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SOLIDIFICATION AND MICROSEGREGATION BEHAVIORS
OF NICKEIL-BASE SINGLE CRYSTAL SUPERALLOY

SOLIDIFIED AT MEDIUM COOLING RATE
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ABSTRACT Single crystal blades have already been used in some advanced engines. An industrially valu-

able nickelbase single crystal superalloy CMSX-2 was solidified at cooling rate from below 1 K/s to 20 K/s.

M icrostructure and microsegregation were investigated. The results showed that the dendritic arm spacing is

highly refined at high cooling rate, the primary dendritic arm spacing can be 35 Bm, just as 1/ 10 as that by

conventional HRS processing. With the increase of cooling rate, the microsegregation increases and then de-

. . / .. . / . .
creases. In the superfine columnar dendrite, the Y precipitates are very fine; the amount of ¥/ ¥V eutectic is

much fewer and its size is very small.

Key words single crystal superalloy cooling rate

microstructure microsegregation

1 INTRODUCTION

Single crystal superalloys are extensively
used for advanced high temperature gas turbine.
The conventional single crystal superalloy is pro-
duced by HRS processing. Because the solid-liq
uid interface thermal gradient( G; less than 80
K/em) and the growth rate( V less than 70
Bm/s) are very low''". The microstructure of
the material is coarse dendrite ( A= 300~ 400
Hm ) with well developed side-branches and the
segregation is serious. The lower thermal gradr
ent can also cause defects such as freckles, low
angle houndaries and porosity'? which restrict
the further improvement in mechanical proper
ties. Dendrite spacing also have a significant in-
fluence on mechanical properties, because solidr
fication under high thermal gradient can improve
the cooling rate and refine the dendrite, and it is
known to be particularly useful in reducing these
defects which adverselv affects the high tempera
ture strength of the materials. Studies on the
different single crystal casting processes have
shown that high thermal gradient can overcome
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these defects and refine the dendritic microstruc-

turel *l. High thermal gradient directional solidi
fication equipment has much higher thermal gra
dient( 200~ 300K/ cm) than that of the conven-
tional HRS processing. In this paper nickelbase
single crystal superalloy specimens was solidified
at the cooling rates from bhelow 1K/s to 20K/s.
Microstructure and microsegregation were inves
tigated.

2 EXPERIMENTAL PROCEDURE

An industrially valuable single crystal super-
alloy CMSX-2 was chosen for the present study,
nominal composition of the alloy is Nr8Ci
4.6Co-8W-0. 6Mo-5. 6AF1Tr6Ta. Single crys
tal bulk prepared by the spiral selection method
in a directional solidification furnace and cut the
seed of d 7 mm % 20 mm from the bulk. The
growth direction was within 10° of the [ 001]
orientation of the FCC nickel based gamma ma-
trix. The crucibles are made of high purity alu-
mina. Single crystal bars of d 7 mm %X 100 mm
were made by the seed method in the self-made
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high thermal gradient directional solidification
device. Directional solidification was carried out
at the constant thermal gradient of 250 K/cem
and withdraw speeds varying from 0. 0l mm/s to
I mm/s. The specimens were metallographically
polished and etched. Microstructures of the
specimens were investigated by an optical micro-
scope, dendritic arm spacing and volume fraction
of ¥/ ¥ eutectic were measured on the transverse
section by a Quantimet 500 image analysis sys
tem. The number of primary dendritic arm spac
ing n in a known area A was counted and the
primary dendritic arm spacing was calculated as
M= (A/n)%3. The volume fraction of ¥/ ¥
was obtained by analyzing numerous separate
field. The second dendrite arm spacing was mea
sured on the longitudinal section within the
mushy zone.

Electron probe microanalysis (EPMA) was
used to analyze the composition of the dendrite
trunk and the inter-dendrite area. The scanning
electron microscope was used to investigate the
morphology of the Y precipitation and Y/ Y e
tectic.

3 RESULTS AND DISCUSSION

3.1 Microstructure
3. 1.1 Dendritic arm spacing

Fig. 1 shows the dendritic structure on the
transverse section of single crystal superalloy

Fig. 1

CMSX-2 solidified at different cooling rate. It
can be seen that with the increase of cooling
rate, dendritic arm spacing were greatly refined.
When the cooling rate was higher than 15 K/s,
superfine dendritic structure was obtained. The
primary dendritic arm spacing A can be produced
to be 35 Hm, just as 1/10 as that by HRS pro-
cessing.

Some analytical models of the dependence of
primary dendritic arm spacing on the solidifica
tion parameters ( thermal gradient G and the so-
lidification rate V') in binary alloy have been

proposed Y. Hunt gave the following relation-
ship for A:

The secondary dendritic arm spacing X pre-

dicted by the analytical model is described as the

follow ing
= B(G V)" (2)
where A and B are constants dependent on the

composition of the alloy. Eqn. (3), (4) are the
linear least-squared fit to the experimental date.
N =- 0.00605+ 0.0835G, * V>
(3)
d= 0.000855+ 0.00275(G, V)" "3
(4)
High value of correlation coefficients, 0. 97

and 0. 98, and very low value of relative stan-
dard deviation for the fit, 4% and 3%, show
that the experimental data have an excellent fit

Dendritic microstructures at different cooling rates

(a) =G V=0.25K/s; (b) =G V= 2.5K/s; (¢) =G V= 15K/s
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to the analytical prediction.
3. 1.2 Morphology of Y precipitation

Fig. 2 shows the morphologies of Y parti-
cles transformed with different solidification
cooling rate. With the increase of cooling rate,
the size of ¥ particles decreased, and the Y par-
ticles in the dendritic trunk is smaller than that
in the interdendrite area. Most of the ¥ phase
Nia ( Al, Ti) precipitated from the supersatu-

rating solid solution after solidification and they
have the FCC structure and close match to the
¥Ni matrix. In the coarse dendrite which
formed at lower cooling rate, the nucleation su-
percooling and the number of nucleus are small,
but the coarsing time is longer. Therefore the
size 1s larger and the shape is irregular. When
solidified at higher cooling rate, the nucleation
supercooling is higher, large quantity of nucleus
is formed, but the growth time decreases, the

. / .. . .
size of the ¥ precipitation is small and the shape

is regular cubic. It is found that, when the cool-
ing rate is higher than 15 K/s, the cubic Y
transforms to spherical ¥ which results from the
initial Y heing spherical ®', at the very high
cooling rate, it has not enough time to he coarse
and its shape keeps spherical.
3.1.3 Morphology of ¥/ Y eutectic

The eutectic consists of large primary Y
bulk, as shown in Fig.3(a), which is difficult
to eliminate by homogenization. In the fine den-
drite solidified at higher cooling rate, the amount
of ¥/ ¥ eutectic is high and the shape is well de-
veloped, the eutectic is screemrlike or lamellar,
the eutectic cap is still large and consists of

When

the cooling rate reaches 15 K/s or larger, in the

/ . .
coarse ¥ phase, as shown in Fig. 3(b).

superfine dendrite, the amount of eutectic is
fewer, both dendritic and primary Y are re
fined; the eutectic structure is fine and lamellar
arrangement is shown in Fig. 3(c¢). This kind of

Fig. 2 Morphologies of Y precipites at different cooling rates
(a), (b), (¢) —in dendrite trunk; (d), (e), (f) —in interdendrite area
(a) =G V=0.25K/s; (b) —GV=2.5K/s; (¢) =G V= 15K/s;
(d) =G, V=0.25K/s; (e) =G V=2.5K/s; (f) =G V= 15K/s
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Fig. 3 Morphologies of v/ Y eutectic at different cooling rates
(a) =G, V=0.25K/s; (b) =G, V=2.5K/s; (¢) =G V= 15K/s

eutectic structure is easy to eliminate by high
temperature solution treatment.

Fig. 4 shows the relationship of the amount
of ¥/ Y eutectic vs cooling rate, with the in
crease of cooling rate, the amount of eutectic in-
creases and then decreases. When the cooling
rate is lower than 7. 5K/s, the amount of ¥/ Y
eutectic increases with the increase of cooling
rate, and the size is increasing. In the coarse
dendrite solidified at lower cooling rate, the eu-
tectic is fewer but bigger in size.

When the alloy solidified with a dendritic
interface, there is a mushy zone in the solidifica
tion interface, the elements Al, T1i enriched in
the interdendritic area, as the composition of the
remaining liquid reaches the eutectic composr
tion, the ¥/ ¥ eutectic is formed. At low cooling
rate the mushy zone is very large, and the more
liquid remained which consists of much more so-
lute elements. Consequently, coarse eutectic
with large primary Y blocks are formed. At
high cooling rate, the very fine dendrite divides
the remaining liquid into very small melting
pool. The microsegregation and the development
of the eutectic are restrained, the size and pro-
portion of ¥/ Y eutectic are considerably de-
creased, the blocky Y phase has almost com-
pletely disappeared. ( see Fig. 3(¢)).

3.2 Microsegregation

The results of electron probe microanalysis
of alloy elements showed that Cr, Al, Ti, Mo,
Ta are depleted and W is enriched in the dendrite

core region. Therefore Cr, Al, Ti, Mo, Ta are
positive segregation elements and W is the nega
tive segregation element. Fig. 5 shows the rela
tionship of microsegregation ratio( SR) vs cooling
rate. It can be known that with the increase of
cooling rate, SR increases and then decreases,
and each element changes discordantly. This
kind of segregation phenomenon might be caused
by the following factors:
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Fig. 4 Amount of ¥/ Y (volume
fraction ¢ ) vs cooling rate

(1) The partitioning coefficient ( k; ) of
each element is different. The partitioning coef-
ficients of Cr, Al, Ti, Mo, Ta are lower than 1
while that of W is higher than 1. The value of
the k; is different, the higher the segregation co-
efficient ( 1~ k) is, the higher the segregation
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3 Ti the primary dendritic arm spacing can be pro-
(.)Al duced to be 35 Hm, just as onetenth as that by
+Cr HRS processing.

2F :’E, (2) With the increase of cooling rate, the

8 10 12 14 16 18 20
GV/K-s!
Fig. 5 Segregation ratios( volume
fraction ¢ ) vs cooling rates

O—Tc;, @®—Al, €—Cr; A—W; v—Ta
degree is .

(2) With the increase of solidification rate,
the insufficient back diffusion in the solidified
solid causes the increase of microsegregation.

(3) When the solidification rate is much
higher, the nonequilibrium effect is much more
severe and the partitioning coefficient tends to be
concordant' ™ ®1 | which results in suppressed mi-
crosegregation.

The amount of eutectic also indicated the
degree of microsegregation, apparently the
transmutation tendency of the eutectic and the
microsegregation is similar.

4 CONCLUSIONS

(1) With the increase of cooling rate, den-
dritic arm spacing is greatly refined, the rela
tionship of dendritic arm spacing vs cooling rate
are

N
X

- 0.00605+ 0.0835G, * y **
0. 000855+ 0.00275( G, V)" "?

Y precipitates are significantly refined, and the
amount of ¥/ ¥ eutectic increases and then de
creases. In the superfine columnar dendrite, the
Y precipitates are very fine, the amount of ¥/ Y
eutectic is much fewer and its’ size is very
small.

(3) The microsegregation increases and
then decreases. In the superfine columnar den-
drite,

pressed, and this is benefit for the homogeniza-

the microsegregation is greatly sup-
tion treatment.
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