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Abstract: The Inconel 718 superalloy, a precipitation-hardenable material, is of particular interest
for applications involving components operating under extreme conditions due to its excellent
mechanical properties, high corrosion resistance at temperatures up to 700 ◦C, and good workability.
At high temperatures, thermal transfer processes are crucial for temperature distribution across the
component’s section, structural transformations, and variations in the alloy’s properties. The history
of accidental overheating events is critical for the microstructure and properties of the alloy. Studies
on thermal transfer in the Inconel 718 alloy available in the literature typically focus on the alloy in
its as-delivered state. The experimental research presented in this paper examines the influence of
repeated overheating history on the thermal diffusivity of the alloy.

Keywords: Inconel; overheating; solar energy; microstructural transformations; thermal transfer

1. Introduction

Inconel 718 belongs to the category of nickel-based superalloys and is known for
its tensile, fatigue, creep, and fracture characteristics, as well as its excellent corrosion
resistance at temperatures above 650 ◦C—properties superior to stainless steels. These
characteristics, combined with good welding properties, resistance to post-weld cracking,
and good processing properties, justify its use in difficult operating conditions: sheet
metal parts for aircraft and gas turbine engines, components in oil refineries, cooling
equipment for seawater, cryogenic tanks, and other uses where heat transfer processes are
important [1–4]. Inconel 718 exhibits excellent corrosion resistance at high temperatures
due to its high contents of nickel and chromium. This alloy falls under the category of
precipitation-hardened nickel-based superalloys, and its good mechanical properties result
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from both solid solution hardening and precipitation hardening processes. To enhance
its mechanical characteristics, this alloy includes elements such as aluminum, titanium,
niobium, molybdenum, and tungsten [5–8]. Solid solution hardening occurs when alloying
elements dissolve into the base metal matrix, forming a solid solution with improved
strength. The most critical hardening mechanism is the precipitation of intermetallic phases
from the solid solution [9–22]. The chemical composition of the alloy and the applied heat
treatment determine the nature, distribution, and morphology of the formed precipitates.
The elements that contribute to precipitation hardening are primarily Nb, Al, and Ti.
Heat treatment involves solution quenching at temperatures between 970 ◦C and 1175 ◦C,
followed by one or more tempering steps at temperatures between 600 ◦C and 815 ◦C.
During cooling, aluminum and titanium, which are supersaturated in the γ solid solution
at the treatment temperature, precipitate to form the γ′ phase with the stoichiometric
formula Ni3(Al, Ti). Niobium is the primary hardening element in the alloy, forming
the γ′′ compound (Ni3Nb) by precipitation. Grain boundary hardening occurs through
the precipitation of carbides. The formation of discrete globular carbides along the grain
boundaries prevents their migration, thereby enhancing creep resistance and maintaining
sufficient ductility in the surrounding matrix. This ductility allows the matrix to absorb
the resulting stresses, preventing premature fracture. However, if carbides precipitate as a
continuous film along the grain boundaries, the properties of the alloy decrease significantly.
The grain size, as well as the size, morphology, and distribution of the precipitates, plays a
crucial role in determining the alloy’s behavior in various applications [5,23–25].

Thermal diffusivity plays a crucial role in determining the performance of Inconel
718 under high-temperature operating conditions. It influences the cooling rate during
heat treatments, as well as the size and distribution of precipitated particles. Depending
on the cooling rate, either fine microstructures with good mechanical properties or brittle
phases with low material durability can be obtained. High thermal diffusivity enhances
the material’s ability to dissipate heat, which is vital in high-temperature applications,
preventing overheating and material degradation. Thermal diffusivity also impacts oxi-
dation at elevated temperatures. An alloy with adequate thermal diffusivity can form a
uniform protective oxide layer, improving corrosion resistance in oxidizing environments.
Uniform heat distribution helps prevent the formation of cracks and other surface defects,
thereby maintaining the structural integrity of the material under severe operating condi-
tions. Adequate thermal diffusivity ensures a stable microstructure, optimal mechanical
strength, efficient thermal conductivity, and increased corrosion resistance. Controlling this
property through manufacturing and heat treatment processes is essential for maximizing
the performance of this superalloy in critical applications.

Studies in the literature on the influence of overheating on the microstructure and ther-
mal diffusivity of nickel-based superalloys, particularly Inconel 718, have focused on the
alloy in its as-delivered state, the role of alloying elements in enhancing thermal diffusivity,
the modeling of thermal properties and thermally induced stresses, and the determination
of the variation in diffusivity at measurement temperatures up to 700–1000 ◦C [26–37].

The experimental research presented in this paper examines the influence of cyclic
overheating on the variation in thermal diffusivity in Inconel 718, consistently comparing it
to the diffusivity of the material in its as-delivered (standard) state.

2. Materials and Experimental Techniques

The Inconel 718 alloy, plastically deformed, used for thermal shock testing, has the
following composition: 52.16% Ni, 17.05% Fe, 16.76% Cr, 2.96% Mo, 5.36% Nb, 0.23%
Mn, 0.17% Si, 1.12% Ti, and 0.42% Co. The characteristics of the Inconel 718 alloy are
given by ASTM B637 N07718 “Standard Specification for Nickel Alloy Bars, Forgings,
and Forging Stock for Moderate or High Temperature Service” [38]. The microstructure
revealed intergranular lamellar precipitates distributed relatively uniformly at the grain
boundaries (Figure 1b,f), the presence of large polyhedral precipitates/particles inside
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the grains (Figure 1a,c,d), and the presence of some structures with rectangular geometric
development (Figure 1e).

Figure 1. The SEM microstructures for the alloy as delivered, containing large polyhedral precipi-
tates/particles inside the grains (a,c,d), intergranular lamellar precipitates at the grain boundaries
(b,f) and structures with rectangular geometric development (e).

Cyclic overheating at high temperatures was simulated by thermal shocks using solar
energy. The specimens for thermal shock testing have a parallelepipedal shape with a
square base of 7 mm sides and 10 mm height.

The height of the sample is oriented according to the deformation direction of the alloy.
The surface of the samples was mechanically polished using 800-grit abrasive paper. The
shocks were applied to the upper base of the parallelepipedal sample positioned vertically.
Thermal shock testing was carried out in the Solar Furnace at the PROMES laboratory, Font
Romeu-Odeillo, France (Figure 2). Cyclic thermal shocks were used in the temperature
range of 700–1000 ◦C with a constant temperature duration of each cycle of 30 s.

Figure 2. Cont.
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Figure 2. (A) Diagram for conducting experimental research. (B) Testing samples in solar furnace:
a—image of solar furnace, PROMES laboratory; b—test facility; c—treatment cycle for 20 thermal
shock cycles at 1000 ◦C. (C) Specimen geometry and positioning.

The thermal transport properties were investigated using a Laser Flash Analyzer
model Netzsch LFA 457 Microflash (NETZSCH-Gerätebau GmbH, München, Germany)
from room temperature up to 1050 ◦C. The microhardness measurements were carried out
with FALCON equipment, series 500 (INNOVATEST Europe, Maastricht, The Netherlands).
For microscopic analysis, samples were prepared by mechanical grinding and etched with
Adler’s reagent. The characterization by SEM-EDS was carried out using a HITACHI
SU5000 electron microscope (Hitachi High-Tech Corporation, Tokyo, Japan) equipped
with a backscattered electron detector and an energy-dispersive fluorescence spectroscopy
module for elemental analysis.

3. Experimental Results
3.1. Microstructural and Elemental Chemical Characterization of Samples Subjected to Cyclic
Thermal Shocks

The SEM analysis of the samples treated at 700 ◦C revealed large, rounded, light-
colored precipitates (Figure 3a) and dark-colored intergranular precipitates (Figure 3b)
with distributions similar to the grain boundaries of the initial interdendritic structure
(Figure 3c).

Dark intergranular precipitates contain Nb, Al, and Mo. In these areas, the presence of
Si and C is also noticeable (Figure 4).

Large light-colored precipitates with rounded shapes contain niobium, molybdenum,
and titanium, with small percentages of silicon, carbon, and aluminum (Figure 5). The
large intragranular precipitates contain Nb, Ti, and Mo. The presence of Nb and titanium
was explained by sandwich structures of type γ′′/γ′/γ′′, resulting from the formation of
the γ′′ phase on existing γ′ structures. The high participation of molybdenum in these
precipitates is noted in the literature. The intragranular precipitates are rich in C, Nb, Mo,
Ti, carbides and fine precipitates of γ′ [29,30].
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Figure 3. The microstructure of the sample treated at 700 ◦C, 3 cycles consisting of: large, rounded,
light-colored precipitates (a), dark-colored intergranular precipitates (b) and interdendritic struc-
ture (c).

Figure 4. Chemical elemental composition mapping in an area with preferentially interdendritically
arranged dark precipitates (700 ◦C, 3 cycles).

Figure 5. Chemical elemental composition mapping in high-precipitation area in light color of sample
treated at 700 ◦C, 3 cycles.
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A line-scan analysis of the sample cross-section (Figure 6) highlights the association
of Mo-Nb in large intergranular precipitates and carbide presence. An increased number
of thermal cycles (700 ◦C, 20 cycles) leads to the formation of large precipitates, rich in
niobium, molybdenum, and titanium, arranged in rows oriented perpendicularly to the
applied shock surface, as well as the development of a superficial oxidic layer (Figure 7).

Figure 6. Cross-section line-scan analysis for the sample treated at 700 ◦C, 3 thermal cycles.

Figure 7. Chemical elemental composition mapping of sample treated at 700 ◦C for 20 cycles.

The increase in temperature causes the oxide layer to thicken, with the alloying
elements showing a preferential distribution relative to the metal–oxide interface (Figure 8).

Regarding the influence of the thermal shock applied at 960 ◦C on the composition of
the oxide layer formed on the Inconel 718 alloy, Shu-liang Wang [27] notes the presence of a
protective film composed of Cr2O3 and (Cr, Fe)2O3 and the presence of hardening alloying
elements (Ti and Nb) in the film—Ti0.95 Nb0.95 O4. The compositions of these elements were
also determined through XRD for alloys subjected to thermal shocks—results that were not
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included in the present article. This paper provides an elemental chemical characterization
across the entire thickness of the oxide layer.

Figure 8. Chemical elemental composition mapping in the surface layer of the sample treated at
800 ◦C for 3 cycles.

At 800 ◦C, three cycles, the distribution of alloying elements in the oxide layer shows
a continuous chromium-rich layer at the metal–oxide interface, reflecting the profile of
the interface (Figures 8 and 9). This is followed outwardly by a layer rich in niobium,
molybdenum, and titanium. Manganese is preferentially distributed in the chromium-rich
layer, while aluminum is present throughout the thickness of the oxide layer (Figure 8).

Figure 9. Line-scan analysis showing the distribution of elements in the surface layer of the sample
treated at 800 ◦C for 3 cycles.

With an increased number of cycles (nine cycles at 800 ◦C), the structure consists of
lamellar precipitates at the grain boundaries and coarse precipitates with rounded inter-
granular shapes (Figure 10). It is also observed that the light-colored, coarse intragranular
precipitates contain up to 78.91% Nb (spectrum 3), while the intergranular lamellae contain
less niobium (spectrum 2).
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Figure 10. SEM-EDS analysis of sample treated at 800 ◦C for 9 cycles.

The gamma double-prime precipitate is stable only up to temperatures around
650–703 ◦C. Prolonged exposure to high temperatures leads to the formation of the delta
phase, but the samples in the experimental program were not subjected to extended high-
temperature treatments.

For shock temperatures above the tempering temperatures (900 ◦C and 1000 ◦C), the
structure stabilizes, forming large light-colored precipitates arranged in strings oriented
perpendicular to the shock surface. These precipitates are rich in niobium, molybdenum,
and titanium (Figure 11).

Figure 11. Chemical elemental composition mapping for the sample treated at 900 ◦C, 9 cycles.

The increase in temperature and the number of thermal cycles leads to a decrease in the
number and an increase in the size of precipitates arranged in rows oriented perpendicular
to the thermal shock surface (Figure 12).
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Figure 12. Microstructures formed at 1000 ◦C for (a) 12 cycles and (b) 9 thermal shock cycles.

3.2. The Influence of Cyclic Shocks on Thermal Diffusivity

The variation in the thermal diffusivity of the samples treated at temperatures ranging
from 700 ◦C to 1000 ◦C, with 3 to 20 cycles of thermal shocks, was determined over a
range of 20 ◦C to 1000 ◦C. The thermal diffusivity of the samples was analyzed from
two perspectives: the influence of thermal shock temperature for the same number of
applied shocks and the influence of the number of applied shocks at the same thermal
shock temperature. The diffusivity variation curves were compared to the diffusivity of the
as-delivered reference material.

3.2.1. The Influence of Shock Application Temperature for the Same Number of
Shock Cycles

Previous studies on the microstructural changes induced in the Inconel 718 alloy
through cyclic thermal stresses, performed at low heating/cooling rates [27,28], have high-
lighted diffusion processes. These processes are much less evident for samples subjected to
thermal shocks generated by solar energy.

The variation in the thermal diffusivity of the standard sample with measurement tem-
perature shows a significant maximum at 700 ◦C and an inflection point at approximately
820 ◦C (Figure 13). A similar maximum was also observed by Hazotte and Archambault
at 750 ◦C [33]. This variation can be explained by structural transformations that occur
during the heat treatment.

The variation in thermal diffusivity with shock temperature indicates that for the
same number of shocks, the values are quite close and remain below those of the standard
sample, with small maxima around 700 ◦C, within the range of 600 ◦C to 800 ◦C (Figure 13).
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The increase in the thermal diffusivity values of nickel-based superalloys in their as-
delivered state with the measuring temperature was determined by A. Hazotte, B. Perrot,
and P. Archambault [34] for single-crystal Ni-based superalloys, as well as by Zielinska [35]
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and A. Sh. Agazhanov, D. A. Samoshkin, and Yu. M. Kozlovskii [36] for Inconel 718. In the
evolution of the thermal diffusivity curve with the measuring temperature determined by
Zielinska, an inflection point appears around 700 ◦C, while Hazotte and collaborators note
a peak around this temperature. The research presented in this paper shows the maximum
evolution at 700 ◦C for the Inconel alloy in its as-delivered state, as well as peaks at 700 ◦C
and 900 ◦C for samples subjected to cyclic thermal shocks.

The present research reveals the influence of thermal shock temperature, as well as the
number of shocks applied at the same temperature, on the evolution of thermal diffusivity
curves with the measuring temperature.

3.2.2. The Influence of the Number of Cycles Applied at the Same Temperature

The variation in thermal diffusivity with an increasing number of thermal shock cycles
applied at the same temperature, from 3 to 20, results in α = f(T) curves with similar profiles.
For a large number of cycles, the diffusivity at high temperatures increases with the number
of thermal shock cycles (Figure 14).

Figure 14. Variation in thermal diffusivity with the number of cycles applied to the following:
(a) 700 ◦C; (b) 800 ◦C; (c) 900 ◦C; (d) 1000 ◦C.
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3.3. The Effect of Cyclic Overheating on the Width of the Heat-Affected Zone

The size of the heat-affected zone (HAZ) due to overheating was assessed through
hardness measurements. Hardness variations show decreasing curves from the surface
opposite to the surface where the shocks were applied.

For the same number of thermal shocks applied, increasing the shock temperature
results in a widening of the heat-affected zone (see Figure 15a,b). In the case of samples
subjected to thermal shocks at 700 ◦C, a variation with a peak before a marked decrease is
observed, a phenomenon that can be explained by an increase in the number of precipitates
upon recovery.

Figure 15. The decrease in hardness near the shock surface as a function of the thermal shock temper-
ature for the same number of applied thermal shock cycles: (a) 9 thermal cycles; (b) 20 thermal cycles;
‘d’—the distance from the opposite surface to the thermal shocks’ application surface.

Through microhardness measurements, this paper also presents the evolution of the
thermally affected zone for the conditions of thermal shock application parameters.

An increase in the number of shocks applied at the same temperature leads to an
expansion of the heat-affected zone (Figure 16a–d). For 20 cycles of overheating applied at
1000 ◦C, the hardness is less than half of the value in the as-delivered state.
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Figure 16. The decrease in hardness relative to the thermal shock surface as a function of the number
of cycles applied at the same temperature: (a) 700 ◦C; (b) 800 ◦C; (c) 900 ◦C; and (d) 1000 ◦C; ‘d’—the
distance from the opposite surface to the thermal shocks’ application surface.

4. Conclusions

The results regarding the evolution of the microstructure and thermal transfer process
in the Inconel 718 alloy subjected to short, repeated heating at high temperatures, up to
1000 ◦C, have been presented.

The reproduction of accidental, short-term increases in temperature was achieved by
applying thermal shocks with solar energy for a history of 3 to 20 cycles.

The microstructural analysis of the samples treated by thermal shocks highlighted
the distribution and size of the precipitates located at the grain boundaries and the large
intragranular precipitates.

The SEM EDS characterization of the acicular γ′′ precipitates showed a high niobium
content, even up to 78.91% Nb, in accordance with studies conducted by Godka et al. [39,40].

The increase in the number of thermal cycles and the temperature of the shocks led to a
decrease in the number of intragranular precipitates, an increase in the size of the remaining
ones, and their arrangement in strings oriented perpendicular to the surface where the
thermal shock was applied. At high temperatures, the acicular phases disappeared, and
the structure remained polyhedral with fine intergranular precipitates.

The morphology and elemental chemical composition of the oxide layers were char-
acterized. The layer formed at 800 ◦C was compact and exhibited a stratified distribution
of the alloying elements, with a significant area rich in chromium near the oxide–metal
interface. At 1000 ◦C, the oxide layer showed signs of degradation, with a less distinct
distribution of elements, but maintained a thinner chromium-rich layer near the interface
with the metal [41].

The oxide layer formed on the surface of the samples exhibited a stratified distribution
of alloying elements in layers parallel to the metal–oxide interface. Notably, there was a
chromium-rich layer in the immediate vicinity of the metal–oxide interface, with continuous
and substantial thickness, which accounts for the high corrosion resistance.

Increasing the thermal shock application temperature for samples subjected to the
same number of shocks highlighted an increase in diffusivity. For the same thermal shock
temperature, increasing the number of applied shocks led to an increase in diffusivity.

The diffusivity values of the samples after being subjected to thermal shocks were
close to and permanently lower than those recorded for the reference sample, except for
one sample (1000 ◦C, six cycles).

The variation curve for the reference sample showed a maximum in the range of
600–750 ◦C (in accordance with studies conducted by Hazotte and Archambault) and a
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small maximum below 850 ◦C. For the samples previously subjected to thermal shocks,
these maxima were small.

Increasing the temperature for the same number of thermal shocks and increasing the
number of shocks applied at the same temperature led to an increase in the depth of the
heat-affected zone below the surface of shock application, reaching the full length of the
sample for 20 cycles applied at 1000 ◦C.

The experimental results contribute to expanding the database for the Inconel 718 alloy.
They are useful for evaluating the heating/cooling rates during heat treatment, assessing
the mechanical properties of surfaces subjected to cyclic thermal stresses, and evaluating
the depth affected by structural transformations. Future research aims to further study the
variation with the maximum diffusivity curves and to conduct a similar study for other
candidate alloys for Generation IV reactors.
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