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Abstract
This study examined the microstructure, thermal oxidation behavior, electrical conductivity, microhardness, and corrosion 
behavior of Ni–Cr–Mo–Nb–Fe superalloys, depending on the Ni and Fe ratio change. When the high-temperature oxida-
tion behaviors of the alloys were examined, it was seen that the activation energy (Eo) required for oxidation raised as the 
Ni ratio increased. The activation energy values were compared, and it was determined that the highest sample was PM10, 
133 kJ mol−1. The oxide layers formed by the alloy elements are clearly visible in the images obtained as a result of SEM 
analysis. EDX peaks and results show the composition of the alloy and the presence of metal oxide compounds. It was found 
that the microhardness value increased when the mass ratio of Fe element was reduced and the mass ratio of Ni element 
reached the highest value (PM10). With the increase in addition rates of nickel, the electrical conductivity of super alloys 
raised. According to the CR results of the samples, PM10 exhibited a relatively high passive current density indicating a faster 
dissolution rate and its corrosion resistance was calculated to be significantly lower than the other samples. The analysis 
determined that the sample with the highest corrosion resistance was PM8. As a result, it is noteworthy that it can be used 
in the aviation and space industry, especially at high temperatures, due to its good resistance to corrosion.
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Introduction

Superalloys represent distinctive multi-constituent metallic 
systems that exhibit exceptional mechanical characteristics, 
especially under elevated temperatures [1]. Indeed, the abil-
ity of superalloys to endure extended loading at temperatures 
approaching their melting points is intricately associated 

with their remarkable creep resistance [2]. Furthermore, 
considerable resistance to both corrosion and oxidation 
under severe operational conditions render superalloys via-
ble candidates for a variety of specialized applications [3]. 
Inconel alloys demonstrate remarkable mechanical strength, 
particularly through the mechanisms of precipitation hard-
ening and solid solution hardening. In this regard, a salient 
characteristic of Inconel alloys is the precipitation hardening 
mechanism, wherein strengthening phases such as γ′ and 
γ″ are generated [4]. The ordered crystalline structure of 
these phases increases the necessary energy by constraining 
the mobility of dislocations, thereby enhancing the overall 
strength of the material [5]. Additionally, the microstructure 
may exhibit the presence of metal carbides [4, 6, 7], needle-
like δ phase [4, 6, 7], and closely packed hexagonal Laves 
phase [4, 6, 7].

Generally, the strategic incorporation of alloying ele-
ments plays a pivotal role in governing the high-temperature 
strength of Inconel alloys by influencing both the microstruc-
ture [8–10] and the resultant phases formed [8–10]. Among 
the principal Inconel alloys, Inconel 718 is particularly 
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well-suited for applications exposed to severe carburizing 
and oxidizing environments [6, 11]; Inconel 625 exhibits 
exceptional strength and corrosion resistance over a wide 
temperature range (− 150 to + 1000 °C) [12, 13]; Inconel 
738LC demonstrates remarkable high-temperature strength 
together with improved castability [4]; and Inconel 939, a 
relatively recent alloy, is distinguished by its microstruc-
tural stability and oxidation-resistant weldability [14, 15]. 
These nickel-based alloys are characterized by their superior 
fatigue resistance, radiation resilience, oxidation, and corro-
sion resistance, in addition to their capacity to sustain these 
mechanical and physical properties at elevated temperatures 
[4, 16]. In recent years, the most extensively utilized and 
widely investigated high-temperature nickel-based superal-
loy has been Inconel 718 [17–19]. Nickel-based superalloys 
are extensively utilized in applications such as supercharg-
ers, gas turbines, jet propulsion systems, fastening compo-
nents, afterburners, and turbine wheels [20]. These alloys are 
predominantly selected for their performance in corrosive 
environments, including sulfuric acid, chlorine, and favora-
ble hydrogen service conditions [21]. The manufacturing 
process of nickel-based superalloys significantly influences 
the final product’s quality and defects [22]. Investment cast-
ing is a prevalent technique for fabricating these components 
[23]. Modifications in the manufacturing process and alloy-
ing elements can enhance properties and minimize defects 
[24]. Consequently, minor alterations in alloy compositions 
can yield substantial effects [25]. Casting-produced super-
alloys may encounter defects, including shrinkage defects, 
hot cracks, and porosity, impacting product quality [26]. 
Key production techniques for nickel-based superalloys 
consist of investment casting, powder metallurgy (PM), 
additive manufacturing (AM), and hot isostatic pressing 
(HIP) [27]. Notably, powder metallurgy offers benefits such 
as uniform alloy structures, reduced waste, and the fabrica-
tion of high-performance components [28]. Furthermore, 
it allows for the production of intricately shaped parts and 
facilitates controlled heat treatments to optimize material 
characteristics [29, 30]. Masaya Higashi et al. examine the 
impact of initial powder particle size on the hot workability 
of nickel-based superalloys. Increased particle size corre-
lates with reduced oxygen content and precursor particle 
boundary (PPB) density, enhancing hot workability. Fine 
powder samples exhibit a higher susceptibility to cavitation 
and crack initiation due to elevated PPB density. Optimal 
hot workability is observed at γ′ sub-solvus temperatures 
(approximately 1100 °C). The findings indicate that larger 
particles yield superior mechanical properties, contrasting 
with the general preference for fine powders in superalloy 
production [31]. Yin-long Shao et al. analyzed the impact 
of Ti and Al on the microstructure and elemental distribu-
tion in nickel-based powder metallurgy superalloys. The 
findings indicated that Ti and Al preferentially localized in 

the γ′ phase, leading to the formation of γ + γ′ structures at 
grain boundaries and promoting γ′ phase growth. Further-
more, increasing Ti and Al concentrations enhanced the 
distribution of Cr, Co, and Mo within the γ matrix. These 
observations imply that precise control of Ti and Al con-
tents is essential for optimizing the mechanical properties 
of superalloys [32]. Generally, Fe is frequently regarded as a 
crucial matrix element possessing the capability to partially 
substitute for nickel, represented by Ni, to a certain degree 
in various alloy compositions. To attain the optimal level of 
machinability while simultaneously minimizing production 
costs, significant quantities of iron elements are strategi-
cally incorporated into the formulation of some innovative 
superalloys, thereby effectively replacing the nickel element 
in these advanced materials [33]. Nevertheless, it is worth 
noting that certain methodologies associated with powder 
metallurgy, including pressing-sintering process as well as 
metal injection molding, present significant advantages in 
terms of achieving near-net-shape forming, thereby facilitat-
ing the efficient production of aviation engine components 
that closely resemble the final desired geometries, which can 
lead to reductions in material waste and potentially enhance 
the overall performance characteristics of the manufactured 
parts [34, 35]. In this regard, it is clearly obvious that further 
experimental studies are needed to contribute to the optimi-
zation of this methodology.

To our knowledge, no prior studies have systematically 
explored deliberate Fe → Ni substitution in Inconel 718 via 
powder metallurgy. Conventional IN718 alloys have rela-
tively fixed Fe (~ 18 mass%) and Ni (~ 50–55 mass%) by 
specification [36], so composition variations are normally 
incidental (e.g., dilution during welding or cladding). The 
only analogous work is in related Ni-alloys or surface coat-
ings. For example, Wu et al. varied Fe content (by inten-
tional dilution) in Inconel 625 laser-cladding layers and 
found that exceeding ~ 5 mass% Fe sharply degraded cor-
rosion resistance [36]. This highlights Fe’s sensitivity, but 
625 lack the γ″/γ′ phases of 718. Similarly, Fe-substitution 
studies exist in Co–Ni systems (e.g., Ni–Co–Fe superalloys) 
where replacing Ni with Fe affects γ′ volume and creep prop-
erties, but these do not address IN718’s chemistry or powder 
routes. Other works (e.g., on alloy X-750) note that higher 
Fe improved water-side corrosion by forming trevorite [37], 
yet these occur in cast or wrought materials under high-
temperature water—again differing from our PM 718 case.

This study presents cost-effective, durable materials with 
Fe addition for high-temperature and corrosion-resistant 
aviation engine components. It addresses a research gap by 
analyzing superalloys produced by powder metallurgy com-
pared to alloys produced by other methods and the effect of 
Fe addition on the material structure. The research elucidates 
how substituting nickel with Fe alters the mechanical and 
electrochemical properties of superalloys. Consequently, it 
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yields valuable insights for developing optimized, economi-
cal, high-performance materials in aviation and future aca-
demic investigations.

Material method

In this investigation, specimens of a nickel-based superal-
loy were synthesized utilizing fine powders of Ni, Cr, Mo, 
Nb, and Fe through the process of press-sintering. Table 1 
presents the chemical compositions and coding of the sam-
ples. The powder mixtures were mechanically alloyed by 
ball milling using ZrO2 ceramic balls (3 mm in diameter) 
at a rotational speed of 400 rpm for approximately 6 h. The 
duration of mechanical alloying of 6 h proved adequate 
for achieving homogenization of these alloys. The ratio of 
metal powder to balls was set to 1/10. Polyvinyl alcohol 
(PVA) was employed as a binder to enhance green strength 
before the sintering process (Merck, Germany). Following 
the mechanical alloying phase, a PVA solution compris-
ing 6 mass percent was incorporated into the metal pow-
der. This PVA solution consisted of 3 mass percent PVA 
mixed with distilled water. The metal powder was manually 
blended with the PVA solution. Subsequently, the powder-
binder mixtures were subjected to compaction at a pres-
sure of 350 MPa. The height of the cylindrical samples was 
approximately 16–18 mm, while the diameter of the samples 
was 10–12 mm. In Fig. 1, the sintering procedure involves 
raising the temperature to 390 °C (thermal decomposition) 
with a heating rate of 6 °C/min and a holding time of 30 min, 
followed by an increase to sintering temperatures at a rate 
of 10 °C min−1. The thermal debinding temperature of the 
polyvinyl alcohol (PVA) was determined to be approxi-
mately 390 °C through the application of thermogravimetric 
analysis (TGA, SDT Q600). The PVA present in the green 
specimens underwent thermal elimination as an integral 
component of the sintering cycle. The green specimens were 
subjected to sintering at 1200 °C for 60 min within a vacuum 
environment in a horizontal tube furnace (MTI, USA).

The properties of electrical conductivity are significant, 
as its values are influenced by both the chemical compo-
sition and the microstructural characteristics of materials. 
Measurements of conductivity serve as a means for the 
examination of various heat treatment processes. The elec-
trical conductivity of the alloys was assessed utilizing the 

(WeldCheck, ETher NDE) eddy current measurement appa-
ratus. The determination of electrical conductivity was con-
ducted in accordance with the international annealed copper 
standard (IACS). The electrical conductivity of annealed 
copper is established as 100% IACS at a temperature of 
20 °C, and consequently, the conductivity of the specimen 
was ascertained.

The alloys were investigated for their thermal oxi-
dation behavior. Samples with identical dimensions 
(1.2 × 1.2 × 0.5  mm3) were sectioned, and their surface 
roughness was removed. The specimens were then ultra-
sonically cleaned in alcohol and dried in hot air. Isothermal 
and non-isothermal oxidation experiments were carried out 
by Perkin Elmer Pyris TG/DTA thermal analysis system. 
These prepared samples were exposed to air atmosphere 
from room temperature (RT) to 1000 °C, and the mass gain 
was recorded as a function of temperature throughout the 
experiment. It was determined that the alloys exhibited loga-
rithmic mass gain at high temperatures in the non-isothermal 
measurement. For this reason, three different temperature 
values in the logarithmic region (500, 700, and 900 °C) were 
selected to determine the isothermal mass gain. Argon gas 
was used to protect the samples from oxidation during heat-
ing selected at these temperatures. Then, to determine the 
thermal kinetic energies and thermal activation energies of 
the alloys, thermogravimetric (TG) mass gain curves due to 
80 min isothermal oxidation at 500, 700, and 900 °C in air 
atmosphere were measured. Microstructural and elemental 
analysis measurements of the thermally oxidized alloys were 
taken with a scanning electron microscope-energy-disper-
sive X-ray spectroscopy (SEM–EDX) device.

Table 1   Sample codes and their 
compositions

Sample Atomic percentage/at% Mass percentage/mass%

Ni Cr Mo Nb Fe Ni Cr Mo Nb Fe

PM8 47.08 19.354 1.798 0.928 30.892 48.0 17.5 3.0 1.5 30
PM9 52.057 19.402 1.802 0.931 25.807 53.0 17.5 3.0 1.5 25
PM10 62.192 19.500 1.812 0.935 15.562 63.0 17.5 3.0 1.5 15
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Fig. 1   Schematic diagram of the sintering process for the powder 
metallurgy superalloys
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The hardness evaluations of the specimens were con-
ducted utilizing a Vickers hardness tester (Zwick Roell 
ZHU 1875 LKV). A total of five distinct measurements were 
obtained by exerting 1000 g of load and 10 s of dwell time, 
sampling various regions of the surface of each specimen. 
Subsequently, the mean values and standard deviations were 
computed employing statistical methodologies.

To assess the mechanical characteristics of each speci-
men, quasi-static cyclic compression–compression experi-
ments were conducted utilizing a mechanical testing appa-
ratus (Devotrans, Turkey). The elastic modulus of the 
specimens was ascertained after the compression testing 
procedure. The elastic modulus was additionally assessed 
via a pulse receiver-type ultrasonic apparatus (General Elec-
tric, USA). The elastic modulus was computed using the 
following Eq. 1, where VT and VL represent the transverse 
and longitudinal velocities, respectively, and ρ denotes den-
sity. A normal probe and a 4-MHz beam longitudinal wave 
transducer were utilized for the ultrasonic velocity determi-
nations [12].

The abrasion experiments were conducted in a rotary 
drum abrasion tester (Devotrans, Türkiye, DVT DA 6) using 
a 10-N static load with and length of 20 m. The speed of the 
drum was set to 20 rpm.

The electrochemical potentiodynamic scanning (PDS) 
experiments were conducted on the samples utilizing a 
potentiostat/galvanostat (Interface 1000, Gamry) at ambi-
ent temperature. Before the initiation of the experiments, 
the samples underwent sanding to a finish of 2500 grit. The 
experimental procedures were executed in accordance with 
the three-electrode methodology within a 3.5% NaCl elec-
trolyte volume of 500 mL. A graphite electrode and an Ag/
AgCl reference electrode were employed as the counter and 
reference electrodes, respectively. The variations in open cir-
cuit potential (OCP) for the stabilization of the alloy surfaces 
of about 7200 s in the presence of electrolytes were recorded 
before the execution of the potentiodynamic scanning (PDS) 
tests. Following the establishment of equilibrium, the scan-
ning commenced on the alloys from a value of − 0.7 V rela-
tive to the OCP and proceeded anodically at a scan rate of 
1 mV⋅s−1.

Results and discussion

To find the temperature on the oxidation kinetics of the 
super alloys (SA’s), a TG–DTA analysis was performed in 
an air atmosphere from RT to 1000 °C and a heating rate of 
20 °C min−1. Non-isothermal TG–DTA measurement results 
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are given in Fig. 2 and 3, respectively. In the DTA results in 
Fig. 2, the phase change graph of the alloys at high tempera-
tures is given. As can be seen, three exothermic peaks can be 
observed in the heating ramp and are indicated with arrows. 
These exothermic peaks are associated with the γ′, γ″, δ pre-
cipitations [34]. While the γ′ precipitation phase occurred at 
595 °C in PM8 and PM10, it occurred at 580 °C in PM9. The 
γ″ precipitations were formed in PM 8, PM 9, and PM 10 at 
712, 702, and 725 °C, respectively. Finally, the δ precipita-
tions occurred at approximately 887 °C in all three sam-
ples. These results are consistent with the literature [34, 38]. 
According to Fig. 3, the non-isothermal oxidation curves of 
alloys can be divided into two stages. At the beginning of the 
oxidation test, the mass gain increases linearly because of 
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passive oxide layer formation; this stage is referred to as lin-
ear oxidation [39]. A parabolic mass increase occurred in all 
three samples after approximately 500 °C. It was observed 
that the mass surface oxidation rate in the PM10 sample 
was higher at 900 °C. According to these results, the chosen 
oxidation temperatures of our study fit parabolic oxidation 
laws. Non-isothermal oxidation behaviors were determined 
for each sample at temperatures selected from the parabolic 
region of 500, 700, and 900 °C for 80 min. The percentage 
mass increase of the samples with time is given in Fig. 4. 
As shown in Fig. 5, the mass increase of each sample is 
the highest at 900 ℃. That is, the oxidation rate of alloys 
is higher at high temperatures. It is also observed that the 
reaction rate in alloys decreases with increasing time. The 
oxidation constant rate kp, can be expressed by the following 
Eq. 2 [40, 41]:

where (ΔW/A) is the mass gain per unit area of a specimen, 
t is the oxidation time. kp can be calculated from the slope 
of linear regression line on (ΔW/A)2 versus t plot (Fig. 5). 
These values calculated for 500, 700, and 900 °C are shown 
in Table 2. According to kp values and oxidation tempera-
ture, oxidation activation energy can be calculated by the 
following Eq. 3:

ko is the pre-exponential constant, R is the gas constant, T is 
the temperature. Figure 5 shows the plot of 1000/T versus 
lnkp for the studied temperature range for all samples.

Another parameter that is closely related to the analy-
sis of the crystallization behavior of alloys during phase 
transformations is thermal activation energy. Thermal oxi-
dation energies (Eo) of the samples are given in Table 2. 
According to these results, the thermal activation energies 
required for the oxidation of PM8, PM9, and PM10 samples 
are 112.606, 123.821, and 133.578 J mol−1, respectively. 
Additionally, this variation is given in Fig. 6. Comparison 
of the three alloys indicates that increasing the nickel con-
tent and decreasing the iron content leads to higher thermal 
oxidation activation energy. This may be due to the forma-
tion of nickel oxide compounds, NiO (nickel monoxide) and 
Ni2O3 (nickel trioxide), at high temperatures as well as the 
increase in the Ni ratio in the alloy. As a result, the sample 
with the highest activation energy value is PM10 and its 
value is 133 kJ mol−1.

SEM images of PM8 alloy subjected to air oxidation from 
room temperature (RT) to 1000 °C and isothermally oxi-
dized at 500, 700, and 900 °C are given in Fig. 7. The oxide 
layers formed by the alloying elements are clearly visible. 
As a result of keeping this alloy isothermally in air at 500 °C 
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for 80 min., a capillary nano-oxide layer was formed on its 
surfaces. As the isothermal temperature increases, i.e., at 
700 °C, the nano-oxide rods increase and become thicker. 

At 900 °C, these oxide rods are seen to cover the entire 
surface as an oxide layer. To explain the surface composi-
tions of the alloys subjected to isothermal surface oxida-
tion at 900 °C, mapped SEM and EDX results are given 
in Fig. 8–10. SEM and mapped SEM images are given in 
Fig. 8a and c. EDX peaks and analysis results taken from 
the entire surface are given in Fig. 8b and d. As shown in 
Fig. 8b, the oxide components of the Ni element are domi-
nant. It can be said that these regions are nickel monoxide. 
There are iron oxide compounds in some places on the sur-
face. The most well-known oxides of iron are hematite, also 
called alpha iron oxide (α-Fe2O3), magnetite also known as 
gamma iron oxide (γ-Fe2O3), and magnetite (Fe3O4). The 
high-temperature oxide compound of iron is γ-Fe2O3, which 
has weak ferromagnetic properties. In Fig. 9a–d, the isother-
mal oxidized SEM–EDX and mapped SEM images of PM9 
alloy at 900 °C are given. Although iron oxide structures are 
predominant on the alloy surface, nickel oxide structures are 
also present (Fig. 9b). EDX peaks and results show the com-
position of the alloy and the presence of metal oxide com-
pounds (Fig. 9c, d). Similarly, the SEM–EDX and mapped 
SEM image of the PM10 sample isothermally oxidized at 
900 °C are given in Fig. 10a–d.

The average of microhardness values taken from five 
different regions was taken. The standard deviations of 
the results obtained were also calculated and are given in 
Fig. 11. When looking at the microhardness results, PM10 
alloy appears to have the highest microhardness value. It 
can be said that this result is due to the increase in the nickel 
ratio in the alloy.

The understanding of mechanical properties, including 
Young’s modulus E and hardness, is essential for design-
ing components under various loads. Quasi-static cyclic 
compression tests and ultrasonic methods were utilized 
to analyze the mechanical properties of the samples. The 
ultrasonic method is advantageous due to its non-destruc-
tive nature and high accuracy [42]. In Fig. 12, the elastic 
modulus values obtained from compression tests were 
recorded as 199 GPa for PM8, 200 GPa for PM9, and 203 
GPa for PM10. The ultrasonic method measurements of 
203 GPa for PM8, 204 GPa for PM9, and 206 GPa for 
PM10. Both methodologies indicated that PM10 exhibited 
the highest elastic modulus. PM10 also demonstrated a 
more ductile behavior relative to the other samples. In an 
investigation, it has been observed that a reduction in the 
iron content present within the alloy may result in sig-
nificant alterations to both the microstructural character-
istics and the distribution of various phases within the 
material. More specifically, the intentional diminishment 
of iron levels can facilitate the stabilization of harden-
ing phases, such as γ″ (Ni3Nb), which play a crucial role 
in enhancing the mechanical properties of the alloy [43]. 
Extensive research has demonstrated that the presence of 
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these hardening phases is instrumental in promoting an 
increase in the elastic modulus, as they effectively inhibit 
the movement of dislocations and concurrently strengthen 
the interatomic bonds within the material’s structure [44].

In Fig. 13, a stationary cylindrical superalloy speci-
men is systematically lowered to apply a specific pressure 
against the abrasive fabric affixed to the surface of the 
cylindrical drum. The abrasive influence resulting from the 
friction on the specimen arises from its lateral displace-
ment across the abrasive fabric at a defined angle, while 
the drum is in rotation. The quantification of mass loss 
from the specimen is subsequently conducted. A relative 
index of abrasion resistance can effectively describe the 
degree of abrasion resistance exhibited. The ARI (% Index 
of abrasion resistance) values are determined to be 0.5 for 
PM8, 0.4 for PM9, and 0.3 for PM10. A lower value of 
the abrasion resistance index signifies diminished abra-
sion resistance. In Fig. 11, if the hardness values show 
an increasing trend while the fractured hard phases fail 
to demonstrate adequate adhesion on the surface, it is 

plausible that the wear rate may escalate as a consequence 
of the hard abrasive particles [45].

In an investigation, it was elucidated that within a mate-
rial undergoing continuous and sliding wear deformation, 
microstructural features resembling arrows were generated 
in the solid solution regions, oriented perpendicular to the 
direction of sliding. This observed microstructural configu-
ration was posited to be definitive evidence of plastic defor-
mation occurring within the material throughout the wear 
testing process. The ultimate manifestation of this wear is 
characterized by the presence of abrasive grooves within 
nickel superalloys [46, 47].

In a separate study, it becomes evident that the regions 
occupied by the fractured Ni₃Nb and Ni₃Mo intermetallic 
phases, which are presumed to form as a result of surface 
wear in the superalloys, are distinctly delineated and sub-
sequently subjected to pronounced plowing. The absence 
of fracture lines at the interface between the intermetallic 
phase and the matrix phase (solid solution) following the 
wear experiment provides compelling evidence that this 
interface exhibits a high degree of adhesion. In the inves-
tigations conducted, the lack of fractures at the interface 
between the intermetallic phase and the matrix phase (solid 
solution) post-wear testing stands as irrefutable proof of the 
significant adhesion properties of this interface [47].

Figure 14 illustrates results of electrical conductivity test 
of superalloys. With the increase in addition rates of nickel, 
the electrical conductivity of super alloys raised. While the 
electrical conductivity of PM8 superalloy was measured as 
1.60%IACS, the effects of replacing the element iron with 
nickel increased electrical conductivity. Electrical con-
ductivity measurements of PM9 and PM10 samples were 
measured as 1.62 and 1.80%IACS, respectively. Although 
Ni and Fe possess the same number of nominal conduc-
tion electrons (two) [48], the electronic transport behavior 
in Ni-rich matrices is governed not merely by free-electron 
count but by changes in electron-scattering mechanisms and 
band-structure effects. In metallic alloys, electrical resis-
tivity arises from the cumulative contribution of various 

Table 2   The oxidation constant 
rate and activation energy of the 
alloys

Sample names Oxidation tem-
perature/℃

kp/µg mm−2 s−1 lnkp/µg mm−2 s−1 Activation 
energy/J mol−1

PM8 500 2.05 × 10–5 – 10.797 112.606
700 1.82 × 10–3 – 6.309
900 7.06 × 10–3 – 4.953

PM9 500 1.17 × 10–5 – 11.359 123.821
700 5.13 × 10–4 – 7.576
900 8.53 × 10–3 – 4.764

PM10 500 2.56 × 10–6 – 12.871 133.578
700 1.67 × 10–4 – 8.696
900 3.12 × 10–3 – 5.770
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Fig. 6   Activation energy graphs required for thermal oxidation of 
alloys
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scattering sources—phonons, solute atoms, dislocations, 
and precipitates—as described by Matthiessen’s rule (each 
scattering mechanism adds independently to the total resis-
tivity) [49, 50].

In Ni–Fe alloys, the small increase in conductivity with 
higher Ni content can be associated with the markedly low 
residual resistivity characteristic of these systems. Ferro-
magnetic Ni and Fe form a majority-spin conduction chan-
nel, which reduces scattering in this spin band and provides 
a “short-circuit” pathway for electrons, resulting in inher-
ently higher conductivity in Ni-rich matrices compared with 
Fe-rich compositions [51]. As the Ni fraction increases, 
the electronic density of states and band curvature for the 
majority-spin electrons change in a way that lowers resistiv-
ity relative to Fe, in agreement with prior studies on Ni–Fe 
solid solutions.

Moreover, the relative contributions of solute-atom scat-
tering must be considered. Each alloying element introduced 
into the γ-matrix acts as a scattering center, lowering con-
ductivity through local lattice distortions and electronic 
potential fluctuations [52]. When Fe is replaced by Ni—an 
element with a more compatible atomic radius and elec-
tronic structure with the Ni-based γ-matrix—the overall 
solute-scattering contribution is reduced. Thus, increasing 

Ni content effectively decreases the concentration of higher-
scattering solute species (e.g., Fe, Nb, Ti), which leads to 
higher measured conductivity. The relationship between the 
resistivity of the γ phase and the concentration of solute 
atoms can be expressed by the following equation [52].

In this expression, ρ₀ denotes the intrinsic resistivity of 
the alloy matrix in the absence of solute atoms, ρimp repre-
sents the resistivity contribution arising from solute atoms 
in solid solution, ximp is the atomic fraction of the solute 
species, and Δ�imp

a
 corresponds to the resistivity increment 

associated with a single solute atom. This formulation dem-
onstrates that the resistivity of the γ phase increases propor-
tionally with solute concentration.

Another essential factor is matrix purification via pre-
cipitation reactions. In Ni-base superalloys, elements such 
as Nb, Ti, and Al tend to form ordered γ′ (Ni₃(Al,Ti)) or 
γ″ (Ni3Nb) phases during thermal exposure. Although pre-
cipitates themselves may scatter electrons, their formation 
removes solute atoms from the matrix, thereby reducing 
impurity scattering in the γ-phase. Numerous studies have 

(4)�
�
= �0 + �imp = �0 + ximp

Δ�imp

a
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Fig. 7   SEM images of alloys oxidized at specific temperature
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shown that this “purification” effect can dominate, resulting 
in increased conductivity even when the precipitate frac-
tion rises [53–55]. In the present Ni–Cr–Fe–Nb–Mo alloys, 
matrix purification is primarily governed by γ″ (Ni3Nb) pre-
cipitation, since the absence of Al and Ti prevents the for-
mation of γ′-type ordering. During aging, Nb partitions into 
γ″ precipitates, decreasing its concentration in the γ-matrix. 
As Nb is among the strongest electron-scattering solutes 
in Ni-based matrices, this depletion significantly lowers 
impurity scattering, thereby enhancing electrical conductiv-
ity a behavior consistent with prior reports on IN718 aging 
kinetics and resistivity evolution. For instance, Nagarajan 
et al. [55] demonstrated that aging of Inconel 718 increases 
electrical conductivity because the removal of Nb from the 
γ-matrix (into γ″) markedly decreases solute-atom scattering 
despite the presence of additional precipitates.

In the present alloys, substitution of Fe with Ni not only 
reduces the concentration of Fe—an element that contributes 
more strongly to solute-scattering in a Ni-rich matrix—but 
can also influence the stability of γ′/γ″ precipitation. A Ni-
rich matrix is less prone to forming Fe-containing interme-
tallic phases, thereby lowering the likelihood of additional 
scattering sources. Consequently, both decreased residual 
solute scattering and increased matrix-purification effects 

contribute to the observed enhancement in electrical con-
ductivity as Ni content increases.

After analyzing the structural and mechanical properties 
of the superalloys (SAs), their corrosion behavior was also 
investigated. In all kinds of industrial applications, espe-
cially in the aviation and space industries, materials must 
be carefully selected according to their areas of use so that 
they can adapt to the corrosive environment without causing 
undesirable chemical reactions. Corrosion is the process of 
metals and their alloys entering a corrosive environment and 
causing their chemical structures to deteriorate or change. 
In this study, the purpose of taking corrosion measurements 
based on electrochemical analysis is based on the principle 
of providing basic information about the corrosion resistance 
of materials in NaCl. Additionally, some parameters related 
to EIS methods were determined. Potentiodynamic measure-
ments were carried out using electrochemical methods to 
determine the corrosion rates of the prepared samples. Tafel 
curves of samples analyzed at room temperature are given 
in Fig. 15a. The corrosion rate (CR) obtained as a result of 
the analysis was calculated for a one-year estimate using 
Eq. 5 [56]:
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Fig. 8   a SEM, b EDX, c mapping, and d elemental analysis images of PM8 alloy
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Here, A represents the atomic mass of the components, 
n represents the number of electrons transferred per single 
atom, and D represents the density. After finding the CR of 
the samples, the corrosion resistance (Rp) was calculated by 
the Stern–Geary [57] Eq. 6:

Corrosion parameters of the samples are given in 
Table 3. When Fig. 15.a was examined, all samples exhib-
ited typical active–passive behavior. Corrosion current 
density and CR represent the amount of material that has 
corroded over time, and the CR of the samples (mmpy) was 
calculated for an estimated one-year period. According to 
the CR results of the samples (Table 3), PM10 exhibited a 
relatively high passive current density indicating a faster 
dissolution rate and its corrosion resistance was calcu-
lated to be significantly lower than the other samples. It is 
also observed that with the increase in corrosion current 
density (Icorr), the corrosion rate of the samples increases 
but their corrosion resistance decreases. As a result, 

(5)Corrosion rate =
0.13 × Icorr × A

n × D

(6)Rp =
(

�a × �c)∕(Icorr ×
(

�a + �c) × 2.303)

the analysis determined that the sample with the high-
est corrosion resistance was PM8 (0.083 MΩ cm2). The 
obtained values were also consistent with those reported 
in the literature. For example, electrochemical polariza-
tion measurements of IN718 samples in 3.5% NaCl solu-
tion at room temperature under different pH conditions, 
conducted by T. Thuneman et al., yielded similar results 
(0.075 MΩ cm2) [58]. EIS is another parameter that pro-
vides insight into the corrosion behavior of the samples. 
In this technique, a very low AC voltage is applied to the 
electrochemical cell, and the resulting current is measured. 
The EIS (impedance) spectra of the samples are presented 
in Fig. 15b. The capacitive behavior observed in the spec-
tra suggests that the corrosion mechanism is supported 
by the presence of a passive film. As clearly shown in 
Fig. 15b, the impedances of the passive films formed on 
PM9 and PM10 are lower than that of PM8. This indicates 
that PM9 and PM10 exhibit lower corrosion resistance, 
whereas PM8 demonstrates the highest resistance.

Building on these electrochemical results, PM8 (with 
higher Fe and lower Ni content) exhibited superior cor-
rosion resistance compared with PM10 (with lower Fe 
and higher Ni), which can be explained in terms of pas-
sive film chemistry and microstructural characteristics. 
Although higher Ni content is often expected to enhance 
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corrosion resistance, our data show that the Fe-richer 
alloy (PM8) forms a more protective passive film in 
3.5% NaCl solution. Ni–Cr superalloys typically rely on 
a Cr2O3-rich inner passive layer, while Ni or Fe species 

appear as spinel or hydroxide phases. In practice, Ni-based 
alloys generally develop a bilayer structure consisting of 
an inner Cr2O3 layer (with some NiCr₂O₄ spinel) and an 
outer layer enriched in Ni and Fe oxides [59]. Higher Fe 
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content promotes the formation of NiFe2O4 (trevorite) spi-
nel in the outer layer, whereas lower Fe content leads to 
the formation of NiO or mixed Ni(OH)2/Fe2O3 phases. 
For instance, Tuzi reported that an X-750 alloy containing 
8 mass% Fe forms a thick and compact NiFe2O4 outer film 
that significantly suppresses corrosion [37]. Another study 
[60] comparing different Fe contents similarly showed that 
relatively high Fe promotes the development of a more 
adherent and less porous oxide layer, despite overall simi-
larities in oxide evolution.

In our PM alloys, the elevated Fe content of PM8 is antic-
ipated to thermodynamically favor the incorporation of Fe 
into spinel-type oxides, thereby promoting the formation of 

NiFe2O4 and associated Ni–Fe spinels. The enrichment of 
these phases within the passive layer is known to improve 
film compactness and adhesion, ultimately yielding a more 
robust and protective corrosion barrier. In contrast, the lower 
Fe content in PM10 appears to favor the formation of NiO 
with limited Fe–Ni spinel contribution. Consequently, the 
superior corrosion resistance of PM8 can be attributed to 
its Fe-rich composition, which promotes the formation of a 
thicker mixed NiFe2O4–NiCr2O4 spinel film together with a 
compact underlying Cr2O3 layer [61].

Electrochemical analyses indicate that Fe content in 
IN718 significantly affects passive film formation and sta-
bility, thereby influencing corrosion resistance. The PM8 
specimen, with higher Fe, exhibited more noble open cir-
cuit potentials and higher polarization resistance, reflecting 
a thicker and more protective Ni–Fe–Cr oxide layer. Fe also 
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stabilizes γ″ and other Fe-containing precipitates, promoting 
uniform film formation and reducing localized dissolution, 
while the diminished presence of destabilizing phases such 
as Laves further enhances corrosion resistance. In contrast, 
the PM10 specimen, with lower Fe content, formed a less 
protective passive layer and showed comparatively lower 
corrosion resistance [58].

Conclusions

In this study, the effects of thermal oxidation temperature 
on the alloys, mechanical properties, and physical micro-
structures of Ni–Cr–Mo–Nb–Fe superalloys prepared with 
different compositions were investigated and some important 
results summarized below were obtained. °C

1.	 In the DTA results of the samples, the γ′, γ″, δ phases, 
which are believed to correspond to the three exothermic 
peaks observed in the phase change graph of the alloys 
at high temperatures, were detected in accordance with 
the literature.

2.	 According to DT-TGA results, the oxidation tempera-
tures selected in the study follow the parabolic oxidation 
laws. When comparing these three alloys in terms of 
activation energies, increasing the nickel content and 
decreasing the iron content led to an increase the ther-
mal oxidation activation energy of the alloy.

3.	 When the activation energy values, which are closely 
related to the crystallization behavior of the samples, 
were compared, it was determined that the highest value 
was PM10, 133 kJ mol−1.

4.	 The oxide layers formed by the alloy elements are clearly 
visible in the images obtained as a result of SEM anal-
ysis. As the isothermal temperature increases, i.e., at 
700 ℃, the nano-oxide rods increase and become thicker. 
EDX peaks and results show the composition of the 
alloy and the presence of metal oxide compounds.

5.	 In NiCrMoFe alloys, the mass ratios of Cr and Mo ele-
ments were kept constant, while the mass ratios of Ni 
and Fe elements were changed. As a result, it was found 
that the microhardness value increased when the mass 
ratio of Fe element was reduced and the mass ratio of Ni 
element reached the highest value (PM10).

6.	 Compression and ultrasonic testing elucidate the criti-
cal role of mechanical properties, particularly Young’s 
modulus, in the design of load-bearing components. 
The results reveal that PM10 exhibits a superior elastic 
modulus and greater ductility. Additionally, the findings 
indicate that decreasing the iron content in the alloy 
stabilizes hardening phases such as γ′, which enhances 
material strength by inhibiting dislocation movement 
and strengthening interatomic bonds, thereby improv-
ing the overall mechanical properties.

7.	 The study elucidates differences in wear resistance 
among the samples. PM8 exhibited superior resist-
ance compared to PM10. Wear rates were influenced by 
hardness values and the adherence of fragmented hard 
phases. Microstructural observations revealed plastic 
deformation and abrasive grooves. Notably, the fractured 
Ni3Nb/Ni3Mo intermetallic phases adhered strongly to 
the matrix. This strong adhesion was evidenced by the 
lack of interfacial fractures, confirming the material’s 
high wear resistance.

8.	 With the increase in addition rates of nickel, the electri-
cal conductivity of super alloys raised.

9.	 According to the CR results of the samples, PM10 exhib-
ited a relatively high passive current density indicating 
a faster dissolution rate and its corrosion resistance was 
calculated to be significantly lower than that of the other 
samples. The corrosion mechanism of capacitive behav-
ior is considered to be supported by the passive film. As 
a result, it is noteworthy that it can be used in the avia-
tion and space industry, especially at high temperatures, 
due to its good resistance to corrosion.
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