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GRAIN REFINEMENT IN BULK UNDERCOOLED

Ni-BASED ALLOY"'

Li,Delin Yang.,Gencang Zhou,Yaohe
Northwestern Polytechnical Universdy, Xi' an 710072, Clana

ABSTRACT

Fluxing of 5 g bulk melt Ni77Si13B10 permits high undercoolings to be attained prior to nu-
cleation onset. Investigations of grain refinement in the bulk undercooled alloy as a function of
undercooling, recalescence behavior and cooling rate have been reported. A significant inhomo-
geneity of reduction in grain size of a bulk sample is observed. which is caused by the different so-
lidification conditions. (1) recalescence process., and (2) the followed plateau in which the heat
release and extraction rates are equal. It is concluded that the homogeneous refined microstructure
can be achieved if the initial undercooling prior to nucleation, or cooling rate after recalescence is
further increased.
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1 INTRODUCTION about 1 um in diameter. Especially, undet-

standing of microstructure refinement in

Recent investigations revealed that the highly undercooled alloy has attracted much

solidification morphologies produced by high attention due to the practical importance of

undercooling essentially resemble those by the refinement. The microstructure of some

- . [1.2] . . .
rapid quenching - On the other hand. small size samples used in emulsion tech-

high undercooling technique makes it possible nique or drop tube is homogeneously refined

to fabricate three-dimensional metallic glass- with the increasing initial undercooling. A
es during slow cooling™. On basis of the  gydden grain refinement occurs when the so-
mentioned situation above, science and tech-  cajled critical undercooling is reached for Ni-
nology of highly undercooled melts pioneered  pased alloys—~-*. However, the bulk liquid
by Turnbullt" forty years ago have brought  ajloys obviously differ from the smaller size
to special notice again. Moreover a remark-  samples less than 2 mm in diameter in the un-
able development has been achieved which dercooling environment, recalescence behav-
mainly consists of probing into the solidifica- ior and their influences upon the resulting mi-
tion microstructure transformations of highly crostructure. Therefore studies on grain re-
undercooled alloys. from equilibrium to finement in bulk undercooled alloy are con-
metastable phases, from regular lamellar eu-  sidered to be meaningful for pushing the un-
tectic to irregular anomalous eutectic. and dercooling technology into industrial applica-
from coarse dendrites to microcrystalline. tion.

such as extremely fine spherical grains of The main purpose of this article is to de-
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scribe the characteristics of grain refinement scope. Fig. | presents the macrograph of the
in bulk undercooled alloy Ni77Si13B10 both solidified ingot and microstructure along the

from experimental and theoretical aspects. different positions analyzed by SEM. Den-
drites NizB take the shape of granular-crys-
2 EXPERIMENTAL METHOD talline of 1 um in diameter. The relationship

The master ingots Ni77Si13B10 are pre- between grain size and undercooling obtained

pared by induction melting a mixture ol nick-
el (99. 9% Ni). silicon (99.99/Si) and
boron (99.999% B) in a fused silica tube
under an argon atmosphere. They are later

here is In reasonable agreement with the
work of Kattamis 1 and Herlach!™) et af .

However the degrec of grain refinement in
bulk undercooled alloy differs in various posi-

broken into small pieces. For the undercool- Hons.

ing experiments a melt fluxing technique has 3.2 ldoyenerty of Grawe Re fuwcment

been used in which the bulk melt of 2~5g

was embedded into a B-O; flux. The alloy Fig. 1 clearly displays the recalescence
sample was heated and levitated melted by a behavior and microstructure along the dis-
levitation coil, then it is processed in a mode  tance within the undercooled cylindrical spec-
of the following successive heating cycles; imen (max.  8mm > 18mm) when the un-
melting — superheating for 2~ bmin — cool-  dercooling is 280 K. Apparently the recales-
ing —solidification. After the high frequency cence starts from a single point on the upper
power source was turnned off. the alloy surface which is defined as the original point
Sample was spontaneously cooled and the of distance ( - =0). furthermore radiates to
cooling curve was measured by an infrared the whole specimen from this nucleation
temperature sensing system which is calibrat-  point. The extremely fine ternary eutectic
ed with a standard PtRh30- PtRh6 thermo- (uNi — NizB —Ni,Si-B) of 0.1 ~ 0.5 um
couple. lamellar spacing is found when the distance =

is less than 10mm. as shown in Fig. [ (a).
The crystal growth during recalescence pro-
ceeds with the eutectic cluster. As the temper-

3 EXPERIMENTAL RESULTS

3.1  Undercovling and Microstructure
ature at the recalescence front increases. a

The dependence of solidification mi- varicty of morphologies may be solidified a-
crostructure upon the undercooling prior to long the distance <. The residual liquid a-
nucleation can be experimentally observed . mong the recalescence beams is transformed
bulk undercooled alloy Ni77Si{3B10 is con-  to dendrites NiuB. Hence Fig. 1 (b) and Fig.
siderably refined as a rise in undercooling lev- 1 (c) manifest the dendrite structure among
el. \T,. When \7, =20K., coarse dendrites the eutectic colony and interface morphology
Ni;B of about 20 um in size are formed. Un-  of cutectic. dendrite when z ranges from 10
der the condition of A7 =82 K. the grain to 30 mm. At = = 42 mm. a very pro-
size of dendrites NizB decreases to o~ 10 nounced dendritic microstructure of NizB
um. ASs the initial undercooling A7, increases phasce which grows in different directions e-
to 280 K(0.22 T, ), the solidification struc-  merges from the residual liguid ( Fig. |
ture is basically miicrocrystallized so that it is (d)). The temperature in the region of - =

not identified easily in an optical micro- 80~ 90 mm greatly increases. »o the residu
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al liquid after the completion of recalescence

produces the results as shown in Fig. [ (e)

and (f) at slow crystal growth. Compared

with the fine ternary eutectic, the grain size

at the specimen bottom is coarsened by an ot-
der of magnitude.

4 THEORETICAL ANALYSES

4. 1 Correlatum of Inhomogeneons  Refmenent

with Undercooling Belarior

Three types of cooling curves of highly
undercooled alloy Ni77Si13B10 are depicted
in Fig. 2 in which the arbitrary time during
continuous cooling process is chosen as the
time original point (¢ = 0). These curves
comprise four distinct stages: undercooling (
oy Y, Cridy )
plateau ( ¢ ¢ ) which only appears on curve

recalescence isothermal

Fig. |

Recaleseence morphology and microstructure along the distance. -
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B, and lastly a continuous coaling ( t3f ).

The total solidification time is equal to the
sum of recalescence time and the plateau peri-
od. For slightly undercooled melts of AT, <C

200 K which does not far depart from the e-
quilibrium condition. the slow recalescence
corresponding to curve A leads to formation
of homogeneous coarse structure. When \7'
is over 330 K, the isothermal plateau on the
cooling curve disappears. So curve C indi-
~ cates that the whole solidification is complet-
~ed in the rapid recalescence event, which
gives rise to rapidly solidified microcrys-
talline in the entire specimen. The curve B
of \7, =280 K is found to be a very typical
cooling curve of the undercooled alloy
Ni77Si13B10. To analyze the solidification
process, the transient undercooling, \T. , is
introduced, and;

\N=T,—TCCt) (1)
where 7 is the liquidus temperature. and

T(?) a transient temperature during recales-

cence. Since the liquid is situated at the
1300
- T,
1200
e 1100
~
&
1000 V
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C
900 L 1 1 1
0 10 20 30 40 50
t/s
Fig. 2 Three typical cooling curves of under-

cooled Ni-based alloy.
Undercooling: A—100 K;B—280 K; C—335 K

maximum transient undercooling. the mi-

crostructure solidified at the period of recales-

cence onset is significantly refined. The frac-
tion of residual liquid increases with decreas-
ing the transient undercooling and recales-
cence rate. The points » » and r ; during the
recalescence stage correspond to the mixed
microstructure of eutectic and dendrite, see
Fig. 1(b) and (c¢). The remaining liquid in
the plateau characterized by points ¢, + {» and
1, is suitable for growth of dendrites NizB ow-
ing to the smaller transient undercooling at
the end of recalescence. Therefore points{,
t. and ¢; qualitatively represent the solidifica-
tion conditions of the microstructure as illus-
trated in Fig. 1(d), (e) and (f).

4.2 Crystal Growth w Undercooled Ligiod

In the light of two extreme types of Ki-
netic behavior at the solid - liquid interface .
diffusion- limited
Greer™®! calcufated the change in some param-

and collision- limited.,

eters such as nucleation frequency and
growth rate with undercooling for Ni-based
alloys at the idealized isothermal transforma-
tion as seen in Fig. 3. If latent heat release
during solidification is ignored. isothermal
transformation is possible. and the resulting
grain size « is related to the growth rate{ and
bulk nucleation frequency / . i.e.

d=C0 /1)) (2)
Fig. 3 demonstrates considerable refinement
at high undercooling. This refinement will
be observed only if recalescence during
growth does not stifle further nucleation.
For a bulk undercooled alloy . the latent heat
release rate can become equal or greater than
an external heat extraction rate. character-
ized by the cooling rate 7. The time ¢° at
which the heat release and extraction rates

are equal is
T
TR (3

where (' ( and L are the liquid heat capaci-
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ty and the latent heat per unit volume. We
can conclude that the effects of latent heat re-
lease are not important if the solidification

time meets the condition

d 3L
o0 < CT 1)
Contours of (3L/C.T ) are plotted on Fig. 3

for comparison with the solidification time

for the collision-limited and diffusion-limited

" are marked

cases. The cooling rates in Ks—
on these lines. If the sclidification time falls
below the horizontal lines, recalescence will

preclude grain refinement and the
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Fig. 3 Calculated interface kinetics for diffusion-
limited (solid lines) and collision-limited
(dashed lines)

I —nucleation frequency; {* —growth rate;

d —grain size; f —solidification time;

T ,—sglass transition temperature

calculated value of 4 will not apply. This ef-
fect certainly exists in the collision- limited
case even for imposed cooling rates greatly in
excess of that (~ 10° Ks™ ') in melt spin-
ning. In the diffusion-limited case., at cool-
ing rate >~ 10° Ks ', the latent heat re-
lease is not important and grain refinement is
observable, just as glass formation becomes

possible.
4.3 Orgins of Grain Refinement

A number of theories including hetero
geneous or homogeneous copious nucleation,
recrystallization and stress mechanism have
been proposed to explain the grain refine
But the mecha
nism of grain refinement remains in doubt.

ment in undercooled alloys.

In accordance with recent studies!'®, it is
claimed that the refinement in highly under
cooled melts is due to dendrite disintegration
which appears to be associated with the lig
uid flow arising from temperature gradient
and solidification shrinkage. With regard to
the experimental results of this work, to say
the least the theory of dendrite disintegration
does not conform to the mechanism of grain
refinement in bulk undercooled Ni-based al
loys. Fig. 1 shows powerful evidence that
rapid solidification during recalescence gives
rise to considerable grain refinement in bulk
undercooled alloys. Since the effect of latent
heat will prevent melts from being further re
fined for the rapid solidification kinetic sys
tem., dendrite growth and remelting, i.e.
disintegration may occur during the later peri
od. It is believed that grain refinement in
highly undercooled alloys is attributed to
rapid solidification of melts far from the equi
librium condition, whereas slow crystal
growth in the isothermal plateau is a key rea
son of inhomogeneous grain refinement in a
bulk sample. Naturally if the plateau is elimi
nated by the following possible steps . further
increasing the initial undercooling or cooling
rate at the end of recalescence, the bulk un
dercooled alloy can be homogeneously refine
d. To increase undercooling levels is a more
effective approach to improve the homogene
ity of grain refinement, especially for large

volume melts.
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5 CONCLUSIONS

(1) A significant reduction in average
" grain size can be achieved with increasing ini-
tial undercooling.

(2) Recalescence process originates
from a single point on the surface when the
undercooling \7 ; is equal to 280 K. The mi-
crostructure  of the bulk undercooled
Ni77Si13B10 specimen changes along the dis-
tance from the nucleation point to the inside.
Accordingly a fine ternary eutectic of about
0.1 um lamellar spacing is firstly solidified
during recalescence, while the remaining lig-
uid at the completion of recalescence corre-
sponds to the growth of dendrite Ni;B of 1~
5 um in grain size.

(3) Considerable grain refinement in
bulk undercooled alloys can be explained by
rapid solidification during recalescence. Sub-
sequently slow crystal growth in the isother-
mal plateau is considered to be the essential
reason of inhomogeneous grain refinement
within a bulk sample. Homogeneous great
grain refinement can be attained if the under-

cooling or cooling rate further increase as to

remove the influence of latent heat.
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