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Abstract: The microstructure of new cobalt-nickel-based superalloys contains y" precipitates. Withdrawal rate
and temperature gradient are two important parameters affecting the formation of defects such as segregation,
microporosity, and eutectic zones. This research discusses the impacts of the withdrawal rate on these defects.
To this end, Bridgman furnace was used for directional growth of the samples under a vacuum at the withdrawal
rates of 1.5, 3, and 6 mm/min. Upon increasing the speed of the withdrawal rate mold, segregation of the elements
is reduced due to the shorter diffusion time. Co and W elements tend to segregate in the dendritic core while Al,
Ti, and Ta tend to segregate in the inter-dendritic regions. Throughout the study, the size of microporosity
decreased from 14.3 to 9.5 um while increasing the withdrawal rate from 1.5 up to 6 mm/min. This decrease in
the size of micropores resulted from the lack of melt feeding in the inter-dendritic areas. Moreover, the size of
the eutectic zones decreased from 14.6 to 8.9 um upon increasing the withdrawal rate from 1.5 up to 6 mm/min,
mainly due to the smaller melt pools in the final stage of solidification.

URL.: https://www.jamt.ir/article_184326.html

1.INTRODUCTION

The microstructure of new cobalt-based superalloys
shares similarity with that of the nickel-based
superalloys and contains y' phase distributed in vy
austenite matrix. The y' phase is an intermetallic ordered
phase with an L1, lattice of AsB stoichiometry, where
A-sites occupy the {1/2,1/2,0} face-centered positions,
and B-sites occupy the {0,0,0} corner positions. Here, y'
precipitates include the chemical composition of
Cos(Al, M), where M can be tantalum, tungsten,
titanium, niobium, etc. The dissolution temperature,
volume fraction, precipitate strength, and lattice
mismatch parameter of y* depend on the chemical
composition of this phase (Pandey et al., 2019).
Superalloys gained widespread use in aircraft engines
and industrial gas turbines owing to their excellent
properties, good microstructural stability at high
temperatures, and high resistance to oxidation and
corrosion (Zhou et al., 2020).

Lian et al. (Lian et al., 2022) investigated the
segregation coefficients of elements in the solidification
microstructures of Co-Ni base superalloy single crystals
with different withdrawal rates. The research results
confirmed an almost uniform distribution of Co and Ni
in the dendritic core and inter dendritic areas. The
segregation coefficients of W and Cr elements are higher
than one, indicating their tendency to separate in the
dendrite core. On the contrary, the segregation
coefficients of Ti, Ta, and Al elements are less than,

indicating their distribution in the inter-dendritic
regions. The segregation of these elements increases
with an increase in their withdrawal rates, as per the
relation (AT/GV), where the diffusion time depends on
the diffusion of elements at lower withdrawal rates. To
be specific, a shorter diffusion time increases the
likelihood of the segregation of alloy elements. Porosity
is inherent in most cast parts that results in shrinkage
caused by the local decrease in melt volume fraction
during solidification. Throughout the directional
solidification process, as the mold moves, melt
confinement occurs in the inter-dendritic areas. The
solidification and shrinking of the melt in these areas
cannot compensate for the decrease in volume, hence
creation of small holes in these areas. This type of
shrinkage hole is one of the most common defects in
directional solidification superalloys (Anton et al.
1985). Due to the formation of eutectic y/y” in the last
stage of solidification, nucleation sites and growth space
are limited by the solidifying dendrites. An increase in
the withdrawal rate creates a finer dendritic structure and
consequently, smaller eutectic regions. The eutectic
volume fraction depends on the remaining melt after the
formation of the dendritic arms. At higher rates, the
amount of eutectic decreases, hence more uniform
distribution in the structure (Liu et al., 2010).

The purpose of this research is to investigate the
effect of the withdrawal rate on the segregation rate of
elements, micro-porosity, and eutectic zones. While
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previous articles have explored the impact of the
withdrawal rate on the size of eutectic zones and
microporosity in new cobalt-nickel-based single crystal
superalloys, no research has yet addressed the
directional solidification of new cobalt-nickel-based
superalloys.

2. MATERIALS AND METHODS

This study utilized a cobalt-nickel-based superalloy
with the chemical composition given in Table 1.
Alloying and casting of the primary ingot were
conducted in a VIM furnace under a vacuum of 10-3
mbar. The directional solidification process was carried
out in a laboratory Bridgman furnace under vacuum
inside a cylindrical aluminum mold on a copper cooling
plate cooled by a water jet system. The withdrawal rates
of the samples were obtained as 1/5, 3, and 6 mm/min.
The diameter and length of the samples are 14 mm and
200 mm, respectively. Followed by casting, the samples
were cut longitudinally and transversely to examine
their structure. In order to study the microstructure, the
samples were polished and etched in 10 mL HCI:1 mL
HNO3:10 mL H202 solution. The microstructure was
examined using Olympus optical microscope and FE-
SEM VEGA3 TESCAN microscopy equipped with
EDS analysis.

Table 1. The nominal composition of the new cobalt-nickel
superalloy used in this research (wt%).

Cr W Al Ni Co

8 17/1 | 3/4 | 22/7 | 41/55

@ Mo | Nb Ta Ti
0/055 | 1/48 | 1/43 | 2/8 1/48

3. RESULTS AND DISCUSSION

Figures 1 (a and b) show the changes in the
segregation coefficients of the alloy elements with the
withdrawal rate. The segregation coefficient is defined
as the ratio of the chemical composition (weight
percentage) of the desired element in the dendritic core
to the inter-dendritic area. In this study, titanium,
tantalum, and niobium elements were separated in the
inter-dendritic regions (segregation coefficient less than
1) while tungsten was strongly distributed in the core of
the dendrite (the segregation coefficient is greater than
one). The concentration of cobalt and chromium is
higher in the dendritic core than that in the interdendritic
region. However, the segregation coefficient of cobalt is
somewhat close to unity at different rates and is much
lower than that of tungsten. The value of the segregation
coefficient of aluminum, nickel, and molybdenum
elements is also close to unity and has not changed
considerably with a change in the withdrawal rate. With
an increase in the withdrawal rate from 1.5 up to 6
mm/min, the segregation coefficients of aluminum and
molybdenum increased following a relatively uniform
trend until they reached the unit value. In other words,
the intensity of its segregation decreased, showing a
uniform distribution in the casting structure. The
segregation coefficients of titanium, tantalum, and
niobium move away from the unit value with an increase
in the withdrawal rate. In general, it seems that followed

by an increase in the rate of withdrawing, thermal
gradient, and enhanced cooling rate, an optimal
distribution of alloy elements will be achieved, with the
exception of titanium and niobium.
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Figure 1. Segregation behavior of alloy elements (I) Ni, Co,
Cr, and W; (b) Ti, Mo, Ta, Nb, and Al with withdrawal rate
in directional solidification process.

Increasing the withdrawal rate leads to a decrease in
the distance between the primary and secondary
dendritic arms. In addition, increasing the withdrawal
rate leads to an elevation in the cooling rate, as a result
of which, more heat transfer occurs that provides the
required conditions for the formation of more grains.
Given that eutectic regions are formed in the final stages
of solidification, the nucleation sites and their growth
are limited by dendrites. In fact, increasing the
withdrawal rate leads to a finer rate ranging from 1.5 to
6 mm/min while the average size of the eutectic islands
decreased from 14.6 to 8.9 um. This decrease seems to
be caused by the reduction in the distance of the
dendritic arms and consequently, in the size of the melt
pools in the final stage of solidification. However, with
an increase in withdrawal rate from 1.5 up to 6 mm/min,
the surface percentage of the eutectic islands decreased
from 2.8 to 1.2 due to the finer dendritic structure and
more eutectic nucleation sites at a high withdrawal rate.
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Figure 2. Diagram of eutectic size and volume percentage at
different withdrawal rate.

Since the volume fraction of microporosity plays a
significant role in alloy failure, microporosity in
different areas of the directional solidified samples was
examined using an optical microscope, and their average
percentage was calculated using the withdrawal rate.
These values are reported in Table 2. Followed by
increasing the withdrawal rate from 1.5 up to 6 mm/min,
the size of microporosity decreased from 14.3 t0 9.5 um.
However, increasing the withdrawal rate from 1.5 up to
3mm/min led to a decrease in the porosity percentage
from 0.26 to 0.23. Upon further increasing the
withdrawal rate, the porosity will increase up to 0.16%
in 6mm/min.

Table 2. The behavior of microporosity with withdrawal rate.

withdrawal rate (mm/min) 1/5 3 6
Porosity percentage 0/26 | 0/23 | 0/16
The number of porosity in 130 137 155
each section
Pore diameter (um) 14/3 | 12/8 | 9/5

4. CONCLUSION

Upon increasing the withdrawal rate from 1.5 up to
6 mm/min, the percentage of porosity decreases from
0.26 to 0.16. Tungsten and cobalt tend to segregate in
the dendrite core while aluminum, titanium, and
tantalum tend to segregate in the inter-dendritic areas. In
addition, the segregation coefficients of nickel,
chromium, and molybdenum are close to one. Once the
withdrawal rate increases from 1.5 up to 6 mm/min, the
average size of eutectic islands will decrease from 14.6
t0 8.9 pm.
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