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A high Cr content cast Ni-base superalloy, K4648, which contains 32-35 wt.% chromium, was prepared
by vacuum induction melting, and poured into testing bars or heavy section specimens. The as-cast, heat
treated and fractured specimens were investigated by optical metallography, quantitative metallography,
X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).
The isothermal solidification followed quenching (ISQ) technique and differential scanning calorimeter
(DSC) experiments were also carried out. The result indicated that the primary o phase precipitated

ﬁzxﬁgﬁperature alloys from the residual liquid in interdendritic region at 1190 °C near the solidus temperature. This phase can
KAGAS be represented as a-(Cr,Ni) in K4648 alloy because it solid solutionized by about 30 at.% of element Ni.
Microstructure The Vickers microhardness value of primary a phase is 6.3 GPa relative to 1.9 GPa of the 'y matrix at the

load of 0.2 N. This phase is brittle and tends to crack due to stress concentration during the solidification
process. The primary o phase solutionized or transformed into M,3Cg carbides during solid solution
treatmentin the range of 1180-1220 °C. However, small amounts of « phase remained even at the obvious
incipient melting temperature of 1200-1220°C. Therefore, primary o phase must be controlled during
solidification process. The faster cooling during solidification process can decrease the amount of primary
a phase in both as-cast and heat-treated K4648 alloys. Specimens cut from slow cooling heavy section
castings with large amount of primary o phase possessed an impact ductility of 13.9 J/cm?2, which is much
lower than 35.4]/cm? of samples from faster cooling thin section testing bars. The extensive cracked «
phase or transformed M3 Cg carbides can be observed at the fracture surfaces and longitudinal sections of
impact specimens. Large blocky primary o phase with a network-like distribution, forming as a result of
slow cooling, has detrimental effects on the impact ductility of K4648 alloy and it is difficult to completely
remove by heat treatment. Proper parameter to obtain faster cooling in the solidification of the alloy must
be considered to avoid the detrimental primary « phase precipitation.

© 2012 Elsevier B.V. All rights reserved.

Mechanical properties
Phase transformation
Primary a-(Cr,Ni) phase

1. Introduction Although the microstructures and properties of high Cr content

wrought superalloys have been investigated [ 12-14], studies of cast

The Ni-base superalloys have been widely used for producing
crucial parts of gas turbine engines for over 50 years, thereby hav-
ing been drawing extensive research over many various fields of
study [1-11]. Chromium commonly exists in nickel-based super-
alloys due to the protective effects of Cr against hot corrosion and
high temperature oxidation. In recent years, a high Cr content cast
Ni-base superalloy, K4648, which contains 32-35 wt.% chromium,
has been employed to manufacture advanced gas turbine engines.
This alloy currently contains the highest Cr level in applied Ni-base
superalloys, and possesses high degree of hot corrosion resistance,
weldability, and lower cost relative to the Co-base superalloys.
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32-35wt.% high Cr alloys have been limited.

Currently, K4648 alloy is widely used in manufacturing large
size complex integral castings in gas turbines, such as diffuser
and vector jet nozzle components. However, this alloy suffered
from low impact ductility in some cases. The authors have recently
shown that the large blocky primary « phase tended to precip-
itate from liquid phase in the grain boundary or interdendritic
region of as-cast specimens and proposed this as an explanation
for the decrease in impact ductility of K4648 alloy. The primary o
phase, which s rich in chromium and iron and with a body centered
cubic (BCC) structure, has been proved to be harmful to the duc-
tility, toughness, and corrosion resistance properties of stainless
steels [15]. The impact strength drop was found to be correlated
with the precipitation of secondary a-Cr phase at the grain bound-
aries of the wrought superalloy IN718 [16]. This phase has been
demonstrated to form after long time exposure at 623-704°C[17].
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Table 1
Chemical compositions of K4648 alloy.
Cr w Mo Nb Ti Al C Ce B Y Ca Ni
wt.% 33.66 4.86 2.90 0.90 0.92 0.94 0.067 <0.03 <0.008 <0.04 <0.02 Bal.
at.% 37.55 1.53 1.75 0.56 1.11 2.02 0.32 <0.01 <0.043 <0.03 <0.03 Bal.

Note: contents of element Ce, B, Y and Ca were not detected.

Moreover, the rod-like a-Cr phase precipitated in the interdendritic
region of a single crystal superalloy DD8 during thermal exposure
[18]. In author’s previous work, similar structural primary « phase
precipitation from liquid in late solidification of a high W content
cast Ni-base superalloy has been shown [19]. However, the cause
of primary o phase formation in as-cast high Cr content Ni-base
superalloys and its effect on mechanical properties remain to be
characterized.

In this paper, we investigated the characteristics, formation, and
transformation of the primary o phase and its effect on the impact
ductility in the high Cr content cast Ni-base superalloy K4648. The
elucidation of the mechanisms involved in primary « formation
may improve the impact ductility of high Cr content Ni-base super-
alloy.

2. Materials and experimental procedures

The analyzed composition of K4648 alloy is given in Table 1. The specimens
used in this investigation were cut from testing bars or large section castings which
were remelted and poured by K4648 master alloy ingots. In order to understand
the effect of the cooling rate during solidification on the as-cast microstructure of
alloy, the section size of the sample covered from 10 x 10 mm impact testing bar
to 40 x 60 mm heavy section casting. Isothermal solidification followed quenching
(ISQ) experiments were conducted to understand the solidification process of alloy.
The ISQ technique is an effective method to determine the phase-specific precipita-
tion temperatures and the liquid residual volume fraction and has been reported in
previous works [20-23]. In this investigation, samples sizes of 5 x 5 x 10 mm? were
cut from as-cast master alloy ingot, surrounded by slurry made of alumina pow-
der and silicasol, and embedded into graphite blocks with existing drill holes. This
packaging protected the melted alloy from flowing out and oxidizing. The blocks
with embedded samples were heated up to 1360°C and held for 10 min to allow
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full remelting. This was followed by cooling to different isothermal temperature
in the range of 1350-1150°C at rate of 10°C/min and quenching with water to
determine the precipitation temperature of primary « phase. The composition of
primary o phase and the segregation of Cr between solid and frozen liquid phase
during isothermal solidification were detected by energy dispersive spectroscopy
(EDS). Differential scanning calorimeter (DSC) experiments was carried out using
a NETZSCH STA 409C analyzer to determine the precipitation temperatures range
of the phases. The rates of heating and cooling were set at 10°C/min. The as-cast
specimens with different section sizes were solid solutionized at 1180-1220°C for
1-2h and 1180°C/4h to examine the solution and the transformation of the pri-
mary o phase. The o phase and transformed M,3Cg carbides was distinguished by
a 10 g potash prussiate + 10g NaOH + 100 ml H, O solution etching. Impact test was
carried out on samples cut from a K4648 testing bar and heavy section casting,
which have been heat treated at 1180°C/4h A.C.+900°C/16 h A.C. The fracture sur-
faces and longitudinal sections of impact specimens were investigated by scanning
electron microscopy (SEM) to explore the effects of primary o phase on impact
ductility. Electrolytic extraction of minor phases in as-cast K4648 alloy was per-
formed in a Methanol solution containing 10% HCI at a voltage of 6V for 2h.
The extracted residues were identified using a D8 advanced X-ray Diffractome-
ter (XRD). The microstructure of K4648 alloy was revealed by 10 ml HNO; +30 ml
HCl chemical etching or by electrolytic etching in 15%H,SO4-methanol solu-
tion and analyzed by optical metallography (OM), quantitative metallography
(QM), scanning electron microscopy (SEM), and energy dispersive spectrum
(EDS).

3. Results and discussion

3.1. Primary o phase and its characteristics in as-cast
microstructure of K4648 alloy

The as-cast microstructure of K4648 alloy is presented in
Fig. 1. A dendritic structure is evident in all specimens, with

Fig. 1. The microstructure of as-cast K4648 alloy with different section size: (a) and (b) 10 x 10 mm, (c) and (d) 40 x 60 mm.
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Table 2

Dendritic arm spacing, volume fraction and size of primary o phase in K4648 alloy with different section size.

Section size Dendritic arm Volume fraction of primary Mean value of maximum diameter
(mm) spacing (um) a-(Cr,Ni) phase (vol.%) of primary a-(Cr,Ni) phase (m)
10x 10 66.7 0.64 17.5
40 x 60 1109 1.29 56.0
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Fig. 2. X-ray diffraction pattern of the minor phases in as-cast K4648 alloy with
section size of 40 x 60 mm.

distinct dendritic arm spacing for different section size sam-
ples. The casting with a section size of 40 x 60 mm possesses
a dendritic arm spacing almost one time higher than that of
the 10 x 10 mm impact testing bar (Fig. 1a and c). Under higher
magnification, it is revealed that the blocky primary o phase,
MC carbides, and occasional M3B, borides are distributed in the
interdendritic region and grain boundaries (Fig. 1b and d). The
specimens with a large section size of 40 x 60 mm possess larger
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Fig. 3. Vickers microhardness test of primary « phase compared with that of the y
matrix in K4648.

and more numerous o phase than do the 10 x 10 mm samples
due to the slow solidification, which can be proved by the data
in Table 2.

The X-ray diffraction measurements of extracted minor phases
for large section specimen are shown in Fig. 2, and prove the exis-
tence of o phase (body-centered cubic solid solution), MC, M33Cg
and M3B,;. Small quantities of nj and o are also present due to the
severe segregation during slow solidification.

(a)E

Fig. 4. Precipitated sequence of phases in liquidus and solidus temperature range of K4648 alloy (primary « phase precipitated at 1190°C).
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Table 3
Composition of primary a phase in different section size specimens of as-cast K4648
alloy (atomic fraction, %).

Section size Cr Ni Mo w Ti
(mm)

10x 10 54.33 3341 7.22 3.86 1.08
40 x 60 56.37 32.48 7.40 3.14 0.61
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Fig. 5. Characteristic curve of solidification for K4648 alloy.

The compositions of primary o phases are listed in Table 3. The a
phases consist mainly of elemental Cr and Ni, and small amounts of
solutionized Mo and W. It was noteworthy that the concentration
of elemental Ni in primary o phase can be as high as 30 at.%. Alpha
phase can therefore be represented as «-(Cr, Ni). Based on the Ni—Cr
binary phase diagram [24], the maximum solubility of Ni in Cr is
38 at.%at 1345 °Cand Ni has almost no solubility in Cr below 600 °C.
However, in this study, 32.48-33.41 at.% Ni, over 10at.% total W
plus Mo content solutionized in primary « phase, indicate that the
primary o phase is an oversaturated solid solution phase.

The Vickers microhardness test at aload of 0.2 N was carried out,
and the primary o phase possessed a hardness of 6.3 GPa, which
was three times harder than that of y matrix, which was 1.93 GPa
(Fig. 3). Cracks present in large blocky primary o phases of as-cast

heavy section casting (Fig. 1d), indicate that primary o phase is hard
and brittle.

3.2. Formation of primary o phase

The isothermal solidification specimens was remelted at 1360 °C
and held for 10 min, followed by water quenching cooling (ISQ) to
determine the phase-specific precipitation temperatures and the
liquid residual volume fraction. The solidification sequence for var-
ious phases of K4648 alloy are illustrated in Fig. 4. The solidified
and unsolidified regions at different temperatures can be clearly
distinguished by the coarse dendrites as solid (S) and ultra fine
dendrites as liquid (L) (Fig. 4b). The frozen liquid fraction in the
solidified specimens at different temperatures was plotted against
solidification temperature as shown in Fig. 5.

It could be seen that the primary o phase did not form as the
temperature decreased to 1200 °C (Fig. 4d). The onset of the primary
a phase precipitation took place at 1190 °C (Fig. 4e) from very small
amount of residual liquid (about 1 vol.%, Fig. 5). Script-like fine MC
carbides formed in residual liquid region after quenchingat 1310°C
with a residual liquid volume fraction of 13.7 vol.% (Figs. 5 and 6a).
Moreover, small amounts of blocky fine quenched o phase began
to precipitate accompanied by the formation of fine MC carbides in
the residual liquid region at 1290 °C (Figs. 5 and 6b) as the residual
liquid volume fraction decreased to 7.4 vol.%. The composition of
frozen residual liquid at 1290°C, 1200°C and o phase at 1190°C
compared with that of the bulk alloy are listed in Table 4 (Table 1,
Figs. 4d and e, 6b). The concentration of Cr in the residual liquid
region increased with decreasing temperature during solidifica-
tion. The Cr level in the residual liquid at 1200°C can reach up
to 51 at.%, which is close to the composition of primary o-(Cr,Ni)
phase (Table 4), and the « phase precipitate at 1190 °C. Therefore,
the continuous segregation of elemental Cr in the residual liquid
during solidification resulted in the formation of primary « phase.

3.3. Solid solution and transformation of primary « phase

The specimens cut from the thin section testing bars and heavy
section castings were solid solutionized at 1180°C, 1200°C and
1220°C for 1h, the microstructures were shown in Fig. 7. During
the solid solution treatment of K4648 alloy at temperatures above
1180°C, small size primary o phase solutionized, larger primary
a phase transformed into M,3Cg carbides (Fig. 7a-d). The M33Cg
carbides has been reported to be formed through the reaction
MC ++vy — M,3Cg +7 previously [25]. However, in this investigation,

Fig. 6. Quenching microstructures of K4648 alloy after isothermal solidification at different temperatures: (a) 1310°C, no quenched « phase, (b) 1290 °C, quenched « phase

exists.



180

Table 4
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The concentration of elemental Cr in the residual liquid region and in the primary o phase in K4648 alloy (atomic fraction, %).

Cr Ni Mo w Ti Al Nb
Bulk alloy 37.55 55.16 1.75 1.53 1.11 2.02 0.56
Residual liquid at 1290°C 44.27 39.79 4.66 2.39 3.36 1.10 4.42
Residual liquid at 1200°C 51.36 38.93 4.64 2.83 1.10 0.86 -
Primary o phase at 1190°C 55.13 34.48 6.11 3.46 0.81 - -

the reaction of a-(Cr,Ni)+C— My3Cg occurred through the in situ
a phase absorbed carbon. It was evident that the primary o phase
obviously solutionized as the temperature was held at 1180°C for
1h. The solutionized o phase increased with increasing temper-
ature (Fig. 7). Finally, at 1220°C/1 h, almost all primary o phase
solutionized or transformed into M,3Cg carbides (Fig. 7e and f).
Moreover, incipient melting occurred at a temperature range of
1200-1220°C. In superalloys, the incipient melting often occurs
during high temperature heat treatment [26]. After solution etching
with 10 g potash prussiate+10g NaOH + 100 ml H,O, the primary
a phase exhibited line etching and green or pink color in optical
metallography, compared with the gray color of My3Cg carbides
(Fig. 7a-d). This color difference can be used to distinguish these

two phases in quantitative metallography. The volume fraction of
primary « phase in as-cast and in different temperature solid solu-
tion treated specimens are shown in Fig. 8, and reveal that the
amount of primary a phase decreased with increasing the solution
temperature. It was evident that the volume fractions of primary
a phase in faster cooled thin section testing bars were much lower
than that in slow-cooled heavy section castings at corresponding
solid solution temperatures. Therefore, the faster cooling during
solidification process can decrease the amount of primary o« phase
in both as-cast and heat-treated K4648 alloys.

Standard solid solution heat treatment of 1180°C/4 h was per-
formed both on the 10 x 10 mm and 40 x 60 mm specimens, and
the results were illustrated in Fig. 9. In thin section specimen, some
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Fig. 7. Microstructures of K4648 alloy with different section size after different temperatures of solid solution treatment: (a) 1180°C/1h, 10 x 10 mm, (b) 1180°C/1h,
40 x 60 mm, (c) 1200°C/1 h, 10 x 10 mm, (d) 1200°C/1 h, 40 x 60 mm, (e) 1220°C/1 h, 10 x 10 mm, (f) 1220°C/1 h, 40 x 60 mm.
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Fig. 8. The volume fraction of primary a phase in K4648 at different solid solution
temperatures.

primary a phase transformed into regular shaped M,3Cg carbides in
situ, others solid solutionized. Furthermore, small granular M,3Cg
precipitated from the y matrix at the periphery of transformed
blocky M,3Cg carbides (Fig. 9a). However, large blocky primary
a phase only partially transformed into M,3Cg carbides in large
section specimens after 1180 °C/4 h treatment (Fig. 9b). It was note-
worthy that the primary o phase and transformed M,3Cg carbides
exhibit a network-like distribution in heavy section specimens,
whereas they have a more uniform and isolated distribution in the
faster cooled thin section specimens.

The compositions of residual o phase and transformed M;3Cg
carbides in specimens with different section sizes are listed in
Table 5. It can be concluded by comparing the data in Tables 3 and 5
that the solid solution treated specimens possess similar compo-
sitions of the residual o phase to those of as-cast specimens. It
was noteworthy that the M,3Cg carbide possesses as much higher
content of Cr and less Ni than did the primary o phase. In sum-
mary, after solid solution treatment in the 1180-1220°C range,
the primary a phase solutionized or transformed into more brittle
M,3Cg carbides. Moreover, the volume fraction of primary o phase
decreased with increasing the solution temperature.

3.4. The effect of primary a phase on the impact ductility of
K4648 alloy

The impact testing bars were cut from 10 x 10 mm shaped bar
and 40 x 60 mm casting with a 1180°C/4h+900°C/16 h standard
heat treatment. The impact ductility of specimens at ambient tem-
perature are shown in Fig. 10. The result indicated that the impact
ductility of thin section specimen was twice as high as that of heavy
section samples. The impact ductility of slow-cooled heavy sec-
tion specimens did not meet the K4648 specification minimum

Table 5
Composition of phases in K4648 alloy after solution treatment at 1180 °C/4 h (atomic
fraction, %).

Section size Phases Ti Cr Ni Mo w

(mm)

10x 10 Primary o 0.66 55.25 34.79 5.64 3.66
Ma3Cg 0.19 82.28 8.60 5.35 3.59

40 x 60 Primary o 0.39 54.03 34.03 7.45 4.09

M33Cg 0.09 84.33 6.11 5.67 3.80

Note: The content of carbon in M33Cg was not determined.

Fig.9. Microstructures of K4648 alloy with different section size after standard solid
solution treatment: (a) 1180°C/4 h, 10 x 10 mm, (b) 1180°C/4 h, 40 x 60 mm.

Standard HT: as-cast+1180°C /4h+900°C /16h

oL 390

40%x 60 mm
section size (mm)

Fig.10. The impact ductility (ay, ) of different section size specimens for K4648 alloy
with standard heat treatment (K4648 specification requirement: ay, > 19.6 J/cm?).
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Fig. 11. Morphology of fracture surface (a), (c), and (e) and microstructure of longitudinal section (b) and (d) of impact specimens with different section size: (a) and (b)
10 x 10mm, (c), (d), and (e) 40 x 60 mm.

Table 6
The compositions of phases in the fracture surface and longitude section of specimens of K4648 alloy with different section size.
Specimens original Position Phases Cr Ni Mo w
section size
10 x 10 mm Fracture surface M33Cs 82.95 6.72 5.07 5.26
Longitudinal section near the fracture surface M>3Cs 82.24 6.39 5.87 5.51
40 x 60 mm Fracture surface Primary o 54.57 32.98 7.66 478
Longitudinal section near the fracture surface Primary o 54.38 34.21 7.01 4.40
M23Cs 82.73 6.60 5.83 4.85

Note: The content of carbon in My3Cg was not determined.
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requirement of 19.6]/cm?2. A micrograph of fracture surface and
longitudinal section of the impact ductility specimens are shown
in Fig. 11. Extensive cracks appeared in brittle primary o phase and
the transformed M,3Cg carbides (Fig. 11a, ¢, and e) on the fracture
surface. Brittle fractures occurred in slower cooled heavy section
specimens. Under higher magnification, a “river pattern” structure
is obvious in regions marked by arrows in Fig. 11e. The river pattern
appearance is the main feature of the cleavage fracture. Addition-
ally, secondary cracks formed at these phases and the interfaces
of a/matrix or My3Cg/matrix, especially in heavy section samples
(Fig. 11c and d). It can be seen by comparing Fig. 11c and d with
Fig. 9b that a network-like distribution of brittle primary o phase
and the transformed M,3Cg carbides was evident in slow-cooled
heavy section specimens and secondary cracks were prone to prop-
agate at these continuous distributed brittle phases (Fig. 11cand d).
In contrast, cracking of the small carbides formed at a faster cooling
rate was contained by surrounding ductile y matrix (Fig. 11a and b).
The compositions of cracked phases were detected by EDS and the
results are listed in Table 6. Comparing the data in Tables 5 and 6,
the compositions of phases are similar, indicating that the cracked
phases are primary a phase and transformed M,3Cg carbides.

The impact ductility of the K4648 alloy related to the size, vol-
ume fraction and the distribution of primary a-(Cr,Ni) phase. It can
be concluded that the large amount and size of blocky primary
a phase with a network-like distribution formed at slower cool-
ing rate during solidification process in heavy section specimens
should be responsible for the lower impact ductility of the high Cr
content K4648 alloy. As mentioned above, it was difficult to com-
pletely solid solutionized the large blocky primary o phase, which
tended to transform into the more brittle M,3Cg carbides, with both
phases resulting in diminished ductility. Therefore, proper param-
eter to obtain faster cooling in the solidification of the alloy must be
considered to avoid the detrimental primary o phase precipitation.

4. Conclusions

1. Primary o-(Cr,Ni) phase exists in the as-cast microstructure of
K4648 alloy. It is an oversaturated solid solution of Ni, Mo and
W in Cr. The concentration of elemental Ni can reach more than
30at.%. At a load of 0.2N, a~(Cr,Ni) phase possesses a vickers
microhardness of 6.3 GPa. It is hard and brittle and tends to crack
in both as-cast and heat treated alloy.

2. The onset of the primary a-(Cr,Ni) precipitation took place at
1190°C at late solidification from very small amounts of resid-
ual liquid (about 1vol.%) in the interdendritic region and grain
boundaries, and was caused by the continuous segregation of Cr
during the solidification process.

3. The primary a phase solid solutionized and transformed into
M;3Cg carbides in the range of 1180-1220°C. Incipientmelting

occurred in the 1200-1220°C range. The volume fraction of
primary a phase decreased with increasing the solid solution
temperature. The faster cooling during solidification process can
decrease the amount of primary « phase in both as-cast and
heat-treated K4648 alloys.

4. Extensive cracked o phase or transformed M,3Cg carbides can
be observed at the fracture surfaces and longitudinal sections of
impact specimens and led to decrease impact ductility of high Cr
content cast Ni-base superalloy K4648. Brittle fractures occurred
in slower cooled heavy section castings specimens due to the
existence of large amounts and sizes of blocky primary o-(Cr,Ni)
phase with a network-like distribution. It was difficult to remove
this phase by heat treatment. Therefore, the parameter control
during the solidification process of alloy is significant, and faster
cooling becomes an effective method to avoid the detrimental
large blocky primary o phase precipitation.
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