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Microstructural characterization of Inconel 713C superalloy after creep testing
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Abstract

The main aim of this investigation was to determine the 
microstructural degradation of Inconel 713C superalloy 
during creep at high homologous temperature. The alloy 
in as cast condition was characterized by large micro-
structural heterogeneity. Inside equiaxed grains dendrite 
cores consisted of γ' precipitates surrounded by channels 
of matrix, whereas enrichment of interdendritic spaces in 
carbide formers, Zr and B resulted in the formation of ad-
ditional constituents, namely M3B2, Ni7Zr2 and eutectic is-
land γ/γ'. Directional coarsening of γ′ precipitates (rafting) 
under applied stress and decomposition of primary MC-
type carbides accompanied by the formation of secondary 
carbides enriched in Cr and γ' phase was observed.
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Streszczenie

Głównym celem badania było określenie degradacji mi-
krostruktury nadstopu Inconel 713C zachodzącej podczas 
badania pełzania w wysokiej temperaturze homologicznej. 
Badany nadstop bezpośrednio w stanie lanym charaktery-
zuje się wysoką niejednorodnością mikrostrukturalną. We-
wnątrz ziaren równoosiowych rdzenie dendrytów składają 
się z wydzieleń γ' otoczonych kanałami osnowy, natomiast 
wzbogacenie przestrzeni międzydendrytycznych w pier-
wiastki węglikotwórcze, a także Zr i B, prowadzi do tworze-
nia dodatkowych składników, mianowicie eutektyki γ/γ', wę-
glików MC, borków M3B2 oraz fazy międzymetalicznej Ni7Zr2. 
W trakcie pełzania przy parametrach T = 982ºC i napręże-
niu σ = 152 MPa zaobserwowano rafting typu N fazy mię-
dzymetalicznej γ'. W przestrzeniach międzydendrytycznych  
w wyniku częściowego rozpuszczenia węglików typu MC 
wydzieliły się węgliki M23C6 bogate w Cr.

Słowa kluczowe: degradacja, Inconel 713C, NbC, M23C6



40 Prace IOd 1/2018

M. Grudzień, R. Cygan, Z. Pirowski, Ł. Rakoczy: Microstructural characterization of Inconel 713C superalloy after creep…

1. Introduction

Inconel 713C belongs to the group of nickel-based 
superalloys, strengthened primaly by the high volume 
fraction of intermetallic γ' phase, present to above 
1000°C. Very good castability, creep resistance and 
microstructural stability make these superalloys suit-
able for manufacture of a low-pressure turbine (LPT) 
guide vanes in turbo-fan engines [1−4]. Polycrystalline 
turbine blades are typically manufactured by investment 
casting process known as the lost-wax process. These 
complex castings must meet all the extremely strict aer-
ospace quality requirements. Ni-based superalloys are 
characterized by the ability of stressed γ’ precipitates 
to transformation into plates at the high temperature 
and normal to the axis of the applied stresses (Fig. 1). 
The phenomenon of a directional growth (coarsening) 
is usually called “rafting” [5,6], while N-type behaviour 
is associated with negative misfit alloys stressed in 
tension.

Fig. 1. Scheme of N- and P-type rafting in superalloys 
strengthened by cubic-shaped γ' precipitates [5]
Rys. 1. Rafting typu N oraz P w nadstopach niklu 

umacnianych fazą międzymetaliczną γ' [5]

Lattice misfit is defined as:

δ = 2(aγ' − aγ)/(aγ' + aγ), 

where aγ' and aγ are the lattice constant of the γ' phase 
and γ matrix respectively. During exposure to high tem-
perature formation of continuous grain boundary carbide 
network, TCP phases and MC carbide degeneration can 
also occur. Most of these features are detrimental to 
properties of material such as tensile strength and creep 
resistance [7−10]. Usually, the nickel-based superalloys 
are heat treated (solution + ageing). However, Inconel 
713C achieves sufficiently high strength directly in the 
casting in the as cast condition [11−13]. According to the 
AMS5391 the minimum time to rupture during creep of 
as cast Inconel 713C at 1800°F (~980°C) under 22 psi 
(~152 MPa) is 30 hours [14]. The tests are carried out at 
a temperature which significantly exceeds the in-service 

requirements of the Inconel 713C castings. To achieve 
the highest properties demand intensive research and 
testing in order to make correlations between mechani-
cal properties and manufacturing parameters including 
the composition of shell mould. The aim of this work is 
to show all details about the parameters of investment 
casting and creep resistance at high homologous tem-
perature under low stress with particular emphasis on 
change of primary (as cast) microstructure of Inconel 
713C.

2. Experimental procedure

Inconel 713C was provided by Canon Muskegon 
Company in the form of bar. Results of chemical com-
position obtained by optical emission spectroscopy 
(OES) are shown in Table 1. The wax pattern, simi-
lar in shape and dimensions to the required tensile 
specimen (Fig. 2) was injection moulded, and then 
a ceramic monolithic mould was built up around this 
pattern by a series of dip coatings. The casting was 
made in the Investment Casting Division of CPP Corp. 
Poland in Rzeszow and all technological conditions 
were as similar as possible to company standards. 
The prime coating of shell mould consisted of zircon 
filler, colloidal silica binder and 5% of cobalt aluminate 
(CoAl2O4). Alumina grit was used as a primary stucco, 
and then several coats of ceramic slurries based on 
alumina silicate powders and colloidal silica binder and 
as a backup stucco aluminate silicate grit were applied. 
Master heat charge was melted in a zirconia cruci-
ble mounted in the vacuum Consarc furnace. During 
melting and subsequent pouring level of vacuum was  
2 × 10-3 mbar. The liquid metal at 1520°C was poured 
into a preheated (1000°C) mould. After the alloy has 
solidified and cooled, the mould was broken and then 
casting was cut out from the assembly. To obtain the 
required dimensions of the test specimen (Fig. 2) with 
optimal surface roughness and dimensions final ma-
chining was carried out. Creep resistance test was 
carried out in accordance with the requirements of 
ASTM E139 standard using the Walter + Bai AG LFMZ-
30 device at temperature 982°C and stress 152 MPa.

Metallographic observations were preceded by 
standard metallographic preparation and chemical 
etching in 50 ml lactic acid, 30 ml nitric acid, 2 ml 
hydrofluoric acid: AG21. The observations at higher 
magnification before and after creep was carried out 
by light microscopy (LM) and scanning electron mi-
croscopy (SEM). For SEM, samples were etched in 
50 ml water, 50 ml hydrochloric acid, 50 ml nitric acid,  
1.5 g molybdic acid: no. 17 Etch (micro) reagent. Image 
analysis was used to calculate the number of equiaxed 
grains, mean area, mean perimeter, and number of 
precipitates per mm2. For imaging and EDS analyses, 
a 15 kV accelerating voltage was used.
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Table 1. Chemical composition of Inconel 713C
Tabela 1. Skład chemiczny stopu Inconel 713C

Ele-
ment Cr Al Mo Nb Ti C Zr Co B S P Ni

% wt. 14.24 5.93 4.29 2.45 0.92 0.11 0.08 0.04 0.012 0.003 0.004 Bal.

Fig. 2. Geometry and dimensions of the specimen for  
creep test (mm)

Rys. 2. Geometria próbki do badań pełzania (mm)

3. Results and discussion

Fig. 3. Creep curve of Inconel 713C
Rys. 3. Krzywa pełzania nadstopu Inconel 713C

At high temperature/low stress (982°C/152 MPa), 
Inconel 713C showed short-term primary stage and 
then steady state creep (0.057875% per h) and final-
ly pronounced strain appearing at the tertiary stage  
(Fig. 3). Creep curve had the classical shape, while the 
time to rupture was almost 40 h, in accord with AMS5391 
requirement of minimum 30 h. The macrostructure of In-
conel 713C after binarization consisting of 18 equiaxed 
grains is shown in Figure 4. The generally unacceptable 
chill zone structure of the inner surface of casting was 
not present. The stereological parameters, presented 
in Table 2, indicate that relatively fine-grain structure 
was obtained. The mean area of detected grains was  
4.08 mm2, while the perimeter exceeded 20 mm. Stand-
ard deviations were relatively high due to irregular 
grains size and local condition of solidification process. 
Pouring temperature was relatively high, and so only  
0.23 grain are per mm2 was observed. The grain size 
in cast superalloys depends mainly on the velocity of 

growth and nucleation rate. The obtained structure was 
caused by the reaction between the Cr, Al and Ti con-
sisted in Inconel 713C and cobalt aluminate (primary 
coat). Cobalt in the compound is displaced by these 
elements to form Co fine particles, which are considered 
to be the nucleants during solidification of casting [12].

Fig. 4. Binary image of Inconel 713C macrostructure
Rys. 4. Obraz binarny makrostruktury Inconel 713C

Table 2. Stereological parameters of Inconel 713C casting
Tabela 2. Parametry stereologiczne nadstopu Inconel 713C

Number 
of grains

Mean 
area, 
mm2

Mean  
perimeter, 

mm

Number of 
perimeter 
per mm2

Value 18 4.08 20.48 0.23

Standard 
deviation 3.56 9.39

The microstructure of as-cast Inconel 713C before 
mechanical testing at elevated temperature is shown 
in Figure 5. Dissimilarity between of dendrite core and 
interdendritic spaces microstructure originated from the 
change of solubility of alloying elements in γ-matrix dur-
ing solidification and cooling (Fig. 5a). Dendrite cores 
consist of cubic-shaped γ’ precipitates surrounded by 
γ channels, while interdendritic spaces were strongly 
enriched in Nb, Zr and B which led to the creation of 
NbC (Fig. 5b), M3B2 (Fig. 5c) and Ni7Z2 (Fig. 5d) in the 
close vicinities of eutectic islands. More primary micro-
structure detail were presented in [15]. Fractographic 
observations revealed intergranular cracking with nu-
merous faults resulting from the orientation of equiaxed 
grains (Fig. 6a). Cracks formed during creep were also 
observed inside the sample, which indicates a local 
weakening of grain boundaries (Fig. 6b). These crack 
length were of several dozen micrometers, less often 
more than 100 μm. In Figure 7 SEM micrograph of 
crept Inconel 713C is presented. A change in morphol-
ogy, from the undeformed structure, of strengthening 
phases both in dendrite core and interdendritic spac-
es was evident. Inconel 713C is characterized by the 
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Fig. 5. Microstructure of Inconel 713C before creep test: a) dendrite core and interdendritic space, b) Chinese script 
carbide, c) eutectic island and boride, d) Zr-rich intermetallic phase

Rys. 5. Mikrostruktura Inconelu 713C przed testem pełzania: a) rdzeń dendrytu i przestrzeń międzydendrytyczna,  
b) węglik o morfologii chińskiego pisma, c) eutektyka γ/γ’ i borek, d) faza międzymetaliczna bogata w cyrkon

Fig. 6. Microstructure of crept sample: a) fracture, b) small local voids along grain boundaries
Rys. 6. Mikrostruktura próbki po pełzaniu: a) pęknięcia, b) lokalne pustki wzdłuż granic ziaren
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Fig. 7. Microstructural changes after creep: a) dendrite core, b) interdendritic space, c) voids inside the material
Rys. 7. Zmiany mikrostruktury po pełzaniu: a) rdzeń dendrytu, b) przestrzeń międzydendrytyczna, c) pustki wewnątrz 

materiału

ability to γ’ precipitates to transform into plates under 
stress at high temperatures [16], rafting, as shown in 
Figure 7a. Significant microstructural changes resulting 
from the formation of precipitates was observed along 
grain boundaries (Fig. 7b). All these small precipitates 
were surrounded by coarsed precipitates with high 
angle grain boundaries. Locally, away from the fracture 
small voids were also detected (Fig. 7c). 

In order to characterize and indentify precipitates, 
a EDS linear analysis was performed. The line scan 
is shown in Figure 8, and the distribution of the main 
alloying elements in Figure 9. Small precipitates were 
strongly enriched in Cr and Mo and a high drop in con-
tent occured there for Ni and Al. Coarse precipitates 
observed in the vicinity of small precipitates were en-
riched especially in Al. After creep testing, the volume 
fraction of the MC (Nb-rich) carbides in the interdendritic 
areas was significantly decreased due to partial disso-
lution at the high homologous temperature. Usually in 
Ni-based superalloys most of the carbon below 982°C 
is in the form of MC-type carbide. During service or test-
ing at elevated temperature, MC decomposes slowly to 
produce carbon that diffuses and triggers an important 
reactions The dominating reaction in the superalloys 
is the formation of M23C6-type carbide by the following 
reaction [16,17]:

                        MC + γ → M23C6 + γ'                (Eqn. 1)

Reaction occurs at about 982°C or even as low as 
760°C. Our results indicate that, in accord with Equa-
tion 1, small M23C6 carbide particles enriched mainly 
in Cr and Mo were surrounded by the intermetallic 
phase γ'.

Fig. 8. Location of EDS line scan across grain boundary
Rys. 8. Lokalizacja analizy liniowej EDS wzdłuż granicy 

ziaren
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Fig. 9. Distribution of the main alloying elements through 
grain boundary

Rys. 9. Rozkład głównych pierwiastków stopowych wzdłuż 
granicy ziaren

Fig. 10. Location of EDS line scan in the interdendritic 
space

Rys. 10. Lokalizacja analizy liniowej EDS w przestrzeni 
międzydendrytycznej

Fig. 11. Distribution of the main alloying elements  
in interdendritic space

Rys. 11. Rozkład głównych pierwiastków stopowych  
w przestrzeni międzydendrytycznej 

Microstructural changes in the interdendritic space 
together with the EDS line scan are shown in Figure 10. 
Large eutectic γ' precipitates did not significantly deform 

with the formation of platelet morphology, however, in 
their close vicinity, the smaller ones underwent such 
transformation. The results of the EDS analysis shown 
in Figure 11 indicated a strong enrichment in Cr, Mo and 
Nb in the area of the bright fine precipitate. The second 
commonly observed mechanism of MC-type carbide 
degradation is described by Equation 2 [17]:

                           MC + γ → M6C + γ'                (Eqn. 2)

Microstructural degradation of MC carbides led to 
creation of M6C-type carbides which are most often rich 
in Mo, W, Co, Cr and Fe. The presence of these carbides 
was not detected, despite intensive observations. It was 
shown that the phase rich in Cr and Mo in the eutectic, 
was a M3B2 boride. The presence of M3B2 borides and 
M23C6 Cr-rich secondary carbides observed after creep 
can be explained by the low solubility of B and C in the 
matrix. During exposure to high homologous tempera-
ture the MC-type carbides undergo a transformation, 
and thus, in the regions of their decomposition, the solid 
solution of matrix becomes enriched with C. Carbon 
due to larger atomic radius reduces the solubility of B 
in the matrix and leads to the creation of both borides 
and secondary carbides at room temperature.

4. Summary

At high temperature/low stress (982°C/152 MPa), 
Inconel 713C showed short-term primary stage and 
then steady-state creep (0.057875% per h) and finally 
pronounced strain appearing at the tertiary stage. The 
time to rupture was almost 40 h. Microstructure in the 
as cast condition of Inconel 713C was characterized by 
dendritic structure with irregular distribution of phases. 
Dendrite cores consisted of high volume fraction of  
γ' phase surrounded by channels of the matrix, while 
segregation of Al, Nb, Zr, and C into interdendritic spac-
es led to the formation of eutectic islands, carbides, 
borides and Zr-rich intermetallic phase. Observation of 
degraded microstructure indicated significant changes 
that include N-type rafting (directional growth) of γ' pre-
cipitates. In interdendritic spaces, including grain bound-
aries, decomposition of MC-type into M23C6 carbides 
was observed. Borides enriched in Cr and Mo were also 
present, so during creep their complete dissolution in 
the matrix does not occur. Formation of M23C6 carbides 
can be accompanied by borides formation.
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