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Over the years, the demand for high engine efficiency has resulted in the development of new 
generation superalloys with improved elevated temperature properties, especially creep resistance. This 
study aimed to evaluate creep and mechanical behavior of Inconel 718 superalloy. Creep tests were 
performed at temperature range of 650 to 700 °C and stress range of 625 to 814 MPa. Hot tensile and 
oxidation tests were performed and the characterization techniques used in this study were scanning 
electron microscopy (SEM) for microstructural and fracture surface analysis, transmission electron 
microscopy (TEM) for precipitates analysis; grazing X-ray diffraction for analysis of oxide formation 
and Vickers microhardness. The analyze of stress exponent value (n = 36.48) and activation energy 
(Qc = 512.97 kJ/mol), suggested that creep mechanism at 650 °C was the climb dislocation mechanism. 
The Inconel 718 presented ductile fracture at 650 and 700 °C and intergranular fracture to 675 °C.
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1. Introduction
Nickel-based superalloys are known since the 1930s, 

and used primarily in aerospace applications1-4. These 
applications require a material with high mechanical 
strength5,6, good resistance to fatigue and creep7-10, good 
corrosion resistance11, and ability to operate continuously 
at elevated temperatures11,12.

Over the last few decades, a few generations of cast 
superalloy grades with superior elevated temperature 
properties have been developed3. The alloy design principles 
in these developments are based on maximizing the benefits 
that could be achieved through increased alloying contents. 
Because of the high alloy contents, the modern grades of 
superalloys require stringent control of processing to avoid 
precipitation of undesirable phases in the microstructure7,13-16.

The microstructure of Inconel 718 alloy consists of FCC 
solid solution austenite (γ) in which dispersed precipitate 
particles can form. It consists of different phases such as 
gamma prime (γ′), gamma double prime (γ′′), delta (δ) phase 
and other phases that occur at high temperature during the 
aging treatment4. The precipitating intermetallic γ ‘ and γ’’ 
phases promote hardening of Inconel 718 alloy, that the γ’’ 
phase is the main hardening phase of the alloy acting as a 
fundamental agent to promoting an increase in the strength 
of the mechanical alloy7,9,17,18.

Inconel 718 superalloy exhibits excellent mechanical 
properties and corrosion resistance at elevated temperatures19. 
However, brittle intergranular cracking is observed when 

the alloy is deformed at elevated temperatures5,18,20-23. 
The mechanical properties are influenced by Dynamic Strain 
Aging (DSA) and the embrittlement effect is related to 
grain boundary penetration by oxygen. Studies indicate that 
niobium may segregate to the surface and grain boundaries 
during heat treatment bringing susceptibility to oxidation24. 
This susceptibility would be attributed to its strong chemical 
affinity with oxygen7.

Creep and creep–fatigue considerations are important in 
predicting the remaining life and safe inspection intervals as 
part of maintenance programs for components operating in 
harsh, high temperature environments. Creep deformation 
(primary, secondary, tertiary creep) and rupture is one of 
considerations that are involved in determining the risk of 
fracture in these structural components that experience harsh 
environments such as high temperatures and stresses are 
common in land-based steam and gas turbines, in aircraft 
engines, and in power-plant components6,8,10,25-29.

Thereby, the objective of the present study was to 
investigate Inconel 718 behavior at elevate temperatures.

2. Materials and Method
The Inconel 718 superalloy used in this study was obtained 

by melting furnace VIM, VAR remelting in, homogenization 
heat treatment, hot forging open die for roughing, roughing hot 
rolling and hot rolling finishing. The chemical composition of 
the alloy was 18.80 Fe, 18.65 Cr, 3.00 Mo, 5.10 Nb, 0.56 Al, 
1.56 Ti, 0.03 C, 0.01 Mn, 0,05 S and bal. Ni (in weight %).*e-mail: danieli.reis@unifesp.br
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The Inconel 718 superalloy as received was analyzed 
under conditions of hot tensile test at temperatures of 600, 
650, 700, 750, 800 and 850 °C and strain rate of 0.5 mm / min 
(2x10-4 s-1) following ASTM E8/E8M-16ae130 in a machine 
Instron 4400R - capacity 10 ton.

The samples of Inconel 718 in circular shape were 
weighed on a balance to four places of accuracy, before 
and after the oxidation test. Samples were kept in the oven 
for 96 hours at temperatures of 600, 650, 675, 700, 750 and 
800 °C and analyzed mass gain. The oxidized samples were 
subjected to the technique of X-ray diffraction grazing for 
the evaluation of the oxides formed.

The hardness test was conducted on a FM Futuretech 
machine model with load 500 gF (five indentations) on the 
Vickers hardness scale using a microindenter.

Inconel 718 standard samples (as received) and creep tested 
at 700 °C and 700 MPa were analyzed by the transmission 
electron microscopy technique to verify precipitates in the 
sample. The samples with 3 mm diameter were sanded until 
approximately 100 mm thickness. After polishing were 
pierced with ionic (PIPs).

The superalloy Inconel 718 was evaluated at temperatures 
of 650, 675 and 700 °C under stress conditions 625, 670, 
700,750 and 814 MPa with constant load. To perform the creep 

tests were used model MAYES furnaces. The creep tests were 
conducted in accordance with ASTM E139-0631. After the creep 
test the specimen was prepared by conventional metallographic 
procedures. Were cleaned in ultrasonic immersed in acetone 
for 10 minutes, then fracture images were taken for analysis 
by SEM. The surface fracture images were analyzed in order 
to relate the test temperature with the fracture mechanism.

3. Results and Discussion

3.1. Inconel 718 superalloy
In Figure 1 could be seen the microstructure of Inconel 

718 superalloy as received, which sample seems to present 
a small fraction of particles distributed so uniformly by the 
matrix carbides. The γ phase appears lighter in the micrographs 
in relation to the phase γ’ (in small quantity because there 
was no aging heat treatment).

3.2. Hot tensile test
The specimen was made according to the specifications 

shown in Figure 2.
All stress-strain curves determined in hot tensile test for 

Inconel 718 superalloy exhibit typical behavior of metallic 

Figure 1. Microstructure of Inconel 718 superalloy as received.

Figure 2. Schematic view of the specimens for hot tensile test16.
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materials6. Table 1 presents the values for: yield strength 
(σe), maximum strength (σ máx) and percent elongation (Ap).

The results indicated that decreased yield strength with 
increased temperature. At 700 and at 750 °C where the yield 
strength had the highest values, elongations and the maximum 
strength were decreasing. This behavior also appears to be 
associated with the combination of softening caused by 
rising temperatures and the formation of precipitates in this 
temperature range.

There is an increase of stress to a maximum value followed 
softening normally associated with a dynamic recovery or 
recrystallization depending on the temperature test. The yield 
strength shows a slight decrease from 600 to 650 °C, with 
a subsequent increase and reaching a maximum value at 
700 °C. From this temperature the yield strength decreases 
steadily with increasing temperature tests. The expected 
behavior was the decrease in yield strength with increasing 
temperature test. The higher value of yield strength at 700 °C 
can be attributed probably to the presence of hardening 
precipitates formed around this temperature. According to 
Thomas et al.32 secondary phases γ’and γ” can be found in 
less extension below 700 ºC. These results obtained should 
be associated with the competition between the softening 
caused by the increase of test temperature and precipitation 
hardening compounds.

Caliari et al. study the uniaxial hot tensile test of Inconel 
718 before and after double aging treatment which the 
heat treatment of double aging is capable to reorganize the 
microstructure of the precipitates and produce three times 
strengthen yield point. The samples as received increased 
strengthen yield point with increased the temperature (650 °C 
and 700 °C). Increasing yield strength may be due to the 
presence of γ’ phase which can be formed via the heating 
process in hot tensile test.

3.3. Oxidation study
Figure 3 shows that there was not a mass gain at 650 °C, 

while there was a significant mass gain at 675 °C and a 
higher mass gain at 800 °C.

Figure 4 presents the X-ray patterns of the formation 
of some oxides such as NiO, Cr2O3, Fe2O3 and NiCr2O4. 
Besides the formation of oxides, there is also the formation 
of a new phase called δ phase.

3.4. Transmission electronic microscopy
It is observed in Figures 5, 6 and 7 that the presence 

of precipitates increased significantly in the samples after 
creep test. This is due to the material being subjected to a 

high temperature under stress. Figure 7b shows the presence 
of precipitates of δ phase.

3.5. Creep test
The creep specimen was made according to the 

specifications shown in Figure 8.
Figure 9 shows all creep curves obtained for the Inconel 

718 alloy under conditions of a temperature of 650, 675 and 
700 °C and the stress range of 625 to 814 MPa.

The curves represent typical creep behavior containing the 
three creep stages. All experiments were run until specimen 
failure. The secondary stage was predominant during the 
creep test, the minimum creep rate shows significant increases 
with increasing stress. As expected, it can be observed a 

Figure 4. Patterns of X-ray diffraction of Inconel 718 as received 
and oxidized at different temperatures.

Figure 3. Dependence of mass gain with temperature oxidation 
test in Inconel 718 alloy.

Table 1. Hot tensile test data of Inconel 718 superalloy as received.

Temperature (°C) σe (MPa) σmáx (MPa) Ap (%)

600 725 1059 35.00

650 700 974 28.37

700 774 888 11.00

750 755 811 11.44

800 650 664 18.20

850 430 435 33.91
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Figure 5. TEM images of the Inconel 718 as received.

Figure 6. TEM images of Inconel 718 crept at 700 °C and 700 MPa.

Figure 7. TEM images of Inconel 718.

Figure 8. Schematic view of the specimen for creep test17.
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significant increase in the material´s creep life with the 
decreasing stress applied at the test.

Table 2 shows the relation of the main experimental 
parameters obtained at 650, 675 and 700 °C, respectively, 
from the experimental curve, where in the stress applied 
is σ; εs corresponds to the steady state rate, obtained from 
the slope of the linear region of the creep curve (secondary 
stage). The value of tp (primary time) corresponds to the time 
constant and is obtained at the end of the primary stage and/
or early secondary stage. The value of tf is the fracture final 
time, εf corresponds to the fracture strain.

The activation energy value Qc = 512.97 kJ/mol found 
in this study agrees with the values reported in the literature.

Song et al.33 found the value of Qc = 595.5 kJ/mol for 
a heat treated superalloy, with chemical composition next 
to this, creep tested under the conditions of 580 MPa in the 
range T = 650 to 775 °C.

Sugahara et al.29 studied the creep test for Inconel 718 alloy 
at 650, 675 and 700 °C and the range of stress was from 
625 to 814 MPa and the higher creep resistance at smaller 
temperatures and stresses. Analysis of the stress exponent 
value (n = 36.48) and activation energy (Qc = 512.97 kJ/mol) 
suggests that the creep mechanism at 650 ºC is consistent 
with the dislocation climb one.

According to Oliveira et al., the results of the creep 
test with nickel-based superalloy 625 suggested that the 

Table 2. Creep test parameters.

T (°C) σ (MPa) tp (h) εs (1/h) tf (h) εf (mm/mm)

650

700 9.00 0.000024 225.00 0.0562

750 6.00 0.000041 92.70 0.0604

814 0.25 0.006160 4.00 0.0612

675

670 4.00 0.000080 56.15 0.0369

700 2.50 0.000040 73.07 0.0392

750 0.67 0.000330 20.38 0.0477

700

625 1.50 0.000190 16.28 0.0807

700 0.33 0.000900 5.10 0.0314

750 0.05 0.001600 1.70 0.0258

Figure 9. Creep curves of Inconel 718 superalloy.
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dominant mechanism is dislocation creep with the values 
of n = 11.76 and Qc = 407 kJ/mol.

Considering creep mechanism at 675 ºC of VAT 
32 (superalloys with intermediate nickel content different 
amounts of carbon, iron, titanium, and niobium) by Gobbi et al.10, 
the stress exponent value is 13.72 and activation energy is 
616 kJ/mol, results were correlated to formation of higher 
amount of carbides and intermetallic phases caused by 
higher mass percentage of carbon and different amounts of 
alloying elements.

It can be seen in Figure 10 the fracture was ductile at 
650 °C. The fracture images showed the presence of dimples 
that are a typical coalescence of microvoids. In Figure 11 it 

can be observed with the small increase of temperature 
to 675 °C there was a change in the type of fracture to 
intergranular and in Figure 12 presents a ductile fracture at 
700 °C with the presence of dimples, a typical coalescence 
of microvoids.

Kuo et al.21 reported the ductile type (transgranular) 
fracture mostly and a small portion of intergranular fracture 
in superalloy Inconel 718 heat treated to precipitate γ’ and 
γ’’ phases.

Wu et al.34 investigated the microstructure evolution and 
creep behavior after high-temperature annealing treatments of 
Ni3Al-based superalloy with multiphase. The high-temperature 
annealing treatments prolonged the creep rupture life and the 

Figure 10. Fracture surface of Inconel 718 after creep test at 650 °C and 700 MPa.

Figure 11. Fracture surface of Inconel 718 after creep test at 675 °C and 700 MPa.

Figure 12. Fracture surface of Inconel 718 after creep test at 700 °C and 700 MPa.
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minimum steady-state creep rate was obtained on account of 
the largest γ’ phase after annealing at 1280 °C. In addition to 
cracks are initiated at the grain boundaries where carbides existed 
and propagated near the boundaries between interdendritic β 
phase and γ’ envelope during creep process.

Figure 13 presents the images of scanning electron 
microscopy after creep test, which show increased test 
temperature for the same stress condition (700 MPa) increased 
the appearance of precipitates, as can be confirmed by EDS 
analysis in Figure 14.

Figure 13. Cross section microstructure of Inconel 718 after creep test.

Figure 14. EDS of Inconel 718 after creep test at 700MPa.
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3.6. Hardness test
The microhardness measures are presented in Figure 15. 

The microhardness value increased with the temperature, and 
the highest hardness value appeared at 675 °C. It could be 
concluded that there is an aging (DSA) Inconel 718 superalloy 
during the creep test confirmed by microstructural changes 
and hardness increase.

The microhardness result was related to the consumption 
of elements, especially niobium, that forms γ’ and γ’’, 
responsible for the precipitation hardening that occurs at 
600 °C. Such precipitation hardening was confirmed by the 
increase in yield stress and SEM precipitate observations. 
Simultaneously, an abnormal reduction in ductility occurred. 
DSA and γ’ and γ’’ precipitations were responsible for the 
high strength at elevated temperature of this alloy but have 
no role in the sharp decrease in its ductility.

4. Conclusions
Inconel 718 hardness measures were close to that 

provided by the manufacturer (without heat treatment), 
and after creep tests, the value of microhardness measures 
increased with the temperature, so that the highest hardness 
value appeared at 675 °C.

The increased temperature showed decreased yield 
strength of the Inconel 718 superalloy. But there were higher 
values of yield strength at 700 °C, this anomalous behavior 
could be attributed probably to the presence of hardening 
precipitates formed at temperatures around 700 °C.

The Inconel 718 superalloy showed a typical creep behavior 
with the presence of the three creep stages. The secondary 
stage was predominant during the test, the minimum creep 
rate increased significantly with increasing stress applied.

The analysis of the stress exponent value (n = 36.48) and the 
activation energy (Qc = 512.97 KJ/mol) suggested that the creep 
mechanism at 650 °C was the climb dislocation mechanism.

In the oxidation tests could be observed the formation 
of various oxides, which generally served as a protective 
layer for the alloy, therefore it was formed as thin films on 
the surface preventing the loss of mass.

In the TEM images could be observed the increased amount 
of precipitates after creep test. This was due to the material 
being subjected to stress and temperature for a long time.

It could be observed in this work that the Inconel 
718 superalloy was very resistant at temperatures up to 
approximately 650 °C and to worked above this temperature, 
it was necessary to perform thermal aging treatments for this 
superalloy to become more resistant with the new phases 
precipitation.
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