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Abstract The microstructure of directionally solidified
Rene 80 (DS Rene 80) superalloy in the standard solution
heat treated condition was examined. Sub-solidus incipient
melting was observed, which was found to be caused by the
liquation of terminal solidification reaction products pres-
ent in front of the y— eutectic in the as-cast alloy. Based
on the differential scanning calorimetry (DSC) measure-
ments, and microstructural examination of heat-treated and
water-quenched specimens, sub-solidus incipient melting
in the alloy is likely to occur below 1,160 °C, and this is a
key factor to be considered in the development of a suitable
solution heat treatment scheme for DS Rene 80.

Introduction

Rene 80' is a cast, nickel-based superalloy commonly used
to manufacture first and second stage turbine blades in
modern jet engines. It possesses an excellent combination
of high rupture strength, thermal fatigue and hot corrosion
resistance [1]. Directional solidification of the alloy results
in a marked improvement in its mechanical properties as
tensile strength is increased by about 10-15% and the
creep-rupture life is extended by 2—4 times, as compared to
the conventionally cast material [2, 3]. The high-tempera-
ture strength of the alloy is primarily derived from
precipitation hardening by ordered L1, intermetallic
Ni3(AlTi) 7 phase. The two major techniques to optimize
the properties of most )’ strengthened superalloys are the
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addition of various alloying elements and the use of suit-
able heat treatments to control the size and morphology of
the )’ particles [4].

In complex casting alloys such as Rene 80, which
contain a rather high concentration of alloying elements,
there could be a significant variation in the nature of )’
particles due to the effects of dendritic microsegregation
and cooling rate during ingot solidification, which is par-
ticularly slow in a directional solidification process. This
results in the formation of smaller 7 particles in the den-
drite cores and coarser ) particles and -y eutectic
constituent in the interdendritic regions. To dissolve all the
primary y’ particles and homogenize the as-cast alloy to
subsequently achieve a uniform distribution of re-precipi-
tated fine ' particles for better creep-rupture properties, the
solution heat treatment needs to be done in the single phase
(y) field above the 9" solvus temperature but below the
solidus temperature. However, it has been observed that the
upper limit for the homogenization or solution heat treat-
ment temperature in many polycrystalline (equiaxed) and
columnar grain directionally solidified (CGDS) nickel-base
superalloys is limited by the problem of incipient melting
[5-7]. Despite the fact that it may have very important
implications for the high-temperature mechanical proper-
ties as well as the weldability, incipient melting during heat
treatment has not been reported so far in this alloy.
Therefore, the aim of the present study was to investigate
the occurrence of incipient melting in this alloy, which
could aid the development of improved solution heat
treatment scheme for the material.

! Rene 80 is a trademark of GE (General Electric Co. USA).
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Experimental procedure

Directionally solidified Rene 80 (DS Rene 80) alloy of
nominal composition (wt%) 3.0 Al, 5.0 Ti, 9.5 Co, 14.0 Cr,
4.0 Mo, 4.0 W, 0.17 C, 0.015 B, 0.03 Zr was remelted and
directionally solidified in a Bridgman furnace in the form
of bars of size 75 x 25 x 6 mm. Controlled uniaxial heat
flow during directional solidification process resulted in the
formation of an oriented columnar grain structure with
grains aligned parallel to a preferred crystallographic
direction (as opposed to the equiaxed microstructure of the
conventionally cast alloy). In case of face centred cubic
(fcc) nickel-based alloys like DS Rene 80, this preferred
direction is (001) direction, which is aligned parallel to the
solidification axis of the cast material. Specimens of size
10 x 10 x 6 mm were sectioned from the as-cast DS
material by electro-discharge machining (EDM) and solu-
tion heat treated at 1,204 °C for 2h in an argon
atmosphere, using a heating rate of 10 °C/min. to 1,100 °C
and 2.5 °C/min. from 1,100 to 1,204 °C.

Specimens were prepared by standard metallographic
techniques and electrolytically etched in a solution of
12 mL H3PO4 + 40 mL. HNO3 + 48 mL H,SO4 at 6 V
for 5 s. The microstructure was examined by an optical
microscope and a JEOL-5900 scanning electron micro-
scope (SEM) equipped with an ultra-thin window Oxford
energy dispersive X-ray spectrometer (EDS) system. A
Netzch-404C differential scanning calorimeter (DSC) was
used to study the solidification behaviour of the alloy. The
measurements were carried out in an argon atmosphere at a
heating and cooling rate of 2.5 °C/min.

Results and discussion

The as-cast microstructure of the DS Rene 80 alloy is
shown in Fig. 1a and b. The cored dendritic microstructure
due to the microsegregation that occurred in the alloy
during solidification is illustrated in the backscattered
electron image in Fig. la. EDS analysis of the different
regions indicated that the elements Ti, Ta, Zr and Mo
segregated to the interdendritic regions and their concen-
tration was lowest in the centre of the dendrite cores.
Conversely, the concentration of W, Co and Ni was mea-
sured to be higher in the cores than that observed in the
interdendritic regions. Similar segregation behaviour has
been reported in the literature in other nickel-based
superalloys [8].

The size and the morphology of j’ particles were
observed to vary considerably from the dendrite core to the
interdendritic regions (Fig. 1b). ' particles in the dendrite
cores varied from smaller ‘ogdoadically diced cubes’ to
nearly rounded cuboidal particles of size 0.3-0.4 pm,

" interdendritic
o Tegion

Fig. 1 Microstructure of the as-cast alloy (a) SEM backscattered
electron image showing a cored dendritic microstructure (b) SEM
secondary electron image showing variation in the size of 7’ particles
in different regions

whereas the interdendritic regions contained coarser )’
particles in the form of ‘ogdoadically diced cube clusters’
of size 0.6-0.9 um (Fig. 1b). Other secondary solidifica-
tion constituents such as Ti-rich MC carbides and y—)
eutectic formed during solidification were also present
within the interdendritic regions (Fig. 1a). In addition, the
occurrence of a different eutectic-type microconstituent
was noticed in front of many y—y" eutectic cells, which is
shown in the atomic number contrast-based backscattered
electron image in Fig. 2a. The lamellar morphology of this
product indicates that it is formed by eutectic transforma-
tion involving either ternary or quaternary eutectic
reactions. Microchemical analysis of different constituent
phases present in this eutectic-like solidification product by
energy dispersive X-ray microanalysis showed that the two
major phases observed in Fig. 2a were rich in elements Ni,
Zr and Ni, Ti, as shown in EDS spectra given in Fig. 2b
and c, respectively. The chemical composition of these
phases, given in Table 1, suggests that they were based on
intermetallics NisZr and Ni;Ti. A significant concentration
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Fig. 2 (a) SEM backscattered electron image of the as-cast alloy
showing eutectic-like constituent ahead of y—)’ eutectic and EDS
spectra from (b) Ni—Zr intermetallic (¢) Ni-Ti intermetallic and (d)
Cr—Mo boride

of boron was detected by the ultra-thin window EDS
detector in particles of another phase, which also had a
high concentration of Cr and Mo (Fig. 2d). High Cr and
Mo peaks observed in the EDS spectra in this work
(Fig. 2d) are the characteristic features of the boride
(M3B,/MsB3) phase observed in many nickel-base

@ Springer

Table 1 EDS analyses of terminal solidification constituents (at.%)

Element Ni—Zr intermetallic Ni-Ti intermetallic Cr—Mo boride
Al 1.5 39 -

Ti 4.8 12.2 4.1

Cr 5.8 6.0 574

Co 7.6 7.7 3.5

Ni 66.9 67.8 11.1

Zr 13.4 1.0 -

Mo 0.9 22.2

w - 0.6 1.8

superalloys [9, 10]. Presence of boride particles in Rene 80
is also reported by other researchers [11, 12].

Solution heat treatment at 1,204 °C for 2 h, which is the
standard solution heat treatment reported for both direc-
tionally solidified [2] and conventionally cast Rene 80 [12],
resulted in dissolution of almost all the primary 7’ particles
in the cores and the interdendritic regions. The micro-
structure after this heat treatment, shown in Fig. 3a,
therefore, mainly consisted of fine spheroidal secondary }’
particles of ~0.1 um size dispersed uniformly in the
matrix (inset in Fig. 3a), which formed during cooling
from the solution treatment temperature. However, it was
observed in the present study, that though this heat treat-
ment (1,204 °C/2 h) was able to dissolve the primary )’
particles in the cores as well as the interdendritic regions,
the microstructure consisted of many incipiently melted
islands, such as those shown in Fig. 3a. The constituent
phases present in the incipiently melted region are clearly
delineated in the higher magnification micrograph in
Fig. 3b, which is an atomic number contrast-based back-
scattered electron micrograph of the solution heat-treated
alloy. Chemical analysis of various phases observed in
many similar incipiently melted regions by EDS indicated
the existence of Ni—Zr and Ni—Ti rich intermetallics, and
Cr—Mo rich borides in them. The chemical composition of
these phases was found to be comparable to similar prod-
ucts detected in the eutectic-like regions observed in front
of the y—)’ eutectic cells in the as-cast alloy, shown in
Fig. 2a.

The occurrence of incipient melting and the association
of constituents such as Cr—Mo borides and Ni-Ti and
Ni—Zr rich intermetallics with these regions in the solution-
treated material can be understood from the partitioning
behaviour of various alloying elements during solidifica-
tion of similar precipitation-hardened nickel-based
superalloys [8]. Figure 4a and b shows the DSC thermo-
grams of the DS Rene 80 during heating and cooling at a
constant rate of 2.5 °C/min. During heating (Fig. 4a), dis-
solution of the core and interdendritic )’ precipitates was
observed to occur around 1,122 and 1,169 °C, respectively.
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Fig. 3 SEM micrographs of solution heat-treated (1,204 °C/2h/AC)
alloy showing (a) regions of incipient melting and secondary 7’
particles (inset) (b) backscattered electron image showing eutectic-
like constituent in the incipient melting region at a higher
magnification

The liquidus, solidus and 7" solvus temperatures measured
during cooling (Fig. 4b) were observed to be 1,335, 1,264
and 1,141 °C, respectively, which are comparable to the
values reported [13] for conventionally cast Rene 80 alloy.

In precipitation-hardened alloys like Rene 80, the first
solid to form from the liquid during cooling is the y den-
drites. As these dendrites grow during subsequent cooling,
dendritic microsegregation occurs with interdendritic
liquid getting enriched with Ti and other carbide forming
elements, which exhibit a partition coefficient k < 1,
together with C atoms. Supersaturation of the liquid with
these solutes due to continual enrichment on cooling would
invariably result in the formation of secondary solidifica-
tion constituents like MC carbides and y—)’ eutectic in the
interdendritic regions. Formation of MC carbides and y—)’
eutectic in the present alloy was observed to occur around
1,280 and 1,186 °C, respectively. Further solute partition-
ing occurs during the formation of y—)’ eutectic involving

1050 1100 1150 1200 1250 1300 1350

Temperature /°C

Fig. 4 DSC thermograms for DS Rene 80 alloy during (a) heating (b)
cooling

rejection of solute atoms with low solubility in y and }’
phases into the residual liquid pool ahead of the formed
y—y' eutectic. In such a case, Zr and B, which have limited
solubility in y and 7’ phases and exhibit severe positive
segregation in nickel alloys, would preferentially segregate
into the liquid phase. Moreover, considering the high
affinity of Cr and Mo for B, these elements could also
segregate into the residual liquid in front of y—)" eutectic.
Positive segregation of Cr and Mo into the residual liquid
phase during y—)" eutectic transformation in a nickel-base
superalloy has also been reported by Zhu et al. [14].
Considering the positive segregation behaviour of Ti
(k < 1) versus the negative segregation behaviour of Al
(k > 1), the remaining liquid will be even further enriched
with Ti. It is known that once the ratio of Ti/Al exceeds
3:1, NizTi would form preferentially, which could explain
the formation of a Ni3Ti-based intermetallic in the present
work. On continuous cooling to the invariant freezing
temperature for a given alloy composition, i.e., the effec-
tive solidus temperature, below which liquid phase could
no longer exist, the remaining liquid would invariably
complete solidification by terminal eutectic transformation,
which may involve formation of multiple constituent pha-
ses. This would explain the presence of eutectic-like

@ Springer
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products containing y phase, Cr-Mo rich boride and Ni-Zr
and Ni-Ti intermetallics, observed in this study.
Formation of y—y’ eutectic at around 1,186 °C in the DS
Rene 80 alloy, and terminal solidification reaction product
at much lower temperature, thus, support the occurrence of
incipient melting during standard solution heat treatment of
the alloy at 1,204 °C. Though dissolution of almost all the
primary y’ precipitates was observed at 1,204°C, the alloy
significantly suffered from sub-solidus incipient melting of
the terminal solidification products (Fig. 3a and b). The
melting temperature of the terminal solidification product
was determined by heating the as-cast alloy in the range of
1,120-1,180 °C, holding at the desired temperature for
15 min, followed by water quenching to freeze the
microstructure for subsequent metallographic examination.
Incipient melting of the terminal solidification product was
observed to occur at a temperature as low as 1,160 °C
(Fig. 5a and b). The occurrence of incipient melting at
1,160 °C would, therefore, suggest that the upper limit for
the heat treatment of this alloy should be less than

A

R4, 5E8

1

(b)ZB t(U

Fig. 5 SEM micrographs showing the incipient melting region in as-
cast sample heated to a peak temperature of 1,160 °C (a) secondary
electron image (b) backscattered electron image
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1,160 °C. However, it is seen in Fig. 5a and b, that many of
the large )’ precipitates remained undissolved at this tem-
perature. Overlap of the incipient melting region with the
region where a certain amount of ' precipitates remained
undissolved is, therefore, the key factor to be considered
for developing an appropriate solution heat treatment for
DS Rene 80.

The occurrence of incipient melting is not only impor-
tant in influencing the high-temperature mechanical
properties of solution heat-treated DS Rene 80, but could
also impair resistance of the material to HAZ liquation
cracking during welding. It has been observed that liqua-
tion, which could occur by different mechanisms, is the
primary cause of low HAZ crack resistance in most au-
stenitic alloys, including precipitation-hardened nickel-
base superalloys [15, 16]. A combination of thermally
induced welding strain and very low ductility in the alloy
due to localized melting at grain boundaries because of
liquation of phases present on them results in HAZ liqua-
tion cracking. HAZ liquation is known to occur either by
non-equilibrium interface melting below an alloy’s solidus
or by equilibrium super-solidus melting. Sub-solidus HAZ
liquation, which includes melting of terminal solidification
reaction products, is generally considered more detrimental
to crack resistance as it extends the effective melting range
of an alloy. In addition, it also influences the nature of
super-solidus melting by pre-establishing non-equilibrium
film at a lower temperature which alters the reaction
kinetics during the subsequent heating. Therefore, proper
consideration of terminal solidification microconstituents
reported in this work, which can incipiently melt below
1,204 °C, would be prudent in the development of a suit-
able solution heat treatment to improve the mechanical
properties as well as the HAZ cracking resistance of DS
Rene 80 during welding. One possible method to eliminate
or at least reduce the occurrence of incipient melting in this
alloy could involve the use of an annealing heat treatment
(at < 1,160 °C) to dissolve the terminal solidification
constituents by solid state dissolution process prior to the
presently used solution heat treatment at 1,204 °C.
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