—-— g

£ @& Science
ELSEVIER Press

Available online at www.sciencedirect.com

"=, ScienceDirect

Trans. Nonferrous Met. Soc. China 26(2016) 1607-1619

Transactions of
Nonferrous Metals
Society of China

WWWw.thmsc.cn

Microstructural investigation and castability anticipation in
modern Ti/Al/Nb-containing nickel-based superalloys

Homam NAFFAKH-MOOSAVY

Department of Materials Engineering, Faculty of Engineering,
Tarbiat Modares University, P. O. Box 14115-143, Tehran, Iran

Received 11 July 2015; accepted 2 March 2016

Abstract: A quantitative relation between the y/y’ and p/Laves intermetallics was investigated with the change of chemical
composition, i.e., Ti, Al and Nb in the third generation of nickel-based superalloys. The results demonstrated that the maximum
amount of intermetallic eutectics (i.e., 41.5%, mass fraction) has been formed in 9.8% (Ti+Al). It is predicted that high level of
intermetallics formed in the 3GSA-HNM-1 (y-9.8%(Ti+Al)) deteriorates its castability. The type and morphology of eutectic
intermetallics change and the amount considerably diminishes by decreasing Ti+Al in 3GSA-HNM-2 (y-7.6%(Ti+Al), 1.5% Nb).
Thus, it is predicted that the castability for the 3GSA-HNM-2 improves. The amount of Laves intermetallics shows an ascending
behavior again, however, with less intensity by increasing the Nb content in the 3GSA-HNM-3 (y-5.7%(Ti+Al), 2.9% Nb). It can be
concluded that for 3GSA-HNM-3 with composition of y-5.7%(Tit+Al) and 2.9% Nb, the optimized castability can be anticipated,
because the minimum amount of eutectic intermetallics (i.e., 4.7%) is formed.
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1 Introduction

The combination of high strength and excellent
corrosion resistance makes the precipitation-strengthened
Ni-based superalloys unique among high-performance
alloy systems [1,2]. The first generation of precipitation-
strengthened Ni-based superalloys contains titanium and
aluminum that form strengthening precipitates with
nickel after an appropriate heat treatment. The most
common of these precipitates are called gamma prime
(y-NizAl, Ni;Ti, and Nis(Ti,Al)) [3—6]. The second
generation of superalloys shows slow aging response of
y"-Ni;Nb which makes these alloys essentially immune
to strain-age cracking. The third generation of nickel-
based superalloys contains the y’- and y"-former elements
such as Ti, Al and Nb simultaneously [1,2,7]. Although
the y" and p” intermetallic compounds are formed within
the austenite matrix by heat treatment, casting and fusion
welding of these superalloys face serious challenges
from castability and weldability viewpoints. The
castability and weldability are strongly the function of
type, distribution, amount and morphology of the
intermetallics, which are formed in the microstructures

of superalloy [8—11]. Significant investigations have
been carried out on intermetallic precipitates in the first
generation of nickel-based superalloys which exhibit that
Al and Ti form intermetallic eutectics within the grain
boundaries and interdendritic regions, which can
severely decrease the castability and weldability of the
superalloys [3—5,12—15]. The observations demonstrate
that Al and Ti form clustery y/y’ intermetallic eutectics in
the grain boundaries and interdendritic regions, which
causes the solidification temperature range to increase.
The widening of solidification temperature range can
sensitize the superalloys to the solidification cracking.
Indeed, the eutectic intermetallic constituents provide the
locations for the crack nucleation and growth [2,12—15].
Considerable studies have been conducted on the
correlations between the intermetallics and castability
and weldability of the second generation of nickel-based
superalloys [16—30].

Although the niobium is necessary for nucleation
and formation of y” intermetallic precipitates in the
nickel austenite, Nb can promote the formation of
y/Laves intermetallic eutectics during the final stage of
solidification of molten superalloys. This eutectic phase
may lead to challenges similar to which happens in the
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first generation superalloys [2,16,18,27]. The researches
display that y/Laves intermetallic eutectics decrease the
solidus temperature and widen the brittleness
temperature range (BTR). In other words, the
solidification cracking has increased, when the BTR of
superalloys widens. Furthermore, it is interpreted that the
y/Laves intermetallic
eutectics within the grain boundaries and interdendritic
regions induces a more destructive effect on the hot
cracking in comparison to discontinuous eutectics. In
addition, the globular p/Laves intermetallic eutectics
exhibit less potential for crack nucleation and
propagation than irregular y/Laves intermetallic
eutectics [17,19,25]. In spite of studies performed on the
third generation of nickel-based superalloys which
contain Ti, Al and Nb simultaneously, the correlation
among type, amount, morphology and distribution of
intermetallic compounds has not been properly and
sufficiently investigated. Therefore, the target of the
present study is to make rational and quantitative relation
between the type, amount, morphology and distribution
of y/y" and y/Laves intermetallic eutectic compounds with
the change of chemical composition, i.e., Ti, Al and Nb
in the third generation of nickel-based superalloys.
Finally, the research attempts to introduce an optimized
microstructure, in which the minimum amount of y/y’ and
y/Laves intermetallic eutectic compounds is formed;
therefore, the Dbest castability for the current
compositions is anticipated.

accumulation of continuous

2 Experimental

Four new superalloys were designed. The amount of
Ti+Al decreased from 9.8% in Alloy 1 to 3.7% in Alloy 4
as a variable parameter. Contrariwise, the amount of Nb
increased from 0 in Alloy 1 to 4.4% in Alloy 4. The
chemical compositions of the newly-designed
superalloys are listed in Table 1. The composition
analyses were performed by appropriate techniques after
completion of each relevant making processes. It is
necessary to say that the amount of impurities has been
accurately measured, and it has been tried to keep the
amount of C, N, P+S fixed and less than 0.05%,
~0.005%, 0.005%, respectively. Further, the casting
operation was done by a fully-vacuumed vacuum
induction melting (VIM) during the both melting and
pouring operations to avoid any absorption of air
nitrogen. The VIM furnace with vacuum capacity of
107 bar, the frequency of 3.6 kHz and the maximum
power of 60 kW was employed for melting of the
metallic elements and adjusting the designed
composition of superalloys. Pure alumina crucible with
1000 mL volume, and steel die with dimensions of
150 mm x 100 mm x 50 mm were employed for pouring

the resultant molten alloys. The temperature of 1450 °C
was selected for full melting of the alloys. The ingots
were cooled at the ambient temperature. The specimens
were cut by wire to the desired dimensions and then were
sent to metallography lab for final microstructural
characterization. After the casting operations, abrasive
cutting and cleaning, the specimens were prepared
according to the standard metallographic procedures.
Marble etching solution (5 g CuSO,4 + 100 mL H,O +
100 mL HCI) was used to reveal the microstructures.
After the metallographic preparations, the identification
of the intermetallic type, amount, size, morphology and
distribution was carried out by Leitz Wetzlar Aristomet
optical microscope equipped with Nikon ACT Version
2.70 image analyzer software. Further microstructural
investigations were performed by a Zeiss EVO 50XVP
scanning electron microscope (SEM) in secondary
electron (SE) and back scattered electron (BSE) with
accelerating voltage of 30 kV equipped with an Oxford
Instrument 7060 energy dispersive X-ray spectrometer
(EDS) having INCA quantitative analysis program for
spot, line and map mass analysis. The quantitative
measurements of secondary phases, i.e., intermetallic
eutectics was accomplished by Image Analyzer Pro. Plus
4.5 version 2001.

Table 1 Chemical compositions of newly-designed superalloys
(mass fraction, %)

Alloy Ni Cr Co Fe Mo Al Ti Nb
3GSA-HNM-1 527 19 148 - 35 3 7 -

3GSA-HNM-2 524 19 11.1 46 35 24 55 15

3GSA-HNM-3 52 19 74 94 35 18 4 29

3GSA-HNM-4 518 19 3.7 139 35 12 25 44

3 Results and discussion

3.1 Intermetallics and secondary phases in

microstructure of 3GSA-HNM-1

Figures 1(a)—(d) show full set of low magnification
optical microstructures used for phase measurements in
the new superalloys. Also, an instance result of Image
Analyzer software is presented in Fig. 1(e). The
microstructure of 3GSA-HNM-1 with the composition of
7-9.8%(Ti+Al) is shown in Fig. 2. The overall and
dendritic core chemical compositions of 3GSA-HNM-1
are presented in Table 2. Also, the EDS spot
microanalysis of the secondary phases is exhibited
in Figs. 2(c—f). The compositions of the related
intermetallics and secondary phases are collected in
Table 2. The type, quantitative amount, morphology and
distribution of the secondary phases within the
3GSA-HNM-1 microstructure are shown in Table 3.
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Fig. 1 A full set of low magnification optical microstructures used for phase measurements: (a) Microstructure of 3GSA-HNM-1;
(b) Microstructure of 3GSA-HNM-2; (¢) Microstructure of 3GSA-HNM-3; (d) Microstructure of 3GSA-HNM-4; (e) A result of

image analyzer software

Figure 2 illustrates several types of precipitates,
secondary phases and intermetallic eutectics at different
magnifications. According to Fig. 2(a), it can be said that
the as-cast microstructure is fully columnar dendritic and
the austenitic primary and secondary arms have
completely grown. The dendritic cores are seen shiny
and the interdendritic regions containing the secondary
phases and the eutectic intermetallics have been

identified by a darker color. The eutectics and some
voids are observed more clearly in Fig. 2(a).

Figures 2(b) and (c) show dispersed and coarse
precipitates with cuboidal morphology and black color
labeled “A4” on the figure. Based on the results mentioned
in Figs. 2(c—f) and Table 2, these precipitates are
enriched in Ti and Al; therefore, these can be (AL Ti)(CN)
complex carbonitrides, which are formed during the
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Fig. 2 Microstructures and EDS analyses of 3GSA-HNM-1: (a) Secondary phases and shrinkage voids in interdendritic regions;
(b) SEM image showing distribution of secondary phases in interdendritic regions in SE mode; (¢) BSE mode of Fig. 2(b);
(d, e, f) EDS microanalysis of secondary phases; (g) Enlarged region ‘O’ from Figs. 2(b) and (c¢) showing morphology and

distribution of intermetallic compounds and eutectics within boundaries in BSE mode

cooling of superalloy. In fact, the formation of such
constituents has been reported for the superalloys
containing high Ti+Al contents [31,32]. The presence of
this phase in the interdendritic locations exhibits that
segregating C and Ti in the interdendritic liquid is the
factor causing the formation of complex carbonitrides. In
Region “B” white lamellar structures are seen in

Fig. 2(c). According to Figs. 2(c—f) and Table 2, they are
rich in Cr and Mo, which are formed in the interdendritic
places. It is eutectic structure as complex y+(Cr, Mo),C,,
in which y is austenite. Some investigations have
clarified that it can nucleate directly from the molten
alloy and form as y+MC in the interdendritic regions.
Thus, the molten interdendritic regions solidify as the
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Table 2 Chemical analysis of dendritic cores and secondary
phases in microstructure of 3GSA-HNM-1 (mass fraction, %)

Item Ni Co Cr Fe Mo Nb Ti Al
Alloy composition 52.4 14.7 196 — 35 - 7.1 27
Dendrite core  53.7 16 196 — 33 — 47 27
Phase 4 - - - - - - 45 55
Phase B 212 148 45 - 15 - 3 1
Phase C 61.6 124 109 - - - 121 3

Table 3 Type, morphology, distribution of secondary phases
and intermetallic eutectics in 3GSA-HNM-1 microstructure
Phase

Phase amount

©“transformation (surface) Morphology  Distribution
. Austenitic All
! L Remained dendrites  microstructures
2 y—> ~1% Cuboidal  Interdendritic
(Al, Ti)(CN) ’ precipitates regions
L.—> . Unknown Planar. Interde;ndrltlc
n-Ni—Ti Intermetallics regions
Lamellar .\
— oyt
.L Y 37.2% intermetallic Interdéndrmc
Nis(Ti, Al) . regions
eutectics
5 L—y+ 43% Lamellar  Interdendritic
(Cr, Mo),C, =70 eutectics regions
—- Nano-cubodial Interdendritic
Y Unmeasurable
Niz(Ti, Al):y’ precipitates regions
following reactions:
L=y (1
L—y + secondary phases 2)
L—y + (Cr, Mo),C, 3)

Secondary phases in Eq. (2) refer to phases beyond
the austenite (i.e., the primary phase formed), which are
formed after the formation of austenite matrix.
According to Fig. 2(g), significant areas of the
interdendritic regions are occupied by nanometric
strengthening intermetallics with the composition of
y"-Ni;(Ti,Al). It is noteworthy that such precipitates have
not been formed within the dendrite cores. The
segregation of Ti in the spaces between the dendrites
(i.e., interdendritic locations) during the solidification
process promotes the formation of ' intermetallic
compounds. This phenomenon is observed in superalloys
containing Ti+Al more than 6% [33,34].

Another layered structure can be identified in the
vicinity of y' precipitates, which is labeled by “C” in
Fig. 2(c). This structure contains more Ti (i.e., 12.1%) in
comparison to the austenite matrix (i.e., 4.7%) (see Table
2 and Fig. 2(c)). The darker color of this structure than
the matrix in BSE mode shows the presence of Ti and Al
light elements. Therefore, it can be interpreted that it is

y+Ni3(Ti,Al) intermetallic eutectics called p+y'. The
eutectic formation follows the following phase reaction:

L—y+Ni;(Ti,Al) 4)

Reaction (4) follows the eutectic reaction in the
Ni—Ti—C ternary equilibrium system. The equilibrium
eutectic reaction in this system is as follows:

Li-13%1i) ™ Yovi- 10%1iy TNi3 Ti2 104 %)

The phase “D” is formed in the vicinity of
y+Ni;(Ti,Al) intermetallic eutectics, which is observed in
Fig. 2(c). The phase is too small to be characterized by
EDS. It may be an eta (y) Ni—Ti intermetallic phase,
which has been referred to in an earlier study [35].

Quantitative measurements by related software
demonstrated that a significant amount (i.e., 37.2%) of
y+y’ intermetallic eutectic has been formed in the
interdendritic regions (Fig. 1(a)). Also, y+(Cr,Mo),C, has
occupied about 4.3% of the interdendritic regions. The
amount of (AL Ti)(CN) and y+y’ phases are predicted to
be less than 1%. The summary of type, amount,
morphology and distribution of secondary phases and
intermetallic eutectics is presented in Table 3.

3.2 Intermetallics and secondary phases in
microstructure of 3GSA-HNM-2

Figure 3 illustrates the microstructure and
secondary phase distribution of 3GSA-HNM-2 with the
composition of y-7.6%(Ti+Al) and 1.5% Nb. The total
and dendritic core chemical compositions of the
3GSA-HNM-2 are presented in Table 4. Also, the EDS
spot microanalysis of the secondary phases is exhibited
in Figs. 3(c,d,e). The compositions of the related
intermetallics and secondary phases are collected in
Table 4. The type, amount, morphology and distribution
of the secondary phases within the 3GSA-HNM-2
microstructure are shown in Table 5.

Figure 3(a) shows the dendritic microstructure of
3GSA-HNM-2. It indicates that secondary phases and
precipitates are formed in the interdendritic regions. In
addition, some shrinkage porosities are formed in the
microstructure. It is interesting to say that the interior of
the austenite dendrites has experienced a significant
precipitation in itself. It appears that such precipitates are
formed after completion of the solidification process
during the cooling of the solidified alloy.

Table 4 Chemical analysis of dendritic cores and secondary
phases in microstructure of 3GSA-HNM-2 (mass fraction, %)

Item Ni Co Cr Fe Mo Nb Ti Al
Alloy composition 52 11.3 19 5.1 35 15 55 2.1
Dendrite core  53.6 12.3 195 54 3 05 37 2
Phase 4 38 95 16 3.3 103 11.5 10.6 0.8
Phase B 16 1 12 02 53 405 50 02
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Table 5 Type, amount, morphology, distribution of secondary
phases and intermetallic eutectics in 3GSA-HNM-2
microstructure
Phase Phase
. . amount Morphology  Distribution
transformation
(surface)
. Austenitic All
! L=y Remained dendrites  microstructures
e 39 Cuboidal Austenitic
TiC—(Ti, Nb)C ’ precipitates dendrites
L— Planar Interdendritic
3 n-Ni—Ti Unknown intermetallics regions
Lamellar .
4  L—y+Laves 6.1%  intermetallic Interdgndrltlc
. regions
eutectics

Figure 3(b) displays the interdendritic regions by
brighter color in comparison to the cores. It can be
attributed to the segregation of alloying elements with
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large atoms and their participation in the formation of
secondary phases at the boundaries. According to Table 4,
it can be distinguished that the amount of dendrite core
Nb (i.e., 0.5%) is much less than the total Nb content of
the alloy (i.e., 1.5%). It indicates that large portion of Nb
has been depleted from the dendritic cores and rejected
to the interdendritic liquid during the solidification
process. This phenomenon can be attributed to the
limited solubility of Nb in Ni austenite according to
Ni—Nb binary phase diagram. Accordingly, the rejected
Nb can form additional phases (i.e., secondary phases
such as eutectics) in the interdendritic regions when the
composition of Nb in the liquid exceeds the required
composition for the formation of secondary phases. Also,
some fraction of Nb is consumed in the dendritic core by
formation of Nb-containing secondary phases. Ti exhibits
a similar manner to Nb from the segregation viewpoint.
The amount of Ti decreases from 5.5% in the alloy

NbMgNb Mo

0 2 4 6 8 10 12 14 16
ElkeV

18 200

Phase B
Ti
o CoNi
£ pleCon . NoMopMe
2 4 6 8 10 12 14 16 18 20

E/lkeV

Fig. 3 Microstructures of 3GSA-HNM-2: (a) Secondary phases in interior and interdendritic regions; (b) Distribution of secondary

phases in interior and interdendritic regions in SE-SEM mode; (c) Enlarged region ‘O’ from Fig. 3(b) showing distribution of

secondary phases in interior and interdendritic regions in BSE-SEM mode at higher magnification; (d, €) EDS microanalysis
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nominal composition to 3.7% in the dendritic core. Mo
and Al have allocated the next rank in the segregation
severity. The austenite formers Ni, Cr, Co and Fe
represent no considerable segregation. On the basis of
Fig. 3(b), several secondary phases are observed within
the microstructure. A semilamellar phase with white
color is seen in Fig. 3(c), which is specified by “A4”.
Since this phase has been located in the interdendritic
zones, then, it can be interpreted that it has been directly
transformed from the retained melt at the last stage of the
solidification. It is noteworthy that its color is brighter
than that of the matrix in the BSE-SEM mode. It
indicates that elements with large atoms, i.e., Nb and Mo
participate in the formation of the phase. Figures 3(c, d, e)
and Table 4 show that it is enriched in Nb, Mo and Ti.
Although the 3GSA-HNM-2, like to 3GSA-HNM-1,
contains high level of Ti+Al, however, phase A4 has no
morphological similarity to y+y’ intermetallic eutectic.
This phase shows more conformity to y+Laves
intermetallic eutectics, which are formed in the
Nb-bearing superalloys. Some studies have reported the
formation of such eutectics as y+Ni;Nb in the Nb-bearing
superalloys [2,16]. These investigations clarify that the
total amount of Nb, Ti, Mo in Laves intermetallics is in
the range of 22%—36%, and the rest elements Ni, Cr, Co,
Fe are in the range of 64%—78%. In the 3GSA-HNM-2,
the amount of Nb, Ti and Mo is 11.5%, 10.6% and 10.3%,
respectively. In this case, the total amount of these
elements is 32.4%, which falls within the above
mentioned range. So, it can be concluded that phase A4 is
a p+Laves intermetallic eutectic, in which the Laves is
formed as (Ni,Cr,Co, Fe)(Nb, Ti, Mo), chemical formula
on the basis of A,B intermetallic compound. It is
possible to write the above constituent as
y+Ni,(Nb,Ti,Mo). Therefore, the formation reaction of
this phase is given as follows:

L—y+Niy(Nb,Ti,Mo)—y+Laves (6)

Phase reaction (6) follows the eutectic reaction of
Nb—Ti—Al ternary equilibrium system as given below:

L Ni-22.5%Nb) ™ Y(Ni-18.2%Nb) TINI3ND (33 196ND) (7

The formation of this phase shows that the
decreasing total amount of Ti+Al from 9.8% to 7.6%,
and increasing Nb content from 0 to 1.5% are the
governing factors, which substitute the p+Laves
intermetallic eutectic for the y+y’. On the other hand,
relatively coarse precipitates with cubic morphology and
dimension of ~2 um are observed in Figs. 3(b) and (c).
According to Fig. 3(c) which is provided in BSE mode, it
is identified that the precipitates contain two sections: the
external cover and the internal core. The internal core is
darker than the external cover. On the basis of EDS
measurements (Table 4 and Fig. 3(c)), it is specified that

the core and the outer region of precipitates are enriched
in Ti and Nb, respectively. The cubic morphology and its
composition indicate the formation of a carbide or a
complex Ti—Nb carbonitride as (Ti,Nb)(CN). It has been
formed as (Ti,Al)(CN) in the 3GSA-HNM-1 due to the
absence of Nb in its composition. The other difference
between 3GSA-HNM-1 and -2 is in the percentage of the
precipitated carbonitrides. It has been formed more
extensively in the 3GSA-HNM-2.

Not only this phase has precipitated in the
interdendritic regions, but also the interior of the dendrite
cores of 3GSA-HNM-2 has experienced a severe
precipitation. The formation of less amount of
carbonitrides in the superalloy microstructure is
attributed to the consumption of Ti by y+y’ intermetallic
eutectic reaction. According to specific morphology of
these carbonitrides, it can be interpreted that the primary
TiC has been formed in the microstructure before the
completion of solidification process. By decreasing the
temperature, the NbC constituents have nucleated and
precipitated on the TiC particles. It means that the
formation temperature of TiC is higher than that of NbC.
The phase C is a plate-like eta (r7) Ni—Ti intermetallics,
which was also seen in the microstructure of
3GSA-HNM-1. It may be formed directly from the
molten alloy. The microstructural characterization made
by software showed that (Ti,Nb)(CN) precipitates have
occupied about 3% of the microstructure (Fig. 1(b) and
Fig. 3(a)), whereas the amount of intermetallic eutectics
is 6.1%, which is several times less than that of the
intermetallic eutectics y+y’ formed in the 3GSA-HNM-1
microstructure. The type, morphology, distribution of
secondary phases and intermetallic eutectics in the
3GSA-HNM-2 microstructure are summarized in
Table 5.

3.3 Intermetallics and secondary phases in micro-

structure of 3GSA-HNM-3

Figure 4 illustrates the microstructure and
secondary phase distribution of 3GSA-HNM-3 with
composition of y-5.7%(Ti+Al) and 2.9% Nb. The total
and dendritic core chemical compositions of the
3GSA-HNM-3 are presented in Table 6. Also, the EDS
spot microanalysis of the secondary phases is exhibited
in Fig. 4(c). The compositions of the related
intermetallics and secondary phases are collected in
Table 6. The type, quantitative amount, morphology and
distribution of the secondary phases within the
3GSA-HNM-3 microstructure are shown in Table 7.

Figure 4(a) shows the dendritic structure of
3GSA-HNM-3. Various secondary phases are seen in the
interdendritic locations. Some of them have grown by
acicular or disk shape from the dendrite boundaries
toward inside the dendrite with specific orientations.
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— Secondary . -

E/keV

Fig. 4 Microstructures of 3GSA-HNM-3: (a) Secondary phases in interdendritic regions; (b) Distribution of secondary phases in
interdendritic regions in SE mode; (c) Distribution of secondary phases in interdendritic regions in BSE mode at higher magnification;

(d, e, f) EDS microanalysis

Table 6 Chemical analysis of dendritic cores and secondary
phases in microstructure of 3GSA-HNM-3 (mass fraction, %)

Item Ni Co Cr Fe Mo Nb Ti Al
19 95 35 28 4 1.7
53 85 202103 21 1.7 27 1.5

Alloy composition 52 7.5

Dendrite core

Phase 4 398 86 15 63 6.7 18 46 1
Phase B 56.6 6.6 39 28 79 96 113 13
Phase C 514 7.7 158 73 5 56 56 1.6
Phase D 52 75 19 95 35 28 4 1.7

Furthermore, irregular and lamellar structures with white
color can be observed.

A complete dendrite is seen in Fig. 4(b), which is
surrounded by the segregants and the secondary phases.
White precipitates with lamellar morphology are
specified by “4” in Fig. 4(c). Their morphology has a
great similarity to that of intermetallic eutectics observed

Table 7 Type, amount, morphology, distribution of secondary

phases and intermetallic eutectics in 3GSA-HNM-3
microstructure
Phase Phase
0. . amount  Morphology Distribution
transformation
(surface)
. Austenitic All
! L=y Remained dendrites microstructures
) y—TiC—~ ~1% Cuboidal Austenitic
(Ti, Nb)C ’ precipitates  dendrites
L— N Planar Interdendritic
3 n-Ni—Ti 10.3% intermetallics ~ regions
Lamellar .
4  L—yt+Laves 4.7% intermetallic Interde.:ndrltlc
. regions
eutectics
y— Ne.edle- Interdendritic
. Unmeasurable like .
Ni;Nb:o - regions
precipitates
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in the 3GSA-HNM-2, which has y+Laves formula and
y+Ni,(Nb, Ti, Mo) stoichiometry. This phase is brighter
than that in 3GSA-HNM-2. It can demonstrate the
presence of more amount of elements with large and
heavy atoms in the phase. According to the EDS analysis
(Figs. 4(d,e,f) and Table 6), it is understood that the
phase is rich in Nb, Mo and Ti. The total amount of Nb
and Mo for 3GSA-HNM-3 is 24.7%, whereas this
amount is 21.8% for the same phase in the
3GSA-HNM-2. It is the reason for brighter color of
phase in the 3GSA-HNM-3 in BSE mode. The total
amount of Nb, Mo and Ti for phase 4, and that of Ni, Co,
Cr and Fe are 29.3% and 69.7%, respectively. These
amounts fall within the Laves composition range. Thus,
the y+Laves intermetallic eutectic compounds have been
formed in the 3GSA-HNM-3 on the basis of phase
reactions (6) and (7).

It is interesting to say that the amount of Nb has
increased in the p+Laves intermetallic eutectic from
11.5% in the 3GSA-HNM-2 to 18% in 3GSA-HNM-3.
Although the increasing amount of Nb to 1.3% in
3GSA-HNM-3 can be effective; however, it clarifies the
high tendency of Nb for participation in the formation of
Laves phase. Vice versa, Ti and Mo display a descending
tendency in formation of Laves eutectic phase. In other
words, Nb has absolute priority for the formation of
Laves eutectic phase even if Ti and Mo are present.

Intermetallic phases with regular morphology are
located just in the vicinity of y+Laves intermetallic
eutectic, which are specified by “B”. These phases are
brighter than the matrix and darker than the Laves phase
in BSE mode. The EDS analysis of this phase (Figs. 4(d,
e, f) and Table 6) indicates that it is rich in Ni, Nb, Mo
and Ti. The morphology and composition of such a phase
have not been mentioned in earlier investigations. Based
on the high content of Nb and Mo in this phase, it can be
interpreted that some amount of Ti is replaced by these
two heavy elements, and as a result, complex
intermetallic Ni,(Ti,Nb,Mo) has been formed. According
to the Ni—Ti and Ni—Nb equilibrium phase diagrams, it is
found out that it directly nucleates from the molten metal,
and probably it has solidified earlier (i.e., at higher
temperatures), before the formation reaction of y+Laves
intermetallic eutectic begins. Therefore, it is a
proeutectic phase and the relevant proeutectic phase
reaction is as follows:

L—Ni(Ti,Nb,Mo)+L (8)

Moreover, “C” cubic precipitates with black color,
which are surrounded by white y+Laves intermetallic
eutectics are dispersed within the microstructures
(Fig. 4(c)). They have a clear semblance to the
(Ti, Nb)(CN) constituents observed in the 3GSA-HNM-2.
The significant segregation of Ti and Nb in the

interdendritic regions during the solidification has led to
the precipitation of such complex carbonitrides in the
solidified condition. “D” needle-like precipitates are seen
around the p+Laves intermetallic eutectics. They are
bright in BSE mode. The EDS results display that they
have more Nb than the austenite matrix (Figs. 4(d, e, f)
and Table 6). They have grown by a specific
crystallographic orientation in the segregation regions.
Some researchers, who conducted their investigations on
as-cast Nb-bearing Ni-based superalloys, have reported
the formation of such an intermetallic phase that
precipitates as Ni;Nb or J [19,26]. They are stable at the
ambient temperature. These needle-shaped precipitates
have nucleated and grown in the interdendritic regions.
The time—temperature—transformation (TTT) diagram
for alloy 718 indicates that ¢ phase is formed within
700—1000 °C temperature range and is stable. The
quantitative analysis shows that 10.3% Ni(Ti,Nb,Mo)
intermetallic phase with coarse plate morphology has
been distributed in the microstructure (Figs. 1(c) and
4(b)). It is several times more than that observed in
3GSA-HNM-1 and -2. Indeed, the increasing Nb in the
superalloy composition has facilitated Ti to produce
more plate-like intermetallics. The
presence of high level of Ti and Nb in the superalloy
composition stabilizes this phase. Unlike, decreasing Ti
in the composition has caused the Laves to decrease from
6.1% in 3GSA-HNM-2, to 4.7% in 3GSA-HNM-3.
Therefore, Ti can assist Nb in the formation of Laves
eutectic intermetallics. On the other hand, some of Nb
has been consumed by Ni,(Ti, Nb, Mo) intermetallic.

simultaneous

3.4 Intermetallics and secondary phases in
microstructure of 3GSA-HNM-4

The microstructure of 3GSA-HNM-4 with the
composition of y-3.7%(Ti+Al) and 4.4% Nb is provided
in Fig. 5. The nominal and dendritic core chemical
compositions of the 3GSA-HNM-4 are presented in
Table 8. In addition, the EDS spot microanalysis of the
secondary phases is exhibited in Figs. 5(e,f). The
composition of the related intermetallics and secondary
phases has been collected in Table 8. The type, amount,
morphology and distribution of the secondary phases
within the 3GSA-HNM-4 microstructure are shown in
Table 9.

Figure 5(a) displays the microstructure of
3GSA-HNM-4, which contains columnar dendrites with
primary and secondary arms. The dendritic cores show a
brighter color in comparison with the interdendritic
regions. It appears that the interdendritic locations have
corroded by the chemical etchant more severely than the
other places, and therefore exhibit deeper level. It can be
attributed to more susceptibility of interdendritic
locations to corrosion. Figure 5(b) indicates the
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Fig. 5 Microstructures of 3GSA-HNM-4: (a) Dendritic microstructure; (b) Micro-segregation and secondary phases in interdendritic

regions; (c) Segregation and distribution of secondary phases in interdendritic regions in SE mode; (d) Segregation and distribution

of secondary phases in BSE mode at higher magnification; (e, f) Related EDS microanalysis

Table 8 Chemical analysis of dendritic cores and secondary
phases in microstructure of 3GSA-HNM-4 (mass fraction, %)
Item Ni Co Cr Fe Mo Nb Ti Al
Alloy composition 52 3.8 18.8 139 3.5 44 26 1
527 42 196 146 33 3 16 1
394 41 14 9 62 224 46 03
43 184 134 15 73 29 12

Dendrite core
Phase 4
Phase B 51

interdendritic locations, in which some secondary phases
are formed. White phases and acicular precipitations are
distributed there.

A significant microsegrigation of alloying elements
can be observed in Fig. 5(c). The secondary phases are
nucleated among the segregation haloes. The
compositional analysis carried out on the dendritic cores
(see Table 8) demonstrates that Ti and Nb are severely

Table 9 Type, amount, morphology, distribution of secondary

phases and intermetallic eutectics in 3GSA-HNM-4

microstructure

Phase Phase amount

© transformation (surface) Morphology  Distribution

. Austenitic All
! L=y Remained dendrites  microstructures
Lamellar ..
2 L—ytLaves 6.6% intermetallic Interdepdrltlc
. regions
eutectics
3 y—Ni;Nb:d 8.5% Nee(.lle.-hke Interdepdrltlc
precipitates regions

migrated from the cores and are rejected to the
interdendritic regions. This situation can be detected for
Mo with less severity. Figure 5(d) displays two types of
secondary phases. The first is “4” layered white phases.
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The composition of this phase based on Fig. 5(d) and
Table 8, shows that it contains 22.4% Nb. The total
amount of Nb, Ti and Mo in this phase reaches 33.2%.
Therefore, according to the composition and the layered
morphology of this phase, it can be concluded that
the phase is y+Laves intermetallic eutectic with
Niy(Nb,Ti,Mo) stoichiometry. It has been formed in the

3GSA-HNM-4 on the basis of phase reactions (6) and (7).

It is interesting to note that Nb content of the y+Laves
increases as Nb level of 3GSA-HNM-1 to -4 increases;
while, Ti content of y+Laves has a descending behavior
in the 3GSA-HNM-1 to -4. These results reveal that Nb
is the essential element for the formation of y+Laves. In
other words, this phase can be stabilized by Nb, even if
Ti does not participate in it. Therefore, the absence of Nb
in 3GSA-HNM-1 avoids the formation of y+Laves in it.
The presence of even low levels of Nb, as in the
3GSA-HNM-2, can promote the formation of y+Laves in
the microstructure. As seen in the 3GSA-HNM-2, the
presence of 1.5% Nb, despite the presence of 7.6%
(Ti+Al), can stop the formation of Ti/Al-rich y+y’
intermetallic phase, instead, stabilize the y+Laves
intermetallic eutectic. Figure 5(d) exhibits white and
needle-like precipitates “B”, which are formed in the
vicinity of Laves eutectics and segregation regions. As
discussed previously in 3GSA-HNM-3, they are Niz;Nb:d
intermetallics, which are formed during cooling of the
alloy.

The phase measurements by the software showed
that 6.6% y+Laves has been formed (Fig. 1(d) and
Fig. 5(c)). It is more than y+Laves formed in the 3GSA-
HNM-2 and -3. The noteworthy is the absence of
n-Ni—Ti plate-shape intermetallics in the 3GSA-HNM-4.
It demonstrates that decreasing Ti to less than 2.6% will
lead to elimination of #-Ni—Ti intermetallics.
Consequently, the released Nb from unformed #-Ni—Ti
can promote the formation of more amount of y+Laves
intermetallics.

3.5 Correlation among composition, intermetallics

and castability

The relation between the composition of superalloys
and type-distribution of secondary phases is presented in
Fig. 6. The relation among the composition and the type
and amount of the secondary phases, which control the
castability and weldability of the newly-designed
superalloys, will assist the superalloy designing to
optimize the composition and the consequent properties.
In fact, the investigation of the current superalloys from
type, amount, morphology and distribution of the
intermetallic compounds from the microstructures
viewpoint is due to their significant and governing
influence on the next casting and welding operations.
Based on Fig. 6, the diversity of the secondary phases

has decreased by decreasing the Ti+Al content of
superalloys. The maximum amount of intermetallic
eutectics (i.e., 41.5%) is formed in 9.8% (Ti+Al) content.
New researches have been published and/or are under
publishing by the author that evaluate the castability and
weldability of the current superalloys [36,37]. It is
anticipated that 3GSA-HNM-1 may show a remarkable
susceptibility to hot cracking. In fact, high quantity of
3GSA-HNM-1 can
deteriorate its castability. The type and morphology of
eutectic intermetallics change and the amount is
considerably reduced by decreasing the Ti+Al content in
3GSA-HNM-2. Indeed, even a little quantity of Nb can
easily destroy the stability of y+y’. Accordingly, it is
predicted that the castability for the 3GSA-HNM-2
improves. This prediction can be conformed to the above
mentioned references. The amount of Laves
intermetallics shows an ascending behavior again,
however with less intensity, by increasing the Nb content
in the 3GSA-HNM-3. The same trend is seen for
3GSA-HNM 4. It means that by increasing the Nb to
4.4%, and decreasing the TitAl to 3.7% in
3GSA-HNM-4, the amount of Laves intermetallics
augments. Therefore, it is predicted that castability
weakens again in 3GSA-HNM-4. Finally, it is anticipated
that the best castability is obtained for 3GSA-HNM-3
with composition of y-5.7%(Ti+Al) and 2.9% Nb. It is
due to the formation of minimum amount of eutectic
intermetallics (i.e., 4.7%), which has the most effects on
the castability.

intermetallics formed in the
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Fig. 6 Relation between composition of superalloys and type,
distribution and amount of secondary phases (The spheres
show total amount of volume fraction of secondary phases in
each superalloy)
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4 Conclusions

1) The maximum amount of intermetallic eutectics
(i.e., 41.5%) has been formed in 9.8% (Ti+Al) content.
High level of intermetallics formed in the 3GSA-HNM-1
deteriorates its castability.

2) The type and morphology of eutectic
intermetallics change and the amount is considerably
reduced by decreasing the Ti+Al content in
3GSA-HNM-2. Even a little amount of Nb can easily
destruct the stability of yp+y’. It is predicted that the
castability for the 3GSA-HNM-2 improves.

3) By increasing the Nb content to 4.4% and
decreasing the Ti+Al content to 3.7% in 3GSA-HNM-4,
the amount of Laves intermetallics increases. The
castability is anticipated to weaken in 3GSA-HNM-4.

4) It is anticipated that the best castability is
obtained for 3GSA-HNM-3 with the composition of
y-5.7%(Ti+Al) and 2.9% Nb. It is due to the formation of
minimum amount of eutectic intermetallics (i.e., 4.7%) in
the microstructure.
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