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strength is required. However, it is important to remember that 
the grain refinement leads to a decrease in creep resistance. High 
strength is favoured by fine grain size, in turn creep favoured by 
coarse grain size, so optimum range of sizes is required by end 
users. Cast components operating in the turbine, due to service 
conditions, must have appropriate microstructure and lack cast-
ing defects that can contribute to catastrophic failure. Mentioned 
features can be controlled by melt-pouring temperature and 
composition of the prime coat [11]. Filling ability of thin wall 
blades and vanes can be improved through increase of pouring 
temperature, however on the other hand, it leads to grain coarsen-
ing. In the LPT section operating temperature is usually below 
the creep range, and so stresses originating from centrifugal 
loads are relatively low [12]. In order to overcome this problem, 
castings are usually modified by the addition of refiners which 
contain high stability particles or adding inoculant to the prime 
coat of the ceramic mould. Grain refinement of the cast micro-
structure is directly connected with increasing the heterogeneous 
nucleation sites during solidification [13]. Some information 
is available in the literature [10,14-16] about modification of 
Inconel 713C superalloy, but the aviation industry continues to 
seek new solutions and improvements to increase durability of 
critical components, also called flight safety parts. The effect of 
the selected process parameters, geometry of castings as well as 
the preparation of ceramic mould on the mechanical properties 
of the Inconel 713C superalloy, presented in this work, has not 
yet been analyzed. The aim of the investigation was to establish 
the influence of the CoAl2O4 content in the prime coat and melt-
pouring temperature on the macrostructure, microstructure and 
also mechanical properties at room and elevated temperatures. 

2. Experimental procedure 

Four Inconel 713C investment castings with different 
pouring temperatures and prime coatings of shell mould were 
fabricated. The superalloy used in this experiment was provided 
by Canon Muskegon Company. The wax patterns were injection 
moulded and then ceramic monolithic mould was built up around 
these patterns by a series of dip coatings. Two prime coats were 
produced for the casting: 
a) Shell mould 1-2: The prime coat consisted zircon filler and 

colloidal silica binder, 
b) Shell mould 3-4: Similar to 1-2 plus 5 wt. % of CoAl2O4 

inoculant. 
Grit of alumina was used as a primary stucco, and then 

few coat mould backups made of ceramic slurries based on alu-
mina silicate powders and colloidal silica binder. As a backup 
stucco aluminate silicate grit was used. One of prepared shell 
mould is shown in Fig. 1. The wax patterns were removed from 
the shell molds in boilerclave and then covered with alumina 
silicate Fiberfrax® insulation. Whole assemblies were fired in 
air in order to harden the moulds. Master heat charges were 
melted in a zirconia crucible mounted in the VIM IC Consarc 
furnace. Directly before melting the moulds were preheated up 

to 1000°C. During melting and subsequent pouring, the vacuum 
was 2×10–3 mbar. Two melt-pouring temperatures, controlled by 
Pt/Pt-Rh thermocouples, were selected: 1480°C (shell 1, 3) and 
1520°C (shell 2, 4). 

Fig. 1. One of the shell mould prepared in the experiment

TABLE 1

Experimental conditions

Content of
inoculant [wt. %]

Preheat 
temperature [°C]

Melt pouring 
temperature [°C]

1480 1520
Description of shell

0 1000 N1 N2
5 1000 M1 M2

After the alloy has solidified and cooled, the moulds were 
broken away and the castings subjected to further investigation. 
The geometry of cast element after excision from assembly and 
machining is presented in Fig. 2. Measuring length is equal 
32 mm.

Fig. 2. Geometry of prepared element after: a) excision b) machining
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3.2. Mechanical properties 

Stress-strain curves obtained during tensile testing at ambi-
ent temperature are presented in Fig. 5. All the test results are 
shown in Table 4. Irrespective of the melt-pouring temperature, 
similar yield strength results were obtained for unmodified and 
surface modified samples. The addition of cobalt aluminate to 
prime coat improved the yield strength by 70 MPa for 1480°C 
and 72 MPa for 1520°C, which is almost identical. A slightly 
larger difference in the obtained values was observed for the 
ultimate tensile strength. 

The results indicate that maximum values of ultimate 
tensile strength and strain are achieved for modified castings. 
Sample M1 broke at stress 1030 MPa, ie. at 104 MPa greater 
than sample N1. The surface modification subjected for the 
1480°C pouring temperature increased the UTS by 11%. The 
values obtained for samples poured at 1520°C were slightly 
lower and were respectively 861 MPa for the unmodified sample 
and 980 MPa for the sample with CoAl2O4 addition. An addition 
of inoculant to prime coat and pouring temperature of 1480°C 
consequently attained the optimal combination of mechanical 
properties.

Macrostructure of the fractures and their cross-sections 
after a tensile test, are shown in Fig. 6 and 7. The complex 
character of cracking was observed and it indicates structural 
heterogeneity of the cast superalloy. Cracks propagated through 
equiaxed grains of the castings along the interdendritic areas. 
Few secondary cracks were observed, namely two on the inner 
surface of sample M1 and one inside of sample N2.

Fig. 5. Tensile testing curves

TABLE 4

Ambient temperature tensile test results of Inconel 713C

Pouring 
Temperature

[°C]

Content of 
inoculant

[%]

Descrip-
tion

Yield strength 
0.2% [MPa]

Tensile 
strength
[MPa]

1480 0 N1 750 926
1480 5 M1 820 1030
1520 0 N2 749 861
1520 5 M2 821 980

Fig. 6. Fractures of tensile test specimens: a) N1; b) M1; c) N2; d) M2

Fig. 7. Cross sections of tensile test fractures: a) N1; b) M1; c) N2; d) M2

At high temperature/low stress (e.g. 982°C/151.8 MPa), 
superalloys show steady creep with a short primary stage and 
steady state represented by a plateau and pronounced strain ap-
pearing at the tertiary stage. Fig. 8 shows the percentage strain as 
a function of rupture time, creep curves have the classical shape, 
while the detailed results are in Table 5. It was noted that Inconel 
713C modified with cobalt aluminate independently of the melt-
pouring temperature, showed lower rupture life comparison with 
the unmodified alloy. For the specimens poured from 1520°C, 
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the decrease was almost 10%, while for the specimens poured 
from 1480°C more than 11%. Time to rupture of sample M1 
was 4.8 h shorter in comparison with sample N1 (41.4 h), in 
turn for sample M2 poured from the higher temperature, time 
to rupture was 38.1, and so 4.2 h shorter than for non-modified 
specimen. The shorter time to rupture results essentially from 
grain refinement, because the surface areas of the grain bounda-
ries being the preferred deformation sites during creep and creep 
rate is increased. The longest time to fracture was 42.3 h for the 
sample N2, and the shortest 36.6 h for the M1 variant. Materials 
characterized by coarse grains withstood the applied stress the 
longest time. Creep rate in steady state is increase with grain 
refinement for both melt-pouring temperatures. At 1480°C creep 
rate for sample N1 is equal 0.035% per hour, whereas modifica-
tion increases this rate by more than 40%. At 1520°C creep rates 
both modified and non-modified samples are close with a little 
higher value for the fine-grain specimen. 

Fig. 8. Creep curves

TABLE 5

Creep resistance of Inconel 713C

Pouring 
Temperature

[°C]

Content of 
inoculant

[%]

Descrip-
tion

Time to 
rupture

[h]

Steady state 
creep rate

[%/h]
1480 0 N1 41.4 0.035
1480 5 M1 36.6 0.050
1520 0 N2 42.3 0.022
1520 5 M2 38.1 0.025

Fig. 9 and 10 show macrostructures of the fractures and 
cross sections, respectively of the specimens after stress rup-
ture. The test was carried out at a temperature of nearly 1000°C 
(above potential service temperature) in air, so an oxide layer was 
observed on the fractures. Dark green colouration indicates the 
formation of chromium rich oxide on their inner area. Fractures 
are characterized by a highly developed surface due to uneven 
plastic deformation. The cross-sectional microstructures show 
the intergranular fracture mode. In the N1 sample, the grains are 
larger than in the sample M1; direction of the crack propaga-

tion indicates that relatively high “jumps” are associated with 
separation of larger grains. Similar tendency occurs in N2 and 
M2 samples. There are also numerous secondary cracks that 
have been initiated and run along the inside of the material, 

Fig. 9. Fractures of crept samples: a) N1; b) M1; c) N2; d) M2

Fig. 10. Cross sections of crept samples: a) N1; b) M1; c) N2; d) M2








