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ABSTRACT

The solute redistribution behavior during directional solidification
of the alloy CMSX-10 with planar and dendritic solid/liquid (S/L)
interfaces has been investigated by directional solidification and
quenching (DSQ) technique. In particular, the elemental
partitioning coefficient during the solidification of primary y and
yly' eutectic was quantitatively estimated by electron probe
microanalysis (EPMA) on the sample quenched during planar
growth of primary y and y/y’ eutectic, respectively. The EPMA
compositional profiles clearly revealed that Scheil solidification
occurs during the solidification of primary y with planar S/L
interface. Based on this result, the evolution of y/y’ eutectic
volume fraction with respect to the solidification rate in dendritic
solidification regimes could be rationalized by considering the

back-diffusion effect on decreasing the extent of microsegregation.

The comparison of the compositional profiles of Cr in the planar
grown DSQ sample and the local distribution of Cr in
dendritically solidified sample indicated that the solidification of
the alloy CMSX-10 completes with the formation of
supersaturated y phase after the y/y’ eutectic reaction.

INTRODUCTION

The enhanced high temperature mechanical properties of
advanced Ni-base superalloys are primarily derived from the
addition of refractory elements such as Ta, W, Mo, and Re. The
addition of these heavy refractory elements has conferred
considerable solid solution strengthening with simultaneous
increases in high temperature creep resistance. For this reason, the
total amount of refractory alloying addition has been gradually
increased in the advanced Ni-base superalloys [1,2]. However, the
refractory elements segregate severely during solidification [3,4],
which often lead to a number of problems such as (i)
interdendritic porosity [5], (ii) misoriented grains [6], (iii) freckle
formation [6,7], (iv) localized phase instability [8,9], and (v)
formation of topologically close-packed (TCP) phases [9,10].
While some of these problems were mitigated by the complex
step-wise homogenization heat treatment, most result in increased
scrap rates. Therefore, it is of great importance to understand the
segregation behavior of solute elements when new alloy
chemistries are evaluated or numerical models are developed for
predicting the extent of microsegregation. In addition, a better
understanding of the segregation behavior in the alloy would be
helpful to control the solidification microstructures and to identify
potential improvements in the processing of current alloys.

So far, several experimental techniques have been implemented to
investigate the degree of microsegregation occurring during
solidification. Of the techniques available, random sampling
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approach, which is commonly known as point matrix scan
technique, is widely used for characterizing microsegregation in
Ni-base superalloys [3,4,7,11-14]. This technique has become
prevalent because it allows characterizing microsegregation with
no dependence on the plane of examination and simply provides a
continuous profile with respect to the fraction of solid ( fg ).
However, as recently reviewed by Lacaze et al. [15], the
cumulative representation of the microsegregation data of multi-
component alloys can be misleading due to the limits of analytical
accuracy, to local variability of the microstructure size or to the
presence of secondary phase.

Another potential technique involves directional solidification of
the alloy followed by quenching (DSQ) [16-18]. In this technique,
the partition coefficient of each solute element at the solid/liquid
(S/L) interface is measured by microprobe analysis and hence the
extent of segregation can be estimated.

In the present work, the segregation behavior in advanced Ni-base
superalloy CMSX-10 has been quantitatively investigated using
the DSQ technique. The alloy CMSX-10 was selected as a target
alloy because this alloy suffers from severe microsegregation due
to its high refractory content (TatW+Mo+Re ~ 20.5 wt.%).
Moreover, although CMSX-10 alloy is one of the most advanced
Ni-base superalloys, limited information is available in the
literatures regarding the quantitative microsegregation data. A
series of DSQ experiment were carried out over a wide range of
solidification rates, which could encompass planar and dendritic
solidification regimes. The influence of the S/L interface
morphology on the segregation behavior was analyzed through
microstructural observation and microprobe analysis. In particular,
the partition coefficients of solute elements during the
solidification of y/y' eutectic were determined on the sample
quenched during planar growth of y/y' eutectic.

EXPERIMENTAL DETAILS

The material used in the present work is the advanced Ni-base
superalloy CMSX-10 whose chemical composition is listed in
Table 1. Specimens of 5.0 mm in diameter and 80 mm in length
were prepared for DS experiments. Directional solidification was
made at various solidification rates (R), R = 0.5 to 100 pm/s,
under Ar atmosphere using modified Bridgman furnace [19]. The
S/L interface was preserved by quenching the specimen after a
desired volume fraction of original liquid was solidified. During
directional solidification, the thermal gradient (G ) at the S/L
interface was measured by inserting a B-type thermocouple,
insulated by a 1.5-mm o.d. alumina tube, into the liquid, which
was estimated as about 13.8 K/mm at all DS conditions.



Table I. Chemical composition of the Ni-base superalloy CMSX-10.

Al Co Cr Hf Mo Nb Re Ta Ti W Ni
wt.% 5.72 3.2 2.2 0.04 0.39 0.1 6.3 8.3 0.23 5.5 Bal.
() (b) S/L interface morphologies and as-cast microstructures
—f=1—
3 ki 3 : 3 The S/L interface morphology during directional solidification
-‘é depends on the ratio (G/R) between the thermal gradient (G )
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Figure 1. Schematic representation of EPMA line analysis
performed on the samples quenched during directional
solidification with (a) planar and (b) dendritic S/L interface.

The DSQ samples were cut parallel to the growth direction and
polished to observe the S/L interface morphology and to analyze
the segregation behavior of the solute elements at each DS
condition. The microstructures were characterized by an optical
microscope and a scanning electron microscope (SEM; JEOL
JSM-5800). Microprobe analyses were carried out to examine the
segregation behavior of solute elements using an Electron Probe
Microanalyzer (EPMA; Shimadzu EPMA-1600) equipped with
four wavelength dispersive spectrometers (WDS) on as-polished
microstructural samples. During X-ray sampling, a spot size of 20
um was used with an accelerating voltage of 20 kV and a beam
current of 10 nA. All elements except hafhium (0.04 wt.%) were
analyzed utilizing pure elemental standards. Figure 1 shows the
schematic representation of EPMA analysis performed on the
specimen quenched during DS with planar (Figure 1(a)) and
dendritic S/L interface (Figure 1(b)). Two line scan techniques,
L1 and L2, were used to determine the composition of solid and
liquid at the specified distance from the S/L interface. The L1 line
scan was performed perpendicular to the sample growth direction
ranging from the first DS solid to the end of the quenched liquid
with a prescribed interval. The mean value of each line scan
datum was determined as the composition at the specified distance
from the S/L interface. All line scans utilized a 10 pum step size
(the distance between two consecutive measurements) along a
1500 um long line to obtain a better statistical representation of
the different localized compositions. However, the L1 line scan
performed on the specimen exhibiting a dendritic S/L interface
only represents the average composition of the mushy zone
(Figure 1(b)), which is not capable of resolving the composition
of dendritic tip. Therefore, in this case, the L2 line scan was
performed from the solid to bulk liquid through the dendrite tip
(Figure 1(b)) with a 1 um spot size. The composition of the
dendrite tip was determined from the L2 line scan results at the
dendrite tip.

RESULTS
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shows the S/L interface morphologies of DSQ samples that
quenched at fg = 0.52. The planar S/L interface was obtained at
the solidification rate of 0.5 um/s (Figure 2(a)). The S/L interface
morphology of the alloy developed from planar to cellular and to
dendritic with gradually increasing the solidification rate. When
the solidification rate further increased to above 5.0 um/s, the S/L
interface morphology changed to dendritic with well-developed
secondary dendrite arms.

The DS solid shown in Figure 2 corresponds to the primary y
phase that developed from the liquid. The fully solidified region
in planar and cellular grown samples was composed of only
primary vy, while the as-cast microstructure of dendritically grown
samples at R > 5.0 um/s was characterized by primary y dendrite
and y/y' eutectic pools in interdendritic area. Figure 3 presents the
typical interdendritic micrographs observed at the dendrite bottom
of the DSQ sample that solidified at R = 50 um/s. Figure 3(a)
and (b) correspond to the SEM micrographs just before and after

Quenched liguid

Solid (primary )

Growth direction

Figure 2. Quenched S/L interface morphologies at various
solidification rates. The interface morphologies changed
from (a) planar, to (b) cellular, and to (c) — (g) dendritic as
the solidification rate gradually increases: The solidification
rate is () R = 0.5 um/s, (b) 1.0 um/s, (c) 5.0 um/s, (d) 10
um/s, (e) 25 um/s, (f) 50 um/s, and (g) 100 pum/s.



Growth direction

Figure 3. Typical interdendritic microstructures taken at the
dendrite bottom of the DSQ sample solidified at R = 50
um/s condition: (a) SEM micrograph showing the y/y’
eutectic pools and the residual liquid in front of the growing
coarse yl/y' eutectic and (b) fully solidified y/y' eutectic
morphology and the thin y layer formed in the vicinity of the
coarse yly' eutectic.

the final solidification, respectively. It can be seen in Figure 3(a)
that the rosette-shaped phases, which is commonly called as the
yly' eutectic, and the quenched liquid pool ahead of the growing
coarse yly' eutectic. The y/y' eutectic can be morphologically
characterized by fine y/y' network and coarse y' phase embedded
in narrow y channel as marked in Figure 3(b). It was also found
that y' particles precipitated near y/y' eutectic pools before the
final solidification occurs (Figure 3(a)). This result agrees quite
well with the microstructural observation of Zhu et al. [20], who
reported that large amounts of vy’ particles precipitate at the
periphery of vy/y' eutectic in IN738 alloy before the final
solidification occurs. It can be also seen that thin y layer formed
ahead of coarse vy/y' eutectic pools in the fully solidified
microstructure of the alloy CMSX-10 (Figure 3(b)).

The formation of y/y' eutectic in dendritically solidified alloy was
found to be influenced by the solidification rate during directional
solidification. The y/y' eutectic pool size decreased with
increasing the solidification rate, while its volume fraction
increased as the solidification rate increases. Figure 4 presents the
effect of solidification rate on the y/y' eutectic volume fraction in
the as-cast microstructure of the alloy. The y/y' eutectic volume
fraction rapidly increased at and below the solidification rate of 25
um/s, while it showed a maximum plateau of about 25.2%
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Figure 4. Effect of solidification rate on the volume fraction
of y/y' eutectic.
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irrespective of the solidification rate when the solidification rate is
higher that 25 um/s. This maximum volume fraction of y/y’
eutectic is comparable to that of reported elsewhere [13] for the
alloy RR3010, which has a similar chemical composition to the
alloy CMSX-10.

Solute redistribution during planar growth of primary y

Figure 5 presents the EPMA compositional profiles measured on
the longitudinal section of the sample quenched at fg = 0.52
during directional solidification with planar S/L interface. The
composition of ¢ forming elements, such as Al, Ta, Ti, and Nb, in
DS solid increased as the solidification proceeds and their
compositions in quenched liquid were found to be higher than
those in the DS solid. The Ni and Cr also showed a similar trend
with the y' forming elements, which indicates that these elements
have a segregation tendency to liquid during the solidification of
primary y. On the other hand, the composition of Co, W, and Re
in DS solid gradually decreased as the solidification proceeds.
Therefore, it is manifest that these elements have a strong
tendency to segregate in primary y rather than in liquid. The Mo
was found to be uniformly distributed between primary y and
liquid, however, it seems that the segregation tendency of Mo into
liquid is slightly high based on the comparison of its average
composition between the DS solid and the quenched liquid.

It has to be noted that the compositional profiles of all solute
elements in the quenched liquid is found to be almost constant
except the compositional gradient layer near the S/L interface of
about 1.0 mm, as shown in Figure 5. The compositional gradient
layer in the liquid near the S/L interface seems to be formed
during quenching and this will be discussed later in detail. The
uniform distribution of the liquid composition shown in Figure 5
might be due to the strong convection effect in liquid. Trivedi et al.
[21] have shown that sample diameter can significantly affect the
liquid convection during directional solidification. They have
reported that the convection effect is predominant during
directional solidification of Al-Cu alloy when the sample diameter
is larger than 1.0 mm. Therefore, considering that the sample of
5.0 mm in diameter was employed in the present work, the solute
elements accumulated at the S/L interface appear to be transported
and mixed by convection, which eventually results in the uniform
distribution of solute elements in the entire liquid (Figure 5).

The extent of solute segregation can be determined by measuring
the compositions in the solid and liquid at the S/L interface. When
equilibrium exists at the S/L interface during solidification, the
equilibrium partition coefficient of solute i is defined as

— 1)

where C: and Cr are the solute concentration in solid and liquid
at the S/L interface, respectively [22].

The solute profiles shown in Figure 5 can be schematically
illustrated in Figure 6(a) and (b), in the case of solute element
with kj < 1 and k; > 1, respectively. In Figure 6, Cy is the
initial composition and 5, is the average composition of
quenched liquid where the composition near the compositional
gradient layer (8) formed at the S/L interface is excluded. The



kiOCO represents the composition of the first solid formed from
liquid. This value was measured from Figure 5 by the
extrapolation of the solute profiles in the solid to fg =0, so that
the partition coefficient at the initial stage of solidification, kio,
could be estimated. If it is assumed that the C|* is affected by
quenching during directional solidification and if the liquid
composition before the quenching is assumed to be equal to C_:| ,
the extent of segregation can be measured by employing the
effective partition coefficient ( kfﬁ ) as

eff

ki G, )
, and kf"ﬁ values have to be used for estimating the extent of
segregation during directional solidification where a severe liquid
convection occurs.

The EPMA compositions and the partition coefficients, k;, kiO ,
and kieﬁ , which were measured on the quenched planar S/L
interface shown in Figure 5, are summarized in Table II. It was
found that the estimated partition coefficient of Al, Cr, Nb, Mo,
Ta, and Ti was less than unity, while that of Co, Re, and W was
greater than unity. Of all solute elements that were presented in
Table Il, Ti and heavy refractory elements such as Re, Ta, and W
exhibited particularly strong segregation tendency. This
segregation tendency was found to be comparable with those
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Figure 5. EPMA compositional profiles of solute elements
measured on the sample quenched at fg = 0.52 during
directional solidification with planar S/L interface.
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(b)

S/L interface

Figure 6. Schematic representation of the solute profiles
shown in Figure 5: (a) the partition coefficient is less than
unity (k <1)and (b) k >1.

reported for dendritically solidified commercial single crystal
superalloys [3,4,7,11] and model single crystal superalloys [6,23].

During solidification, if the diffusion in solid is small enough to
neglect, the partition coefficient at the initial stage of
solidification, ki° , would be nearly same as k; , which is
measured at the quenched S/L interface where the solidification is
proceeded to some extent. However, if Cr is affected b%/ the
quenching during solidification, kio would be equal to kie . In
order to identify whether C|* is affected by the quenching or not,
ki and kf’ff values of each solute element were compared with
kio values. The results showed that kio values are close to kieﬁ
rather than k; in most of the solute elements (Table II). In
particular, the solute elements exhibiting a severe segregation
tendency such as Re, W, Ta, and Ti showed more clear
differences. This indicates that C|* in Figure 6 would be formed
as an artifact of the quenching during directional solidification.

Solute redistribution during dendritic growth

Figure 7 shows the EPMA compositional profiles of major solute
elements (Al, Ta, Re, and W) measured on the samples quenched
at fg = 0.52 during directional solidification with planar (R =
0.5 um/s) and dendritic (R = 50 um/s) S/L interface. Note that
the composition in the DS part of the dendritically solidified
sample represents the average composition of dendrite and
interdendritic region at the same distance from the dendrite tip. It
becomes clear from the figure that the average composition of
solutes in the dendritically solidified sample is not affected by the
progress of solidification compared to that of the sample solidified
with planar S/L interface. In addition, the average solute
composition of the dendritically solidified sample was nearly C,
of each solute element regardless of the solidification distance.
This result confirms that segregation dominantly occurs to lateral
direction than along the primary dendrite growth direction during
directional solidification with dendritic S/L interface.

Solute redistribution during y/y" eutectic formation

It was shown in Figure 4 that the as-cast microstructure of
dendritically solidified CMSX-10 exhibited a quite high volume
fraction of y/y' eutectic. In particular, when the solidification rate
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Figure 7. Comparison of the EPMA compositional profiles of
major solute elements measured on the samples quenched
during directional solidification with planar (R = 0.5 um/s)
and dendritic (R =50 pum/s) S/L interfaces.

is higher than 25 um/s, the volume fraction of y/y’ eutectic was as
high as about 25 %. Therefore, in order to understand the whole
segregation behavior of solute elements in CMSX-10, it is
imperative to quantitatively analyze the segregation behavior
during the solidification of y/y' eutectic as well as the
solidification of primary 1.

The quantitative solute redistribution behavior during y/y' eutectic
formation was evaluated in the sample quenched during planar
solidification of y/y’ eutectic. Figure 8(a) shows the schematic of
the sample used for the EPMA analysis. Based on the
microstructural observation, it was found that the planar
solidification of the primary y completes at f; = 0.75 and after
that the y/y’ eutectic forms from the remaining liquid. Figure 8(b)
and (c) present the optical micrographs of the quenched planar
S/L interface and the transverse section of the planar solidified
vly' eutectic region, respectively. The bright grey phases in Figure
8(b) and (c) correspond to the y' phases, while dark grey phases
are y phases. The planar grown y/y' eutectic was composed of rod-
shaped y', which exhibits an elongated morphology along the

growth direction, embedded in the eutectic y.

Figure 9 shows the EPMA profiles of solute elements measured
on the sample shown in Figure 8(a). The solute profiles in the
region of planar solidified primary y ( f; = 0 to 0.75) were found
to be varied as the same manner as those shown in Figure 5, while
the solute profiles in the region of y/y' eutectic formation ( fg =
0.75 to 0.83) exhibited quite different aspects. If it is defined that
Csm is the composition of maximum solubility of solutes at the
completlon of primary y at f; = 0.75 and CSU is the initial
composmon of yly' eutectic at the same f, the CO, value of the
y' forming elements such as Al, Ta, Ti, and Nb exhibited higher
than ij values. Considering that y/y’ eutectic is composed of y
and y' phases, and a higher volume fraction of y' phase in y/y
eutectic, this result indicates that the solubility of these elements
in y' phase is higher than in y phase. Conversely, the other solute
elements such as Co, Cr, Mo, Re, and W exhibited that the Cgu
values are lower than C;m , which implies that the solubility of
these elements in y’ phase is lower than that in y phase [23,24].

It has to be noted that the solute profiles in the quenched liquid
shown in Figure 9 showed a clear existence of diffusion boundary
layer from the S/L interface to the liquid end, which is different
from the result shown in Figure 5 where the composition of
quenched liquid is uniform throughout the liquid. This seems to
be related to the combined effect of (i) decrease in liquid
convection as the remaining liquid zone becomes shorter during
further progress of solidification (The length of the quenched
liquid zone in Figure 9 is about 12.7 mm, which is about 1/3 of
the liquid length shown in Figure 5) and (ii) the interaction
between solute boundary layer and the specimen end (The end of
the liquid zone can be regarded as being a perfectly impermeable
wall which imposes a zero flux condition at that point).

The extent of the segregation during the solidification of y/y/
eutectic can be represented by defining the partition coefficient
k/!7" as follows:

K7 e ®

leu

where Ceu is the composition of the y/y' eutectic at the S/L
interface and C, oy 1S the liquid composition at the S/L interface

Table 1. EPMA compositions and various partition coefficients measured on the quenched planar S/L interface shown in Figure 5.

Al Co Cr Mo Nb Re Ta Ti w

EPMA compositions (wt %)

C: 5.55 3.23 212 0.41 0.10 6.06 8.17 0.21 5.66

(o 6.77 3.0 2.37 0.45 0.14 3.66 10.83 0.33 3.38

(_I| 6.47 3.03 2.18 0.42 0.12 4.26 10.11 0.27 412

kiOCO 4.89 3.34 1.99 0.38 0.09 9.02 6.52 0.18 7.32
Partition coefficients

ki 0.82 1.08 0.89 0.92 0.74 1.66 0.76 0.64 1.68

kiEﬂ 0.86 1.07 0.97 0.99 0.86 142 0.81 0.76 1.37

kD 0.85 1.04 0.91 0.98 0.92 1.43 0.79 0.78 1.33
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before quenching, respectively. The C:u was determined by the
linear extrapolation of EPMA data within the y/y’ eutectic grown
reglon (0.75 < f4<0.83). However, it has be careful to determine
(o eu Value. As previously discussed above, the liquid
composition near the S/L interface was affected by the quenching.
This quenching effect was estimated to be within about 1.0 mm
from the S/L interface by analyzing the EPMA profiles in the
liquid region. Therefore, the EPMA compositions near the S/L
interface shown in Figure 9 were also assumed to be affected by
the quenching. The Cfeu was determined at the S/L interface by
extrapolating the EPMA profiles in liquid region where the
EPMA data within 1.0 mm from the S/L interface was excluded.

Table 11l summarizes the C5™, Cg,, Cq , and Cjg, values,
WhICh were determined from Figure 9. The partition coefficient
k7 ”" of each element was also shown in Table 11I. The heavy
refractory elements such as Ta, Re, and W exhibiting strong
segregation tendency during the solidification of primary y were
found to exhibit no significant segregatlon tendency during the
yly' eutectic formation. The k{/'7 of these elements were
estimated as close to unity as shown in Table 111. Although Ti is a
major y' forming element, the kT7I 7" was estimated as 0.82 and
showed a segregation tendency to liquid. Cobalt segregated to
solid during the solidification of primary y, while it sllphtly
enriched in I|qU|d during the v/y' eutectic formation ( k%,

0.94). The k%/7" value was estimated as 1.03. It means that the
segregation tendency of Al into growing y/y' eutectic is slightly
higher than into liquid during y/y' eutectic formation. This result is
confirmed by the EPMA profiles of Al in liquid region near the
S/L interface where the EPMA profiles clearly indicate the
minimum Al content at the S/L interface. Therefore, it is expected
that the Al content in the residual liquid would be continually
decreased as the formation of y/y' eutectic proceeds further. The
solute elements showing the most severe segregation tendency
during y/y' eutectic formation were found to be Cr, Mo, and Nb.
These elements have a strong tendency to segregate in liquid
during y/y' eutectic formation than the primary y solidification.

(a)
Quenched S/L interface
Growth direction 4

f—

¢ planar  ——|

f,=0.75

| Liquid |

Wy f, =083
eutectic

| ©

4 eutectic |

Figure 8. Microstructures of the sample quenched at fg =
0.83 during directional solidification with planar S/L
interface: (a) schematic of the quenched DS sample, (b)
longitudinal optical micrograph showing the quenched S/L
interface of planar solidified y/y' eutectic, and (c) transverse
micrograph of the planar solidified y/y' eutectic region.

282

1 \quuid '.'I'."\quuid

s: ; || "]

Al W
& s . 4
L) L]
W .
g
ks ) |
W
.

- '\-.3

1 i

. Ta Re

i I o

.

10 7

8 -"J. e 5
o ’ .
R e 3
a 4 1
= os[_. 4
= T Co e
= -2

03 3.4
2z £ e
Qo "os
a 25
2 a0 Nb 02
o 35 Cr k .20
w | ] L]

10 ] L s

25 "__ ”'012

2c----""" s & 4 = ®® 0.08

1.5 0.04

19 o

07 b 02 04 06 0.8 1.0

osl Mo .

05 H

2;. e ..f‘

02

0.1

o 02 04 06 08 1
Fraction of solid

Figure 9. EPMA compositional profiles of solute elements
measured on the sample quenched during planar
solidification of y/y’ eutectic.

Considering that these elements are accumulated in liquid during
the solidification of y/y’ eutectic, it is expected that relatively large
amounts of Cr, Mo, and Nb will be enriched in the final liquid of
the alloy CMSX-10.

DISCUSSION

Determination of the partition coefficients using the DSQ
technique

Regarding the measurement of the partition coefficient during
solidification, Sung et al. [16] have reported that the partition
coefficient measured at the quenched planar S/L interface by
microprobe analyses yields the equilibrium partition coefficient,
because the solidification rates are so slow, and there are no
effects of interfacial kinetics. However, as previously described
above, the liquid composition near the S/L interface appeared to
be significantly influenced by the quenching during directional
solidification. In order to identify the quenching effect, the solute
compositions in the DS solid were calculated by Scheil model
[25] and the calculation results were compared with the EPMA
profiles of each solute element. Based on the Scheil equation, the
solute composition in solid (Cg ) and in liquid (C, ) is given by

Cg =kCo(1- fg) (4)



C =Coll- )™ ®)
where k is the partition coefficient. Two kinds of Cg calculation
were made as a function of fg with different partition coefficients,
ki and k" . Note that k; and k™ are obtained by using the
Cr and C, as a liquid composition at the S/L interface,
respectively. The solute profiles for W and Re, which exhibited
the biggest difference between k; and kf’ff values (Table II),
were presented in Figure 10 as an example. Figure 10 clearly
showed that the experimental profiles agree quite well with the
calculation results using kieff on both solute elements of W and
Re. This result would mean that the liquid composition of C|*
shown in Figure 5 and 6 is an artifact generated by the quenching
during directional solidification. Therefore, it is clear that one has
to measure the kieff using the DSQ technique for the estimation
of equilibrium partition coefficient when there exist an active melt
convection. In addition, the results shown in Figure 5 and 10
confirm that Scheil solidification indeed occurs during the planar
solidification of primary vy in the alloy CMSX-10.

Comparison of planar vs. dendritic solidification

During directional solidification, the solute element segregates
along the growth direction of solid depending on its partition
coefficient. Therefore, in the case of planar solidification
condition, the solute content at the final solid macroscopically
differs from that of the first solid (Figure 5 and 9). On the other
hand, in the case of dendritic solidification, most of the
segregation occurs rather laterally than along the growth direction
of the primary dendrite due to the limited curvature of the dendrite
tip. For this reason, in dendritic solidification with higher
solidification rates, the average solute content at a given distance
from the dendrite tip nearly equals to Cq as shown in Figure 7.
Therefore, it is suggested that the interdendritic microsegregation
could represent the entire segregation behavior of solute elements
in dendritic solidification with higher solidification rates.

As an example for interdendritic microsegregation, the EPMA
mapping analysis was carried out on the transverse section of the
dendritically solidified (R = 50 pum/s) as-cast sample and the
results were presented in Figure 11. It was found that the solute
elements with kfﬂ < 1 such as Al, Ta, and Cr enriched in

=) W Re
-§9 9 4 10F-. ]
e T

c d e = =

S 7P3oe L | all TS

= 1 1 'a"--.0~ 1] | O~gl .

B 1 e RN

o Have | T Olfw, -

= el gl ! E%g\ j
o - : 1L
o O EPMA (Figure 5) = - %
T 3| © EPMA(Figure9d) 1 al 4
©° - - Schedl with k

w — Scheil with k™

1
0.0 0.2 0.4 0.6

2
08 00 02 0.4 0.6 o8
Fraction of solid

Figure 10. Comparison of the EPMA profiles with the
calculated compositional profiles in solid using Scheil
equation with k; and k" .

interdendritic region rather than in dendrite core. In contrast, the
heavy refractory elements such as W and Re that have kieﬁ >1
enriched in the dendrite core region. Consequently, considering
that the solidification initiates at the dendrite core and proceeds
toward the interdendritic region, it can be suggested that the
interdendritic microsegregation behavior observed in dendritically
solidified sample qualitatively corresponds to the macroscopic
segregation behavior in the planar solidified sample (Figure 5).

Effect of back-diffusion during dendritic solidification

Compared to the DS with planar S/L interface that exhibits Scheil
solidification (no diffusion in solid), the diffusion distance is as
small as a scale of dendrite arm spacing in dendritic solidification,
which may give rise to the decreases in interdendritic
microsegregation by back-diffusion in solid. It has been known
that the extent of back-diffusion in solid during solidification is
proportional to the local solidification times and the diffusivity of
solute element in solid ( Dy ), while it is inversely proportional to
the square of the diffusion distance and the cooling rate (G-R)
[26]. Regarding the influence of the cooling rate on the extent of
back-diffusion, El-Bagoury et al. [27] have recently shown that
the microsegregation of Nb between the dendrite core and
interdendritic region decreases at lower cooling rate of about 1.0
K/min by back-diffusion in alloy IN718. However, they have

Table I11. Compositions measured from the EPMA solute profiles in Figure 9 and estimated partition coefficients of solute elements

during the solidification of y/y’ eutectic.

Al Co Cr Mo Nb Re Ta Ti W
EPMA compositions, wt % (at %)
csm 6.06 3.06 2.19 0.39 0.10 4.69 9.97 0.23 4,74
4 (13.9) (3.22) (2.62) (0.25) (0.17) (1.56) (3.42) (0.30) (1.60)
co 6.70 2.84 1.80 0.35 0.10 3.71 11.11 0.25 3.95
eu (15.1) (2.93) (2.10) (0.22) (0.07) (1.21) (3.73) (0.32) (1.31)
c* 6.70 2.93 2.03 0.38 0.11 3.74 11.58 0.28 3.79
eu (15.2) (3.05) (2.39) (0.24) (0.07) (1.23) (3.92) (0.36) (1.26)
cr 6.53 3.13 2.83 0.52 0.16 3.93 12.40 0.34 3.59
l.eu (15.1) (3.31) (3.39) (0.34) (0.11) (1.32) (4.27) (0.44) (1.22)
Partition coefficient
k(’V 1.03 0.94 0.72 0.72 0.67 0.95 0.93 0.82 1.06
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shown that the back-diffusion of Nb significantly decreased to be
neglected when the cooling rate increases to 10 K/min. Tewari et
al. [17] have reported a similar result, that the contribution of
back-diffusion to microsegregation is negligible for the elements
Ta, Al, Ti, Co, and W, when the cooling rate is about 7.3 K/min in
the Ni-base superalloy PWA-1480. In contrast to these studies,
Thirumalai et al. [14] have reported that their microsegregation
results cannot be rationalized without acknowledging the
occurrence of back-diffusion during directional solidification of
the experimental Ni-base superalloy RR2100 at a cooling rate of
10 K/min (G = 10 K/mm and R = 1.0 mm/min). Nevertheless,
they could not explain why the solute content of the dendrite core
in mushy zone from the dendrite tip to the dendrite bottom
remains unchanged. In the presence of significant back-diffusion,
the solute content at the dendrite core ( fg ~ 0), which is located
near the dendrite bottom, would have been higher than the
kfC, for the elements with k& < 1, and lower than the
kieﬁ Cy for the elements with kieff > 1 [28,29]. Consequently, it
can be concluded that back-diffusion in solid indeed occurs during
solidification, but its influence on decreasing the microsegregation
becomes negligible depending on the diffusivity of each solute
element when the cooling rate is increased up to a certain limit.

The extent of back-diffusion at different solidification rates in Ni-
base superalloys can be evaluated on the basis of y/y' eutectic
volume fraction, because all of the y* forming elements segregate
to liquid during the solidification of primary y (Figure 5).
Therefore, it can be said that the higher the y/y’ eutectic volume
fraction, the greater the extent of microsegregation, i.e. the
influence of back-diffusion on decreasing the microsegregation is
small. It has been shown in Figure 4 that the volume fraction of
vly' eutectic increases with increasing the solidification rate in the
range of R =5.0 to 25 um/s, and then shows a maximum plateau
of about 25 %. This result can be recognized that the back-
diffusion in solid is deactivated as the solidification rate increases
and becomes too small to affect on the microsegregation, when
the solidification rate is higher than about 25 um/s. Furthermore,
the maximum volume fraction of y/y’ eutectic measured on the

dendritically solidified as-cast microstructures corresponds well to
the (1 - fg ) in planar solidification (Scheil solidification)
condition, where fg is the fraction solid that y/y' eutectic begins
to form ( fg = 0.75 in Figure 8(a) and 9). Therefore, it is
concluded that the back-diffusion effect on decreasing the
microsegregation obviously becomes very small, when the
solidification rate is higher than 25 pm/s (the corresponding
cooling rate G-R =20.7 K/min) in the alloy CMSX-10.

Final solidification of CMSX-10

The solidification of most single crystal Ni-base superalloys
including the alloy CMSX-10 initiates with the formation of
primary y. During the growth of primary v, the solute elements
with kieff < 1 enriched in the liquid ahead of the growing S/L
interface. As shown in Table II, the solute elements with kie <1
are Cr, Mo, and y’ forming elements such as Al, Ta, Ti, and Nb,
Therefore, as the solidification proceeds, these elements are
continually accumulated in liquid, and if the composition of solid
at the S/L interface exceeds the solubility limit of primary vy, the
eutectic reaction of L — y + y" would occur. Generally, it has been
known that the solidification of the advanced Ni-base superalloys
completes with the formation of y/y’ eutectic [4,7,17,29,30].

The y/y' eutectic was observed with rosette shape in dendritically
solidified CMSX-10 alloy (Figure 3). This rosette-shaped v/y'
eutectic can be morphologically characterized by two distinct
regions; fine lamellar y/y' structure and coarse eutectic vy’
embedded in thin y channels, as denoted in Figure 3(b). Recently,
D’Souza and Dong [31] have suggested that these regions formed
by independent two reactions, i.e. coarse y’ particles nucleate from
v at the y/L interface and coarsen via a peritectic reaction of L + y
— v' after the formation of primary y dendrite. Then, the
solidification terminates with the formation of fine lamellar y/y
between the coarsened y' particles by eutectic reaction. However,
the careful microstructural observations near the dendrite bottom
revealed that the residual liquid is always located in front of the
coarse y' particles (Figure 3(a)), which agrees well with the results

Figure 11. X-ray mapping micrographs showing the interdendritic microsegregation in as-cast CMSX-10 alloy (R = 50 pum/s): (a)
back-scattered electron (BSE) image, (b) Al-Ka, (¢) Ta-La, (d) W-La, (e) Re-La, and (f) Cr-Ka.. (DC and ID marked in (a) represent

the dendrite core and interdendritic area, respectively.)
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of Walter et al. [29] and Zhu et al. [24]. This result clearly
indicates that the solidification of y/y' eutectic initiates with the
formation of fine y/y" and proceeds toward the coarse y’ particles.

One more thing has to be concerned is the solidification of the
alloy CMSX-10 does not appear to be completed with the
formation of coarse y/y' eutectic. This can be deduced from
analyzing the segregation pattern of Cr during the y/y' eutectic
growth with planar S/L interface (Figure 9) and the local
distribution of Cr in the interdendritic region of dendritically
solidified sample (Figure 11(f)). The EPMA profile of Cr shown
in Figure 9 revealed that Cr enriches in liquid during the growth
of yly' eutectic because of its very low solubility in y' phase
[23,24]. As a result, the compositions of Cr in y/y' eutectic were
lower than those in the entire preceding primary vy. In addition, the
Cr concentration in the quenched liquid was higher than those in
the primary y and y/y' eutectic. It is obvious from this result that
the highest Cr-rich area will form at the last stage of solidification.

In the meantime, the Cr distribution in dendritically solidified
sample showed that the highest Cr-rich area forms between the
yly' eutectic and interdendritic region, especially in the vicinity of
the coarse y/y' eutectic (Figure 11(f)). Considering that the
predominant phase comprising the y/y' eutectic is the y' phase as
shown in Figure 3(b) and the Cr concentration in the y' phase is
quite low, the fact that the solidification of the alloy CMSX-10 is
completed with the formation of y/y’ eutectic can not explain the
Cr-rich area formed around the coarse y/y' eutectic. Therefore, it
is suggested that there exists a final solidification reaction after
the formation of y/y’ eutectic in the alloy CMSX-10. This final
solidification seems to be the formation of supersaturated y phase
from the residual liquid after the y/y' eutectic reaction, because no
other phases were found with the exception of thin y layer around
the coarse y/y' eutectic, which was observed as a y' precipitate free
zone (PFZ) as shown in Figure 3(b).

The Cr-rich PFZ has been frequently observed near the y/y'
eutectic in the as-cast microstructure of several Ni-base
superalloys [32,33]. However, limited information is available in
the literature about the detailed description of this phase. The
formation of Cr-rich y layer appears to be strongly related to the
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Figure 12. Calculated composition of the total y* forming
elements (Al+Ta+Ti+Nb) in the residual liquid using Scheil
model with experimentally determined k{”/y and C, as
input parameters.
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inverse segregation behavior of Al during the growth of y/y’
eutectic. Among the y' forming elements, only Al segregated to
the growing y/y' eutectic, while the other y’ forming elements such
as Ta, Ti, and Nb segregated to liquid during the solidification of
yly' eutectic (Figure 9 and Table I11). Therefore, it is expected that
the Al concentration would be continuously decreased, while the
(Ta+Ti+Nb) contents would be increased in the residual liquid as
the y/y’ eutectic solidification goes to the end. In addition, because
the at. % of Al is quite high among the y’ forming elements (Table
I11), the gradual decrease in Al concentration may eventually lead
to the decrease in the total amount of y’ forming elements in the
residual liquid below some critical limit that is necessary for the
yly' eutectic formation.

The decrease in the total amount of v’ forming elements during the
solidification of y/y' eutectic could be predicted by Scheil model
using Eq. (5). Figure 12 presents the calculated composition of the
total y* forming elements (Al+Ta+Ti+Nb) in the residual liquid
predicted by Scheil model with experimentally determined ki7/7

and Cé’u as input parameters (Table I11). It is clear from Figure 12
that the sum of y' forming elements in wt. % continuously
increases. On the other hand, it was found that the composition in
at. % abruptly decreases near the end of solidification due to the
strong decrease in Al concentration. For this reason, PFZ-like y
layer shown in Figure 3(b) seems to be formed from the final
residual liquid after the completion of y/y’ eutectic reaction.

CONCLUSIONS

1. The measured solute compositions of planar solidified primary
y in CMSX-10 alloy corresponded well to the calculated solute
profiles predicted by Scheil model, i.e. the back-diffusion in
solid was found to be small enough to neglect during the
solidification with planar S/L interface.

2. In the dendritic solidification regimes (R > 5.0 um/s), the
volume fraction of vy/fy' eutectic rapidly increased with
increasing the solidification rate at lower rates of R = 5.0 to 25
um/s, while it showed a maximum plateau of about 25 %
irrespective of the solidification rate when the solidification rate
is higher than 25 um/s. The maximum value of 25 % agrees
quite well with the (1 - f) in planar solidification condition,
where fg corresponds to the fraction of solid that y/y' eutectic
begins to form ( fg = 0.75). Considering the negligible back-
diffusion occurring in planar solidification, the effect of back-
diffusion on decreasing the severity of microsegregation in
dendritic solidification was negligible when the solidification
rate is higher than 25 um/s (corresponding cooling rate, G-R =
20.7 K/min) in CMSX-10 alloy.

3. The partition coefficients during y/y' eutectic solidification of
CMSX-10 were determined on the sample quenched during the
planar solidification of y/y’ eutectic. The elements Co, Cr, Mo,
Nb, Re, Ta, and Ti were found to be partitioned to liquid phase,
while Al, W, and Ni partitioned to the growing y/y’ eutectic. It
is notable that Cr, Mo, and Nb exhibited particularly strong
segregation tendency during y/y’ eutectic formation.

4. The compositional profiles of Cr in planar grown sample
clearly revealed that Cr-enriched area formed after the
formation of y/y' eutectic. Based on the microstructural
observation, low Cr solubility in y’ phase, and the results from
EPMA analysis, it has been suggested that the final



solidification of CMSX-10 alloy would be completed with the
formation of supersaturated y layer.
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