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Abstract The addition of Re to Ni-based cast superalloys

significantly changes the solidification behaviour and

thereby improves the creep strength and resistance to high

temperature corrosion and oxidation in both columnar

grained and single crystal blades. This is because the par-

titioning behaviour of Re is different from that of other

alloying additions in nickel based superalloys. Re con-

taining alloys in the present study solidifies as dendrites of

c-phase together with inter dendritic eutectic of c–c0. It has
been observed that the growth rate, apart from affecting the

solidification structure influences the solid-state transfor-

mation of c–c0 and thus changes the c–c0 distribution and

morphology.
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1 Introduction

Turbine engine manufacturers have achieved a remarkable

improvement in the fuel efficiency and thrust of gas turbine

engines primarily because of the development of superior

nickel based superalloys. The innovations in component

processing to produce directionally solidified columnar

grained as well as single crystal castings incorporating

intricate cooling channels together with the design of new

superalloys, made it possible to achieve high service

temperatures together with component durability and

engine life.

The addition of Re and Ru to nickel-based superalloys

results in improved creep strength and resistance to high

temperature corrosion and oxidation in both directionally

solidified columnar-grained and single crystal blades and

vanes [1, 2]. The partitioning behaviour of Re is different

from other alloying additions in nickel based superalloys [3].

Re addition strongly increases the eutectic content and the

tendency for micro segregation [4]. The solidification char-

acteristics of Re containing nickel based superalloys depict

several beneficial effects. This large, heavy element parti-

tions preferentially to the c matrix providing strengthening

through solid solution hardening at high temperatures. It also

increases the melting temperature of the alloy. In addition to

solid-solution hardening to the matrix phase, Re increases

the c/c0 misfit and imparts additional strengthening [5, 6]. Re

increases the liquidus temperature and decreases the c0-sol-
vus. Also, Re addition strongly increases the eutectic content

and the tendency for micro segregation [4].

Three multi component single crystal alloys containing

Re in the range of 1.5–6 wt% developed at Defence

Metallurgical Research Laboratory (DMRL), Hyderabad,

have been chosen for the present study. These are char-

acterized for the influence of Re on as-cast microstructure,

and segregation behaviour. These alloys have been unidi-

rectionally solidified under different growth rates while

keeping the temperature gradient constant.

2 Materials and Experimental Procedure

The alloys used in the present study were melted in a

vacuum induction melting furnace in the form of 5 kg

ingot; the chemical compositions are shown in Table 1.
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The ingots were subsequently re-melted and cast as rods by

investment casting technique. These rods were again re-

melted in recrystallized alumina tube and directionally

solidified into rods of 12 mm diameter, using a vacuum

directional solidification furnace (Model-3026-1, Geo-

physics Corporation of America, MA, USA) at different

withdrawal rate. The first 20 mm was withdrawn at a speed

of 5 cm/h, next 30 mm with a speed of 20 cm/h, next

30 mm with 40 cm/h and the rest with 60 cm/h. During

withdrawal, the furnace temperature was maintained at

1500 �C and the average temperature gradient was mea-

sured as 50 �C/cm.

After solidification, the rods were chemically etched to

identify the transition lines of different withdrawal rate.

The rods were cut normal to the growth direction and at

10 mm above each transition line. Thermal analysis was

carried out using differential scanning calorimeter (DSC)

for all three as cast alloys. Microstructural characterization

of specimens were carried out using optical microscope

(OM), scanning electron microscope (SEM) and electron

probe micro analyzer (EPMA).

3 Results and Discussion

The DSC plots for all the three alloys are shown in Fig. 1.

The plots suggest that the liquidus temperature increases

with Re content in the alloys. Figure 2 shows as cast micro

structures of all three alloys with two basic constituents: (1)

Primary dendrite and (2) interdendritic phase aggregate

solidified at minimum and maximum withdrawal rates. The

primary dendrites have four fold secondary arms to one

another. Tertiary branchings are also observed for some of

the conditions (Fig. 2d).

Figure 3 shows the SEM images of primary dendrites at

minimum and maximum withdrawal rates showing a two

phase microstructures of c and c0.
Figure 4 shows the average primary dendrite arms

spacing (PDAS) of all the alloys with Re content at dif-

ferent withdrawal rate. The dendrites become finer with Re

as well as with increasing withdrawal rates. This implies

that the coring effect is more pronounced with Re content.

The finer dendrites are expected with the increase of

withdrawal rate.

Detailed EPMA analyses reveals that concentrations of

Co, W and Re are high in dendrite as compared to inter-

dendritic regions whereas other elements like Cr, Ta and Ti

are enriched more in interdendritic regions. Such behaviour

for rhenium is shown in Fig. 5. It is obvious that rhenium

partitions to dendritic region rather than the interdendritic

region.

Figure 6 shows that the volume fraction of interdendritic

region increases with the increase in withdrawal rate for all

the alloys. This effect can be directly correlated with higher

withdrawal rates leading to the increase in cooling rate at a

constant temperature gradient. As the cooling rate increa-

ses, there is less time for dendrite to grow. As a result, there

is more liquid at the end of solidification. The liquid

solidifies eutectically giving rise to smaller volume fraction

of dendrite. Similarly, it is seen that with increasing rhe-

nium content, the volume fraction of interdendritic region

goes through a maximum for all the withdrawal rates

(Fig. 7) [11].

Figure 8 shows a map presenting the different solidifi-

cation morphologies obtained under various conditions of

growth rate and temperature gradient for nickel based

Table 1 Compositions (wt%) of investigated alloys obtained by chemical analysis

Alloys Ni Cr Co Mo W Re Ta Al Ti Hf O (ppm) N (ppm)

DMSX-1 (nominal) 61.7 7.9 6.7 1.0 7.0 1.5 7.7 5.5 1.0 – \10 \10

Analyzed 61.5 7.6 6.5 0.8 6.8 1.2 7.5 5.3 0.9 – \10 \10

DMSX-4 (nominal) 66.9 6.2 – 2.3 4.4 6.0 8.5 5.6 – 0.1 \10 \10

Analyzed 66.6 6.0 – 2.1 4.3 5.9 8.4 5.4 – 0.1 \10 \10

DMSX-6 (nominal) 62.6 5.9 6.7 0.9 5.9 3.6 7.9 5.3 1.0 0.1 \10 \10

Analyzed 62.5 5.7 6.5 0.8 5.4 3.5 7.6 5.2 0.8 0.08 \10 \10

Fig. 1 DSC Plots for all three alloys
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superalloys [7]. The data from the present investigation are

also superimposed. These are towards upper bound of

dendritic region in the microstructural map. The specimen

which are in the equiaxed region of the map still show

dendritic features. The inconsistency may be due to the

inaccurate measurement of temperature gradient, G which

needs to be measured using more elaborate and sophisti-

cated technique, as suggested by Pollock et al. [10].

Fig. 2 Backscattered electron

micrographs in as polished

condition of all the alloys

directionally solidified at

minimum and maximum

withdrawal rates. a DMSX-1

alloy, R = 14 lm/s; b DMSX-

1, R = 165 lm/s; c DMSX-6,

R = 14 lm/s; d DMSX-6,

R = 165 lm/s; e DMSX-4,

R = 14 lm/s; f DMSX-4,

R = 165 lm/s

Fig. 3 Secondary electron images of interdendritic regions of

selected alloys at the minimum and maximum withdrawal rates

showing the eutectic aggregate of c and c0. a DMSX-1 alloy,

R = 14 lm/s; b DMSX-1, R = 165 lm/s; c DMSX-4, R = 14 lm/s;

d DMSX-4, R = 165 lm/s

Fig. 4 PDAS as a function of rhenium content at different with-

drawal rates

Trans Indian Inst Met (2015) 68(6):1239–1244 1241

123



From Fig. 4, it can be observed that the PDAS decreases

with withdrawal rate. The variation of PDAS as a function

of R-0.25 G-0.50 for different alloys is shown in Fig. 9. It

can be seen from this figure that PDAS is linear function of

R-0.25 G-0.50. Thus data for the present alloys system

vindicate the validity of equation k1 = R-0.25 G-0.50. A

log–log plot of PDAS versus withdrawal rate for all the

three alloys is shown in Fig. 10.

The trend is linear indicating validity of the equation.

However, the exponent is 0.2 which is lower than the

theoretical value (0.25) but higher than (0.16) reported for

Ni3Al [7].

In order to obtain a further insight into the growth

behaviour, the present results are compared with the pre-

dicted results by the models proposed by Kurz and Fisher

and Hunt [8, 9]. This comparison was made after making

certain assumptions in the physical properties of the alloys

used in the present study; i.e. the physical property data are

taken from those of Ni3Al intermetallic [7]. The data of the

present alloy set are bound very well by the theoretical

lines (Fig. 11).This indicates that solidification mechanism

for the rhenium containing alloys in the present study is

intermediate between the mechanism proposed by Kurz

and Fisher [8] and Hunt [9].

It is interesting to observe that the volume fraction and

size of c0 decreases with withdrawal rate (Figs. 12, 13).

This implies that while the growth rate is expected to affect

the solidified microstructures, it indirectly influences the

solid state transformation by reducing the size and volume

fraction of c0. As the growth rate increases, the portion of

Fig. 5 Variation in rhenium in the primary dendrite centre (PDC) and

interdendritic region (IDR) with Re at different withdrawal rates
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Fig. 7 Vol. fraction of interdendritic region as a function of rhenium

content

Fig. 8 Summary plot showing the different solidification morpholo-

gies obtained under various combinations of withdrawal rate and

temperature. Also superimposed are the results of the present work

[12]
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Fig. 6 Vol. fraction of interdendritic region as a function of

withdrawal rate
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the rod which has solidified, moves away from hot zone

and thus loses heat rapidly.

Because of this, as the temperature comes down through

the c–c0 solvus, the cooling rate increases. This results in

growing more number of nuclei of c0 within c and also less

time for the c0 precipitate to grow. As cooling rate is the

product of growth rate and temperature gradient, therefore

with increasing growth rate, cooling rate increases. Con-

sequently, this increases the under cooling for c0 that is to
be precipitated. This increases nucleation rate and decrea-

ses growth of precipitate.

4 Conclusion

1. PDAS decreases with withdrawal rate following the

classical theoretical models for conventional solidifi-

cation of binary alloys.

Fig. 9 Variation in the value of PDAS as a function of R-0.25 G-0.50

of different Ni-based superalloys along with the present work [7] Fig. 12 Volume fraction of c0 in primary dendrite as a function of

withdrawal rate

Fig. 13 Size of c0 in primary dendrite as a function of withdrawal

rate
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Fig. 10 Log–log plot of PDAS versus withdrawal rate [7]
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Fig. 11 PDAS as a function of withdrawal rate. The solid lines

correspond to theoretical predictions derived from Kurz and Fischer

[8] and Hunt [9]
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2. The growth rate reduces the volume fraction and size

of c0 in primary dendrites.
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