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Abstract: Comparing the solidification characteristics of supercooling directional solidification (SDS) with
constrained directional solidification(D.S. ) and considering the inheritance of supercooled melt, the supercool-

ing directional solidification technique with the combination of melt supercooling and traditional directional so-

lidification was proposed. An exploring study on SDS techniques was also conducted by using appropriate self-

made facilities and the deep supercooling of Cu-5.0% Ni alloy and its directional solidification were implement-
ed. The experimental results show that: 1) the solidification microstructure produced by SDS are nearly the

same as that by LMC technique , its primary arm spacing is around 30 #m in average and the secondary side-

branch is considerably degenerated; 2) the primary arm trunk of microstructure appears straight and fine, and

the average deviation of crystal growth orientation from the axial line is about 5.8%; 3) a mathematical model

describing the relationship between melt supercooling by SDS and the solidification rate, namely T-T model,

was established, by which the microstructure evolution in SDS can be explained.
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1 INTRODUCTION

Traditional D.S., such as HRS, LLMC and
zone melting liquid metal cooling D. S. tech-
niques are conducted with a temperature gradient
G >0 at the head of S-L interface, and can ob-
tain a Jjine or superfine dendritic microstructure.
In the recent years, with the development of
deep supercooling and supercooling solidification
technique the solidification behavior of melt un-
der supercooled state with G; >0 at the S-L in-
terface, has caused great attentions. In the early
1980s, Lux!Y investigated the dynamic super-
cooling solidification of superalloys. In 1989,
Kiminiami and others'?’ predicted that after a se-
ries of study on solidification process for super-
cooled Pdy; sCugSijy s there will appear a special
rapid solidification technology if the traditional
D.S. technique is put into combination with the

melt supercooling. In 1992, Stanescu[”, based
on the above consideration, proposed Au-
tonomous Directional Solidification (ADS) tech-
nique and put it into use for the study on single
crystal growth for turbine blades. Although ADS
technique combined the melt supercooling with
D.S., the substantial behavior of the technology
is supposed to repress the nucleation of melt by
changing the cooling rate, and obtain a dynamic
supercooling (undercooling) (Max. of Tk near 80
K), therefore, it is still considered a mode of
“dynamical solidification of supercooled melt” .
In view of the above considerations, the
present work is dealing with the nucleation and
crystal growth mechanism during D. S. of super-
cooled melt at relatively lower growth rates,
which is obtained by using superheat and glass
purifying method to achieve a thermodynamic
deep supercooling of the melt in order to reveal
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the nature of directional crystal growth of super-
cooled melt at G <0 in front of the S-L inter-
face. This new technology can be called Super-

cooling Directional Solidification (SDS) tech-

nique[4] .

2 CONSTRAINED DIRECTIONAL SOLIDI-
FICATION

Traditional directional solidification for
making turbine blade castings is characterized by
one-dimensional heat flow, positive temperature
gradient at S-L. interface and parallel crystal
growth direction with the heat flow. For con-
strained D. S. growth, the well-known constitu-
tional superceoling theory proposed by Tiller et
al'®l is used to determine the interface stability

G/v = AT/D (1)
As the ratio of temperature gradient to growth
rate on the left hand of Eq. (1) is less than the
ratio on the right hand, there will occur consti-
tutional suprecooling (C.S.) and interface insta-
bility, and the planar interface will transform to
cellular structure. With the increase of C. S. cel-
Fig. 1
shows the relationship of interface morphology
with respect to G, and v.

lular the interface becomes dendritic.

For given alloys, the interface morphology
depends on two parameters G /v and G- v.
The former mainly determines the morphology
and the latter generally determines the mi-
crostructure including arm spacing. Fig.2 gives
the morphology evolution and solidification mi-
crostructure of single crystal superalloy by using
conventional and high temperature gradient
D. 8. apparatus. It demonstrates the response of
microstructure and the changes of interface mor-
phologies to G /v and G * v, and the appropri-
ate rupture life at high temperature ( Fig. 3).
The results show that with the increase of cool-
ing rate (G *v), the changes of interface mor-
phologies from coarse dendrites with developed
sidebranches to fine dendrites and even superfine
dendritic-cellular structure which leads to a cor-
responding increase of mechanical properties.
However, the temperature gradient of the popu-
larly used directional solidification apparatus for

about 100
Krem !, so its microstructure appears coarse
dendrites, as shown in Fig.2(d). Therefore, to
increase the temperature gradient at the S-L in-
terface is still considered one of the key tech-
niques to further improve the single crystal su-

single crystal turbine blade is

peralloys. Practically, in the recent 30 a, con-
tinuous improvement of technology from power
down, HRS and LMC could be attributed to the
increase of temperature gradient, which will still
be the aim of development of D.S. technique.
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Fig.1 Relationship of interface morphology
with respect to Gy and v

3 DEEP SUPERCOOLING DIRECTIONAL
SOLIDIFICATION

Comparing the traditional D.S. with super-
cooling D. S., it can be seen that the substantial
difference is that Gp >0 for the former, in

which the heat loss depends only on the conduc-
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Fig.2 Morphological evolution and solidification microstructure of superalloy
prepared by N1 alloy using conventional and high temperature gradient D.S. apparatus

(a)—v=0.13um*s" ', G.=200K-em™", G._v'ﬂ=2;ﬁxlﬂ"31{-s"
(b)—v=0.33pum*s™!, G =200K-em™}, G 'v=6.6x10"K-s'
(0)—v=5.50pm's" !, G,=200K-em™", G -v=1.1x% 10" "Kes™!
()—v=6.67Tpm*s"}, G, =200K+ecm™}, G 'v=2.7%10""K's"!
(e)—v=100pm*s !, GL=200K+em™', G v=2.0x10"K-s"!

(D—v=100pgm*s™", Gy=1000K*em™!, G rv=10%10° k-s:'

tion of solidified part, tip undercocling ap-
proaches to zero, but G| <0, for the latter, in
which the heat loss is determined both by the so-
lidified part and the supercooled melt, and the
dendritic tip undercooling can reach several to
hundreds degree according to the requirement.

Fig.4 shows their basic differences!').

3.1 Methods of experiments

A quartz crucible with samples and cleaner
was put into a high frequency suspension induc-
tor and superheated circularly to eliminate the
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Fig.3 Stress rupture lives of CMSX-2 at as-cast state vs cooling rate
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Fig.4 Comparison between conventional directional solidification (a) and rapid directional
solidification excited from supercooled melts (or SDS) (b)
L—Liquid: S—Solid; G—Temperature gradient; R—Pulling rate; 8T —Interface supercooling;
A T—Melr supercoaling. The shadow arrow indicates the direction of heat flux.

heterogeneous and foreign nuclei in melt by e-
vaporation and decomposition or dull and remove
them by absorption with various kinds of glass
cleaner in order to obtain deep supercooling of
the melt. By taking the advantages of melt in-
heritance remelting of supercooled samples car-

ried out in an inductor for D. S., the samples
were controlled at a eritical temperature of re-
calescence and then face-stimulated by using an
exciling resource, the supercocled melt would be
directionally solidified by a considerable driving
force. The principle of the whole process is
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shown in Fig.5.
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Fig.5 Principle of experiments of supercooling
and supercooling solidification

3.2 Experimental results and discussion

3.2. 1 Solidification microstructure of SDS
samples

Fig.6 schematically shows the solidification
structure of SDS. It can be seen that from the
bottom( part of stimulated nucleation) to the top
of the sample there appears in sequence fine e-
quiaxed crystal —transient area —>columnar den-
drite = coarse equiaxed area, demonstrating the
regularity of morphological
crostructure in columnar dendritic crystal area of

evolution. Mi-

SDS under various supercooling conditions in

T
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Fig.6 Diagram of microstructure of

SDS samples

contrast with that of LMC is shown in Fig.7. It
is shown that the dendritic structure by SDS is
equivalent to that of LMC, its arm trunks are

straight and fine, and the average deviation of
crystal orientation from the axial line is about
5.8"; the primary arm spacing is a about 30 pum,
and the secondary sidebranches degenerate sig-
nificantly. According to the statistical results of
the area of preferred columnar
structure occupies about 60% of the whole
length.

3.2.2 Solidification behavior
For the supercooled melt used for D. S.

experiments,

tests, glass cleaning and circular supercooling
treatment are adopted for removing the heteroge-
neous and foreign nuclei. In the process of deep
supercooling directional solidification, once the
bottoms of sample is stimulated, the solidifica-
tion can be completed very fast so as to avoid the
occurrence of new nuclei in the melt, which may
damage the umaxial direction solidification. Be-
sides, parts of latent heat transfers through the
supercooled melt causing the supercooling to be
gradually decreased, which means that the solid-
ification rate is not a constant but depends on the
relevant interface position.

3.2.2.1 Model of crystal growth

In the process of supercooling D. S., crystal
growth is conducted in a supercooled melt. In
general, dendrite growth is a fundamental mode
for supercooled melt, but diffusionless solidifica-
tion may also occur when the melt supercooling
becomes large enough. From the aspect of inter-
face morphology during solidification, diffusion-
less solidification asks the interface to be planar.
Trivedi and Kurz'® gave a criterion of absolute
stability of planar interface in undercooled melt,

Vabs — (vabs)C + (vabs)T (2)
or
. ATO X D aq X AH ,
Ve = TxK | TxC, (2)
where «;, AH and C, are thermo-diffussion

coefficient, latent crystallization heat, and spe-
cific heat, respectively; D, AT, and K are so-
lute-diffussion coefficient, interval of solids and
liquid at concentration of Cy and equilibrium so-
lute partition coefficient; and I' is Gibbs-
Thompson coefficient.

From Eq.(2), solid-liquid interface seems
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to be absolutely siable when growth rate v >
,s» Which leads the supercooled melt to solidily
with planar interface, and solute trapping effect
causes the melt to produce a diffusionless solidifi-
cation under large supercoolpg. In fact, T-K
theory was deduced with an assumption that the
supercooling solidification is an adiabatic process,
i.e, the temperature gradient at the interface in
soid G5 = 0, which is nol in agreement with
practical condition of supercooling solidiflication
process where Gs>0. ConsideringGs>0 in sol-
id and G <0 in liquid in a supercooling D. S.
process, the critical velocity of absolute stability
of planar interface can be given as follows!”’ :
e = ('D.h}f + 25(1?.1_-,,)]' (3}
where 5 is a stability parameter, which is a
function of @ and B, and it can be expressed by

5 = max }1*5[2(7;—1)3'1
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Fig.7 Microstructure of SDS samples in contrast with that of LMC
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where a = a./as ( thermo-diffusion coeffi-
cient), B = B/ Bs(thermo-conductivity) and »
is the fraction of latent heat released through su-
percooled melt.

According to the relation between latent
heat fraction and stability parameters given by
Ludwig, we have;

(a) s=0.5 as p=1, whole latent heat of
solidification is released through supercooled
melt, Eq. (3) will be degenerated 1o Eq. (2).
Applying the data in Table 1, the critical veloci-
ty ol absolute stability for planar interface v, is
4.3 10* m/s.

(b) s=0as n=0.5, only half of latent
heat is released through supercooled melt, Eq.
(3) is retrograded to the form of M.S. theory,
its critical velogity for absolute stability of planar
interface v, is 0.28 m/s. So by the calculation
given above, the range of the critical rate of the
absolute planar interfacial stability is given as
Vape = (0.28~4.3) X 10° m/s. In other words,
in directional deep supercooling solidification
process the condition of segregation free solidifi-
cation requires the growth rate to lie within the
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v, range. However, the experimentally deter-

mined average solidification rate is approximately
0.53 cm/s, which is much smaller than the theo-
retical v,,.. Therefore, in directional deep su-
percooling solidification process, even though the
crystal grows in a supercooled melt, the segrega-
tion free solidification will not occur. The crystal
growth still takes the form of dendritic growth.
3.2.2.2 Modeling solidification process

In directional deep supercooling solidifica-
tion process, the dendritic growth is carried out
in a supercooled melt, so the growth rate is con-
sidered to be related to the supercooling tempera-
ture of the melt. Furthermore, the heat of fu-
sion released through solid phase and supercooled
melt also depends on the thermal-physical prop-
erties of the alloy.

Table 1 Thermodynamic properties used

in calculationst™®!

AH—Latent heat of fusion, 2.3 = 10? ]'g_l'K_1
AS—Melting entropy, 1.344 Jeem K71
C,—Specific heat of metal, 0.576 J-g~ Lg-t
oc—Surface energy, 3.74 < 107° Jeem™?

I'—Surface tension, =o{(AS) ! em+K

o~ —Stability constant, 0.025

D—Solute diffusivity coefficient, 3 7 107° em ™ 2+s™ 1

u— Thermal diffusivity coefficient, 3 X 10 "?cm ™ >s™!

(a) Modeling of supercooling

Based on the LGK!® theory, the functional
relationship between the dendritic tip supercool-
ing AT, dendritic tip radius R, and the growth
rate v 1s given as

AT = AT, + AT. + AT, (4)
and
R — I'/o
AH mCo{l — Kg)
=== X P, - X P
Cp ' l_(l_KU)IV(PC) ¢

(5)
using interactive and the data from Fig. 1, the
single-value function relationship between AT—
v can be determined and given in Fig. 8. The
comparison of theoretically determined AT—w
relationship by LGK theory with the average so-
lidification rate obtained in experiments shows
the same trends, but with relatively large dis-
crepancies. The disagreements could be resulted

from the change of the single valued relationship
between AT and v caused by the release of the
latent heat. In the SDS process, the latent heat
causes the dendritic tip supercooling temperature
to decrease, and the actual solidification rate is
not a constant. The thermo-conductivity analysis
is to be performed in the following.
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Fig.8 Solidification velocity vs supercooling

(b) Modeling of heat transfer

When crystals grow into the supercooled
melt with v within unit time, the released latent
heat noted as AHvp (where p is the alloy densi-
ty, and AH is the alloy latent heat), could be
transferred one dimensionally through the crys-
tallized solid phase, as well as through the super-
cooled melt. The heat transfer mechanism is
shown in Fig.9.

The latent heat loss through the crystallized
solid phase is

Qs = Ks X Gg (6)
where Kgis the solid phase heat transfer coef-
ficient, Gg given as (T, — To)/x, is the solid
phase temperature gradient.

The latent heat loss through supercoocled
melt is
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Fig.9 Distribution of thermal unit and
temperature in solidification interface

Q. = KL x G (7)
where K is the melt phase heat transfer coef-
ficient; G, taking the form of AT/(I — x), is
the temperature gradient in the melt.

From Egs. (6) and (7), the thermal-equi-
librium equation at the solidification interface can
be derived,

AHwvp = Ks X Gg+ Ky X Gy (8)
rewriting Eq. 8, the solidification rate v can be
written as

1
&= e X AH x
T, — T, AT ]
~r -0 9
[st - +KL><L_I (9)
where  AT—melt supercooling, K; x—dis-
tance from exciting source, mm; L —sample

length, =50 mm; T,—maximum recalescence
temperature, K; Ty—medium temperature, K.

In order to make the theoretical calculation
the maximum recalescence
temperature is set approximately equal to the lig-
uidus temperature Ty, with Kg= K = 3. 52

more convenient,

J/em-s- K By utilizing the thermal-physical
parameters of Cu-Ni alloy presented in Fig. 1,

the solidification rate along the longitudinal di-
rection of sample at certain supercooling temper-
ature (AT = 150 K) can be evaluated. The re-
sults are shown in Fig.10(a). Fig.10(b) is the
plot of solidification rate versus the distance from
the end of stimulation to the interface at differ-
ent supercooling conditions. At x =1.5cm, the
solidification rate does not change very much
with the increase of the distance. Therefore, it
is reasonable to conclude that the crystal growth
has entered a stable growth regime. The rela-
tionship between the supercooling temperature
and solidification rates is shown in Fig. 8.
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Fig. 10 Supercooling AT vs solidification

velocity v (T-T Model)

The comparisons between the experimental and
the T-T model’s results indicate that:

First, the calculations from the T-T Model
are in a much better agreement with the experi-
mental results than those from LGK Model.
Fig.8 shows that from a semi-quantitative point
of view, the T-T Model is capable of characteriz-
ing the relationship between the solidification
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rates and the supercooling temperature under
deep supercooling directional solidification.
Second, the T-T Model predicted that un-
der certain supercooling condition, the crystal
growth rate is not a constant, but a function of
distance(from the S-L interface to the end stim-
ulation) . Their relationship is shown in Fig. 10

(a).
4 CONCLUSIONS

(1) There are substantial differences in the
solidification characteristics between SDS and
traditional directional solidification. Supercooled
melt can be controlled to directionally solidify
under reasonably controlled temperature and
stimulated conditions.

(2) The microscopic structure under the di-
rectional deep supercooling solidification has four
different character regions from the bottom to
the top, i. e., fine equiaxed crystal area, tran-
sient area, columnar dendritic area and coarse e-
quiaxed area.

(3) Columnar(dendritic) structure occupies
over 60% of the total sample length. The prima-
ry arm spacing is about 30 um, corresponding to
that by LMC (G, =250K+cm™!, » =500 um-
s 1). The dendritic trunk appears straight and
fine, and the deviation of dendritic orientation
with axial direction is less than 5.8 in average.

(4) In directional deep supercooling solidifi-
cation process, the solidification rates are much
smaller than v, therefore, the erystal growth

takes the form of dendrite.

(5) A semi-quantitative T-T Model describ-
ing the solidification rate and supercooling tem-
perature, has been established. The v—AT re-
lationship predicted by the T-T Model is in good
agreement with experimental results. The for-
mation of fine equiaxed, transient and columnar
region under the directional deep supercooling
solidification can then be successfully explained
by applying the v—AT—X relationship.
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