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This research studies the effect of double aging heat treatment on the short-term creep behavior of the
superalloy Inconel 718. The superalloy, received in the solution treated state, was subjected to an aging
treatment which comprises a solid solution at 1095 °C for 1 h, a first aging step of 955 °C for 1 h, then aged
at 720 and 620 °C, 8 h each step. Creep tests at constant load mode, under temperatures of 650, 675, 700 °C
and stress of 510, 625 and 700 MPa, were performed before and after heat treatment. The results indicate
that after the double aging heat treatment creep resistance is increased, influenced by the presence of
precipitates ' and y” and its interaction with the dislocations, by grain size growth (from 8.20 to 7.23
ASTM) and the increase of hardness by approximately 98%. Creep parameters of primary and secondary
stages have been determined. There is a breakdown relationship between & and stress at 650 °C of Inconel
718 as received, around 600 MPa. By considering the internal stress values, effective stress exponent,
effective activation energy, and TEM images of Inconel 718 double aged, it is suggested that the creep
mechanism is controlled by the interaction of dislocations with precipitates. The fracture mechanism of
Inconel 718 as received is transgranular (coalescence of dimples) and mixed (transgranular-intergranular),
whereas the Inconel 718 double aged condition crept surfaces evidenced the intergranular fracture

mechanism.
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1. Introduction

Materials applied in high temperature must be able to work
in long-term with reliability, by keeping close to initial project
dimensions, mechanical properties, and resistance to hot
corrosion environment. The utilization of superalloys in high
temperature and corrosive environments requires fully charac-
terization of their mechanical properties under extreme tem-
perature and stress levels. Inconel 718 is a nickel-based
superalloy containing 5.0-5.5% niobium and composes the
backbone of jet engines, both commercial and military. This
superalloy is hardened by the precipitation of intermetallics
compounds such as gamma prime (Ni3[Al, Ti]-y") and gamma
double prime (NizNb-y”) (Ref 1, 2).

The phenomenon of creep on precipitation hardened super-
alloys and intermetallic materials has been studied by several
authors (Ref 3-16). Studies have been done on standard and
modified Inconel 718, regarding fatigue and stress rupture
properties (Ref 17-21), which have shown the influence of
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niobium, titanium, and aluminum content on y” and y” phase
stability and anti-phase boundary (APB) energy. However, few
contributions have been done over the determination of stress
exponent and activation energy, in order to fully characterize
the creep controlling mechanism of double aged Inconel 718. In
addition, the effect of aging conditions, specially the control of
precipitation of delta phase (Ni3Nb-8 orthorhombic) by
increasing the solid solution treatment temperature and the
respective effect on stress exponent and activation energy has
not been studied yet.

Precipitation hardening alloys can exhibit a wide variation
of values of stress exponent, and has been reported in the
literature values between 5 and 15 (Ref 6, 16). The precipitates
v” and vy”, which promote the mechanical resistance of Inconel
718, work mainly as obstacles for dislocation and grain
boundary sliding, and as mentioned by Singhal and Vaidya
grain boundaries also play as a dislocation source in precip-
itation hardened alloys (Ref 4). A singularity of alloys hardened
by precipitation of secondary phases is the strong break
between creep rate and stress in low stress values, where the
high dependence of the creep rate relative to the applied stress
is replaced by low dependence (Ref 6). Zhou and Parker (Ref
22) studied the effects of the high stress on creep behavior of
precipitation hardened zinc-based alloy. They pointed that high
stress regime is evidenced by high stress exponent values and
that within this regime the o, (stress due to precipitation
hardening) corresponds to a threshold stress, which is related to
the Orowan mechanism.

The application of aging heat treatment usually comprises
two steps: solid solution treatment and aging. The solid solution
temperature must be carefully chosen because at temperatures
close to the solvus line creep resistance obtained is increased
(Ref 1). Kuo et al. reported (Ref 23) the increasing temperature
of the solid solution used over time, in order to dissolve
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Table 1 Tensile properties of Inconel 718, before and after heat treatment

Inconel 718 Temperature, °C YS, MPa UTS, MPa EL, % RA, %
AR 650 355.35 676.32 12.55 28.32
700 421.48 588.56 5.51 12.27
DA 650 1062.61 1130.24 6.49 6.77
700 974.31 1006.50 4.83 2.45
1500
1350 |
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Fig. 1 Double aging heat treatment applied on Inconel 718

detrimental phases such as delta, 1, and Laves. This research
aims to study the effect of double aging heat treatment on short-
term creep properties of the superalloy Inconel 718 by
correlating the microstructural aspects to the creep parameters.

2. Experimental Procedure

Superalloy Inconel 718 was obtained via vacuum induction
melting and vacuum arc remelting (VIM/VAR) process,
solutioned (1026 °C/1.5 h) by Multialloy Co. (Sdo Paulo,
Brazil), with the following composition (wt.%): Ni = 54.47%;
Cr=18.94%; Fe=17.99%; Nb=5.89%; Mo = 1.35%;
Ti=1.05% and Al = 0.27%. The as-received (solutioned)
and double aged conditions in this work are identified as AR
and DA, respectively. Double aging heat treatment followed the
steps: (i) Solution treatment of 1095 °C for 1.0 h/AC, and (ii)
aging at 955 °C for 1 h/AC (iii) aging at 720 °C for 6.5 h/
FC + 720 °C for 1.5 h/FC + 620 °C for 8.0 h/FC (Fig. 1). The
heat treatment was conducted in a Lindberg/Blue M tubular
furnace (100 V/50 A/50 kW), using argon atmosphere. Spec-
imens were encapsulated in a quartz tube during heat treatment
to avoid oxidation. The hardness values of all samples were
determined using a Buehler Micromet equipment with a load of
25 kgf for 15s, 10 measurements. Hot tensile tests were
conducted at 650 and 700 °C in an Instron 3382 100 kN Metal
Package equipped with Instron’s Series IXTM/s software with
deformation rate of 0.5 mm/min (2 x 10~* s™') according to
ASTM E21 (Ref 24). The tensile properties such as yield stress
(YS), ultimate tensile stress (US), elongation (EL), and
reduction of area (RA) for the Inconel 718 AR and DA are
described in Table 1. Based on the tensile properties for each
condition, the creep stress values were determined. Constant
load creep tests were conducted according to ASTM E139-11
(Ref 25), in a standard Mayes creep machine. The Inconel 718
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Fig. 3 Micrographs of Inconel 718 double aged, (a) OM general
view and (b) SEM detail of grain boundary
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Fig. 4 Microstructure of Inconel 718: (a) detail of the large-scale precipitates on the AR condition with EDS of respective (b) clear precipitate
and (c) dark precipitate. A SAD pattern (d) taken from the [001] zone axis of Inconel 718 AR. STEM image of the double aged microstructure
showing (e) y” and y” precipitates and (f) SAD pattern of Inconel 718 DA taken from [001] axis

Table 2 Comparison of the creep parameters for investigated conditions

T, °C o, MPa Inconel 718 t,, h &, 1/h tr, h &
650 319 AR 48 3.7E-06 *) )
DA 92 3.8E-07 *) *)

510 AR 156.00 1.76E—05 398.50 0.058
DA 90.00 4.43E-07 *) *)

625 AR 1.05 3.82E—04 10.43 0.175

DA 48.00 2.84E—05 230.80 0.013

700 AR 0.02 5.83E+00 0.05 0.302

DA 8.00 4.58E—05 58.00 0.007

675 510 AR 22.00 4.64E—05 77.75 0.023

DA 90.00 8.36E—06 297.00 0.011

625 AR 0.02 1.28E—01 0.08 0.169

DA 18.00 9.96E—05 45.00 0.007

700 AR 0.01 1.19E+01 0.03 0.281

DA 1.53 3.45E-04 11.23 0.008

700 510 AR 1.67 3.18E—04 10.42 0.011

DA 3.00 9.89E—05 41.40 0.009

625 AR 0.01 1.06E+01 0.03 0.124

DA 1.07 3.23E-04 7.95 0.010

700 AR 0.01 1.33E+01 0.03 0.127

DA 0.33 1.74E—03 2.95 0.011

(*) Test interrupted before rupture

AR and DA were evaluated under stress range of 510-700 MPa
and temperatures 650, 675, and 700 °C (T7;, is approximately
0.49, 0.51, and 0.52, respectively). Test samples with a gage
length of 18.5 mm and a diameter of 3.0 mm were used for all
tests. Each tensile and creep test was repeated twice. Inconel
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718 as-received, double aged and selected samples after the
creep tests were analyzed in a OM Axio Scope A.l Zeiss, a
SEM LEO 1450 VP equipped with an EDS detector from
Oxford Instruments, FEI Helios Nanolab 660 in STEM mode at
30 kV, and a JEOL2100 transmission electron microscope
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Fig. 5 Relationship between primary creep time and apparent stress at (a) 650 °C, (b) 675 °C, and (c) 700 °C

(TEM) operating at 200 kV. The samples were prepared for
OM and SEM analysis following conventional metallographic
techniques and etched with a glyceregia solution, and STEM/
TEM samples preparation was followed by cutting sections
(3 mm of diameter) perpendicular from the tensile axis,
grinding until 50-60 pm, then electropolished at 20 V DC in
a solution of 90% methyl alcohol and 10% perchloric acid at a
temperature of —10 °C in a Tenupol 5. TEM samples were
analyzed using a two-beam technique with zone axis of [001].
The qualitative phase analysis of Inconel 718 AR/DA before
and after creep tests was performed by x-ray diffraction (XRD)
in a Rigaku, Ultima IV diffractometer, operating at 30 mA and
40 kV.

3. Results and Discussion

3.1 Microstructural Characterization Before and After DA
Heat Treatment

Microstructural images obtained via optical microscopy for
AR and DA conditions are shown in Fig. 2 and 3, respectively.
Before the heat treatment, the superalloy shows a gamma ()
matrix based on Ni-Cr-Fe with secondary particles cluster-
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ing—large-scale precipitates (see Fig. 4a-c) based on NbC,
TiC, and delta phases derived from a non-controlled precipi-
tation process (Ref 26), ASTM grain size (ASTM E112-10) of
8.20 and hardness of 2024+ 10 HV.

After the double aging heat treatment, the Inconel 718
shows a homogeneous distribution of secondary particles as
well as ASTM grain size of 7.23 and hardness of 401 £23 HV.
The solution treatment temperature of 1095 °C (standard solid
solution treatment temperature is 980 °C, per AMS 5662) used
in this work successfully solved the large-scale precipitates
found on the initial microstructure (see Fig. 3a), also no
precipitation was observed on the grain boundary (Fig. 3b).
TEM selected area diffraction (SAD) pattern of Inconel 718 is
illustrated on Fig. 4(d) (as-received) and 4(f) (double aged).
According to the STEM image (Fig. 4¢) and SAD pattern, the
Inconel 718 double aged (Fig. 4f) possesses nano-scale v’ and
v’ precipitates, whereas the SAD pattern of AR material
(Fig. 4d) does not indicate precipitation of y” and y”.

3.2 Short-Term Creep Properties

Initially hot tensile tests were performed on Inconel 718
specimens in both AR and DA conditions for the temperatures
of 650 and 700 °C. From the Yield Strength (Y'S) and Ultimate
Tensile Strength (UTS) values, the creep load was established.

Journal of Materials Engineering and Performance
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Fig. 6 Apparent stress exponent of Inconel 718 at (a) 650 °C, (b) 675 °C, and (c) 700 °C
Additionally, the hot tensile test results show the higher & = Bo, (Eq 2)

mechanical resistance of double aged condition.

Creep parameters were determined from curves and sum-
marized in Table 2. An increase in creep resistance can be
noticed by comparing the time to failure (¢;), primary creep time
(tp), and steady-state creep rate (&) after the double aging
treatment.

The logarithm correlation of Eq 1 between primary creep
time and stress is detailed in Fig. 5 (Ref 27):

tP :AGX’", (Eq 1)

where A4 is a constant related to the microstructure, m is the
creep stress exponent in the primary stage, and g4 is the ap-
plied stress. The apparent stress exponent for primary creep
stage ranged between 17.9 and 28.3 for Inconel 718 AR,
whereas on the DA condition the values obtained were be-
tween 7.1 and 13.1, as represented in Fig. 5. From the results
obtained one can notice that the AR condition is more sensi-
tive to the stress than the aged condition because, in this
case, higher exponent values lead to higher creep deforma-
tion.

The steady-state creep rate can be correlated with the
apparent stress using the Eq 2 from the set of data collected in
Table 2 (Ref 28):

Journal of Materials Engineering and Performance

where B is a constant inherent to the microstructure, n, is the
apparent creep stress exponent for the secondary stage. The
results of apparent stress exponent for the secondary stage of
creep, see Fig. 6, are found to be between 35.5 and 39.3 for
AR condition, while for DA condition the values ranged from
8.7 to 18.7. The lower values of apparent stress exponent in
secondary stage, for the DA condition, are related to the low-
er dependence of the steady-state creep rate in relation to the
stress values due to the increase of internal stress, which is
related to the y” and y” particle-dislocation interaction, and
the decrease of grain boundary area due to grain growth. This
particle-dislocation interaction is observed on Fig. 7, where
Fig. 7(a) illustrates the dislocation movement during creep
tests on Inconel 718 AR, and Fig. 7(b) and (c) shows respec-
tively the particles blocking the dislocation movement as well
as particle shearing, during creep tests on the Inconel 718
double aged.

By correlating the AR values of the steady-state creep rate,
for the same temperature/stress regime, one can notice the &
values are close until 510 MPa, but the difference between
them increase with increasing stress. Figure 8 supports this
observation, whereas it is shown a sharp change on the &-c
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Fig. 7 TEM micrographs of crept specimens, (a) dislocation on Inconel 718 AR, (b) precipitates blocking dislocation movement on Inconel
718 DA (c) particle shearing after creep testing
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Fig. 8 Relationship between stress-secondary creep rate for AR and Fig. 9 XRD pattern of AR samples at 650 °C, for different applied
DA conditions stresses
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Fig. 10 Microstructures of Inconel 718 DA after creep test, (a) sample tested at 650 °C and 625 MPa, (b) sample at 700 °C and 510 MPa and

(c) 700 °C and 625 MPa
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Fig. 11 XRD pattern of DA samples at 625 MPa, for different ap-
plied temperatures

relationship near 600 MPa for AR condition (at 650 °C), which
may be related to precipitation during creep tests at 319 and
510 MPa. The x-ray diffraction pattern from AR specimens at
650 °C and 319-700 MPa (Fig. 9) substantiates the abovemen-
tioned precipitation during creep tests, where the presence of
Cr;C; (orthorombic) was detected only on specimens tested at
319 and 510 MPa. According to the Helmholtz free energy

Journal of Materials Engineering and Performance

Table 3 Apparent and effective stress exponents for aged
Inconel 718

Temperature, °C Applied stresses, MPa n, Re
650(a) 620, 670, 695 10.00 2.3
650(b) 510, 625, 700 18.66
670(a) 620, 670, 695 10.40 5.9
675(b) 510, 625, 700 11.80

(a) Data originally published in Han and Chaturvedi (Ref 32]. (b) Data
from current work

calculation made by Kaplan et al. (Ref 29), the orthorhom-
bic—Cr,C; is rather stable than hexagonal structure above
200 °C. The formation of such carbide coincides with creep
tests that operated for longer times (319 and 510 MPa operated
for 180 and 700 h, respectively). This carbide (Ref 30) is
associated to embrittlement when they agglomerate on the grain
boundary, and reduce grain boundary sliding (Ref 31). This
precipitation observed during creep tests (for AR specimens
tested at 650 °C, 319 and 510 MPa) probably contributed to the
low creep strain values on AR condition. By increasing the
creep stress applied on the Inconel 718 AR, one can observe the
respective increase of the creep strain-rate, creep strain and
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decrease of time to the fracture. At this point the relationship of
&-0 given by Eq 2 is no longer valid, and finally the power law
breaks down. At high stress the results of creep tests on Inconel
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As for the DA condition, Fig. 8 does not indicate a
breakdown on é&-c relationship within the range of 319-
700 MPa (at 650 °C), and obeys the power-law creep with
effective stress exponent of 4, as proposed by Lagneborg and
Bergman (Ref 6). Moreover, it seems that the combined
increase of stress and temperature compromises the microstruc-
tural stability and leads to early failure. Figure 10 represents the
microstructure of DA specimens tested at (a) 650 °C and
625 MPa, (b) 700 °C and 510 MPa, and (c) 700 °C and
625 MPa, which compared to the initial microstructure (Fig. 3)
shows precipitates and voids along the grain boundary. XRD
pattern of Inconel 718 DA specimens (Fig. 11) indicates the
presence of phase § after creep tests, differently from the initial
condition.

In order to evaluate and compensate the effect of internal
stress on the stress exponent value, steady-state creep rate and
stress can be correlated by using Eq 3 (Ref 28):

& = B(oa — o))™. (Eq 3)

Han and Chaturvedi (Ref 32) studied the effect of internal
stress (o;) on Inconel 718 conventionally aged using the con-
secutive stress reduction method, and calculated the effective
stress exponent (n,) of 2.3+£0.3, for the temperature of
650 °C, and 5.9 4 1.9, for the temperature of 670 °C, with an
applied stress between 620 and 695 MPa (see Table 3). Lag-
neborg and Bergman (Ref 6) developed studies of stress and
creep rate relationship, and found that the transition from
high to low stress sensitivity is associated to stress exponent
of n~4 on precipitation hardened alloys, noticing that their
study encompassed mostly laboratory melted alloys. The
authors (Ref 6) also describe the low sensitivity of stress/
creep rate, in relation to the chemical composition and char-
acteristics of the precipitate dispersion. One can realize that
the effective stress exponent found by Han and Chaturvedi
(Ref 32) at 650 °C is smaller compared to the one reported
by Lagneborg and Bergman (Ref 6), and larger at 675 °C.
This discrepancy is due to difference in the stress range ap-
plied, where the range studied by (Ref 32) is greater than the
range surveyed by (Ref 6).

Assuming the value of n. = 4 as a good approximation of
effective stress exponent for this study, the values of internal

1

stress can be determined by plotting &= versus applied stress, as
shown in Fig. 12. The values of internal stress obtained are
438.7, 387.4, and 335 MPa for 650, 675, and 700 °C,
respectively. One may notice that as the temperature is
increased the internal stress is decreased, which is in agreement
to the results obtained by Chen and Chaturvedi (Ref 33). Since
y” is the main strengthening phase on Inconel 718, the
transformation between the metastable y” and stable & above
650 °C (Ref 34, 35) may contribute to the reduction internal
stress.

In order to fully understand the creep behavior of Inconel
718 double aged, the activation energy for creep can be
calculated by using Eq 3 (Ref 27):

(Eq 4)

where R is the constant gas (8.31 J/mol K), Q, is the appar-
ent activation energy for creep deformation (Fig. 13). A
reduction of 43% was observed on the activation energy cal-
culated for DA condition and 68% for AR condition, as the
applied stress is increased from 510 to 700 MPa. Both condi-

b = B ),
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Fig. 15 Fracture surfaces of Inconel 718 AR crept at (a) 650 °C
and 510 MPa, (b) 650 °C and 625 MPa, and (c) 700 °C and
625 MPa

tions of Inconel 718 show sensitivity of activation energy
with the change on the applied stress. The values of activa-
tion energy should be close to the self-diffusion. Activation
energy value for self-diffusion (Qyq) of the solid solution Ni-
20Cr heat treated has been reported by Venkataraman and
Cosandey (Ref 36), to be around 295 kJ/mol. Considering
only the DA condition, with the O, ranging between 374.6
and 956.8 kJ/mol, one may observe that the calculated values
are above the one for Q. This is related to the internal stress
on Inconel 718 DA. By considering the o; value on activa-
tion energy calculation, it is necessary to use Eq 5 (Ref 27):
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& = B(oa — Gi)”ee_(g_;) (Eq 5)
where Q. is the effective activation energy for creep deforma-
tion. Figure 14 shows the values of Q. calculated, considering
the compensation of internal stress. Here one may notice that
all values of effective activation energies are below Oy, also
the value of Q. at 510 MPa is close to the one reported by
Chen and Chaturvedi (Ref 33). As evidenced by Fig. 7(c),
the particle shearing controls the deformation of Inconel 718
DA; moreover, one can notice that the values of Q. decrease
with increasing stress.

Therefore, with the values of n., Q., c;, and TEM images of
Inconel 718 DA, it is suggested that the controlling mechanism
of creep deformation is the dislocation-precipitate interaction,
controlled by the particle shearing.
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3.3 Fracture Surface Analysis

The images of fracture surface obtained via secondary
electrons mode (SEM) support the creep behavior aforemen-
tioned. Figure 15(a) shows the creep fracture of AR condition
at 650 °C and 510 MPa, clearly representing an intergranular
fracture. Figure 15(b) shows that for the AR condition tested at
650 °C and 625 MPa, fracture mode was mixed because both
dimples (transgranular) and intergranular fractures are ob-
served. The failure mode of AR condition tested at 700 °C and
625 MPa (Fig. 15c) was due to coalescence of dimples, also
one may notice at the bottom of the cavity the presence of
precipitates. Figure 16(a)-(c) shows that Inconel 718 DA failure
mode is the intergranular creep fracture.

4. Conclusions

Distinct creep behavior is obtained by the calculation of
apparent stress exponent and activation energy of Inconel 718
in the AR and DA conditions, both submitted to constant load
creep tests. The double aging heat treatment conferred resis-
tance to the Inconel 718 mainly by the precipitation of y”,
which is supported also by hot tensile tests results. The creep
parameters calculated for the primary stage of creep deforma-
tion also show an increased resistance after heat treatment. The
creep life of the as-received condition has a major influence on
the applied stress, and there is a breakdown between relation-
ship of &-oc near 600 MPa. Also precipitation on grain
boundaries of the AR condition has occurred at 650 °C and
319-510 MPa, which help explain the low creep strain values.
Considering the break point #n =4 calculated by Lagneborg and
Bergman, which separates regions with different stress sensi-
tivities, the effective values of stress exponent and activation
energy were calculated for the Inconel 718 DA. The results of
ne, Qe internal stress, and TEM images suggest that the
controlling mechanism of creep deformation is driven by
dislocation-particle interaction, controlled by the particle shear-
ing. As the temperature increases above 650 °C, the reduction
of internal stress may contribute to the decrease of creep
resistance of Inconel 718 DA, due to the transformation
between y” and 6. The fracture images demonstrated that the
failure mode of AR condition is due to transgranular fracture as
well as mixed (intergranular-transgranular), and the Inconel 718
DA showed intergranular failure mode.
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