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Abstract

Inconel 713C as-cast test pieces were produced by
investment casting. The tensile properties at 25 and 650 �C
were obtained along with microstructural and microfrac-
tographic characterization. The tensile testing results fol-
lowed the requirements of the AMS 5391D standard.
Additionally, stress-rupture testing at 982 �C and
152 MPa, and 815 �C and 305 MPa was carried. The aged
c - c0 microstructures were compared and discussed in

terms of rafting kinetics. The stress-rupture results fol-
lowed the AMS 5391D requirements. The relationship
between the as-cast and aged microstructures and the
mechanical properties was discussed.

Keywords: IN-713C Ni superalloy, Mechanical testing,
Microstructure, Thermal exposure, Rafting

Introduction

Nickel-based superalloys are used at elevated temperatures

due to their excellent mechanical properties and oxidation

resistance.1–3 Wrought nickel-based superalloys feature

superior tensile strength (up to 1600 MPa for Rene 95) and

ductility (up to 55%, IN 617) when compared to cast

nickel-based superalloys (tensile strength up to 1200 MPa

for MAR M432, and ductility up to 14%, for IN-713LC).

The microstructure of cast Ni-based superalloys combines

the c matrix with a proportion of coherent c0 (Ni3Al)

submicron precipitates along with primary carbides and

borides.1–3 Inconel 713C (IN-713C) was the first of several

cast nickel–chromium-based superalloys developed by the

International Nickel Company during the 1940s.4,5 In this

sense, some parts of the aircraft turbine present a complex

geometry, which does not allow the intensive use of

machining processes, favoring the investment casting

process. This process’s low cooling rate is suitable for the

production of parts with large grain sizes, excellent surface

quality and dimensional precision.1–3,6,7 IN-713C cast alloy

is popular due to its appropriate castability, good tensile

properties and maximum service temperature around

980 �C, allied to suitable oxidation and thermal fatigue

resistance.4–19 The mechanical properties are mainly con-

trolled by the c - c0 duplex microstructure, and improved

stress-rupture life can be obtained by solution heat

treatment.4,20–27

Thermodynamic equilibrium calculation (see Figure 1a)

shows a solidification sequence of IN-713C alloy taking

place in a 75 �C interval: L ? L ? c ? L ? c ?

MC ? L ? c ? MC ? M3B2. Few studies using thermal

analysis reported the formation of the MC carbide

(M = Nb, Mo, Zr and Ti, FCC structure) before the c
dendrites.13 The thermodynamic modeling of IN-713LC

using a Scheil–Gulliver solidification simulation is shown

in Figure 1b. This simulation indicated a different solidi-

fication sequence taking place in a broader interval

(* 200 �C): L ? L ? c ? L ? c ? MC ? L ? c ?

MC ? M3B2 ? L ? MC ? M3B2 ? c ? c0. In these

conditions, the segregation of C, Mo, Zr, Cr, Nb, B, Al and

Ti to the interdendritic liquid forms ‘‘non-equilibriumReceived: 28 August 2020 / Accepted: 15 October 2020 /
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eutectics’’ during the solidification. The as-cast

microstructure of IN-713C alloy (see Figure 1c and d)

presents, therefore, primary c dendrites with coherent cubic

c0 precipitates, and interdendritic MC carbide, c - c0

eutectic and boride particles.7–18

Thermal exposure during service conditions causes the

partial decomposition of the MC carbide, followed by the

precipitation of M23C6-type carbides (M = Cr, Mo and Ti,

FCC), see Figure 2a and b.7–18,20,21,26,27 The decomposi-

tion of Nb-rich MC carbide causes the diffusion of Nb

into the adjacent matrix, promoting the Nb-stabilization

of the c0 phase, leading to the formation of c0 pools around

the M23C6 carbides: MC ? c ? (M23C6 ? c0. The pre-

cipitation of M6C and two types of MC carbides (see

Figure 2b) during the thermal exposure14,24,26 has not

been confirmed by thermodynamic equilibrium calcula-

tion (see Figure 2c). Prolonged thermal exposure at tem-

peratures below 900 �C causes the precipitation of needle-

like r phase (tetragonal, usually rich in Ni, Cr and Mo)

after 400 h at 815 �C (see Figure 2a and b).18,24,26 The

coherent c0 precipitates show a cube–cube orientation

relationship with the c matrix, and the proportion of c and

c0 phases in the microstructure varies significantly with

the temperature (see Figure 2c). In the absence of applied

stress, the coarsening of the cuboid c0 precipitates during

the thermal exposure occurs without much change in the

cuboid morphology.

In the presence of applied stress, directional coarsening of

the cuboid c0 precipitates takes place, and the coherent c0

precipitates grow into a plate morphology, known as rafts.

Figure 1. (a) Quasibinary Ni–Al phase diagram for IN-713C base composition, using Thermo-Calc
software; (b) phase equilibria and Scheil–Gulliver solidification of IN-713LC alloy, using Thermo-
Calc software;10 (c) and (d) as-cast microstructure of the IN-713LC alloy characterized by c dendrites
with c0 precipitation, interdendritic c 2 c0 eutectic, MC carbides and borides, SEM, SEI and BEI.9

(c) and (d) were used with permission of Springer Nature Customer Service Centre GmbH: Springer
Nature; Journal of Thermal Analysis and Calorimetry, S. Zlá et al., Determination of thermophysical
properties of high-temperature alloy IN713LC by thermal analysis, � 2012.
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Figure 2. (a) Thermal exposure, TTT curve for an as-cast IN-713C alloy (electron vacancy number,
Nv, equals to 2.10), showing the start of the M23C6 and r phase precipitation;18,24 (b) minor phase
concentration in IN-713C as a function of temperature for long exposure times (2000–5000 h)24,26;
(c) phase concentration in equilibria in IN-713C alloy as a function of temperature, Thermo-Calc
software. (a) Used with permission of The Minerals, Metals & Materials Society; Transactions of the
Metallurgical Society of AIME, Mihalisin et al., Sigma—its occurrence, effect, and control in nickel-
based superalloys, � 1968. (b) Was used with the permission of The Minerals, Metals and Materials
Society; Proceedings of the International Symposium on the Structural Stability in Superalloys, H.
E. Collins, Relative long-time stability of carbide and intermetallic phases in nickel-based
superalloys, � 1968.
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The rafting orientation depends on the type and direction of

the applied load, the c - c0 elastic modulus mismatch and

the lattice parameter c - c0 misfit, d, where d = (ac
0 - ac)/

ac.
1–3,28–35 The elastic inhomogeneity implies that most of

the elastic deformation caused by the c - c0 misfit is

located in the c phase near the c - c0 coherent interfaces,

and the compressive coherency stress in the c channels can

reach values around 500 MPa (see Figure 3a). Most com-

mercial Ni-based superalloys present a negative c - c0

misfit (around 0.03%) at high temperatures, indicating that

these c channels will be under compressive coherency

stress. The presence of external tensile stress (350 MPa at

950 �C) reduces the compressive stress in the vertical c
channels, but it increases the compressive stress up to

800 MPa in the horizontal c channels, see Figure 3b. This

rise in the compressive stress promotes the creep and

plastic deformation of the horizontal c channels, generating

c - c0 interfacial dislocations, which relax the interfacial

misfit and locally minimize the compressive stress. The

driving force for the atomic diffusion and the rafting is,

therefore, the elastic strain energy gradient between the

vertical and horizontal c channels, see Figure 3c.28 The

rafting kinetics is influenced by the slow diffusion ele-

ments, the temperature, the volumetric fraction of c0 phase,

the magnitude of the applied external stress or the prior

plastic deformation, the c - c0 lattice misfit, the c - c0

elastic inhomogeneity and the elastic strain energy gradient

between the horizontal and vertical c channels.1–3,28–35

The present paper will assess the macro- and microstruc-

tures, the tensile properties at 25 and 650 �C, the stress-

rupture properties (152 MPa and 982 �C, and 305 MPa and

815 �C) of IN-713C as-cast test pieces produced by

investment casting.

Methods

Figure 4a shows the wax pattern assembly design, and the

model consists of a pouring cup, a central sprue, and nine

stress-rupture test pieces per mold. Figure 4b indicates the

dimensions of the test piece. Zircon sand (primary and

back-up slurries), 70# and 140# zircon grains (primary

stucco), 20# and 50# aluminum–silicate grains (back-up

stucco), and sodium-stabilized colloidal silica (binder for

the primary and back-up slurries) were used for the pro-

duction of the ceramic molds. The molding procedure

consisted of the application of a first coat, followed by air-

drying for 60 min (temperature: 22 �C; relative humidity:

60%) and the use of four secondary coatings, each one,

except for the last, followed by air-drying during 60 min

(temperature: 22 �C; relative humidity: 45%). Final air-

drying took 32 h (temperature: 22 �C; relative humidity:

45%), followed by dewaxing in the steam autoclave at

120 �C and firing at 1050 �C for 1.5 h. The samples were

conventionally cast in a vacuum induction furnace (Daido

Steel vacuum induction furnace with 5 kg capacity, 20 kW

power and 9 kHz frequency) using pre-formed alumina

crucible and Cannon Muskegon IN-713C stock bars. The

pressure in the furnace during the melting process was kept

between 0.04 and 0.09 Pa. The experimental assembly

allowed the measurement of the molten metal and the

ceramic mold temperatures. Ceramic molds were heated in

a second induction furnace with a graphite susceptor, and

two thermocouples in a loop-circuit controlled the mold

temperature. The pouring temperature was initially set up

at 1500 �C (about 110 �C of superheating) and ceramic

mold temperature at 1100 �C (temperature, which pro-

duced complete filling of test pieces). The alloying and

residual elements were chemically analyzed by wave-

length-dispersive X-ray fluorescence spectrometry (Shi-

madzu Lab Center XRF 1800), ICP (Inductively Coupled

Plasma Shimadzu ICPQ(V)-1014) and atomic absorption

spectrophotometry (PerkinElmer, AA 703).

Tensile tests were performed at room temperature and

650 �C (20 min soaking time) using an electro-mechanical

MTS/Sintech 30D testing machine and following the

requirements of ASTM E836 and ASTM E2137 standards.

Stress-rupture testing at 815 �C (load of 305 MPa) and

982 �C (load of 152 MPa) was carried out using constant-

load creep machines. The results were compared against

the requirements of AMS 5391D38 standard. The metallo-

graphic samples were macroetched with a solution of 3

parts of HCl and 1 part of H2O2. Glyceregia etchant (30 ml

glycerol, 20 ml HCl, 10 ml HNO3) was employed for the

microstructural examination. Microstructural characteriza-

tion was performed by stereomicroscope (Carl Zeiss Jena

Technival 2), optical microscope (Olympus BX51 optical

microscope) and scanning electron microscopes (FEI

Quanta 400, JEOL JSM 6300 and JEOL JSM 5200, all

equipped with EDS microanalysis). EDS microanalyses

were carried out using dual beam Quanta 3D FEG-SEM,

EDAX APEXTM software, standardless mode, point anal-

ysis, acquisition time of 200 s and 20 kV accelerating

voltage. The volume fractions of interdendritic c - c0,
primary carbides and c0 precipitates were measured by

ImageJ software (National Institute of Health, 1.52 ver-

sion). Finally, the equilibrium and Scheil–Gulliver simu-

lations of the IN-713C alloy solidification sequence used

the chemical composition results (see Table 1) and

Thermo-Calc software (Ni data version 6).

Results and Discussion

Table 1 shows the chemical composition of DV 106 and

DV 109 heats and the requirements of the AMS 5391D

standard.38 Most results follow the specification, except for

the Cr content, which is slightly above the maximum limit.

Figure 5a brings a general view of the as-cast creep test

pieces (diameter of 6.0 mm) after macroetching to evaluate

the grain size and grain size distribution. The grain size

distribution is homogeneous. Figure 5b shows a
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representative transversal macrography of an as-cast test

piece, featuring equiaxial grains with an average size of

approximately 1400 lm and volume fraction of pores

equal to 0.2%.

Figure 6a and b shows that the as-cast microstructure

presents fine and coarse interdendritic non-equilibrium

c - c0 eutectic, see arrow 2, and interdendritic faceted MC

carbides (around 1% in volume), see arrow 1. The EDS

microanalysis of the MC carbide indicated the predominant

presence of Nb, Ti and Mo, see Table 2. Figure 1b indi-

cates that the formation of the interdendritic eutectic c - c0

structure is the last to occur during the IN-713LC alloy’s

solidification. According to the Warnken,42 however, the

distinction of whether this interdendritic c - c0 structure is

formed by a peritectic or eutectic reaction is not straight-

forward. Therefore, the present work uses the term inter-

dendritic c - c0 until this dispute is over, and the

volumetric fraction of the interdendritic c - c0 structure is

around 5%. Previous investigation43–45 on Ni-superalloy

single crystals’ solidification path indicated that the fine

interdendritic c - c0 structure was formed before the

coarse structure. The coarse interdendritic c - c0 structure

in Figure 6b (arrow 2) is likely formed by the continuous

Figure 3. Simulated compressive stress distribution in the c channels located
between the four c0 cuboid precipitates for a negative c 2 c0 misfit. (a) Without the
presence of external stress, the vertical and horizontal c channels feature similar
von Mises coherency stresses28; (b) stress distribution in the c channels under an
external tensile stress of 350 MPa at 950 �C. The compressive stresses are relieved
in the vertical c channels, while the compressive stresses in the horizontal
c channels are increased; (c) simulation results of a single c0 particle (green color).
Initial cubic morphology (left)—subjected to a tensile stress of 350 MPa at 950 �C—
presents c0 particle directional growth (rafting, see right) during the creep aging.28

(a) to (c) were used with permission of Elsevier; Computational Materials Science,
M. Ali et al., Role of coherency loss on rafting behavior of Ni-based superalloys, �
2020.
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growth of the fine interdendritic c - c0 structure, mainly by

the preferential growth of the c0 phase. Wang et al.44 pro-

posed that the latent heat released during the formation of

the fine c - c0 eutectic cells increased the liquid temper-

ature and decreased the nucleation undercooling, slowing

down the kinetics of the eutectic reaction and promoting

the formation of the thicker lamella observed in the coarse

c - c0 eutectic. Moreira et al.45 indicated that the fine

c - c0 structure presented a hypoeutectic composition,

while the coarse interdendritic c - c0 structure showed a

hypereutectic composition. These results explained the

changes in the proportion and size of the c0 phase in the

interdendritic c - c0 structure.

Figure 6b also indicates that the primary c dendrite in

contact with the last liquid to solidify presents a region free

of c0 precipitates. This result is in agreement with the

previous work of Matache et al.,46 who showed the for-

mation of a Cr-rich film of c phase between the primary c
dendrites and the interdendritic c - c0 structure. Figure 6c

presents the c - c0 duplex microstructure in the core of the

primary c dendrite, showing submicron cuboidal c0

(a) 

(b) 

A A

A - A

30

M  13 x 1,75

6
�

80

Figure 4. (a) Design of the wax pattern assemble; (b) dimensions of as-cast test
pieces (mm).

1134 International Journal of Metalcasting/Volume 15, Issue 4, 2021



precipitates within a c matrix (see the microanalysis of the

bulk primary c0 and the c - c0 partition of the duplex

matrix in Table 2). The estimated fraction of c0 precipitates

inside the dendrite of the as-cast microstructure was around

51%. The c ? (c ? c0 precipitation is usually incomplete

during the cooling after the solidification,47,48 and the usual

c0 volume fraction in IN-713C castings is slightly above

50%.6,13 Bhambri et al.13 varied the casting conditions and

processes to obtain a wide range of solidification condi-

tions for an IN-713C alloy. The c0 proportion was around

52% (c0 size * 0.36 lm, SEM), and they concluded that

‘‘the precipitation of c0 went to completion in all specimens

and that the cooling rate, within limits attained in these

castings, had no effect on the resulting volume percentage

of c0 in the alloy.’’ They also mentioned that small differ-

ences in the proportion of c0 phase at the dendrite’s center

and boundary could be attributed to microsegregation. Ges

et al.20 observed a higher fraction of c0 precipitates

(* 60%, c0 size * 0.70 lm, SEM) in a 66-mm-diameter

ingot of IN-713C. Zupanič et al.11 also observed a higher

volume fraction of c0 precipitates (at least 70%, c0 size *
50 nm, TEM) in the microstructure of a 10-mm-diameter

IN-713C rod produced by continuous casting. According to

Jackson et al.,48 the fraction of c0 precipitates in the as-cast

microstructure (see Figure 2c) is governed by thermody-

namic and kinetic aspects, such as the alloy composition,

the cooling rate, and the diffusion and the partitioning of

alloying elements. The average width of the cuboid c0

precipitates in the as-cast microstructure was

910 ± 280 nm, and the width of the c channels was around

230 ± 100 nm. The larger size (* 0.91 lm) of the c0

precipitates and c channels (* 0.28 lm) in the present

investigation when compared to previous results13,28 might

be explained by changes in the casting conditions,

including the IN-713C chemical composition.

Table 3 shows that the room temperature tensile properties

of as-cast IN-713C of DV106 and DV109 heats are within

the requirements of the AMS 5391D standard.38 Figure 7a

shows a longitudinal view of the room temperature tensile

testing sample. The fracture profile can be divided into four

regions according to each grain. The fracture profiles of the

left and central grains are rougher, featuring interdendritic

crack propagation, possibly associated with the presence of

intergranular porosities. The grain to the right features a

straighter crack propagation (angle of approximately 60� to

the tensile strength) propagation. Figure 7b shows inter-

dendritic secondary cracking associated with as-cast

porosities (see arrow). Figure 7c shows ductile (presence

of dimples, see arrow 1) and brittle fractures (see arrow 2),

Figure 5. Macrostructure, DV 109 heat. (a) General view
of the as-cast test pieces; (b) transversal macrography
of the as-cast test pieces showing grain size of approx-
imately 1400 lm (etching: 3HCl 1 1H2O2).

Table 1. Chemical composition of the IN-713C heats,
weight percentage

Element DV 106 heat DV 109 heat AMS 5391D standard38

Cr 14.40 14.10 12.0–14.0

C 0.10 0.10 0.08–0.20

Al 5.90 6.00 5.50–6.50

Mo 4.10 4.10 3.80–5.20

Nb 2.10 2.00 1.80–2.80

Ti 0.83 0.80 0.50–1.0

Fe 0.26 0.26 0.50 max.

Zr 0.07 0.06 0.05–0.15

Si 0.02 0.03 0.50 max.

B 0.010 0.010 0.005–0.015

Ta 0.06 0.05 Not specified

Co \ 0.01 \0.01 1.0 max.

Cu \ 0.01 \0.01 0.50 max.

Mn \ 0.01 \0.01 0.25 max.

Ni Balance Balance Balance

Bold values indicate the Cr-concentration values don’t fit the
specified range and that is relevant

International Journal of Metalcasting/Volume 15, Issue 4, 2021 1135



and the presence of secondary intergranular cracking (see

arrow 3). Figure 7d shows the cleavage and secondary

cracking of the interdendritic MC carbide (size of

approximately 5 9 15 lm), indicating that the carbide

fracture took place instead of the metal-carbide interfacial

debonding. Similar cleavage of the MC carbide with

numerous secondary cracks was previously reported in

superalloys and iron.49–51 MC carbides preferentially

cleave on {100} planes, presenting, in the case of TiC, a

brittle behavior at temperatures below 800 �C.52–54 Fig-

ure 7e shows the ductile fracture details, featuring submi-

cron dimples, indicating the ductile transgranular fracture

in the core of the primary c dendrite. The microfracto-

graphic examination suggests that the rupture of the sam-

ples was nucleated at the interdendritic as-cast porosities.

This initial process was followed by the cracking and

cleavage fracture of the interdendritic MC carbides at

approximately 300 MPa. Finally, the plastic deformation

and the ductile fracture of the as-cast IN-713C specimens

took place transgranularly in the primary c dendrites above

700 MPa.

Table 4 shows the 650 �C tensile properties of as-cast IN-

713C alloy of DV106 and DV109 heats. Comparing these

results with the tensile results at room temperature (see

Table 3) confirms a trend that the yield and tensile

strengths do not vary with temperature up to 650 �C, see

Figure 8.4 However, the tensile strength and elongation

values are below the typical values.4 Figure 9a shows a

longitudinal view of the 650 �C tensile testing sample,

indicating the fracture profile features an interdendritic

crack path. Figure 9b shows the interdendritic fracture

details, while Figure 9c shows ductile (presence of dim-

ples, see arrow 1) and brittle fracture (see arrow 2).

Figure 6. Microstructural examination of the DV 109 samples, longitudinal section. (a) as-cast
condition, large c grains and interdendritic precipitation of faced and elongated (Mo, Nb, Cr)C
carbides (size around 5 3 15 lm). Etching: glyceregia; (b) as-cast condition, detail showing
interdendritic precipitation of (Mo, Nb, Cr)C carbides (light phase, see arrow 1), fine and coarse
interdendritic c 2 c0 structure (see arrow 2) and cuboid c0 precipitates (dark area). Etching:
glyceregia. (c) as-cast condition, the core of a primary c dendrite, detail of the intragranular cuboid c0

precipitates (51% in area of c0 phase, see light area) in the c matrix (dark area). Etching: electrolytic:
SEM, SEI.
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Figure 9d shows MC carbides (approximately 5 9 15 lm)

in the fracture surface. The lack of intense intergranular

cracking of the MC carbide (see white arrow) suggests that

the MC carbide fracture took place by metal-carbide

interfacial debonding (see black arrow) rather than carbide

cleavage. The transition-metal carbides feature a brittle

behavior at room temperature,53 but at temperatures from

800 to 1200 �C, they might present plastic deformation by

slip before the fracture.55–57 The plastic deformation of the

MC carbide below the metallic matrix’s yield strength

would favor the debonding rather than the MC carbide’s

cleavage, as observed at room temperature (see Figure 7d).

Figure 9e shows the ductile fracture details, featuring

submicron dimples, indicating the ductile transgranular

fracture in the core of the primary c dendrite. The

microfractographic examination (see Figure 9c and d)

illustrates that the fracture of the samples tensile-tested at

650 �C was also nucleated at the interdendritic as-cast

porosities, followed by the plastic deformation of the MC

carbides and the debonding of the metal-MC carbides

interfaces. Finally, the plastic deformation and the ductile

fracture of the as-cast IN-713C specimens took place

transgranularly in the primary c dendrites above 700 MPa.

Figure 10a and b shows the microstructural characteriza-

tion of a sample after the mechanical testing at 982 �C and

152 MPa (time to rupture of 57 h). Figure 10a features

interdendritic M23C6 carbides and pools of stabilized c0

phase (dark area) around the carbides. These observations

are following previous results.13,14,18,20–24 During the

exposure at 982 �C for 57 h, see Figure 2a and b, there is

an incomplete decomposition of the primary MC carbides

into M23C6 carbides (M = Cr, Mo and Nb, see Table 2). As

a result, there is an increase in the proportion of

Table 2. EDS microanalysis results (at.%, without including the carbon) of the main phases of the IN-713C alloy, as-
cast condition and after thermal exposure13,18,25,39–41

Phase Source %Cr %Al %Mo %Nb %Ti %Zr %Ni

MC Present investigation (as-cast) 2.7 0.4 11.3 61.9 17.9 – 6.0

As-cast condition13 – – 6.0 63.0 31.0 – –

As-cast condition39 1.5 0.9 13.9 59.5 11.8 7.4 5.0

Present investigation (after 60 h at 982 �C) 5.1 2.9 7.9 39.6 11.5 4.2 28.9

After creep at 982 �C39 2.5 1.0 10.0 57.5 14.0 7.5 7.5

After creep at 850 �C40 8.1 13.2 6.9 33.3 17.4 – 21.1

c0, interdendritic
structure

Present investigation (as-cast) 5.0 12.3 – 2.1 2.4 1.1 77.1

As-cast39 4.2 15.9 1.3 3.4 2.3 1.0 71.9

c, duplex matrix Present investigation (after 60 h at 982 �C) 17.5 7.0 3.0 – 0.9 – 70.3

As-cast condition13 23.1 11.6 3.7 – 1.1 – 60.5

After 750 min at 950 �C25 24.4 8.1 3.9 – 0.1 – 63.5

c0, cuboid precipitate Present investigation (after 60 h at 982 �C) 11.3 10.7 2.2 – 1.3 – 73.3

As-cast condition13 19.8 16.3 – 1.2 1.2 – 61.5

After 750 min at 950 �C25 3.0 19.0 2.0 1.0 1.0 – 73.0

M23C6 Present investigation (after 60 h at 982 �C) 41.9 4.2 – 12.8 1.7 2.9 36.5

After creep at – 982 �C39 32.5 10.0 7.5 2.5 1.0 0.5 46.0

After creep at 850 �C40 53.4 17.0 2.3 1.1 5.2 – 21.0

r phasea Extrapolated from the Ni–Cr–Mo at 1204 �C18 30.0–
50.0

– 20.0–
40.0

– – – 30.0–
35.0

Values obtained experimentally are highlighted in bold to differentiate them from values found in literature
aSubmicron particle size below the SEM–EDS microanalysis spatial resolution

Table 3. Tensile testing at room temperature

Test piece Yield strength
(MPa)

Tensile strength
(MPa)

Elongation
(%)

DV 106 #9 798 870 4.0

DV 109 #3 722 769 6.4

DV 109 #4 743 763 3.3

Average 754 801 4.5

AMS
5391D38

[ 689 [ 758 [ 3.0
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intergranular carbides in the microstructure, see Figures 6a

and 10a, from around 0.6–1.9 wt% (see Figure 11). The

MC decomposition promotes the Nb-enrichment and Cr-

depletion in the adjacent areas, leading to the growth and

formation of c0 pools around the intergranular M23C6 car-

bides:14,18,24 (M, Nb)C ? (Cr)c ? (M, Cr)23C6 ? (Nb)c0.

Figure 7. Fractographic characterization after the room temperature tensile testing, DV109#4
sample. (a) general view near the fracture surface, showing a mixed fracture path with an
interdendritic and a straighter crack propagation (stereomicroscope, longitudinal section, 18X,
etching: glyceregia); (b) general view of the fracture surface showing secondary interdendritic
cracking, probably due to the presence of interdendritic as-cast porosities. SEM; (c) detail showing
ductile fracture (presence of submicron dimples, see arrow 1) and brittle fracture (see arrow 2), and
secondary intergranular cracking (see arrow 3). SEM; (d) detail of intense secondary cracking and
cleavage of the primary (Mo, Nb, Cr)C carbides. SEM; (e) detail of the ductile fracture showing
submicron dimples in the core of a primary c dendrite. SEM.
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According to Mihalisin et al.,18 M23C6 carbides are formed

at the interfaces between the MC carbide and the sur-

rounding c0 phase by the diffusion of Cr, Mo and C from

the dissolving MC carbide. The diffusion of Ti and Nb

from the dissolving MC carbide into the surrounding c0

creates the c0 phase islands. Both M23C6 carbides and c0

islands form preferentially around the decomposing MC

particles. When the MC carbide becomes completely

entrapped by the M23C6 carbides, the diffusion of Ti and

Nb from MC to the c0 phase controls and delays the MC

decomposition kinetics. In this sense, M23C6 and MC

phases might cohabit in the microstructure of IN-713C

during the stress-rupture testing at high temperatures (see

the presence of MC and M23C6 carbides after 60 h at

982 �C in Table 2), confirming previous results.58–60 Lvov

et al.58 studied the IN-738 blade from a gas turbine after a

service of 26,000 h at 1080 �C. Guo et al.59 investigated

the cast Ni-based superalloy K452 microstructure evolution

after heat treatment (up to 10,000 h at 900 �C). Azevedo

and Hippert60 investigated the IN-713C microstructure

evolution after 200 h at 1000 �C. These investigations58–60

observed the precipitation of M23C6 carbides and the

degeneration of primary MC carbides, with both carbides

coexisting in the microstructure after long thermal

exposure.

Figure 10b shows the c - c0 duplex microstructure, fea-

turing the rafting of the c0 precipitates (see light regions in

this figure) in a c matrix. According to the Thermo-Calc

equilibria calculation (see Figure 2c), the proportion of c0

phase at 982 �C is around 39% in volume, close to mea-

surement of 40%. The rafts presented an average width of

2.1 lm and a height of 0.4 lm. The corresponding average

aspect ratio (height/width) of the c0 rafts is approximately

0.2, following the expected results for IN-713C for this

testing condition.61

Figure 12a and b shows the microstructural characteriza-

tion after the stress-rupture test at 815 �C and 305 MPa.

Figure 12a features the precipitation of an acicular phase

starting from the M23C6 carbide’s interfaces, and no c0

pools were observed around these carbides. During the

exposure at 815 �C for 831.4 h, there is a partial decom-

position of the primary MC carbide into a discontinuous

network of M23C6 carbides along the grain boundaries, see

Figure 2a.14,18,24 Figure 2a–c shows the formation of r
phase at temperatures below 900 �C. The TTT diagram of

713C alloy indicates that the precipitation of r phase starts

after 400 h at 815 �C, see Figure 2a.18 This time is shorter

than the exposure time at 815 �C in the present investiga-

tion, equals 831.4 h, indicating that the acicular phase

observed in Figure 12a is the r phase. Unfortunately, the

spatial resolution of the EDS analysis was enough to check

the submicron r phase’s chemical composition. According

to Mihalisin et al.,18 the acicular r phase formed from an

M23C6 carbide during the thermal exposure of IN-713C

alloys is usually a Ni–Cr–Mo type (see Table 2), and the

applied tensile stress accelerates its formation.

The conventional electron vacancy numbers of IN-713C

alloy (Nv * 2.25 for DV106 heat and Nv * 2.23 for

DV109 heat, see Table 1 and Eqn. 1) lie below the critical

value of Nv * 2.52, which defines the Ni superalloys

prone to r phase formation.18 The acicular r phase for-

mation was previously observed in an IN-713C alloy,

featuring Nv of 2.15 after 500 h at 815 �C. Still, a similar

IN-713C alloy with Nv of 2.14 did not show r phase for-

mation after the same thermal exposure.18 Additionally, the

sample with r phase comparatively featured higher values

of elongation, reduction of area and time to rupture, sug-

gesting that the acicular r phase precipitation does not

cause any detrimental effect on the stress-rupture life of

IN-713C.18 For instance, a modified electron vacancy

number equation (see Eqn. 2, which increases the weight

of molybdenum and removes the effect of vanadium)

provides higher Nv values for the IN-713C alloys (Nv *
2.51 for DV106 heat and Nv * 2.50 for DV109 heat),

which suggest that the IN-713C is marginally prone to r
phase formation.18 There are more models to predict the

Figure 8. Typical tensile properties of as-cast vacuum-
melted vacuum-cast IN-713C alloy, adapted from Ref. 4.
This figure was used with permission of The Nickel
Institute (http://www.nickelinstitute.org); Engineering
Properties of Alloys 713C, � 2020.

Table 4. Tensile testing at 650 �C

Test piece Yield strength
(MPa)

Tensile strength
(MPa)

Elongation
(%)

DV 106 #6 716 760 2.5

DV 109 #6 750 806 3.0

DV 109 #5 702 763 4.5

Average 723 776 3.3

Typical
values4

718 867 6.7
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occurrence of topological close-packed in superalloys.63

For instance, the PHACOMP method calculates and ana-

lyzes the parameter Md (which is an average energy level

of d orbitals of the alloying transition metals). This

parameter is related to their electronegativity atomic size

and confirms that IN-713C is prone to r phase formation.62

Figure 9. Fractographic characterization after the 650 �C tensile testing, DV109#6. (a) general view
near the fracture surface, showing an interdendritic crack path (stereomicroscope, longitudinal
section, 18X, etching: glyceregia); (b) general view of the fracture surface showing interdendritic
cracking. SEM; (c) detail showing ductile fracture (see arrow 1) and brittle fracture (see arrow 2).
SEM (d) detail of the brittle fracture showing the MC carbide. Internal MC cracking is pointed by
arrow 1, while the metal/MC debonding is identified by arrow 2. SEM; (e) detail of the ductile fracture
surface, showing the presence of dimples. SEM.
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Nv ¼ 0:66 at:%Ni þ 1:71 at:%Co þ 2:66 at:%Fe

þ 4:66 at:%Cr þ at:%Mo þ at:%Wð Þ
þ 5:66 at:%V þ 6:66 at:%Zr

Eqn: 1

Nv ¼ 0:66 at:%Ni þ 1:71 at:%Co þ 2:66 at:%Fe

þ 4:66 at:%Cr þ 6:66 at:%Zr

þ 9:66 at:%Mo þ at:%Wð Þ
Eqn: 2

Figure 12b indicates the incomplete rafting of the c0

precipitates at 815 �C and 305 MPa after 831.4 h. The c0

particles’ interfaces are still in a merging process, forming

the entrapped c phase in some regions (see circled areas in

Figure 12b). According to Thermo-Calc, the proportion of

c0 phase at 815 �C is around 60%, while the observed value

is about 78%. These c0 particles coarsened significantly

compared to the as-cast microstructure (Figure 6c).

Table 5 shows the stress-rupture properties of the as-cast

IN-713C samples tested at 152 MPa and 982 �C. The

results of time to rupture and elongations follow the AMS

5391D standard.38 Table 6 shows the stress-rupture prop-

erties of as-cast IN-713C samples tested at 305 MPa and

815 �C and the typical values.4 The reduction of area and

elongation results are slightly below these characteristic

values. The elongation decrease in the samples tested at

815 �C is partially explained by the increase in the pro-

portion of c0 phase.63,64 In both cases, the creep crack

propagated intergranularly. Figure 13a shows the stress-

rupture data of as-cast IN-713C, and the present results fit

well with these data. Figure 13b shows the elongation for

each temperature and rupture time. These values are scat-

tered, but the data indicate that at lower testing tempera-

tures, the elongation is smaller, due to the higher

proportion of c0 phase.

Figures 10a and 12b indicate the incomplete rafting of the

c0 precipitates at 815 �C and 305 MPa after 831.4 h. The

applied stress in both temperatures is the same, approxi-

mately 50% of the yield stress. The slower rafting kinetics

at lower temperatures was previously reported for a Co–

9Al–9W–0.12B superalloy.65 The authors stated that ‘‘it is

evident that with increasing creep temperature, the

Figure 10. Microstructural characterization after the
stress-rupture at 982 �C and 152 MPa, DV 106 #8, time
to rupture of 57 h. (a) detail of the showing elongated c0

precipitates (dark area) and intergranular M23C6 type
carbides associated with MC carbides. Observe the
formation of pools of the Nb-stabilized c0 phase (dark-
gray area) around the intergranular M23C6 carbides.
SEM, longitudinal section, 1000 3 , glyceregia etching;
(b) detail of the c 1 c0 rafted microstructure. The elon-
gated c0 precipitates are represented by the light regions.
The proportion of the c0 phase was equal to 39%. SEM,
longitudinal section, electrolytic etching.

Figure 11. Minor phase concentration in equilibria in IN-
713C alloy as a function of temperature, Thermo-Calc
software.

International Journal of Metalcasting/Volume 15, Issue 4, 2021 1141



tendency to rafting increases.’’ They explained that the

diffusion kinetics was too slow at lower temperatures for

pronounced directional coarsening in the ‘‘given creep

time.’’ Using the diffusion coefficients for Mo, Cr and Al in

c and c0 phases,66–68 the diffusion distances (HDt, where

‘‘t’’ is the duration of each stress-rupture test and D is the

diffusion coefficient at testing temperature) were estimated

for each testing condition. These results indicated that the

diffusion distances at 982 �C were approximately twice the

values at 815 �C.

Figure 14a illustrates the initial rafting formation and

shows the shortest diffusion paths of the alloying elements.

The c0-forming elements must move from the perpendicu-

lar faces of the c0 precipitates to the vertical faces, while

the c-forming elements travel from the vertical to the

horizontal c channels. The corners of adjacent c0 precipi-

tates may entrap the c channels during this process.69 The

average size of the c0 precipitates and the c channel width

(see Figure 14a) were estimated for each testing condition,

based on the c0 volumetric fraction at 815 �C (60%) and

982 �C (40%), see Figures 2c, 14b and c. The higher

proportion of c0 phase at 815 �C creates thinner c channels,

facilitating c islands’ formation, see circles in Figure 12b.

The dissolution of these c islands depends on the atomic

diffusion in the c0 phase,68 which delays the rafting kinetics

at lower testing temperatures. Reed et al.69 also suggested

that the smaller c0 channel width promotes higher resis-

tance to the rafting of the interdendritic regions of CMSX-4

alloy.

Moreover, the misfit between c and c0 phases tends to

become more negative with increasing tempera-

tures.28–35,70 Therefore, the coherency stress and the creep

plastic deformation in the horizontal c channels are com-

paratively higher at 982 �C than 815 �C. The rafting

driving force depends on the decrease of the c - c0

coherency stress in the horizontal c channels, which takes

place by the formation of c - c0 interfacial dislocation

network.2,28–35,71–73 The c - c0 dislocation network is

formed by a series of thermally activated creep-dislocation

Figure 12. Microstructural characterization after the
stress-rupture at 815 �C and 305 MPa, DV 109 #8, time
to rupture of 831.4 h. (a) detail of the grain boundary
precipitates showing M23C6 carbides associated with MC
carbides, and precipitation of r phase (acicular phase).
SEM, longitudinal section, etching: Glyceregia; (b) detail
of the c 1 c0 structure, which is partially rafted. The
proportion of the c0 phase was equal to 78%. White
circles indicate few entrapped c phase channels. In this
etching, the c0 precipitates are the light regions. SEM,
longitudinal section, etching: electrolytic.

Table 5. Stress-rupture time to failure results at 152 MPa
and 982 �C

Test piece Time to rupture
(h)

Reduction in area
(%)

Elongation
(%)

DV 106 #5 51.4 15.1 11.4

DV 106 #8 57.0 34.5 34.4

DV 109 #3 45.3 39.4 13.6

Average 51.2 29.7 19.8

AMS
5391D38

[30 Not specified [5.0

Table 6. Stress-rupture time to failure results at 305 MPa
and 815 �C

Test piece Time to
rupture (h)

Reduction in
area (%)

Elongation
(%)

DV 106 #1 765.8 4.4 4.4

DV 109 #8 831.4 4.6 5.2

Average 798.6 4.5 4.8

Typical
values4

795 9.0 7.0
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reactions, which feature a strong edge character and min-

imize the coherency stress in the horizontal c channels.2 At

higher temperatures, the dislocation climb and dislocation

cross-slip around the c0 precipitates are favored,74 pro-

moting the formation of the c - c0 interfacial dislocations

and, as a consequence, the rafting. Tables 5 and 6 show

that the elongation at 982 �C was higher than at 815 �C
(19.8 vs. 4.8%), indicating that the glide of the dislocations

in the c matrix was easier. Finally, when a polycrystalline

superalloy is submitted to the stress-rupture test, some

grains may present rafting, while others maintain the

cuboid morphology of the c0 precipitates.75–77 Even inside

a grain, the rafting kinetics near the interdendritic regions

is slower due to the segregation and the higher proportion

of c0 phase and smaller c channels,69 see Figure 10a.

Conclusions

• The room temperature tensile properties were

within the requirements of the AMS 5391D stan-

dard. The fracture was nucleated at the interden-

dritic as-cast porosities, followed by multiple

cracking and cleavage fracture of the interden-

dritic MC carbides. The ductile fracture took place

transgranularly in the primary c dendrites.

• The 650 �C tensile properties and microfracto-

graphic features were similar to the results at room

temperature. However, debonding of the metal/

MC carbides interfaces rather than cleavage

fracture of the MC carbides was observed.

Figure 13. (a) Stress-rupture data on as-cast IN-713C; (b) elongation values for
different temperatures and rupture times. Figures adapted from the Nickel
Institute catalog.4
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• The stress-rupture properties at 982 �C and

152 MPa were within the requirements of the

AMS 5391D standard. The microstructure fea-

tured an incomplete transformation of MC car-

bides into M23C6 carbides and c0 pools. The c - c0

microstructure featured rafting with a proportion

of c0 phase equals to 39%.

• The microstructure after the stress-rupture prop-

erties at 815 �C and 305 MPa additionally fea-

tured acicular r phase precipitates and absence of

c0 pools around the carbides. The c - c0 duplex

microstructure showed incomplete rafting due to

the formation of entrapped c channels, as the

proportion of c0 phase was equal to 78%.

Figure 14. (a) Scheme is showing the rafting formation. ‘‘A’’ represents the c0-
forming elements and ‘‘B’’ the c-forming elements. The shortest diffusion paths for A
and B are indicated by the black arrows. ‘‘A’’ elements must move from the
perpendicular faces of c0 precipitates to the vertical faces while ‘‘B’’ must travel from
the vertical to the horizontal c channels. The corners of adjacent c0 precipitates may
entrap the c channels during this process69; (b) and (c) extrapolated c 2 c0

microstructure before rafting and after the same interfacial growth (dotted lines).
The calculated c channel width is based on the equilibrium fraction of c0 phase
indicated by Thermo-Calc, c0 precipitate size is equal to 1.0 lm for both conditions:
(b) 815 �C with c0 fraction equals to 60%, formation of c islands; (c) 982 �C with c0

fraction equals to 40%. (a) Was used with the permission of Taylor and Francis
Group on behalf of the Institute of Materials, Minerals and Mining; Materials Science
and Technology, Reed et al., Kinetics of rafting in a single crystal superalloy: effects
of residual microsegregation, � 2007

1144 International Journal of Metalcasting/Volume 15, Issue 4, 2021



Acknowledgments

The authors would like to acknowledge the financial
support of The Japan International Cooperation
Agency (JICA), The Funding Authority for Studies
and Projects of the Brazilian Government (FINEP/
PADCT), The São Paulo Research Foundation (FA-
PESP) and The Institute for Technological Research of
the Secretariat for Economic Development of the State
of São Paulo (IPT). Prof. Azevedo would like to thank
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