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Analysis of the solidified structure of rheocast
and VADER processed nickel-base superalloy
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Conventional “ingot” processing of highly alloyed compositions results in a cast product
which suffers from extensive macrosegregation, hot tears, and heterogeneities. By controlling
the solidification journey, one can produce a fine grained cast product. This is achieved by
manipulating the melt in the mushy zone. Rheocasting and vacuum arc double electrode
remelting (VADER) are two such technologies where the melt is processed in the mushy zone.
IN-100, a nickel based superalloy, was rheocast as well as VADER processed. The resultant
cast structures are analysed, compared and discussed both on micro- and macrostructural
levels. The effect of the rheocast processing variables (stirring speed, time and temperature)

on the cast microstructure are also discussed

1. Introduction

In the late 1960°s gas turbine disc materials with
increasing strength and operating temperature capa-
bilities were introduced to meet high performance
engine requirements, such as IN-100, MERL 76 and
Rene 95 which are nickel-base alloys. Conventional
“ingot” processing techniques such as vacuum arc
remelting (VAR) of these highly alloyed compositions
results in a cast product which suffers from massive
segregation, heterogenities, coarse grains, hot tears,
and, in brief, a product which cannot be further
processed and worked. The challenge is then to pro-
duce a cast product which does not contain massive
heterogenities and defects, and a cast product which
can be further processed.

One alternative is to resort to powder metallurgy
(P/M) processing which leads to homogeneous fine
grained structures. Since each powder particle is a
“microcasting”, the extent of chemical segregation is
restricted to the maximum powder particle size. These
powders can be consolidated by a variety of tech-
niques such as Gatorizing [1]; however, the process-
ing and manufacturing operations are complex and
expensive. In addition, high operating stress levels and
long operating lives require a high level of material
cleanliness to reduce inadvertent inclusions in the
component [2]. Unfortunately, P/M processing includes
many steps where the powders are “handled” and are
thus prone to contamination,

Other alternative approaches include the produc-
tion of fine-scale microstructures by processes such as
vacuum arc double electrode remelting (VADER) and
rheocasting (stircasting) where the solidification
phenomenon is closely controlled. The VADER melt-
ing process, developed by Special Metals Corpor-
ation (New Hartford, New York), allows one to pro-
duce small, crack-free ignots with fine grain size and
low levels of chemical segregation [3]. Similarly, ingots
of fine equiaxed non-dendritic structure with reduced
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shrinkage and segregation can also be produced by the
rheocasting process which was developed by Flemings
et al. [4—6]. Structural characteristics inherent to both
the VADER and rheocasting processes are recognized
as factors which might improve the properties and
performance of the turbine disc or permit the direct
processing of ingots to shape components.

In this paper, we analyse, compare and discuss the
solidification structures of rheocast, VADER pro-
cessed and conventionally processed (non-stirred)
IN-100 ingots. The analysis was carried out at both
micro- and macrostructural levels.

2. Background

The simplest nickel-base superalloys contain chro-
mium, aluminium, titanium, carbon, boron and zir-
conium, and the most complex alloys contain several
of these additional elements: cobalt, molybdenum,
tungsten, tantalum, iron, vanadium, niobium and haf-
nium [7]. The main phases present in the structure of
these alloys are the alloy matrix y, precipitated phase
7" and carbides. The y" phase has an ordered fcc (L1,
type) structure and precipitates coherently in the fcc
y matrix [8]. Various types of carbides may exist; and
in addition other phases such as borides [8], tcp type
phases [9] and grain boundary y’ [10] can also be
present. The strength of these alloys is mainly influ-
enced by solid solution hardening of the matrix y, and
by precipitation hardening due to y’ precipitates [11].
The two specific processes which are the subject of this
study, VADER and rheocasting, are reviewed below.

2.1. Vacuum arc double electrode remelting
(VADER)

The VADER process, patented by Special Metals

Corporation [12] is a potential alternative to P/M

processing; a schematic diagram of the process is

shown in Fig. 1. In VADER, an arc is established

between two consumable electrodes and the molten
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Figure 1 Schematic diagram of
the VADER melting process.
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metal is allowed to drip into a stationary, rotating or
withdrawing mould located beneath the electrodes.
The metal drips from faces of two electrodes and
essentially these droplets are consolidated i situ in the
mould. Droplet temperature measurements indicate
that they are slightly below the liquidus temperature
of the alloy, e.g. droplet temperature measurements
on IN-718 alloy were found to be 11°C below the
liquidus temperature as measured by differential ther-
mal analysis (DTA) [13}. Accordingly, the metal drop-
lets contain solid particles or nuclei as they fall into the
mould and form a slurry puddle [11]. The formation of
fine grained VADER castings are explained based on
the idea of numerous nuclei being present in the semi-
liquid mass at the onset of solidification and sub-
sequent grain growth being interfered by precipitated
phases. The VADER process has the following ben-
efits compared to the conventional VIM-VAR
processing route [3]: (i) uniform fine grain size (typi-
cally 100 um), (ii) reduced macrosegregation, (iii) less
prone to internal cracking, (iv) improved hot work-
ability, (v) more energy efficient than VAR,

2.2. Rheocasting
Rheocasting was developed by Flemings et al. [14].
Rheocast slurries are thixotropic and show a hyster-
esis loop phenomenon similar to other well known
thixotropic systems [15]. Briefly, in rheocasting the
melt is cooled through the mushy zone, it is mechan-
ically stirred and subsequently the melt (now a slurry)
is held at a given temperature (corresponding to a
certain fraction solid) while it is continuously sheared.
Rheocast metal has been produced continuously at
volume fractions solid ranging up to about 70% [14].
After shearing, the rheocast slurry may be cast into a
receiving crucible such as through bottom pouring or
it may be allowed to solidify in the crucible. The
following alloys have been successfully rheocast: Al-
base [16—18], Cu—base [19], Pb—Sn [20], Fe—base [21],
Co—base [22] and Ni—base [23] alloys. The basic rheo-
casting concept has been extended to produce com-
posite materials and wrought-slurry castings similar to
squeeze casting. Processes derived from the rheocast-
ing process are compocasting, thixocasting and
thixoforging [14].

The conventional dendritic structure is altered by
manipulating the processing conditions. There are
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several ways one can obtain a fine equiaxed grain
structure. For example, Kattamis ez al. [24] have
shown that magnesium alloys, grain refined by zir-
conium catalysts, exhibit a spherical morphology
where grains have a size equal to that of the dendrite
arms. In rheocasting, on the other hand, the dendrite
arms are fragmented and a cast structure having an
equiaxed non-dendritic morphology is produced

f15, 20].

Rheocast structures are affected by four indepen-
dent variables: shear rate, cooling rate, stirring time
and temperature (or volume fraction solid particles).
The following observations were made on castings
which were stirred in the mushy zone and subsequently
water quenched [14, 16, 18, 23]

1. The primary solid particle size decreases as the
shear rate, cooling rate or stirring time increases. In
addition, as the volume fraction solid increases, one
observes larger primary solid particles.

2. Increasing shear rate, stirring time or volume
fraction solid results in an increase in the sphericity of
the primary solid particles.

Furthermore, rheocast structures offer the following
advantages over conventional cast structures [13, 14]:

1. reduced shrinkage and potential of crack forma-
tion;

2. microporosity, if present, is uniformly distri-
buted;

3. formation of a fine and non-dendritic grain struc-
ture;

4. reduced segregation.

Hypotheses such as dendrite arm remelting, mechan-
ical fracture of dendrite arms and enhanced nucleation,
have been reported as mechanisms giving rise to the
rheocast structure. Unfortunately, none of these has
been confirmed. Vogel et al. [26, 27], however, have
proposed a model for the fragmentation of dendrites
during stirring based on the formation of high-angle
grain boundaries in dendrites following bending of the
arms. Due to dendrite fragmentation, the effect of

stirring would change the primary solid particle

morphology from a pure dendritic to a spherical one.
This model, known as the Vogel-Doherty—Cantor
model, has been subsequently studied and confirmed’
by Lee [18]. Recently, Doherty et al. [25] reviewed the



TABLE I Composition of differently processed IN-100 alloys
(wt %)

As-received VADER cast rheocast
(VIM cast)
Nickel 55.37 55.28 55.53
Cobalt 18.85 18.78 18.67
Chromium 12.08 12.38 11.99
Aluminium 4.98 4.90 4,95
Titanium 4.56 4.43 4.63
Molybdenum 2.99 3.17 3.01
Vanadium 0.78 0.65 0.79
Iron 0.13 0.12 0.14
Tantalum 0.10 0.10 0.10
Tungsten 0.10 0.10 0.10
Carbon 0.06 0.07 0.06
Silicon 0.05 0.05 0.05
Niobium 0.05 0.05 0.05
Zirconium 0.04 0.05 0.04
Boron 0.012 0.01 0.013
Manganese 0.01 0.01 0.01
Copper 0.01 0.01 0.01
Oxygen 0.006 0.001 0.005
Nitrogen 0.001 0.001 0.001

literature on the development of rheocast structure
and have presented some new evidence in support of
Vogel's model.

3. Experimental procedure

3.1. Materials

The nominal composition of the as-received IN-100
ingot which was subsequently rheocast is shown in
Table I. The as-received ingots were VIM melted and
cast at Cannon—Muskoegan Corporation (Mus-
koegan, Michigan, USA). The VADER ingot was
processed at and purchased from Special Metals
Corporation, New Hartford, New York. The com-
position of the VADER ingot is also given in Table 1.

3.2. Solidification apparatus and processing
3.2.1. Rheocasting of IN-100 nickel base
superalloy
A GCA vacuum hot-press furnace was modified to a
high vacuum rheocasting furnace. A ferrofluidic vac-
uum rotary feed through seal was used which trans-
mitted 100% positive rotation into the vacuum cham-
ber by means of a solid through-shaft design and a
ferrometric (magnetic) seal. A detailed schematic of
the crucible assembly is shown in Fig. 2 where the
various components are indicated. The crucible is held
down by a stainless steel plate and is immobile while
the paddle is rotated.

The charge was induction melted in a crucible. At
the top position of the vacuum chamber, an annular
stainless steel tube was installed, which permitted ver-
tical motion of the stirrer and functioned as a water
cooling jacket, as well as maintaining the vacuum at
all times. Within the stainless steel tube, a stainless
steel rotating shaft, which was attached to a ferro-
fluidic seal shaft, was immersed. This shaft was con-
nected to the stirring paddle.

In order to maintain a constant seal, the water
cooled jacket was welded to a flange, which in turn
was fastened to the ferrofluidic casing. The rotational
movement of the inner shaft was provided by a vari-
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Figure 2 Details of the crucible assembly of the rheocasting vacuum
furnace. I, Partially solidified IN-100 2, alumina paddle; 3, pyro-
litic graphite plate; 4, graphite susceptor; 5, alumina crucible; 6,
fibrefrax; 7, water cooled induction coils; 8, thermocouples; 9,
pyrolitic graphite plate; 10, alumina plates; 11, stainles steel pan.

able speed motor connected by a belt to the pulley and
was mounted in the rotating shaft. The total assembly
was coupled to a hydraulic piston which provided
vertical motion of the paddle.

The crucible and the stirring paddle were made of
high density and high purity alumina (AL, O;). The
crucible had an inner diameter of 9.9 cm, height of
19.4cm and wall thickness of 0.3cm. The stirring
paddle was cut to size to fit the alumina crucible,
ensuring a maximum clearance of 1.3 cm on both sides
and the bottom of the paddle. With such a clearance,
adequate stirring was provided. The paddle has a
rectangular shape and was 7.3cm wide, 1.3 cm thick
and 26.7cm long. Both the crucible and the paddle
were used only once for a given run.

Two to four W—-5% Re/W-26% Re thermocouples
were inserted through the wall of the graphite suscep-
tor which touched the outside wall of the alumina
crucible at different locations along its length, Fig. 2.
A strip-chart recorder was used to obtain continuous
temperature—time curves during melting and subse-
quent rheocasting. To establish the temperature dif-
ference between the liquid metal and the outside wall
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Figure 3 Graphical presentation of the process approach and the
experimental variables addressed in this study.
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Figure 4 Estimated volume fraction solid against temperature for
IN-100.

of the crucible, a temperature calibration run was
made a priori.

The processing approach followed and the vari-
ables which were evaluated are shown in Fig. 3. In
order to obtain the relationship of volume fraction
solid as a function of temperature, a differential ther-
mal analysis (DTA) of the starting material was car-
ried out at Special Metals Corporation. Three samples
in the as-received VIM condition were analysed. The
resultant volume fraction solid (f;) present in the
slurry as a function of temperature in the mushy zone,
is shown in Fig. 4.

The process variable levels examined are:

1. fraction solid, f;, maintained at 35 and 65%;

2. stirring speed, y,, stirred at 325 and 560r.p.m.;

3. isothermal stirring time, £, held for 15 and
45 min while stirring.

The following procedure was followed during a
rheocasting run. The furnace chamber was evacuated
to about 4 x 1072um (4 x 10~°torr). The power to
the induction unit was then turned on. In order to
fully melt the charge, the power was raised to a maxi-
mum of Skw. Upon complete melting of the charge,
the vacuum was increased to 0.6 um (6 x 10 *torr);
this level of vacuum was maintained throughout the
rheocasting operation. The paddle, which was pre-
heated by lowering it to a position just above the melt
surface, was then lowered into the melt to its proper
stirring position and rotated. Simultaneously, the
alloy was slowly cooled with a constant cooling rate
through its solid—liquid temperature range. Upon
reaching the temperature corresponding to the volume
fraction solid desired, the temperature was equilib-
rated and the slurry was stirred for a given period of
time, z,. Finally, for runs stirred at the volume fraction
solid of 35%, the paddle was immediately raised out
of the crucible after the stirring was terminated and
the slurry was allowed to completely solidify in the
furnace. However, for runs stirred at a high volume
fraction solid of 65%, the slurry became viscous and
the paddle could not be raised from the slurry. As a
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TABLE II Summary of rheocast Tuns and the corresponding
processing variables maintained

Run Volume fraction  Stirring speed Isothermal

solid (f;, %) (s T.p-Mm.) stirring time

(£, min)

A (unstirred and continuously cooled)
B 35 325 15 N
C 35 560 15 N
D 35 325 45 N
E 65 325 15 P
N, ingot without paddle left in it.
P, ingot with paddle left in it.

consequence, for runs stirred at 65% f;, the slurry was
simply furnace cooled without lifting the paddle.

Table II lists rheocasting runs made under different
processing variables. Altogether a total of 30 rheocast-
ing runs were made, however, representative runs for
a given set of experimental variables were selected to
facilitate discussion. The solidified ingots with or
without the rotating paddle were sectioned for struc-
tural characterization studies and post solidification
thermal treatments.

3.2.2. VADER

The microstructure and mechanical properties of the
rheocast ingots were evaluated and compared to the
VADER cast ingots. A schematic of the VADER
melting process has been shown in Fig. 1. In the
VADER process, two consumable electrodes are
arced against each other with no additional power
input into the remelited pool. The molten metal is
allowed to drip into a mould located under the elec-
trodes. The arc polarity can be reversed to offset the
different consumption rates between the cathode and
anode (about 10%). The moulds were rotated up to
100 r.p.m. to distribute the droplets and create a uni-
form metal meniscus. A 45.5kg ingot of IN-100
nickel-base superalloy was produced by the VADER
process at Special Metals Corporation for this study.

3.3. Structural evaluation

3.3.1. Reheating experiment

To distinguish clearly and delineate between the pri-
mary solid phase which had been present during rheo-
casting and the liquid phase surrounding the primary
solid phase, a set of reheating experiments was carried
out. The rcheating experiments were carried out in a
high temperature tube furnace in an argon environ-
ment. A Pt—Pt 10% Rh thermocouple was placed into
the tube such that the thermocouple tip was adjacent
to the sample. The sample was heated to the tem-
perature at which it was originally rheocast, T, (see
Fig. 3) and was isothermally held for a period of
5min. Subsequently, the sample was quickly removed”
and water quenched. Samples from non-stirred and
VADER ingots were also included in this study to
compare with the rheocast samples.

3.3.2. Structural characterization

The surfaces of the ingots were ground and then
macroetched in a solution of HCI, H,O and H,0, in
a ratio of 5:5:2, respectively. Several samples were



sectioned from different locations of each ingot to

study the microstructure. Glyceria etch (10ml
glycerin, 15ml HCI and 5ml H,0) was used as an
etchant. Optical and scanning electron micrographs
were obtained at different magnifications. The X ratio
profiles of segregation were studied through X-ray
analysis using wavelength dispersive spectroscopy
(WDS). The K ratio is an intensity ratio and is defined
as follows:

_ intensity of sample primary emission
" intensity of pure element standard primary emission

This calculated X ratio is roughly proportional to
the actual composition of the solute in the alloy and is
used here for relative comparison. Two solutes,
titanium and chromium, were selected to characterize
segregation in the cast products.

4. Results and observations

Both the macrostructure and microstructure of
IN-100 alloy, processed as (i) non-stirred VIM cast,
(ii) rheocast and (iii) VADER cast, are discussed
below. '

4.1. Macrostructure

4.1.1. Non-stirred VIM cast

The longitudinal macrostructure’ of a non-stirred
ingot is shown in Fig. 5a; the VIM as-received charge
was remelted in the rheocasting apparatus without
stirring. The macrostructure of the top region of the
ingot consists of columnar grains, the bottom region
of fine-equiaxed grains, and the centre region of
coarse-equiaxed grains accompanied with large
shrinkage cavities. Many interconnected cracks exist
throughout the ingot.

4.1.2. Rheocasting

The macrostructures of the various rheocast ingots of
IN-100 are shown in Figs Sb—e, respectively. The
effect of stirring speed on the rheocast macrostructure

Figure 5 Macrostructures of ingots: (a)
non-stirred VIM (run A); (b) stirred at
7, = 325r.p.m., ¢, = 15min, £, = 35%
(run B); (c) stirred at y, = 560r.p.m.,
t, = 15min, f; = 35% (run C) (d) stirred
at y, = 325r.p.m, i = 45min, f, =

35% (run DY; (e) stirred at y, = 325r.p.m.,,
I, = 15min, f; = 65% (run E).

is seen in Figs. 5b and c, stirred at 325 and 560r. p. m.,
respectively. In both cases, the stirring time and the
volume fraction solid were kept fixed at 15min and
35% volume fraction solid. For an ingot of low stir-
ring speed, i.e. 325 r.p.m., the macrostructure shows a
non-uniform distribution of grain size and morph-
ology (Fig. 5b). The coarse grains are accumulated as
a “V” shape near the centre, while the fine grains are
distributed close to the edge and at the bottom of the
ingot. Many intergranular pores are observed in the
sample stirred at 325r.p.m. As the stirring speed
increases from 325 to 560r.p.m., grain size and
morphology becomes more uniform, cf. Figs 5b and c.
It is clear that large grains are not observed in the
sample stirred at high speeds. Moreover, there is a
marked decrease in the amount of intergranular
pores in the sample stirred at 560 r.p.m. compared
with the one stirred at 325 r.p.m., see Figs 5b and c. In
all the macrostructures shown in Figs 5b and c, large
shrinkage cavities were not observed.

The effect of isothermal stirring time on the result-
ant rheocast macrostructure, while the volume frac-
tion solid (35%) and stirring speed (325r. p. m.) were
kept constant, can be seen by comparing the structures
shown in Figs 5b and d. It can be seen that as the
stirring time is increased from 15min (Fig. 5b) to
45 min (Fig. 5d), coarse grains and shrinkage cavities
disappear, and a more homogeneous grain size distri-
bution is obtained.

The effect of the isothermal temperature at which
the melt/slurry was held for a given time during rheo-
casting on the resultant structure is significant.
Samples were held in the mushy zone at 1312°C
(35% £;) and 1295° C (65% f,) while the stirring time
and the stirring speed were kept constant at 15min
and 325r.p.m. Figs 5b and e show the macrostructures
of rheocast ingots at 35 and 65% f., respectively. Both
Figs 5b and e show regions of large grains surrounded
by fine ones. However, the amount of large grains
decreases as the volume fraction solid increases; in

4237



Figure 6 Macrostructure of VADER processed IN—100.

essence a more uniform grain size distribution is
obtained if the slurry is rheocast at a high volume
fraction solid.

4.1.3. VADER

Fig. 6 is a representative macrostructure of a 15.3cm
diameter VADER IN-100 ingot. The macrostructure
is characterized by a uniform distribution of fine and
equiaxed grains. Neither cavities nor intergranular
cracks were found in the VADER processed ingot.

4.2. Microstructure

4.2.1. Non-stirred VIM cast

Fig. 7a is the microstructure representative of the
fine-grained region of the non-stirred ingot. The
grains are clearly dendritic with a dendrite arm spac-
ing of ~120um. The voids are located randomly
along interdendritic regions and grain boundaries.

Figure 7 Representative microstructures of ingots: (a) non-stirred VIM (run A); (b) stirred at y,

TABLE III Concentration and segregation ratio

Run Titanium (K, %) Chromium (K, %)

G Cria S Gy Chnia S

A

Mean 3.03 3.96 1.31 10.91 11.63 1.07
S.D.* 0.30 0.11 0.09 0.28 0.11 0.02
sE! 0.06 0.02 0.02 0.06 0.02 0.01

B

Mean 3.29 3.97 1.20 11.06 11.68 1.06
S.D. 0.15 *0.19 0.11 0.22 0.11 0.01
S.E. 0.03 0.04 0.03 0.04 0.02 0.01
C

Mean 3.29 3.97 1.20 11.07 11.67 1.05
S.D. 0.13 0.09 0.03 0.20 0.09 0.01
S.E. 0.03 0.02 0.01 0.04 0.01 0.01
D

Mean 3.41 4.01 1.18 11.13 11.68 1.05
S.D. 0.23 0.14 0.04 0.17 0.10 0.01
S.E. 0.05 0.03 0.01 0.04 0.02 0.01
E

Mean 3.54 4.05 1.15 11.29 11.63 1.03
S.D. 0.09 0.05 0.03 0.02 0.05 0.01
S.E. 0.02 0.01 0.01 0.01 0.01 0.01

*Standard deviation; tstandard error of the mean.

The phases found in the IN-100 ingot consist of
primary or eutectic y—7” islands and scriptlike MC
carbides which are all surrounded by secondary pre-
cipitates 7’ in a matrix of y. The y—y” eutectic islands,
located at the interdendritic areas and grain bound-
aries, vary in size and shape and are non-uniformly
distributed in the unstirred ingot.

The segregation ratio, S, is in general defined as
Coax /Co Where C,,,, is the highest solute content and C
is the lowest solute content in a dendrite or grain.
However, due to the complexity of the grain boundary
phase, the actual segregation ratio in a dendrite or

Fwa

325r.p.m., £, = 15min, f; = 35% (run

B); (c) stirred at y, = 56Qt.p.m., z, = 15min, f; = 35% (run C); (d) stirred at y, = 325r.p.m., f, = 45min, f. = 35% (run D); (e) stirred

aty, = 325r.p.m,, ¢, = 15min, £, = 65% (run E).
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grain is difficult to obtain. Therefore, the composition
ratio, S = C,,4/C, where C,, is the solute content at
the midpoint between the centre and boundary of a
dendrite or grain, was selected to compare segregation
levels. Table III illustrates the segregation ratio of
chromium and titanium in the non-stirring ingot.
Among 20 arbitrarily chosen dendrite arms, the
measured segregation ratios show scatter for both
chromium and titanium. This variation in segregation
ratio can be attributed to the variation in the section-
ing plane of the dendrites.

4.2.2. Rheocasting

Figs 7b—e show the microstructures of various rheo-
cast IN-100 ingots. These rheocast structures clearly
show that the structure is nondendritic. The effect of
stirring speed on the rheocast microstructure is seen in
Figs 7b and c¢. At a low stirring speed of 325r.p.m.,
most of the dendritic structure that was observed in
the non-stirred ingot has been replaced by rosette-like
and spherical particles (Fig. 7b). As the stirring speed
increases from 325 to 560r. p.m., one can note that
the transition from dendritic to spherical particles is
more prevalent, see Figs 7b and c. In Fig. 7c, the
sample stirred at 560r. p. m. exhibits predominantly
spherical particles in the order of 120 um. Moreover,
as the stirring speed increases, the observed grain size
and interparticle voids decrease; in addition, one notes
a more homogeneous distribution of grains. The
amount of y—y” eutectic islands and carbide particles
along the grain boundaries is not affected by the stir-
ring speed; however, the homogeneity of the y—y’
island distribution and their size is affected: at
560r.p. m. one observes a more homogeneous distri-
bution of y—y” eutectic islands and smaller size islands
than at a stirring speed of 325r.p.m.

Effect of stirring speed on the segregation ratio is
illustrated by comparing the segregation ratio in the
ingot which was obtained at a stirring speed of
560 r. p. m. to that in the ingot which was obtained at
a stirring speed of 325r. p.m. (Table III). At a con-
stant stirring time and volume fraction solid, there is
no significant difference in the segregation ratio as the
stirring speed increases.

The effect of the isothermal stirring time on the
resultant rheocast microstructure is seen by compar-
ing the micrographs shown in Figs 7b and d. The
majority of the grains shown in Fig. 7d are spherical.
The average grain size is approximately 160um
(Fig. 7d), which is larger than the dendrite arm spac-
ing of 120 um for the non-stirred casting shown earlier
in Fig. 7a. A comparison of Figs 7b and d reveals that
both the grain size and the amount of the interparticle
voids decrease as the isothermal stirring time increases.
In addition, varying the isothermal stirring time does
not affect the amount and size of the y—7y’ eutectic
islands and carbide particles; however, the distribution
of y—y" eutectic islands is more uniform in those
samples, which were isothermally stirred for a longer
time, i.e. 45min.

Table III also shows the segregation ratio in the
rheocast ingot which was obtained by stirring the
slurry at a speed of 325r. p. m., volume fraction solid

Figure 8 Representative optical micrograph of an agglomerate in
ingot (run E) at a high magnification.

of 35% and a stirring time of 45 min. Comparing the
segregation ratio of rheocast ingots stirred at 45 and
15min, it can be seen (Table III) that increasing the
stirring time does not significantly change the segre-
gation ratio, S, of titanium and chromium.

Figs 7b and e show the microstructures of rheocast
ingot at volume fractions solid of 35% and 65%,
respectively, where the stirring speed and isothermal
stirring time were kept constant. It can be seen that as
the volume fraction solid increases, the rosette-like
morphology of the primary phase decreases. Further-
more, change in volume fraction solid from 35% f; to
65% f, results in a decrease in grain size.

Some grains in the ingots, which were stirred at
65% f. are observed to be joined together to form
agglomerates, Fig. 7d. Fig. 8 shows the representative
optical micrograph of an agglomerate observed at
high magnification. This agglomerate exhibits four
grain boundaries, which are designated 1 to 4. The
titanium K ratio profile across all four boundaries is
shown in Fig. 9. It is noted that grain boundaries 1 to
4 are all titanium enriched.

K RATIO (%)}
[+ 23
o1

o

o
/O

o
o>
o

S—— b

GRAINS

Figure 9 Titanium concentration profile across grain boundaries 1,
2, 3 and 4 indicated in Fig. 8. B denotes measurement taken near
grain boundary; and C denotes measurement taken at grain centre,
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TABLE IV Effect of stirring variables on the rheocast structure

Processing Primary solid particle Segregation Grain y-y eutectic phase

variables Size Sphericity Macro Micro Size Sphericity Size Amount Uniformity of
’ distribution

Rising r, - + - 0 - + - 0 +

Rising ¢, - + - - - + 0 - +

Rising f; - + - - - + 0 — 0

+, increase; —, decrease; 0, no change.

The size and amount of the y—y” eutectic islands are
influenced by the volume fraction solid present during
the isothermal hold time in the mushy zone. A compari-
son of Figs 7b and e shows that the size and amount of
the y—7” eutectic island decreases as the volume frac-
tion solid increases. However, no variation is observed
in the morphology of the carbide particles as the
volume fraction solid changes, c.f. Figs 7b and e.

Comparing the segregation ratio in a rheocast ingot
while isothermally stirred at a volume fraction solid of
65% (Table III) to another rheocast ingot while iso-
thermally stirred at a volume fraction solid of 35%
(Table III), it can be noted that for a constant stirring
speed and time, the segregation ratio decreases as the
volume fraction solid increases. In addition, both solute
content of C, and C,, increases by increasing the
volume fraction solid.

In summary, the effect of stirring speed, isothermal
stirring time and volume fraction solid on the result-
ant macro- and microstructural features are listed in
Table TV.

4.2.3. VADER

The microstructure of VADER samples lacks identifi-
able spines, and can be categorized as consisting of a
group of equiaxed nondendritic grains (Fig. 10). A
grain size of approximately 100 ym in the VADER
ingot is less than the grains measured in the rheocast
ingots (Figs 7b to e). The size and distribution of the
phases which are present in the VADER IN-100 are
shown in Fig. 10. The y—7’ eutectic islands are uni-
formly distributed and vary in size and shape. The size

Figure 10 Representative microstructure of VADER processed
IN--100.
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of the y—y  islands observed in the VADER ingot
(Fig. 10) is similar to that observed in the rheocast
ingot stirred at a speed of 560 r.p. m. (Fig. 7c); how-
ever, the size of the y—y’ islands is smaller than those
observed in all the rheocast ingots (Figs 7b, d and e).

The representative segregation ratios in the
VADER ingot are shown in Table III. The segre-
gation ratios in the VADER ingot are similar to those
found in the non-stirred ingot.

5. Discussion

5.1. Observation of primary solid particles
The primary solid particles, present in the alloy when
it was partially solid, have coarsened and changed
morphology during subsequent solidification in the
crucible. Therefore, in order to delineate the size and
morphology of these primary solid particles, samples
sectioned from non-stirred, VADER and rheocast
ingots were reheated and quenched. The imposed high
solidification rate enables us to delineate and dis-
tinguish between the primary solid phase and the
surrounding liquid phase. The primary solid particles
in this duplex structure may be different from those
existing during rheocasting due to the substantial
coarsening and homogenization that takes place
during furnace cooling subsequent to rheocasting.

Duplex structures of reheated specimens from non-
stirred, rheocast and VADER ingots are shown in
Fig. 11. Fig. 11a illustrates the duplex structure of the
reheated sample which was non-stirred. In the absence
of stirring, the observed primary solid particles are
typical to those found in conventional dendritic struc-
tures.

The effect of stirring speed at constant stirring time
(15min) and constant volume fraction solid (35%)
on the primary solid particles is seen in Figs 11b
(325r.p.m.) and llc (560r.p.m.). In Fig. 11b, the
primary solid particles exhibit combinations of den-
dritic, rosette-like and spherical morphologies; while
in Fig. 11c only spherically shaped primary solid par-
ticles are seen. It is quite clear that the higher the
stirring speed, the primary solid particles are finer and
more spherical. :

Figs 11b and d show the effect of isothermal stirring
time of 15 and 45 min, respectively, on the morphology
of the primary solid particles at constant stirring rate
(325r.p.m.) and volume fraction solid (35%). It can
be noted that sphericity and number of primary solid
particles increases as the stirring time increases. How-
ever, when comparing the reheated structure resulting
from a prolonged stirring action, Fig. 11d, with that of
high stirring speed at a constant volume fraction solid,
Fig. 1lc, it is clear that the former exhibits coarser



Figure 11 Representative microstructures of reheated samples: (a) non-stirred VIM (run A); (b) stirred at ¥s = 325r.p.m., £, = 15min,
fs = 35% (run B); () stirred at y; = 560r.p.m., 7, = 15min, f, = 35% (run C); (d) stirred at v, = 325r.p.m,, 1, = 45min, £, = 35%
(run D); (e) stirred at y, = 325r.p.m., r, = 15min, f; = 65% (run E); (f) VADER.

primary solid particles than the latter. This indicates
that coarsening will be accelerated more by a pro-
longed stirring action rather than by a high stirring
speed.

The effect of volume fraction solid at constant stir-
ring speed and constant isothermal stirring time on the
morphology of the primary solid particles is illus-
trated in Figs 11b (35% ;) and 1le (65%f). The
primary solid particles at high volume fraction solid

tend to sinter together and form agglomerates. Many
partially wetted particle boundaries are observed in
cach agglomerate in Fig. 11e while the particle bound-
aries shown in Figs 11b and c are completely wetted.
It can be noted that coarsening and dendrite fragmen-
tation increases as the volume fraction solid increases.

A specimen sectioned from the VADER ingot was
reheated to a temperature corresponding to a volume
fraction solid of 65%, isothermally held for $ min and
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was subsequently water quenched. The primary solid
particles are fine, spherical and uniformly distributed
in the reheated structure, Fig. 11f. Dendritic particles
were not observed in the reheated VADER sample.
The size of the primary solid particles observed in the
VADER sample (Fig. 11f) is smaller than the size of
the primary solid particles observed in the rheocast
ingot, which was stirred at 325r.p.m., 15min and
65%f, (Fig. 11e).

5.2. Structural evolution

5.2.1. Rheocasting

From the observation and results of various reheated
structures, it is clear that the conventional dendritic
morphology of the primary solid particles is trans-
formed to one consisting of rosette-like or spherical
shaped particles by the introduction of mechanical
stirring during solidification. The change from a den-
dritic to the rounded globular morphology is due to
dendrite bending, fragmentation and subsequently
coarsening during the vigorous stirring and isothermal
holding of the slurry. A detailed description of den-
drite fragmentation and grain boundary movement
during rheocasting in IN—100 is given by Cheng et al.

[6].

5.2.1.1. Effect of stirring speed.When the IN—100 melt
is continuously stirred by a rectangular paddle from
30°C above T} to a temperature slightly below T}
(Fig. 3), the nuclei which form are uniformly sus-
pended in the melt; the gravity effect resulting from
density differences between the solid and liquid phases
is overcome by the induced fluid flow.

The primary dendrite particles formed during the
early stages of solidification exhibit a low solute con-
tent and are plastically deformable under shear near
the alloy’s melting point [26]. Dendrite arms of the
primary solid particles are bent by the stirring induced
shear stresses and form grain boundaries [25]. Conse-
quently, nondendritic particles will be formed since
the dendrites will break apart along the prior bound-
aries [25]. These solid particles then spheroidize during
isothermal holding in the mushy zone.

The effect of stirring speed on the resultant rheocast
structure is shown in Figs 5b, 7b, 5c and 7c. Increasing
the stirring speed in the liquid metal increases the
turbulent fluid flow and therefore results in an increase
in the induced shear stress on the dendrite particles.
Accordingly, the amount of solid particles detached
from the dendrites by fragmentation increases as the
speed of mechanical stirring increases. Therefore, at a
high stirring speed of 560 r. p. m., most of the primary
solid particles present after an isothermal hold are
spherical in shape, Fig. 1lc, while in a low stirring
speed of 3251.p. m., the primary solid particles show
a combination of dendritic, rosette-like and spherical
morphologies, Fig. 11b.

The macrosegregation of the resultant rheocast
structure has been eliminated by increasing the stir-
ring speed during processing, c.f. Figs 5b and c. This
effect of stirring speed on the macroscale chemical
homogeneity can be attributed to the degree of mass
feeding, i.e. movement of solid and liquid, when the
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paddle was removed from the melt. For all ingots

stirred at a volume fraction solid of 35%, the stirring

was discontinued after isothermal holding, and subse-

quently the rectangular paddle was lifted out-and the

slurry was allowed to cool. The primary solid particles

suspended fully in the liquid metal during stirring will

tend to cluster together when the stirring is termin-

ated. The strength (or number) of bonds between par-

ticles increases with time and so does the viscosity of
the slurry. Moreover, it has been shown that the cluster-

ing reaction is faster in a slurry with a large amount of
solid—liquid interfacial area, e.g. dendritic or rosette-

like solid particles, than in a slurry having a smaller

solid—liquid interfacial area, e.g. spherical solid par-

ticles [25]. Accordingly, for a liquid metal stirred at a

high speed of 560 r.p. m., the resultant primary solid

particles are mostly spherical as seen in Fig. 11c; these

particles can easily rearrange their positioning, i.c.

mass feeding occurs. In contrast, as the stirring speed

decreases from 560 to 325r.p.m., the number of
rosette-like solid particles increases, giving rise to an

increase in viscosity. Since mass feeding of the slurry

stirred at 325r. p. m. is now more difficult, when lifting

the stirring paddle, a V shaped region with only a few

primary solid particles forms in the core of the ingot.

After the slurry is furnace cooled, coarse equiaxed

dendritic grains form in this V shaped region since

only a few nuclei are present (Fig. 5b).

Increasing the stirring speed in the mushy zone does
not significantly change the level of microsegregation
(Table III) because the total solidification time includ-
ing the isothermal hold in the mushy zone does not
vary with stirring speed. At constant isothermal stir-
ring time and volume fraction solid, the amount of
y—y" eutectic islands present in the resultant rheocast
structure does not change as the stirring speed varies.
However, changing the stirring speed affects the size
and morphology of grains in the ingot and therefore
gives rise to a change in the size and distribution of the
y—7y” eutectic islands. For the ingot rheocast at a low
speed of 325r. p. m., a significant amount of the exist-
ing rosette-like or dendritic grains exhibit fine y—y’
eutectic particles between the bent dendrites and
coarse particles between grains, Fig. 7b. In contrast, as
the stirring speed increases the amount of spherical
grains increases, thus the number of grain boundaries
increases. Consequently, the y —y” eutectic islands will
precipitate uniformly between the grains. Similarly,
the distribution of the microporosity is expected to be
more uniform in the ingot which was stirred at higher
speeds than the ingot processed at lower stirring
speeds.

5.2.1.2. Effect of isothermal stirring time. Increasing
the isothermal stirring time improves the macro- and
microsegregation, grain refinement and morphology
of the rheocast ingot, c.f. Figs 5b, 7b, 5¢ and 7c. This
improvement on the resultant rheocast structure can
be attributed to the enhanced dendrite fragmentation
and coarsening which takes place in the primary solid
particles, as the isothermal stirring time in the mushy
zone increases.

Most of the bent dendritic or rosette-like primary



solid particles found at a short isothermal stirring time
of 15min (Fig. 11b) have been replaced by the spheri-
cal primary solid particles as the stirring time increases
to 45min, (Fig. 11d). Clearly the longer the slurry is
stirred, the more the dendrite arms are plastically
deformed by the induced shear stresses. The number
of primary solid particles has been seen to increase as
the isothermal stirring time increases; however, the
primary particle size in the ingots stirred for longer
times (Fig. 11d), is larger than bent dendrite arms or
particles in the ingots stirred for shorter times,
(Fig. 11b). This increase in the size of primary par-
ticles can be attributed to the enhanced coarsening
resulting from longer isothermal holding times.

Macrosegregation in the rheocast ingot is reduced by
increasing the isothermal stirring time during solidifi-
cation. This is because increasing the stirring time
increases the amount of spherical primary solid par-
ticles at the same volume fraction solid and facilitates
mass feeding as the paddle is pulled out from the slurry.

Increasing the isothermal stirring time clearly
increases the time available for solute diffusion to occur
in the primary solid particles. Therefore, the solute
content can be expected to be more homogeneous and
close to the equilibrium composition in the primary
solid particles after 45 min of isothermal stirring than
in those particles which have been isothermally stirred
for 15min (Table III). In addition, the distribution of
the y—y” eutectic islands in the rheocast ingot becomes
uniform as the isothermal stirring time increases,
Figs 7b to d.

5.2.1.3. Effect of volume fraction solid. At a constant
isothermal hold time and stirring speed, the degree of
segregation in the resultant rheocast ingot decreases as
the volume fraction solid increases. In addition,
increasing the volume fraction solid reduces the grain
size and improves the sphericity of the grains. These
improvements in the rheocast structure by changing
the volume fraction solid can be attributed to (i)
increasing stirring time; (ii) increasing the induced
shear stresses on the dendrite arms; and (iii) increasing
the solute concentration gradient.

In order to keep a constant cooling rate of
4°Cmin~!, the time spent on cooling from the liquidus
temperature, 77, to the desired temperature, T}, in-
creases as the T}, decreases. Therefore, the total stir-
ring time is longer in the ingot isothermally stirred at
65% f, than at 35% f,. Furthermore, the apparent
viscosity of the slurry clearly increases as the volume
fraction solid increases [4]. Accordingly, in order to
keep a constant stirring speed of the paddle, the
amount of the power or shearing needed to agitate the
slurry of a higher viscosity (a higher volume fraction
solid) is higher than that needed to agitate the slurry
of a lower viscosity (a lower volume fraction solid).
Therefore, the dendrite arms can be expected to be
subjected to an increasing shear stress as the volume
fraction solid increases. Thus, dendrite arm frag-
mentation occurs more readily and the spherical mor-
phology of primary solid particles is more stable in
slurries stirred at 65% f;, (Fig. 11e) than those stirred
at 35% f,, (Fig. 11b).

All spherical primary solid particles observed in the
specimen of a high volume fraction solid of 65%
(Fig. 11e) are not isolated, and instead they tend to
coalesce and form agglomerates. Moreover, in the
rheocast structure the .number of the agglomerates
observed increases as the volume fraction solid
increases, cf. Figs 7b and e. This agglomeration of the
spherical or rounded particles is believed to result
from particle collision during stirring. Increasing the
volume fraction solid in the mushy zone shortens the
interparticle distance and thus can enhance the possi-
bility of interparticle collisions. The representative
composition profile obtained inside an agglomerate of
the rheocast structure (Fig. 8) confirms that all bound-
aries observed inside this agglomerate are segregated
boundaries.

For ingots stirred at a high volume fraction solid of
65%, the stirring paddle was left in the slurry during
furnace cooling because it could not be lifted out.
Thus, the V shaped region of coarse equiaxed dendritic
grains is absent in these ingots. Instead, the primary
solid particles which were uniformly distributed
during stirring tend to sink due to gravity effects. This
gives rise to regions of coarse equiaxed-dendritic
grains at the top of the ingots (Fig. 5e).

Microsegregation of the rheocast ingot is reduced
by increasing the volume fraction solid (Table III).
During solidification, as the volume fraction solid
increases, the difference of solute content between the
centre and boundary of a solid particle increases (neg-
lecting solute diffusion in the solid), and therefore
results in an increasing solute concentration gradient
in the solid particles. It is assumed here that the par-
ticle size does not significantly change with varying
volume fraction solid. On subsequent isothermal stir-
ring, the solute content at the particle centre will
increase because an increasing solute concentration
gradient in a particle will give rise to an increasing net
flux of solute atoms transported from particle bound-
ary to centre. Consequently, the resultant rheocast
grains in ingots stirred at a higher volume fraction
solid (Table III) show a more homogeneous solute
distribution, i.e. a higher solute content in the grain
centre and a lower segregation ratio, than those in
ingots stirred at a lower volume fraction solid.

522 VADER
The resultant macro- and microstructures of the
VADER processed ingot, Figs 6 and 10, are signifi-
cantly different from those observed by conventional
ingot processing. Since in the VADER process the
semi-liquid mass is continually being fed by the falling
droplets, there are no gravity effects resulting from
density differences between the solid and the liquid
phases. The numerous solid particles or nuclei will
then be uniformly distributed throughout the slurry,
which is similar to the rheocasting process where no
distinct liquid pool or liquidus isotherms exist. As a
consequence, a uniform nondendritic grain size and a
reduced level of macrosegregation is obtained in the
VADER ingot.

The grain size obtained by the VADER process
(Fig. 10) is smaller than the grain size observed in the
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rheocast ingots (Figs 7b—e). This difference in the
grain size between the two processes can be attributed
to the following causes.

(i) the cooling rate in the VADER process (metal
droplets were dripped into a slowly rotated steel
mould) is faster than that in rheocasting (metal slurry
is solidified in the alumina crucible);

(ii) there exist more nuclei in the VADER slurry
than in the rheocast slurry. This is confirmed by com-

- paring the structure shown in Figs 11f and e; at the
same volume fraction solid of 65%, there are more
primary solid particles in the VADER ingot than in
the rheocast ingot;

(iii) grain coarsening can be enhanced by mechan-
ical stirring during rheocasting [27] which does not
occur during VADER processing.

6. Conclusions

I. Mechanical stirring during solidification of
IN-100 superalloy results in a cast product having
a nondendritic structure. This is because under
the induced shear stresses the dendrites plastically
bend and recrystallize, and grain boundaries frag-
ment.

2. The degree of structural enhancement inherent in
rheocast ingots is influenced by three processing vari-
ables: stirring speed, isothermal stirring time and tem-
perature or volume fraction solid held in the mushy
zone. The general trends established, reflecting the
effect of processing variables on the resultant rheo-
cast structure, are: (i) increasing the stirring speed
increases the amount of dendrite arm deformationi
and fragmentation resulting in an increasing number
of primary solid particles, i.e. a decrease in particle
size, at a constant volume fraction solid and iso-
thermal stirring time. This decrease in particle size
resulting from increasing stirring speed provides mass
feeding during lifting of the stirring paddle. In turn,
this gives rise to an increasingly uniform distribution
of fine grains and grain boundary phases in the result-
ant rheocast ingot. The level of microsegregation does
not significantly change by varying the stirring speed.
(ii) Increasing the stirring time refines the primary
solid particles. However, coarsening is enhanced by
increasing stirring time which may not be desirable.
(iii) Grain refinement and structural improvement are
achieved by increasing the volume fraction solid at a
constant stirring speed and constant isothermal stir-
ring time. This occurs because of an increase in the
shear forces on the dendrites and also an increase in
the total stirring time with an increasing volume frac-
tion solid. An increasing volume fraction solid thus
greatly reduces the level of microsegregation. How-
ever, increasing the volume fraction solid increases the
opportunity for inter-particle collision and therefore
raises the number of agglomerates.

3. The VADER process produces superalloy ingots
which have a uniform fine grain size. This is attri-
buted to the numerous nuclei that exist in the fall-
ing droplets. The grain size in the VADER ingot is
smaller than the dendrite arm spacing of the non-
stirred ingot and the grain size in the rheocast
ingot.
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