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Eight investment castings of Inconel 713C superalloy were fabricated, varying in the melt-pouring tem-
perature, from 1400 to 1520 �C, and CoAl2O4 inoculant content, 0 or 5 wt.%, in the primary coat. Their
influence on grain size on tensile and creep properties was investigated. The best combination of yield stress
(815 MPa) and elongation (A4 = 7.65%) at ambient temperature was obtained in surface-modified castings
poured from 1520 �C. The longest time to rupture was for the unmodified castings (76.8 h) poured from
1520 �C, while for the modified variant, the time to rupture was lower around, 7.4 h, which was still a
satisfactory value. During tensile testing, microcracks were formed in large eutectic c¢, carbides and bor-
ides, due to the accumulation of stress at interfaces with the matrix. During creep, N-type rafting of c¢
precipitates and phase transformation MC + c fi c¢ + M23C6 took place.
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1. Introduction

Precipitation-strengthened nickel-based superalloys are
widely used in the manufacturing of turbine blades and vanes,
which operate in hot sections, both in turbochargers of
combustion engines and turbofan jet engines (Ref 1, 2). One
of the most important representatives of this group is Inconel
713C. This alloy is also extensively used in the automotive,
power and oil and gas industries due to a unique combination of
strength at operating temperature and excellent hot corrosion
resistance. The very good castability, low-cycle fatigue resis-
tance (LCF) and microstructural stability determine the wide
use of the Inconel 713C for low-pressure turbine (LPT) guide
vanes in GP7200 engines (Ref 3-6). Usually, superalloys are
heat-treated (solution + aging); however, Inconel 713C
achieves sufficiently high properties in the as-cast condition,
and so increase in mechanical properties is by optimization of
investment casting parameters and composition of the shell
mold (Ref 7). Major features of investment castings are
macrostructural coarseness and non-uniformity of grain size,

which may reduce the fatigue life and reliability of turbine
vanes in the intermediate temperature range. The microstructure
improvement of cast superalloys may be obtained by more
uniform equiaxed grain size (Ref 8-10). Desired grain size can
be achieved by selection of melt-pouring temperature, preheat
of ceramic shell mold, and/or introduction of an inoculant into
the primary coat (Ref 11, 12). Grain refinement through the
addition of inoculants is an important way to increase the
strength of cast polycrystalline superalloys. At a relatively low
temperature, the strength of the grain boundary is higher than
that of the grain interior and so increasing the area of grain
boundaries can increase the strength of superalloys. However,
with the increase in operating temperature, the strength of grain
boundary decreases more quickly than the grain interior
strength. Increasing the grain boundary area can, therefore,
lead to a significant reduction in strength. Grain refinement by
the addition of inoculants has several benefits, namely a
substantially easy operation, no change in production equip-
ment and a very good refining effect (Ref 13, 14). It has been
reported (Ref 13, 15-18) that inoculants have a favorable
influence on grain refinement and thus low-temperature
mechanical properties. The main aim of this research was to
determine the influence of the melt-pouring temperature and the
CoAl2O4 inoculant in the prime coat of the shell mold on the
structure and mechanical properties of IN713C superalloy
castings.

2. Material and Experimental Procedure

Ni-based superalloy Inconel 713C was used as the casting
and the gating system. Result of chemical composition analysis
obtained by optical emission spectroscopy is shown in Table 1.

The eight shell molds were fabricated in the Investment
Casting Division of Consolidated Precision Products Corp.
Each of the disposable wax assemblies consisted of a ‘‘carrot’’-
type shape specimens with dimensions: bottom diameter
23 mm, upper diameter 12 mm and height 90 mm. Four vents
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were prepared in order to stabilize and strengthen the wax
models and also for better wax melting. The wax patterns were
injection molded, and then, the ceramic monolithic mold was
built up around these patterns by a series of dip coatings (8
layers). Alumina grit was used as the primary stucco. One of
the prepared shell molds is shown in Fig. 1. Two prime coats
were produced for the casting:

(a) Shell molds no. 1, 3, 5, 7: zircon filler and colloidal sil-
ica binder,

(b) Shell molds no. 2, 4, 6, 8: zircon filler and colloidal sil-
ica binder plus 5 wt.% of CoAl2O4 inoculant.

The wax patterns were removed from the shell molds in
boilerclave and then covered with alumina silicate Fiberfrax�

insulation. All molds were then fired to increase the strength
and remove the wax residue. Directly before melt-pouring, the
molds were placed in a heating chamber preheated to 1000 �C
for 100 min. The temperature was controlled by Pt/Pt-Rh
thermocouples. The raw ingots were melted in a zirconia
crucible placed in a vacuum induction furnace. The Inconel
713C superalloy was inductively melted in a vacuum of
2.9 9 10�3 Pa. The liquid superalloy was poured into molds at
four different temperatures: 1400, 1450, 1480 and 1520 �C. A
total of 40 specimens were machined for microstructural and
mechanical properties investigations. Those for macroscopic
and microscopic examinations were mounted in resin, metal-
lographically prepared (grinding and polishing) and finally
chemically etched in 50 mL lactic acid, 30 mL nitric acid,
2 mL hydrofluoric acid (macro) and electrochemically (micro)
in 10% CrO3. Tensile tests were carried out at ambient
temperature according to ASTM E8M-13a standard (Ref 19)
using INSTRON 3382 tester, and yield strength and elongation
A4 were determined. The geometry of the sample is presented in
Fig. 2.

Creep tests were performed on a Walter + Bai AG LFMZ-
30 machine in accordance with the requirements of ASTM
E139-11 standard (Ref 20). The samples were preheated to
982 �C, annealed for 60 min, and then loaded with an axial
force, which produced in their cross sections an initial tensile
stress of 151.8 MPa. Two specimens were prepared for creep
and two for the tensile testing (for each variant presented in
Table 2), and finally, average values were calculated. The
solidus temperature of Inconel 713C is 1263 �C (Ref 11), so
creep testing was at a high homologous temperature, 0.82.

3. Results and Discussion

3.1 Microstructure of Castings

The microstructures of castings did not reveal casting
defects like cracks, porosity and misruns (Fig. 3). The increase
in melt-pouring temperature induced a decrease in cooling rate
which led to grain growth. The microstructure showed that

cobalt aluminate (CoAl2O4) was an effective modifier for
Inconel 713C in the whole range of melt-pouring temperatures,
especially at 1450 and 1520 �C. Differential thermal analysis of
IN713C indicated that the creation of the first c primary
dendrites started at 1342 �C (liquidus) (Ref 11). The solidifi-
cation finished at 1263 �C, and so liquidus–solidus range is
relatively wide, 79 �C. Table 1 indicates that IN713C consists
of highly reactive alloying elements like chromium, aluminum,
as well as titanium, characterized by high oxygen affinity.
During the contact of the primary coat with the liquid alloy,
cobalt aluminate was reduced and metallic cobalt was created in
accordance with the reactions (Ref 13):

CoAl2O4 þ 2=3Cr ! 1=3Cr2O3 þ Coþ Al2O3; ðEq 1Þ

CoAl2O4 þ 2=3Al ! 3=4Al2O3 þ Co; ðEq 2Þ

CoAl2O4 þ 1=2Ti ! 1=2TiO2 þ Coþ Al2O3; ðEq 3Þ

Cobalt from the inoculant was superseded by Al, Cr and Ti, and
then, Co fine particles were formed on the internal surfaces of
shell molds. Above 450 �C, cobalt and c (Ni) phase have the
same crystallographic structure (face-centered cubic). The
lattice constants are aCo = 3.5480 Á̊ and aNi = 3.5805 Á̊,
respectively, which gives a low lattice misfit (Ref 21, 22). In
accordance with the equation f ¼ aNi�aCo

aCo
� 100%, misfit is only

Table 1 Chemical composition of Ni-based superalloy Inconel 713C

Element Cr Al Mo Nb Ti C Zr B Ni

wt.% 14.14 5.78 4.38 2.16 0.87 0.10 0.07 0.012 Bal.

Fig. 1 Shell mold fabricated through the ‘‘dip and stucco’’
technique

Journal of Materials Engineering and Performance Volume 28(7) July 2019—3827



0.9% and Co can act as a good nucleation substrate. The
heterogeneous nucleation rate of the cast surface was increased.
The modification gave an exothermic reaction during pouring,
which prevented the formation of a chill zone structure. It is
also important to mention that some other variables have also
an influence on the microstructure of superalloys, and conse-
quently on mechanical properties. An increase in the melt-
pouring temperature influences strongly the reactivity of the
molten alloy with the crucible and filter. Alloys poured from
higher temperatures have also a higher concentration of
vacancies, which is important for mechanical properties at
high homologous temperatures (Ref 1, 2).

3.2 Tensile Tests Results and Changes of Microstructure

The results of the tensile tests are shown in Fig. 4. The
averaged values calculated are joined by the green line for the
modified samples and by the red line for the unmodified.
According to the AMS 5391 standard (Ref 23), Inconel 713C
castings should be characterized by the following properties:
yield strength 689.5 MPa (100 psi) and elongation A4 min. 3%.
Yield stress in all samples significantly exceeded the required
minimum (Fig. 4a). With the exception of the melt-pouring
temperature of 1400 �C, higher average values were obtained
for the modified samples. The difference between the highest
(830 MPa) and the lowest mean value was around 76 MPa. For
unmodified samples, yield stress decreased as the casting

Fig. 2 Geometry of specimen for tensile and creep tests

Table 2 Designation of shell molds

Shell
mold, No.

Content of inoculant in prime
coat, wt.%

Melt-pouring
temperature, �C

1 0 1400
2 5 1400
3 0 1450
4 5 1450
5 0 1480
6 5 1480
7 0 1520
8 5 1520

Fig. 3 Macrostructure of castings

Fig. 4 Influence of pouring temperature on: (a) yield strength; (b)
elongation A4
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temperature increased. The elongation A4 is presented in
Fig. 4(b). Relatively low values were measured in unmodified
samples poured from 1400 �C. The highest A4 values for both
modified and unmodified samples were obtained for 1520 �C
pouring temperature. The results of single measurements for
melt-pouring temperatures of 1450 and 1480 �C were close to
4% minimum.

Macrostructures of cross-sectioned specimens after the
tensile test are shown in Fig. 5. The complex character of
cracking indicated structural heterogeneity of the castings.
Conventionally, higher yield strength was associated with finer
grain size. High strength also results from a high volume
fraction of the c¢ precipitates, narrow matrix channels and the
solid solution strengthening effect in both matrix and c¢ phases.
The total content of c¢ formers exceeded 6.6 wt.%, which is a
relatively high value in comparison with other equiaxed
superalloys widely used in aircraft engines (Ref 24). Plastic
deformation of the superalloys occurs through dislocations slip
in the matrix channels. A high volume fraction of the c¢ phase
and the substantial local grain-boundary curvature in castings
effectively block their movement.

The microstructural changes, the location of EDS points and
results of the analysis are presented in Fig. 6 and Table 3.
Numerous cracks have been observed inside many large
precipitates. The results of analysis no. 1 and 2 revealed the
increased concentration of Ni and Al which confirmed the
presence of eutectic c¢. Precipitates strongly enriched in Nb, Ti
and Mo were MC-type carbides (points 3 and 4), while the
precipitates with a total concentration of around 75 at.% of Mo
and Cr were M3B2 borides (points 5 and 6). The uncracked
precipitates along interdendritic spaces were Ni7Zr2 intermetal-
lic compounds formed from the residual liquid phase through
the eutectic transformation. The deformation of c¢ phase takes
place by slip on systems {111}<110>. The dislocation in c¢
phase has a length of Burger vector a�2, which is twice as long
as in c. Dislocation slip in the c¢ by one length of the Burgers
vector disturbs the lattice order. This leads to the formation of a
high energy defect, so dislocation movement in the c¢ is more
difficult (Ref 25). The microstructural observations and tensile
tests results indicated that the deformation of IN713C was
dominated by the type of primary precipitates and dislocation
movement in the matrix. Due to the high stiffness of eutectic c¢
phase, carbides and borides, accumulation of created disloca-
tions occurred in the c matrix and interfaces. Microcracks of
large precipitates confirmed the stress concentration along

interfaces with the matrix. In the Ni-based superalloys,
interfaces c/MC-type carbides and c/eutectic c¢ are areas of
increased stress concentration (Ref 26, 27).

3.3 Creep Tests Results and Changes of Microstructure

The AMS5391 (Ref 23) standard indicates that with the
assumed test parameters the time to rupture should be at least
30 h. The creep properties of castings tested at 982 �C and
151.8 MPa as a function of melt-pouring temperature are
presented in Fig. 7(a) and (b). The creep life was improved
with increasing pouring temperature, and in addition, the mean
time to rupture for each melt-pouring temperature was higher
for the unmodified samples (Fig. 7a). The mean time to rupture
for unmodified and modified castings poured from 1400 �C
was 48.1 and 46.0 h, respectively. Increasing the pouring
temperature by 120 �C contributed to the increase in these
values by more than 50%, namely to 76.8 h and 69.4 h. The
minimum value defined by the standard has been exceeded
twice. The effect of cobalt aluminate was most pronounced at
1480 �C, with a difference in mean time to rupture over 11 h.
Depending on the temperature and the load, three creep ranges
were observed. At high temperature and low stress (982 �C/
151.8 MPa), curves showed a short primary stage and steady
state characterized by a plateau and pronounced strain at the
tertiary stage.

The steady-state creep rate decreased with an increase in the
melt-pouring temperature, both for the unmodified and the
modified castings (Fig. 7b). The highest creep rate for the
modified variant was 0.035%/h (1450 �C), while the lowest
0.0245%/h (1520 �C). In the unmodified castings, the differ-
ence between the highest 0.0306%/h (1400 �C) and the lowest
creep rate (1520 �C) was 0.0093%/h. The creep rate of
modified samples was higher for each melt-pouring tempera-
ture, although the value calculated for the 1520 �C variant was
the second lowest in the entire study. The comparison of creep
curves which represents variants with the highest (modified at
1450 �C) and the lowest (unmodified at 1520 �C) steady-state
creep rate is presented in Fig. 7(c). Generally, the creep
mechanisms can be divided into dependent and independent of
the grain size (Ref 1, 8, 28). In both cases, the creep rate is
related to the diffusion rate. Creep diffusion via formation and
disappearance of vacancies at the boundaries depends strongly
on grain size, but dislocation creep which occurs inside the
grains is independent of their size. Under constant stress and
temperature, as the grain size increases, the contribution of

Fig. 5 Cross sections after tensile testing: (a) unmodified castings; (b) modified castings
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dislocation creep drops rapidly, while creep rate through a
diffusion mechanism decreases. The microstructure of crept
Inconel 713C is shown in Fig. 8. Intergranular cracks with
numerous secondary cracks and voids were observed. The main
microstructural change in the dendrite cores was directional
growth (rafting) of c¢ precipitates (Fig. 9). The rafting process
of c¢ phase in Ni-based superalloys is induced by several
factors, namely the value and direction of the external stress,
the value of misfit coefficient and the elastic constant of c¢ and c
phases (Ref 29).

The morphology change in c¢ phase was N-type rafting, in
which the lamellae of c¢ phase were perpendicular to the
applied tensile stress direction. Lattice misfit is defined as
d ¼ 2 ac0 � ac

� �
= ac0 þ ac
� �

, where ac¢ and ac are lattice con-
stants (Ref 31). When lattice misfit is negative, it can be
concluded that the rafting is a sequential process (Ref 32, 33).
At the beginning, plastic deformation of the matrix takes place,
which leads to a loss of coherency at the c/c¢ interface and
decrease in the misfit stress. Tensile stresses act in the c¢
precipitates parallel to the matrix channels. Compressive
stresses in the surfaces of matrix channels balance these forces,
and moreover, they are much higher than the tensile stress
components perpendicular to the channels. The combination of
internal stresses yields a specific value for the hydrostatic
stress, which is well known to directly affect the chemical
potential of atoms (Ref 30). If the superalloy is not loaded
(r = 0), the tendency to reduce the overall c/c¢ interface energy
leads to non-directional coarsening of cubic precipitates
(Fig. 10a). In this case, the chemical potentials of the c¢ phase
at points 1 and 2 are equal. When the external stress is applied,
the stress components at positions 1 and 2 are not the same
(Fig. 10b). The local stresses inside material are modified in the
direction of the applied external stress. The internal stresses
change to perpendicular to the external stress axis because of
the difference in values of Poisson�s ratio of the matrix and the

Fig. 6 Microcracks of precipitates: (a) eutectic c¢; (b) MC-type carbides; (c) M3B2 boride; (d) intermetallic compound Ni7Zr2

Table 3 Concentration of alloying elements in selected
points (at.%)

Point/element Al Cr Nb Ti Mo Zr Ni

1 16.1 4.3 3.3 2.4 1.3 1.0 71.6
2 15.9 4.2 3.4 2.3 1.3 1.0 71.9
3 0.9 1.5 59.5 11.8 13.9 7.4 5.0
4 3.1 1.6 56.1 9.4 9.9 10.8 9.1
5 1.7 26.9 8.1 0.8 50.0 3.2 9.3
6 1.8 30.6 8.5 0.9 44.7 2.3 11.2
7 6.0 2.6 3.5 0.8 1.2 17.4 68.5
8 5.1 2.5 3.7 0.7 0.8 17.4 69.8
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precipitates. The effective stress in the perpendicular channels
of the matrix is greater than in the parallel channels, which
favors diffusion processes and dislocation movement in the
perpendicular channels. The result is rafting of c¢ perpendic-
ularly to the external tensile direction.

Morphology of constituents and location of EDS lines are
shown in Fig. 11 and 12. Microstructural observations in
interdendritic spaces revealed much more complex changes,
and so selected regions were subjected to EDS analysis. In
Fig. 12(a), the enrichment in Nb and Ti was observed, which
suggests that it was a primary Nb-rich carbide surrounded by

the coarse-grained c¢. M3B2 boride enriched in Mo and Cr
(Fig. 12b) did not transform during creep. Intermetallic
compound Ni7Zr2 (Fig. 12c) was also stable during expo-
sure to 982 �C. Inside interdendritic c¢ phase, near the MC-
type carbides, precipitates strongly enriched in Cr were
observed (Fig. 12d). These precipitates were not present in
the as-cast state. In Ni-based superalloys, MC-type car-
bides can decompose during exposure to high temperature by
one of the transformations: MC + c fi M23C6 + c¢, MC +
c fi M6C + c¢ and/or MC + c fi M23C6 + g. Despite
intensive observation, M6C carbide and intermetallic g phase

Fig. 7 Results of creep tests: (a) time to rupture; (b) steady-state creep rate: (c) comparison of creep curves for variants characterized by the
highest and the lowest steady-state creep rate

Fig. 8 Microstructure of cross sections after creep: (a) unmodified castings; (b) modified castings
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were not observed in IN713C, which was earlier reported by
(Ref 6).

4. Conclusions

Melt-pouring temperature and the composition of the
primary coat in the shell mold influenced grain size of
IN713C castings and consequently their mechanical properties
both at ambient temperature and 982 �C. This work combines

two variants of the primary coat, without and with the addition
of 5% CoAl2O4 inoculant, and also four pouring temperatures
from 1400 to 1520 �C. The main conclusions of the research
are:

(a) The compound CoAl2O4 is suitable for surface modifica-
tion of IN713C castings. The highest grain refinement
was obtained in castings poured between 1450 and
1520 �C,

(b) The mean yield strength in unmodified samples de-
creased with the increase in melt-pouring temperature,
while elongation A4 had the opposite relation. The high-
est mean yield strength (815 MPa) was obtained in
modified samples poured from 1520 �C,

(c) The time to rupture increased with the increase in melt-
pouring temperature both for unmodified and modified
castings. The difference between the lowest and the
highest time to rupture (72.8 h) for unmodified castings
was 28.7 h. Modified castings were characterized by a
similar difference between the lowest and highest time
to rupture (69.4 h) at 1520 �C, equal to 26.4 h,

(d) The changes in microstructure during tensile testing in-
cluded microcracking of large strengthening phases,

(e) During creep, N-type rafting of c¢ and transformation of
MC carbides to M23C6 carbides in interdendritic spaces
(MC + c fi M23C6 + c¢) were observed,

(f) The best combination of mechanical properties, for
application in intermediate service temperature (LPT sec-
tion) in jet engines, was for modified IN713C with
1520 �C pouring temperature. The temperature is below
the creep range, where stresses originating from centrifu-
gal loads are high. In this case, the best combination of
tensile strength and creep resistance is required.Fig. 9 Morphology of rafted c¢

Fig. 10 Representation of internal stress components in the c and c¢ phases: (a) r = 0; (b) r > 0 (Ref 30)
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Fig. 11 Morphology of phases after creep and location of EDS lines: (a) MC-type carbide; (b) M3B2 boride; (c) intermetallic compound
Ni7Zr2; (d) M23C6 Cr-rich carbides

Fig. 12 Distribution of alloying elements (at.%): (a) MC carbide and c¢; (b) M3B2 boride and c¢; (c) Ni7Zr2 and MC carbide; (d) M23C6 Cr-rich
carbides and c¢. Colors: Ni—red, Mo—orange, Cr—yellow, Al—green, Nb—blue, Zr—turquoise, Ti—pink (Color figure online)
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