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Abstract

New superalloys are constantly being developed to fulfill the increased demand for alloys
with high creep resistance and low manufacturing costs. This study subjected two alloys to
comparative creep tests and microstructural characterization. A novel low-cost iron-nickel su-
peralloy with intermediate Ni and Fe content was designated in this work as Fe-Ni-Cr and the
NIMONIC 80A with a high Ni. Creep experiments were carried out at temperatures ranging
from 650 to 750◦C and loads ranging from 500 to 600 MPa. Microstructural characterization
and surface analysis were carried out using microscopy techniques such as optical, SEM with
EDS, and TEM. For phase quantitative identification, Rietveld refinement was utilized. Com-
pared to NIMONIC 80A, the new Fe-Ni-Cr superalloy showed higher creep resistance. The
Fe-Ni-Cr alloy has higher percentages of carbon and iron and the addition of niobium, result-
ing in the formation of γ′ intermetallics and carbides rich in iron and niobium. These carbides
and intermetallics operate as obstacles to dislocation glide and climb, lowering the creep rate.
Compared to Fe-Ni-Cr, the reduced carbides in NIMONIC 80A promote relative slip between
grains during deformation, facilitating creep rate acceleration and early failure.

K e y w o r d s: creep, superalloy, iron-nickel

1. Introduction

There has been a remarkable advancement in the
development of superalloys for high-temperature ap-
plications [1–5]. A new superalloy has enhanced power
in aviation turbines while lowering fuel consumption
[6–9]. Nickel-based alloys have been employed in high-
temperature engine components due to their outstand-
ing resistance to fatigue and creep andminimal ther-
mal expansion [8–10]. The production of the γ′ phase
(Ni3Al, Ni3Ti, Ni3(Al,Ti)) and carbides with high
thermal stability causes creep resistance in these al-
loys [10, 11]. However, adding an appreciable amount
of nickel and other alloying elements is necessary to
achieve this performance, with a consequent increase
in their production costs [11]. There is, therefore,
growing interest in superalloys with good creep resis-
tance and lower costs. This case includes iron-nickel
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superalloys used in systems that require low ther-
mal expansion, such as high-performance automotive
valves, turbine blades, discs, and engine casings [11,
23]. The Al, Nb, Ti, Mo, and Cr alloy elements are
used to manufacture these superalloys aiming to form
phases that increase the mechanical properties at high
temperatures [12]. The partial replacement of iron
with nickel and the inclusion of various alloying el-
ements results in solid solution reinforcement and im-
proves creep resistance in these alloys. It also prevents
the creation of harmful TCP phases [13–15]. In ad-
dition to carbides and carbonitrides dispersed in the
grain and grain boundaries [16–18], some Fe-Ni su-
peralloys include intermetallic precipitates of spheroid
form γ′-Ni3(Al,Ti), with fcc structure and coherent
with the γ solid solution. Dislocation slip prevails for
some stress and temperature conditions [18–19]. This
slip can be affected by the formation of intergranular
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Fig. 1. Geometry and dimensions of the specimen used in the creep tests.

or transgranular carbides, present in both Ni-based
and Fe-Ni superalloys. When continuing, the slide is
difficult due to the presence of carbides, the dislo-
cation will climb, which, because it is a slower pro-
cess, will operate as the rate-controlling deformation
mechanism [18–23]. Given the impact of carbides and
intermetallics on mechanical properties at high tem-
peratures, it’s reasonable to assume that the volume
fraction, coherence, and position of these carbides and
intermetallics will influence the creep rate of superal-
loys. The goal of this study was to carry out a com-
parative creep test and microstructural characteriza-
tion of new lower-cost nickel superalloy Fe-Ni-Cr with
intermediate Ni and Fe content, with the standard
nickel-based superalloy NIMONIC 80A, which has a
high nickel content and a higher production cost. Both
alloys feature an austenitic matrix with intermetallic
compounds and carbides dispersed throughout. Creep
experiments were carried out at temperatures rang-
ing from 650 to 750◦C and loads ranging from 500 to
600MPa.

2. Experimental procedures

The superalloys Fe-Ni-Cr and NIMONIC 80A pro-
duced in cylindrical bars were used to carry out this
work. Specimens were prepared from the bars to con-
duct creep tests according to the ASTM E21-20 Stan-
dard (Standard Test Methods for Elevated Tempera-
ture Tension Tests of Metallic Materials). After pro-
duction, the specimens were subjected to solubiliza-
tion and vacuum aging heat treatments. The creep
tests were carried out in MAYES furnaces at tempe-
ratures ranging from 675 to 750◦C and stresses in the
500–600MPa range. The dimensions and geometry of
creep specimens are specified in Fig. 1.
For creep tests, a G28 3181-16 cylindrical furnace

was used. Through an electrical system and a con-
troller, the working temperatures presented a vari-
ation of ± 2◦C, according to the ASTM E139/83

standard. For data acquisition related to the speci-
men’s elongation and for the temperature measure-
ments in predetermined periods, the Antares Software
was used. Elongation measurements were obtained us-
ing an LVDT Schlumberger D6.50 transducer with an
output voltage of 53.18mVV−1 mm−1. For tempera-
ture control, a Chromel-Alumel AWG24 thermocou-
ple was used. Coupled with the controller and a dig-
ital temperature indicator installed next to the test-
ing machine, a thermocouple was positioned near the
specimen. Antares Software collected the thermocou-
ple signal through a processing unit, with tempera-
ture and elongation data stored simultaneously dur-
ing the creep test. The extensometer to obtain the
elongation measurements consisted of a set of rods,
which moved parallel to the specimen as the sam-
ple elongated during the test. These rods were fixed
to an LVDT type transducer attached to the bottom
of the extensometer, outside the heating zone, in an
environment maintained at around 35◦C. The LVDT
output signal was sent to a processing unit, which
converted the signals into elongation measurements
for periods pre-defined by the operator and fed the
Antares Software. The X-ray diffraction was carried
out with a Philips model PW 3710 diffractometer. An
angular range of 10◦ ≤ 2θ ≤ 125◦ and CuK radiation
(λ = 1.54184 Å) were applied as operational condi-
tions. The Optical and Scanning Electron Microscopy
(SEM) analysis samples were prepared according to
standard metallography procedures, including mount-
ing in resin and manual grinding with SiC-based sand-
paper in a sequence ranging from 120 to 2400. After
that, polishing with 6, 3, and 1 µm diamond paste
was done, followed by Kalling reagent chemical etch-
ing. The scanning microscopes Quanta 200 3D from
PHILIPS, JEOL/JSM-700 IF, and JEOL/JSM 6490-
-LV were utilized for SEM and Energy Dispersive
X-Ray Spectroscopy (EDS) analyses. The transmis-
sion electron microscopy images (TEM) were taken
using a JEOL/JEM – 2100 microscope. Initially, a cut
was made with a precision diamond disc to produce
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Ta b l e 1. Chemical composition: Fe-Ni-Cr and NI-
MONIC 80A (mass%)

Elements
Alloys

Fe-Ni-Cr NIMONIC 80A

Ni 32.00 75.70
Fe 44.14 2.00
Cr 15.80 18.60
C 0.26 0.05
Ti 2.00 2.25
Nb 3.90 –
Al 1.90 1.40

1mm thick plates to prepare the samples for TEM in-
vestigation. Electrical Discharge Machine (EDM) was
used to make 3mm diameter discs from these plates.
The discs were then ground to 100 micrometers with
600 particle-size sandpaper. Electrolytic polishing was
performed in the final phase, employing a 20 percent
ethyl alcohol (C2H5OH) solution with 80 percent per-
chloric acid (HClO4) and a voltage of up to 25mV.

3. Results and discussion

3.1. Chemical composition

Table 1 shows the chemical compositions of the
alloys Fe-Ni-Cr and NIMONIC 80A. Table 1 shows
the nickel, iron, carbon, and niobium content differ-
ences between the two compositions. In addition to the
presence of niobium, Fe-Ni-Cr has a lower Ni content
and a substantially higher percentage of carbon and
iron. Because of their solid chemical affinities, Ti and
Nb preferentially mix with carbon to create carbides
when added to the alloy. The remaining percentage of
these two elements in the Fe-Ni-Cr alloy that did not
participate in carbide formation develop intermetal-
lic phases with nickel (NiTi and NiNb). Aluminum
improves alloy mechanical strength at high tempera-
tures by reacting with nickel to form an intermetallic
phase and enhancing oxidation resistance by creating
Al2O3 during heating. Chromium increases corrosion
and oxidation resistance at high temperatures by cre-
ating Cr2O3.

3.2. Microstructural analysis of the
NIMONIC 80 A superalloy

Figure 2 shows the scanning microstructure of the
NIMONIC 80A alloy. Carbides are mainly dispersed at
grain boundaries. Therefore, one precipitate (arrow)
was selected for EDS analysis.
The EDS spectrum performed in the area where

the precipitate in Fig. 2 reveals Ni present in the ma-

Fig. 2. Electron scanning micrograph of the NIMONIC 80
A sample, showing M23C6 type carbides distributed evenly
along the grain boundaries and the precipitate at the grain

boundary selected for EDS analysis (an arrow).

Fig. 3. EDS spectrum corresponding to the NIMONIC 80
A region containing the precipitate indicated by the arrow
in Fig. 2 consistent with the composition of chromium-rich
carbides at grain boundaries and nickel-chromium matrix.

trix and high chromium and carbon contents (Fig. 3),
consistent with the formation of chromium-rich car-
bides in the grain boundaries of the NIMONIC 80 A
alloy.
Table 2 presents the quantitative EDS analysis of

the spectrum observed in Fig. 3, corresponding to the
matrix based on nickel and chromium carbides.
Figure 4, as seen by TEM, depicts intermetallic

compounds γ′ and carbides in the grain boundaries of
the NIMONIC 80 A alloy.

3.3. Microstructural analysis of the Fe-Ni-Cr
superalloy

The microstructures and microstructural analy-
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Ta b l e 2. Quantitative EDS analysis for grain boundaries
carbides of Nimonic 80A

Element (keV) (mass%) Sigma (at.%)

C 0.277 5.38 0.11 21.03
Al 1.486 1.02 0.04 1.78
Ti 4.508 2.28 0.05 2.24
Cr 5.411 18.36 0.15 16.58
Fe 6.398 0.77 0.04 0.65
Ni 7.741 72.12 0.40 57.69
Nb 2.166 0.07 0.04 0.03

Total – 100.00 – 100.00

Fig. 4. TEM micrograph (bright-field images) of the NI-
MONIC 80A superalloy showing carbides at grain bound-
aries (a) and uniform distribution of fine gamma prime

precipitates (γ′ intermetallic compounds) (b).

sis of the Fe-Ni-Cr alloy are depicted in the follow-
ing figures. Optical and scanning microscopy analyses

Fig. 5. Optical (a) and scanning electron micrograph (b) of
Fe-Ni-Cr superalloy with intergranular and intragranular

precipitates.

Fig. 6. Scanning electron micrograph of Fe-Ni-Cr sample
with regions analyzed by EDS: matrix (1) and precipitates

(2) and (3).



V. J. Gobbi et al. / Kovove Mater. 60 2022 67–78 71

Fig. 7. EDS spectrum corresponding to region 1 (matrix)
of Fig. 6.

Ta b l e 3. EDS quantitative analysis of Fe-Ni-Cr alloy

Element (keV) (mass%) Sigma (at.%)

C 0.277 3.33 0.08 13.77
Al 1.486 1.58 0.05 2.92
Si 1.739 0.24 0.03 0.42
Ti 4.508 1.89 0.05 1.96
Cr 5.411 15.18 0.13 14.53
Fe 6.398 43.53 0.26 37.88
Ni 7.741 30.88 0.27 26.17
Nb 2.166 4.37 0.09 2.34

Total – 100.00 – 100.00

Ta b l e 4. Quantitative EDS analysis of the precipitate
observed in the Fe-Ni-Cr alloy

Element (keV) (mass%) Sigma (at.%)

C 0.277 15.70 0.23 54.0
Al 1.486 0.05 0.02 0.08
Ti 4.508 18.43 0.14 15.92
Cr 5.411 0.34 0.03 0.27
Fe 6.398 0.93 0.04 0.69
Ni 7.741 0.75 0.05 0.53
Nb 2.166 63.80 0.25 28.42

Total – 100.00 – 100.00

(Fig. 5) revealed a large number of precipitates dis-
persed both in the matrix and at the grain bound-
aries.
A section of the matrix (region 1) and two pre-

cipitates (regions 2 and 3) of the Fe-Ni-Cr superalloy
sample were chosen to identify the elements present in
each case, as shown in Fig. 6.
The EDS analysis of the matrix selected in Fig. 6

Fig. 8. EDS spectrum for the precipitate from region 2 of
Fig. 6.

revealed a high iron and nickel content consistent with
the primary constituents of an austenitic iron-nickel-
chromium alloy (Fig. 7).
Table 3 presents the quantitative EDS analysis of

the spectrum corresponding to the matrix based on
nickel and chromium carbides of Fe-Ni-Cr alloy.
The spectrum in Fig. 8 shows the presence of car-

bon and an increased amount of Nb and Ti in the
precipitate found in region 2 of Fig. 6, which is con-
sistent with the composition of (Nb,Ti)C.
Table 4 presents the EDS quantitative analysis of

precipitate 2, revealing high carbon, niobium, and ti-
tanium levels compatible with (Nb,Ti)C.
The EDS spectrum of the precipitate from area 3

in Fig. 6 was similar to that of the precipitate from
region 2, with substantial amounts of Nb and Ti, in-
dicative of (Nb,Ti)C carbides. Figure 9 displays trans-
mission electron microscopy images of Fe-Ni-Cr, which
exhibit carbides and intermetallic complexes gamma
prime (γ′): (a) bright-field image and (b) dark-field
image.

3.4. Rietveld refinement

The peaks corresponding to the γ′ intermetallic
compounds Ni3(Al,Ti), Ni3(Al0.5Ti0.5) are overlaid on
the austenitic matrix’s (γ) most significant peak. The
Rietveld method was used (Figs. 10 and 11) to refine
the crystal structure because it was difficult to dis-
criminate between the γ and intermetallic phases due
to the proximity of its lattice parameters [24–26]. The
lattice parameters and phase percentages for the alloys
NIMONIC 80A and Fe-Ni-Cr are listed in Table 5.
In the microscope images shown in Fig. 2, the

alloy NIMONIC 80A has the highest proportion of
the gamma prime phase and a limited quantity of
chromium carbide, which is primarily dispersed in the
grain boundary. On the other hand, Ni and Ti car-
bides and two forms of gamma prime phase predomi-
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Fig. 9. TEM micrograph of Fe-Ni-Cr superalloy showing
carbides (a) and gamma prime (γ′) intermetallic com-
pounds (b) in bright-field and dark-field, respectively.

Fig. 10. Rietveld refinement carried out near the angular
range 43.5◦ ≤ 2θ ≤ 45.0◦ for NIMONIC 80A alloy.

Fig. 11. Rietveld refinement was performed at 40◦ ≤ 2θ ≤
47◦ for the Fe-Ni-Cr alloy.

Ta b l e 5. Lattice parameters and phase percentages for
NIMONIC 80A and Fe-Ni-Cr alloys

NIMONIC 80A

Phases (wt.%) Lattice parameters (Å)
calculated

Matrix (γ) 65 a = b = c = 3.535
Ni3(AlTi)(γ′) 32 a = b = c = 3.551
Cr23C6 3 a = b = c = 10.605

Fe-Ni-Cr

Phases (wt.%) Lattice parameters (Å)
calculated

Matrix (γ) 65 a = b = c = 3.590
Ni3(Al0,5Ti0,5)(γ′) 14 a = b = c = 3.611

Ni3Al(γ′) 12 a = b = c = 3.581
(NbTi)C 9 a = b = c = 4.384

nate in the alloy Fe-Ni-Cr. In this alloy, intermetallics
and carbides are evenly distributed within the grains
and grain boundaries, affecting its creep resistance.

3.5. Creep tests

Figures 12–14 depict the deformation (ε) vs. time
(t) curves for the alloys NIMONIC 80A and Fe-Ni-Cr,
subjected to creep tests at temperatures ranging from
675–750◦C and stresses ranging from 500 to 600MPa.
Table 6 presents the creep data at the temperatures

and stresses tested.
Fe-Ni-Cr has significantly lower creep rates than

NIMONIC 80 A. It is due to a higher content of car-
bides (Nb,Ti)C in the matrix and grain boundaries
for this alloy, as evidenced by microscopic images and
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Ta b l e 6. Data from creep tests of alloys NIMONIC 80A and Fe-Ni-Cr at temperatures (T ) of 675, 700, and 750◦C and
stresses (σ) of 500, 550, and 600 MPa, showing creep rate (ε̇s) and time for failure (tf) at the fracture site

T (◦C) Material σ (MPa) ε̇s tf (h)

500 6.02 × 10−3 15.94
NIMONIC 80A 550 1.24 × 10−2 6.79

600 3.19 × 10−2 4.04
675

500 5.08 × 10−5 214.58
Fe-Ni-Cr 550 1.75 × 10−4 102.33

600 7.56 × 10−4 3.96

500 8.89 × 10−2 1.27
NIMONIC 80A 600 1.14 × 10−1 0.843

650 3.16 × 10−1 0.571
700

500 4.40 × 10−4 25.16
Fe-Ni-Cr 550 1.55 × 10−3 14.57

600 5.93 × 10−3 1.43

500 5.36 × 10−1 0.342
NIMONIC 80A 550 10.36 × 10−1 0.142

600 20.36 × 10−1 0.072
750

500 2.15 × 10−2 1.73
Fe-Ni-Cr 550 8.43 × 10−2 0.53

600 2.37 × 10−1 0.26

Fig. 12. Creep curves of NIMONIC 80A and Fe-Ni-Cr alloys at 675◦C for stresses of (a) 500, (b) 550, and (c) 600 MPa.
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Fig. 13. Creep curves of the NIMONIC 80A and Fe-Ni-Cr
alloys at 700◦C and 600 MPa stress.

quantitative analysis using Rietveld refinement.
These precipitates are stable and have a low coa-

lescence rate. As a result, during creep deformation,
the movement of dislocations in the sliding planes is
hampered by carbides and intermetallics that act as
barriers to their passage [27]. Carbides also have an
anchoring effect, hindering the relative grain bound-
ary sliding and reducing diffusional processes and dis-
location gliding and climbing associated with creep
deformation. Fe-Ni-Cr also had the largest mismatch
between the lattice parameters γ/γ′ (0.58 percent).
For the NIMONIC 80A, this mismatch is 0.45 per-
cent. Equation (1) determines this mismatch between
lattice parameters, called misfit (δ):

δ =
(aγ′ − aγ)
(aγ′ + aγ)

, (1)

where aγ′ and aγ are respectively the lattice parame-
ters of the gamma prime (γ′) and gamma (γ) phases.
Alloys with a greater difference between lattice param-
eters have better creep resistance due to the hardening
effect provided by modulus misfit strengthening [24–
26]. The stationary creep rate’s dependence on stress
and temperature can be stated as an Arrhenius-type
relationship, as shown in Eq. (2) [24]:

ε̇s = B0σ
n exp

(−Qc
RT

)
, (2)

where B0 is a factor dependent on the stress and struc-
ture of the material, σ the applied stress, R the gas
constant, and T the absolute temperature. Thus, the
concept of a creep mechanism can be characterized by
different stress exponent n combined with the activa-
tion energy Qc, indicating the dependence of different
stress and temperature regimes. Qc and n were cal-
culated using the data in Table 6 and Figs. 15 and
16.

Fig. 14. Creep curves of NIMONIC 80A and Fe-Ni-Cr al-
loys at 750◦C for stresses of (a) 500, (b) 550, and (c)

600 MPa.

NIMONIC 80A had a stress exponent of 9.12,
and Fe-Ni-Cr had a value of 14.80 at 675◦C. It was
14.18 for the Fe-Ni-Cr at 700◦C. The Fe-Ni-Cr had
a stress exponent of 13.18 at 750◦C, while the NI-
MONIC 80A had a stress exponent of 7.30. The ac-
tivation energy for Fe-Ni-Cr was 616.24 kJmol−1 at
600MPa and 453.73 kJ mol−1 for NIMONIC 80A. For
550MPa, this energy was 645.34 kJmol−1 for Fe-Ni-
-Cr and 476.03 kJmol−1 for NIMONIC 80A. Fe-Ni-Cr
reached 649.30 kJmol−1 at 500MPa, while NIMONIC
80A attained 481.95 kJmol−1. Dislocation creep is a
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Fig. 15. Dependence of the stationary creep rate on the
applied stress for the alloys Fe-Ni-Cr and NIMONIC 80A:

(a) 675◦C and (b) 750◦C.

mechanism involving the motion of dislocations. Dislo-
cations can move by gliding in a slip plane, requiring
lower thermal activation, as observed for NIMONIC
80A. However, obstacles in the slip plane, such as
other dislocations or carbides, can change the rate-
determining mechanism of the climbing process, as ob-
served for Fe-Ni-Cr. In this case, the higher exponent
for Fe-Ni-Cr can mean the occurrence of an obstacle-
controlled dislocation glide mechanism.
Figure 17 shows micrographs of the Fe-Ni-Cr su-

peralloy tested at 500MPa taken with a transmission
electron microscope (bright-field image), revealing dis-
locations trapped in intermetallic phases (Fig. 17a)
and dislocations pile up along the grain boundary
(Fig. 17b). These carbides ((Nb,Ti)C), in addition
to the γ′ intermetallics (Ni3(Al0.5Ti0.5) and Ni3Al),
present both within the grain and its boundary, hinder
the movement of dislocations, resulting in a decreased
creep rate observed for that superalloy.

Fig. 16. Temperature dependence of stationary creep rate
for and NIMONIC 80A alloys: (a) 500 MPa, (b) 550 MPa,

and (c) 600 MPa.

3.7. Analysis of fracture surfaces

Figures 18–20 depict the fracture surfaces of the
materials investigated. Fe-Ni-Cr exhibits intergranular
fracture (Figs. 18, 19), particularly in the region of
failure initiation, with progression to a transgranular
mode in the final region.
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Fig. 17. TEM micrographs (bright-field image) of Fe-Ni-Cr
superalloy tested at 500 MPa at temperatures of (a) 750◦C

and (b) 675◦C.

Fig. 18. Intergranular fracture and ductile transgranular
aspects of the Fe-Ni-Cr sample’s fracture surface tested at

675◦C and 550 MPa.

Figure 19 shows the fracture surface of the Fe-Ni-
-Cr alloy, tested at 700◦C and 550MPa, in greater

Fig. 19. Fracture surface of the Fe-Ni-Cr sample tested
at 700◦C, with an intergranular aspect in the vicinity of
the onset of failure (a) and a predominance of dimples,
indicative of ductile fracture in the final region of failure
(b). In addition, carbides can be found in the alveoli.

detail, in the region of the onset of the failure with an
intergranular aspect (a) and dimples typical of ductile
fracture in the final part of the failure (b).
As seen in Fig. 20, the fracture surfaces of the NI-

MONIC 80A alloy were mostly transgranular.
The increased ductility and lower carbides in NI-

MONIC 80A contribute to the prevalence of ductile
transgranular fracture. The microcavities occur at the
matrix-intermetallics-carbides interfaces, where there
is a stacking of dislocations and localized stresses, re-
sulting in the nucleation and formation of dimples to
relieve the stresses. These dimples’ size, form, and dis-
tribution are related to the material’s ductility and
internal stresses.

4. Conclusions

1. The microstructure of the alloy NIMONIC 80A
shows a small number of carbides, which are prefer-
entially distributed in grain boundaries. As for the
Fe-Ni-Cr alloy, both intermetallics and carbides are
in greater quantity and evenly distributed within the
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Fig. 20. The surface of the NIMONIC 80A sample (a)
tested under creep at 675◦C and 550 MPa shows a trans-
granular aspect. A detailed image of the fracture surface of
this sample (b) has dimples, which are typical for ductile

fracture.

grain and at the grain boundaries of the austenitic
matrix.
2. Rietveld refinement was used to quantify the

carbides and intermetallic precipitates identified in
the two alloys. The intermetallic Ni3Al(γ′) and
Cr23C6 carbides were observed in NIMONIC 80 A.
In addition, the intermetallics Ni3(Al0.5Ti0.5)(γ′) and
Ni3Al(γ′) were revealed in Fe-Ni-Cr, as well as a sig-
nificant number of carbides (NbTi)C.
3. With a value nearing 0.58 percent, Fe-Ni-Cr ex-

hibited the most significant misfit (δ) of the lattice
parameters γ/γ′. This value is 0.45 percent for the
NIMONIC 80A. Due to the hardening effect given
by modulus misfit strengthening, alloys with a more
significant mismatch between lattice parameters have
higher creep resistance.
4. The lower carbide content in NIMONIC 80 A

and its distribution primarily at grain boundaries in-
crease relative slip between grains during deformation,
allowing grain boundary sliding for the formation of

intergranular cracks and, as a result, increasing creep
rate and premature rupture.
5. As for Fe-Ni-Cr, a high volume fraction of in-

termetallics and carbides was observed, affecting the
mobility of dislocations. The low diffusion rates and
high stability of these phases hinder the glide of dislo-
cations within the grain and along the grain boundary
during creep tests by switching the creep mechanism
from the dislocation glide to the slower dislocation
climb. The dislocation climb requires a void to be dis-
placed to its core, allowing it to slide to an adjacent
sliding plane.
6. Grain boundary sliding requires a constant sup-

ply of dislocations from the matrix. The presence of
intermetallics and carbides within the grain might im-
pact the glide of these dislocations, resulting in pile-
ups with back stress, as observed in Fe-Ni-Cr alloy.
As a result, the effective stress at the grain interface
is lowered during the creep test, slowing the sliding
rate of the grain boundaries.
7. The stress exponents ranged from 7.3 to

14.8, with activation energies ranging from 453–
649 kJmol−1. These values are higher than the activa-
tion energy for nickel lattice diffusion (280 kJmol−1)
and significantly higher than grain boundary self-
diffusion (115 kJmol−1) [28]. In the stress ranges and
temperatures used in this study, it is inferred that
grain boundary slip accommodated by dislocation
glide prevails for the NIMONIC 80A. Secondary phase
precipitation within grains and grain boundaries alters
Fe-Ni-Cr’s accommodation mechanism for dislocation
climb.
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