching the sample in 
HF agent, and this was then selected as the starting 
point of the response curve measurements. Because 
X was ~ 10 ~tm, a steady state was considered to be 
reached after an initial solidification of 10 mm. Each 
sample grew for 8-10 cm, during which one or more 
abrupt changes of V were performed; the sample was 
then quenched into water at room temperature. 

Our measurements showed that effective cooling of 
the freezer can guarantee synchronization of the mov- 
ing speed, Vp, of the freezer and the solidification rate, 
V, of the sample, provided g <__ 120 gm s-  1. An ex- 
periment for checking this synchronization was per- 
formed by accelerating the freezer from Vp = 0 to 
Vp = 120 gm s-1 with an acceleration, a, and then 
quenching the sample into water. As a < 2.0 gm 2 s - ~, 

to represent the magnitude of the abrupt change of V. 
The response curve was presented by plotting the 
spacing, X, of the lamellar structure against the solid- 
ifying distance, S. A schematic drawing of the response 
curve is given in Fig. 1, where the sample solidified at 
a rate V1 for some distance; the abrupt change of 
V from V1 to V2 occurred at the vertical dashed line 
position, and then the sample solidified at V2 until the 
end. The horizontal solid line in zone V = V1 repres- 
ents the spacing, denoted by Xs~, as the sample solidi- 
fied at a rate V1 in a steady state; the horizontal solid 
line in zone V = V2 represents the spacing, denoted 
by Xs2, as the sample solidified at a rate V2 in a steady 
state. The wavy curve, labelled by X, is the measured 
response curve. As V changed from V1 to V2, k would 
shift from Xst to Xsz and the transient distance, defined 
as the retarded distance, is denoted by S,, as indicated 
in Fig. 1. In this work, Sr, as a critical parameter 
characterizing the response dynamics, has been evalu- 
ated experimentally and theoretically. 

The solidified samples were cut longitudinally. The 
lamellar spacing, X, was measured on the longitudinal 
sections using a micrometer in a microscope. The 
equilibrium solid-liquid interface before solidi- 
fying was selected as the starting point for spacing 
measurements. Apart from this initial position, the 

v 

Xs ( v =  vl) 

t , __  s, _ _ t - -  

- -  v =  vl  v =  v2 
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Figure 1 A schematic drawing of the response curve of the spacing, 
X, to one abrupt change of V from V1 to V> 
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Figure 2 A schematic drawing of division of the micro-zones on the 
longitudinal section of a bar-like sample for measurement  of the 
spacing, X, as a function of the solidifying distance, S. Each micro- 
zone has a width of 0.2 mm along the axis of the sample. 

longitudinal section for each sample was divided into 
micro-zones of 0.2 rnm long along the axis of the 
cylindrical bar. The micro-zone division is schemati- 
cally drawn in Fig. 2. Owing to the irregularity of the 
solidified structure of the A1-Si eutectic, in each micro- 
zone 20 lameltar spacings were measured at different 
fields of view and the average value of the data was 
treated as the measured X. For  detail of the spacing 
measurement in each micro-zone, see our previous 
report [27], where the measured spacing, Xs, as a func- 
tion of V for A1-Si eutectic solidifying in steady-state 
conditions was also summarized. 

3. Results  
3.1. Spac ing  re sponse  for 9 > 1 
For 9 > 1, the solidifying interface originally 
propagating at a lower rate, V~, was suddenly acceler- 
ated to a higher rate, V2. Experiments for different 
VI and p were performed. Fig. 3 gives a representative 
example, which shows the response curves of three 
times of abrupt change of V performed on the same 
sample. It is clearly shown that for each abrupt 
change, the response of X was not abrupt but gradual 
and seriously retarded. The retarded distance, Sr, as 
defined in Fig. 1, represents the distance from the 
position where the abrupt change of V occurred to the 
position where the spacing X reached Xs2 from Xsl. It 
is astonishing that S, was much larger than the diffu- 
sion length, L (L _-- 10-100 ~tm here) and was of mil- 
limetres in order of magnitude. Obviously, this fact 
could not be explained by the numerical approach 
developed by Mollard and Flemings [22, 23]. We have 
sufficient reasons to argue that in addition to the 
solute diffusion in the liquid, there existed a new 
dynamic mechanism playing a strong role in the re- 
sponse dynamics of X, which will be discussed below. 

The measurements also revealed that for p > 1, Sr 
varied as a linearly increasing function of V~ as 
9 = const. As Vt = 10 gms -~, the measured S r a s  
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Figure 3 The measured response curves of the spacing, X, to three 
abrupt change of V for the case of p > 1. The solidification rates for 
the four ranges are shown. 
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Figure 4 The (t) measured and ( ) calculated retarded distance, 
S,, as a function of the abrupt change factor, p, at a fixed V1 for the 
case o f p > l .  

a function of p is shown in Fig. 4, where the solid curve 
is Sr calculated from the theoretical approach to be 
presented below. As 9 = 10, Sr was over 30 mm, show- 
ing that transition of X from Xsl to Xs2 was very slow. 

Although the response of X was seriously retarded, 
after each abrupt change of V the spacing, X, always 
shifted towards Xs2. Owing to the irregularity of the 
A1-Si eutectic structure, the measured spacing showed 
small fluctuations around Xs2. This indicates that the 
spacing, X, of A1-Si eutectic always selected the same 
value if V and GL were fixed. The present experiments 
provide direct evidence for the argument of the 
uniqueness of spacing selection of lamellar eutectics. 

3.2. Spac ing  re sponse  for p < 1 
As p < 1, the solidifying interface originally propagat- 
ing at a higher rate, V1, was decelerated suddenly to 
a lower rate, V2. Two examples of the response curves 
as p < 1 are shown in Fig. 5a and b. The response 
features are roughly similar to the cases of 9 > 1. 
However, the retarded distance as p < 1 seemed to be 
much larger than that of 9 > 1, showing an asymmet- 
rical feature of the response dynamics. 

The retarded distance as function of V~ and 9 were 
evaluated. When 9 was fixed, Sr showed a linear in- 
crease with V1. When V~ was held unchanged, S, as 
a function of p displayed some complex features. The 
measured results are shown in Fig. 6, where the solid 
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Figure 5 (a, b) The measured response curves of the spacing, X, to 
several abrupt  changes of V for the case of p < 1. The solidification 
rates for the different ranges are shown. 
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Figure 6 The (~) measured and ( ) calculated retarded distance, 
S~, as a function of the abrupt  change factor, p, at a fixed V1 for the 
case of p < 1. 

curve is the retarded distance calculated from the 
theory presented below. Interestingly, the curve of the 
dependence of Sr on p is convex upward and reached 
the maximum value as p = 0.3-0.4. 

For  p < 1, after each abrupt change of V, the spac- 
ing, X, increased slowly and finally reached Xs2. We 
can conclude that for samples solidifying at the same 
steady-state conditions the lamellar spacing should be 
the same, although the transition towards the final 
steady state showed a difference for different cases. 

3.3. Structure response 
As revealed above, the response of X to an abrupt 
change of V was gradual. This gradual transition 
obviously does not support the so-called "sudden 

5 7 5 8  

Figure 7 Optical micrographs showing microstructures of A1-Si 
eutectic within the transition zones. (a) A branching cluster, 
V1 = 47 g m s  - 1 and p = 1.47; (b) termination of branching clusters 
and creation of new clusters, V~ = 67 gm s -  1 and 9 = 0.67. 

splitting" for p > 1 and "lamella terminating" for 
p < 1 1-24]. For  AI-Si eutectic, the structure irregular- 
ity was partially attributed to the fact that silicon 
lamellae are very easily split and branched. Our obser- 
vations revealed that the gradual response of X was 
due to a new structure response mechanism, termed 
~176 and "cluster-terminating". Only if 
p > 70 for the case of p > 1, the spacing responded by 
the "sudden splitting" mechanism, followed by the 
second-order branching of silicon lamellae. 

For  p > 1, an optical micrograph of the branching- 
cluster is presented in Fig. 7a. In the macroscopic 
frame, due to this mechanism, the response of X must 
be continuous and could be approached as a smooth- 
ing and continuum function of time. However, for the 
"sudden splitting" mechanism, the response must be 
step-type. 

For  p < 1, the structural mechanism for the spacing 
response was the so-called "branching-cluster termi- 
nating", accompanied by the "cluster-branching". An 
optical micrograph sho.wing the structures in the tran- 
sition zone is presented in Fig. 7b, which shows that 
the branching-clusters are small in size and many of 
them terminated before further extending. Because 
there were still many branching clusters formed dur- 
ing the transition, the coarsening of the lamellar struc- 
ture with time was seriously delayed. Therefore, the 
retarded distance for p < 1 became much larger than 
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Figure 8 A schematic drawing of the solidifying interface of lamellar 
eutectic during directional solidification and the coordinates for 
analysis. 

the case of 9 < 1, a similar analysis can be made. 
Therefore, the response of the spacing to an abrupt 
change of V not only depends on the solute redistribu- 
tion in a liquid, but also is controlled by splitting (for 
the case of 9 > 1) and terminating (for the case of 
p < 1) of the lamellar phases. This effect is termed the 
growth anisotropy of the lamellar phases. For ANSi 
eutectic, this anisotropy effect involves two aspects: 
one is that the scale of the solidifying interface could 
not easily respond to the abrupt change of V by 
splitting of the two lamellar phases; other is that the 
termination of the lamella seemed to be very difficult 
dynamically in comparison with lamellar splitting. 
The latter was the reason why S~ for 9 < 1 was much 
larger than that for 9 < 1. A dynamic factor is intro- 
duced to characterize this anisotropy by solving the 
diffusion equation in the liquid. 

that for 9 > 1. These response features can be ex- 
plained very well by the following theoretical ap- 
proach through introducing a dynamic factor to char- 
acterize the growth anisotropy of the eutectic phases. 

4. Theoret ical  approach 
For DS of a lamellar eutectic, it is believed that the 
spacing of a lamellar structure is determined by the 
coupling between the solute diffusion in the liquid and 
the Gibbs-Thomson effect of the solidifying interface. 
Fig. 8 shows schematically the coordinates currently 
used for analysis of DS of a lamellar eutectic, where 
the solidifying interface was approximated by a planar 
case. In the present experiments, V > 10 gins -x, so 
this approximation is valid [30]. For an abrupt 
change of V, the solute redistribution is needed to 
form a new steady-state field of diffusion from that 
before the abrupt change. This redistribution involved 
two aspects. One is an exponential-type field of diffu- 
sion in the normal direction of the solidifying inter- 
face, i.e. Z-axis. Because the diffusion length 
L ~ 10-100 pro, a new solute gradient along the Z- 
axis could be formed as the solidifying interface 
propagated a distance ,-, L after the abrupt change of 
V. 

However, for the second aspect, the situation was 
totally different. The periodic distribution of solute 
concentration in the liquid along the solidifying inter- 
face, i.e. along the X-axis, had its wavelength equal to 
the spacing of the lamellar structure, although its 
amplitude was determined by V. As V changed sud- 
denly, the amplitude would increase for 9 > 1 and 
decrease for p < l. Adjustment of this wavelength can 
only be realized by response of the spacing. For an 
isotopic system, this response may be rapid. However, 
this response can only be finished after the solidifying 
interface propagated a long distance for those strong 
anisotropic systems, such as A1-Si eutectic, focused 
here. For instance, we analyse the case for O > 1. As 
V changed, if splitting of the silicon lamellae was very 
hard to achieve, the wavelength adjustment of solute 
distribution along the X-axis would be restrained. For 

4.1. D i f f u s i o n  e q u a t i o n  
In the coordinates shown in Fig. 8, the solute diffusion 
in the liquid after the abrupt change of V from V1 to 
V2 satisfied following time-related Laplacian equation 

82C 82C V2 ~C ~C 

aX ~ + - ~  + D L 8Z -- DEBt (2) 

where C is the solute concentration in the liquid and 
t is the time. In this work, the structure of the A1-Si 
eutectic is approached by an array oflamellae, the two 
phases are rx(A1) and 13(Si), respectively. The initial and 
boundary conditions are 

C = Clv=v,=C1 at t = 0  (3a) 

C = CE as Z ~ o o  (3b) 

aC 
- O  as X = 0  and S~+S~ (3c) 

�9 

where CE is the concentration at the eutectic point, C~ 
is the solute distribution in the liquid as the solidifying 
interface propagates at a constant rate, V,, which can 
be written following the approach of Jackson and 
Hunt [11] 

C 1 = CE-]- ~ - -  
n=l 

• exp ( -  

~ l V l C o  ( n~ ~ //2n~X'~ s ntr;Wc~ 
M, Z) (4) 

where )vl = Xsl, Co is the gap between the maximum 
solubilities of a and 13 phases, ~ = S~/S~, M 1 has the 
following expression 

M,  - 2DL + + t x, ) J 

Suppose Equation 2 has a solution of the form 

C = A ( X ) B ( Y ) Y ( t )  (5) 

substituting Equation 5 into Equation 2, we obtain 

1 dY(t) 
DLY(t) dt - 71 (6a) 

1 d2A(X) 
A(X) dX 2 = -Y2 where 7 2 > 0  (6b) 
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1 d2B(Z) V~ dB(Z) 

B(Z) dg  2 + DLB(Z) dZ  - 73 

where 73 > 0 (6c) 

7 1 + 7 2  = 73 (6d) 

It is obvious that both 7~ and T2, and then 73, should 
be constant because Equation 6a, b and c are non- 
correlating. 

Equation 6a-c can be solved. Substituting these 
solutions into Equation 5 and then a summation of 
Equation 5 over n = 1 to n ~ o o  creates a Fourier 
series expression of the variable C 

C ~ / 2 n n X \  
= W.cosl-~-}exp(DLylt-\ / M 2 Z ) ( 7 a )  

n=l 
where W. is an integral constant to be determined and 
M2 is 

__ V2 ~( V2 ~2 ~_ 7311/2 
M2 2DL + L\2D~L] 

(7b) 

From Equation 3b, we easily get C = CE as a solution 
of Equation 2, so we have 

/ 2 n n X \  
C = Cz + ).j W ,  c o s l - - l e x p ( D L 7 1 t -  M z Z  ) \ z )  

(s) 

Evaluation of constant W, depends on the response 
of X to abrupt change of V. As observed experi- 
mentally, this response was gradual and smooth with 
time. Therefore, the period of C along the X-axis must 
change gradually but not suddenly as the response to 
an abrupt change of V. By this approach, we have 
another initial condition 

M1 = M2, ~. = kl = Lsl at t = 0  (9) 

Comparing Equations 4 and 8 by setting t = 0, we 
derive the expression of constant W. 

Wn )~lglC~ " ( n~ ) 
- (nrc)eVL sm ~ (10) 

4.2. G r o w t h  a n i s o t r o p y  
The effect of growth anisotropy of two lamellar phases 
has been analysed above. Because the solute redis- 
tribution in a liquid became dependent on the growth 
anisotropy, the constant %, which represents the re- 
sponse rate of the solute distribution with time, as 
defined in Equation 6a, can be introduced as a dy- 
namic factor to characterize this effect. Because the 
term [ C - CE[ was an increasing function of time for 
9 > 1 and a decreasing function of time for P < 1, it is 
easily inferred that 7~ has the following properties 

> 0  as p > l  

71 = 0 as p = 1 (11) 

< 0  as p < l  

Obviously, the smaller the term [711, the more slowly 
the solute field responds with time, because the stron- 
ger is the growth anisotropy of the lamellar phases. 
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From our experiments, we can expect that the term 
[711 for p < 1 is smaller than that for p > 1. 

4.3. Retarded distance, S, 
Having a factor to characterize the effect of the growth 
anisotropy, we now can formulate S~ as a function of 
V~ and p. A quantitative comparison of the theory 
with the measured results becomes possible. 

We denote by C~ and C~ the average values of the 
solute concentration in the liquid in front of the solid- 
ifying interface of a and [3 lamellae respectively, which 
are written as 

C~ = S-~ C d X  (12a) 

1 f l  :~+S~ Cr~ = ~ ~ C d X  (12b) 

We obtain 

C~ = CE + )~V2Q~ 0 <_ X <_ S~ (13a) 

C o = CE-)~V2Q~ S ~ < X < _ S ~ + S  o (13b) 

where 

Q~ _ 2(1 + e) )~1V1 CoPsexp(DLTlt) (13c) 
DL )~ V2 

Q~ _ 2 ( l + e ) ) q v l  
~DL KV2 CoPsexp(DL 71t) (13d) 

~, 1 - 2 [ nrc 
Ps n=l ~ S l n  t ~  ) (13e) 

Here, as a rough approximation, the local equilibrium 
is assumed to be still valid. The average supercooling 
of the solidifying interfaces, AT~ and AT0, can be 
written as 

Arm = m~(C~ - CE) + a~/)~ m~ > O, 

O<_X<__S~ (14a) 

AT~ - mo(C o - CE) + ao/L m~ > O, 

S ~ < X _ < S ~ + S  0 (14b) 

where r G and m~ are the absolute liquidus slopes of 
and J3 phases, a~ and a 0 are the Gibbs-Thonson 

coefficients of ~/L and [3/L interfaces defined by Jack- 
son and Hunt [113, respectively. Under DS condi- 
tions, the two lamellar phases have the same super- 
cooling, AT, on the solidifying interface, so we obtain 

AT = AT~ = AT~ = (AT~ + ATo)/2 

= m(OLzv  + 05) 

where 

m 

QL= 

rn~mo/(m~ + m O) 

(1 + g)2 ~,IVI 
eDL X V~ 

CoPsexp(DL71 t) 

a L = (a~, + a~)/2m 



Following the extremum condition proposed by 
Jackson and Hunt [11], we have the scaling law 

X 2V= = aL/Q L (16a) 

For  DS of Ai-Si eutectic, with V > 10 pm s-2, this 
scaling law is still valid if a factor k is added [28] 

X 2 V2 = kaL/Q L (16b) 

On the other hand, we have 

%22 V2 = kaL / (  (l + L -  C o P s ) =  Ws(eonst .)(17a) 

)L22V2 ~- kaL//( (l-}-g)2gDL CoPs) = Ws(const.)(17b) 

where Ws can be obtained from our measurements 
[273. Combining Equations 16b and 17, we obtain the 
time, tr, needed for X shifting from Xsx to Xs2 as 

V1/V2 
t r - -  p l n 9  (18a) 

2DL71 

hence the retarded distance Sr = t~ Vz is 

V1 
S~ - p l n p  (18b) 

2DL71  
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4.4. Comparison with experiments 
For AI-Si eutectic, DL = 5000 pm2s -2 [30]. By 
taking 71 = 3.0x 10-3/DLS -1 for 9 > 1 and 
V 2 = 1 0 b t m s - l ,  and Y I = - - 6 - 0 x 1 0 - r  for 
p <  1 and V2 = 100pros -2, the calculated S, as 
a function of p has been presented in Figs 4 and 6. The 
excellent agreement of the calculated Sr with the meas- 
ured Sr is clearly shown. When p < 1, there exists 
a maximum value of St, denoted by (Sr) . . . .  at 
9 = 1/e ~ 0.37. This is also roughly consistent with 
the measured results, as shown in Fig. 6. 

Applying Equation 18b to these cases shown in 
Fig. 3, we have: 

a ~ b :  V l = 6 . 8 9 p m s - 2 ,  p=3 .35 ,  

S~C = 5.11 ram, S,m = 5.0 mm 

b~c:  V1 = 24.33 pms -1, p = 2.17, 

S,~ = 6.85 ram, Srm = 7.0 mm 

c~d:  Vt = 52.91 pms -I ,  9 = 1.72, 

S,~ = 8.25 ram, S,m = 9.5 mm 

where Sro is the calculated Sr and Srm is the measured 
St.  

Similarly, applying it to the cases shown in Fig. 5, 
we obtain: 

Fig. 5a: V1 = 6 6 . 9 7 g m s - 1 ,  p=0 .67 ,  

Sr~ = 14.93 mm, Srm = 14.00 mm 

V2=46.951ams-2,  9=0 .48 ,  

S~o = 13.79 ram, Srm = l l . 0 0 m m  

Fig. 5b: V t = 6 8 . 6 5 p m s  -2, p=0 .14 ,  

Srr = 15.94 mm, S,,~ = 20.00 mm 

Figure 9 The ( - - )  calculated and ( ) measured response 
curves of the spacing X to (a) constant accelerating Solidification rate 
and (b) to constant decelerating solidification rate. Here the re- 
sponse is represented by plotting the spacing against the solidifi- 
cation rate. 

Good consistency between Sro and Srm has also been 
revealed. 

As presented above, for A1-Si eutectic, we should 
have [71 [o> 1 > 171 [p < 1. This inequality is supported 
by our theoretical approach. Therefore, we can con- 
clude that the present theory is a valid approach to the 
response dynamics of the lamellar spacing to an 
abrupt change of V. 

4.5. A p p l i c a t i o n  to o ther  cases 
Although the theoretical approach presented above 
was derived for the response of)v to an abrupt change 
of V, it can also be applied to other non-steady-state 
cases. In any case, V can be formulated as a function of 
time, V(t). In addition to the case with abrupt change 
of V, p as a function of time can then be expressed as 

p(t) = V(t + dr)IV(t) (19) 

In a previous report [26] we studied the response of 
spacing X to a constant accelerating solidifying inter- 
face for DS of AI-Si eutectic, with an acceleration 
a satisfying ]a I ~ 1.0pm2s -1. The solidifying rate, 
V(t), at time t is 

V (t) = Vo + at (20) 

with Vo being the initial rate. From Equation 18b, we 
have 

Vo + at 
Sr -- - -  p(0Ep(t)--  1] (21) 

2DLyI 

5761 



Substituting Equations 19 and 20 into Equation 21, 
we obtain 

fo adt  _ V ( t ) -  Vo 
Sr = 2DL71 2DLy1 

(22) 

Considering Equation 17 and the relation V(t2) 2 = 
V(tl) 2 + 2aSr, we obtain the response of X as a func- 
tion of V(t): 

~2 = W1/~V(~ )2  _ 2aSr]l/2 (23) 

with IV(t) 2 - 2a&] > O. 
Fig. 9a and b show the calculated and measured 

response curves with a > 0 and a < 0, respectively, 
where the spacing, X, was plotted against V(t). The 
excellent agreement between them shows that the 
present approach is also valid for describing the re- 
sponse dynamics of the spacing, X, during other non- 
steady-state DS of a lamellar eutectic. This fact again 
reveals that the constant 71, as defined by Equation 
6a, is an effective dynamic factor to characterize the 
growth anisotropy effect of the eutectic phases. For 
A1-Si eutectic, 7t = 3.0 x 10-3/DL S -1 as propagation 
of the solidifying interface is being accelerated, and 
71 = - 6.0 x 10-#/DL S-* as the interface is being de- 
celerated. 

5. Conclusion 
The response dynamics of the lamellar spacing, X, to 
an abrupt change of the solidifying rate, V, for A1-Si 
eutectic during DS has been investigated experi- 
mentally. The measurements have shown that the re- 
sponse was gradual and seriously retarded, with the 
retarded distance, St, as a function of the abrupt 
change factor, p, and the solidifying rate, V~, before 
the abrupt change. The structure response mechan- 
isms were "cluster branching" for p > 1 and "cluster 
terminating" plus "cluster branching" for p < 1, of the 
lamellar phases. The uniqueness of the spacing selec- 
tion has been verified experimentally. A theoretical 
approach to the response dynamics has been de- 
veloped by considering the response of the solute 
diffusion in the liquid to the abrupt change of V, and 
the effect of growth anisotropy of the lamellar phases. 
A dynamic factor, 71 to characterize the effect of 
growth anisotropy has been introduced. For P > 1, 
71 = 3.0 x lO-3/D~ s-1, and 7t = - 6.0 x 10-4/ 
DL s-1 for P < 1. An analytical expression of the re- 
tarded distance, Sr has been derived 

V1 
Sr - 9 In p 

2DIAq 

The present approach shows excellent agreement 
with the measured results, and has been successfully 
applied to describe the non-steady-state DS with con- 
stant accelerating (decelerating) solidification rate. 
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