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Abstract: Electromagnetic induction heating, which converts electromagnetic energy into
thermal energy via electron-lattice collisions, and heat conduction heating, which transfers
thermal energy through lattice vibrations, both have significant impacts on the solid-state
precipitation behavior caused by atomic diffusion. This paper proposes a creep method
based on heat conduction heating, which utilizes the turning point of negative creep to
measure the isothermal transformation start curve of the γ′ phase in the alloy. The results
are compared with the thermal expansion experiments under electromagnetic induction
heating and simulations from the thermodynamic analysis software JMatPro. The results
indicate that the nucleation incubation period of the γ′ phase in the creep experiment is
longer, excluding the non-thermal effects of electricity, and more consistent with actual
heat treatment conditions. The overlapping precipitation of other phases, such as M23C6

carbides at grain boundaries, reduces the γ′ phase’s fastest precipitation temperature
determined by the creep and thermal expansion methods, thereby lowering the accuracy
of the isothermal transformation curve. This study provides a reference for optimizing
production processes and evaluating the service performance of precipitation-strengthened
iron–nickel-based alloys.

Keywords: iron–nickel-based alloy; γ′ phase; isothermal transformation; electromagnetic
induction; negative creep

1. Introduction
Due to their lower cost compared to Ni-based superalloys and their excellent me-

chanical properties, precipitation-strengthened iron–nickel-based alloys have become a
candidate material for 650 ◦C thermal power units [1,2]. As the primary strengthening
phase, γ′-Ni3(Al, Ti) significantly enhances the alloy’s strength by hindering dislocation
movement. Research has shown that the nucleation and precipitation behavior of the γ′

phase directly affects the material’s mechanical properties [3,4]. Therefore, understanding
the precipitation behavior of the γ′ phase is crucial for optimizing heat treatment processes
and predicting the service performance of new iron–nickel-based alloys.
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Isothermal precipitation curves (“Precipitation” here denotes the formation of γ′ phase
particles, distinct from phase transformations involving structural rearrangements.) are
commonly used to reflect the precipitation behavior of the γ′ phase. In the precipitation
process of iron–nickel-based alloys, there are not only microstructural changes but also
changes in mechanical properties, volume, and magnetism. Based on these changes,
researchers have employed classical methods [5,6] such as thermal expansion, magnetic
analysis, and metallographic hardness to determine isothermal precipitation curves. In
recent years, with the development of thermodynamic simulation software (e.g., Thermo-
Cal 2024b and JMatPro V9.0), researchers can more conveniently predict the precipitation
behavior and stability of the γ′ phase [7]. However, the accuracy and application scope of
these methods still need further validation.

In studies of γ′ phase precipitation behavior, electromagnetic induction heating is often
used for thermal expansion experiments due to its fast and uniform heating characteristics.
However, in industrial production, heat conduction heating is more commonly used.
Unlike electromagnetic induction heating [8], which converts electromagnetic energy into
thermal energy through electron–lattice collisions, heat conduction heating relies on lattice
vibrations to transfer heat energy, leading to differences in the γ′ phase precipitation process.
Therefore, it is necessary to study the different effects of electromagnetic induction heating
and heat conduction heating on the microstructure and mechanical properties during alloy
heat treatment.

This study focuses on a new type of iron–nickel-based alloy. Through creep exper-
iments, thermal expansion experiments, and precipitation simulations, three γ′ phase
isothermal precipitation start curves were obtained. By analyzing the γ′ phase precipitation
rate and precipitation temperature, combined with microstructural analysis, the differences
in isothermal precipitation curves measured by different methods were investigated.

2. Materials and Methods
2.1. Sample Information

The new iron–nickel-based material used in this paper was produced by a Shanghai
turbine plant from Shanghai Electric Power Generation Equipment Co., Ltd. using heavy
forging technology. The composition of the new iron–nickel-based alloy used in this study
after measurement by an electron probe microanalyzer (EPMA, JXA8230, JEOL, Tokyo,
Japan) is shown in Table 1. Elements such as Ti and Al were introduced in the alloy design
to form a stable γ′ precipitation-strengthened phase [9].

Table 1. Chemical composition of the new iron–nickel-based alloy.

Element C Co Fe Al Ti Cr Ni

wt.% 0.04 2.0 40 2.0 1.4 16.1 Bal.

According to the factory processing specifications, the raw material (1000 mm ×
900 mm × 150 mm) was subjected to a two-step homogenization process to eliminate
chemical segregation and precipitated phases as follows: (1) holding at 1080 ◦C for 210 min,
followed by air cooling for 30–40 min; (2) holding at 1000 ◦C for 120 min, followed by water
cooling to room temperature to retain solute uniformity.
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2.2. Experimental Methods
2.2.1. Thermal Expansion Test

This study used a quenching dilatometer (DIL, 805ADT, Waters, Shanghai, China) to
measure the isothermal transformation start curve of the γ′ phase under electromagnetic
induction heating. Six samples with dimensions of Φ4 mm × 10 mm were prepared, and
the ends of the samples were polished to ensure parallelism. The thermal expansion test
procedure was as follows: hold the samples at 1080 ◦C for 10 min, then cool them to
different temperatures between 600 ◦C and 850 ◦C (with intervals of 50 ◦C) and hold for 4 h.
The experimental process is shown in Figure 1. The thermal expansion test was conducted
by monitoring the volume shrinkage of the samples during the holding process and plotting
the curve of volume change versus holding time. The starting and ending points of γ′ phase
precipitation were determined from these curves to evaluate the precipitation behavior.
This method is considered to be one of the more accurate approaches for determining
isothermal precipitation curves [10].
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Figure 1. Heat treatment process for thermal expansion experiment.

2.2.2. Creep Test

Negative creep, a phenomenon where a material exhibits abnormal creep or stress
relaxation behavior under certain conditions, is an important feature in precipitation-
strengthened iron–nickel-based alloys [11,12]. It is widely believed that the essence of
negative creep is the volume shrinkage caused by the precipitation phase during the
precipitation process [13]. Inspired by this shrinkage strain, a series of low-stress creep
experiments were designed. Using a high-temperature creep tester (HCT, GWT, MTS,
Shanghai China) that simulates heat conduction heating, the actual industrial heating
method was replicated. Six creep specimens with a gauge length of 25 mm, a diameter of
5 mm, and total length of 100 mm were held at temperatures between 600 ◦C and 850 ◦C
(with intervals of 50 ◦C) for 4 h [14].

The choice of experimental stress is crucial. To minimize the influence of tensile stress
on the negative creep precipitation process, the tensile stress in the creep test was kept as
close to zero as possible. However, due to the operational requirements of the creep tester,
a certain tensile load had to be applied to maintain grip stability. Therefore, a tensile load
of 15 MPa was selected. Studies [15,16] have shown that this stress level effectively reduces
the impact of creep stress on the precipitation-induced shrinkage process while ensuring
data stability.
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2.2.3. Precipitation Simulation Using JMatPro

To verify the accuracy of the experimentally obtained γ′ phase isothermal precipi-
tation curves, the thermodynamic software JMatPro V9.0 simulation utilized the exact
composition listed in Table 1, including 2.0 wt.% Al and 1.4 wt.% Ti. The nickel–iron alloy
database (Ni-Fe-Ti-Al-Cr-Co) was selected to account for multi-component interactions, the
isothermal precipitation start curves of the γ′ phase were calculated and compared with
experimental results.

2.2.4. Differential Scanning Calorimetry (DSC)

Unlike grain growth, nucleation often occurs rapidly at high temperatures, making it
difficult to precisely measure by direct observation. Therefore, obtaining nucleation activa-
tion energy is a complex process [17]. Currently, DSC is a commonly used method for deter-
mining nucleation activation energy [18,19]. Three disc-shaped samples (Φ3 mm × 1 mm)
were placed in ceramic crucibles, and DSC tests were performed using a simultaneous
thermal analyzer (DSC, 1600LF, METTLER TOLEDO, Greifensee, Switzerland) under ni-
trogen protection to observe heat flow changes and the exothermic peak position of the
precipitated phase. The DSC was customized with an induction coil integrated into the
furnace chamber, allowing direct electromagnetic heating of conductive samples. This
configuration achieves heating rates up to 100 ◦C/s, suitable for simulating rapid thermal
cycles in industrial processes. The heating temperature range was 500 ◦C to 900 ◦C, and
the heating rates were 10 ◦C/min, 20 ◦C/min, and 30 ◦C/min.

2.2.5. Aging Test

To analyze the differences in the fastest precipitation temperature of the γ′ phase
in the isothermal precipitation curves, an aging experiment was designed to observe the
evolution of different structures in the alloy. The heat treatment process is shown in Figure 2
as follows: (1) solution treatment: 28 samples were held at 1080 ◦C for 100 min, followed
by water cooling to room temperature; (2) aging treatment: The samples were divided into
four groups and held at 650 ◦C, 750 ◦C, 800 ◦C, and 850 ◦C for 60 h.
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Figure 2. Heat treatment process for aging experiment.

The samples were mounted, mechanically polished, and prepared as metallographic
specimens. A mixed solution of 40 mL water, 10 mL hydrochloric acid, and 8 mL copper
chloride was used for etching, and a scanning electron microscope (SEM, GeminiSEM 300,
ZEISS, Oberkochen, Germany) equipped with an EDS spectrometer was used to observe
the microstructure at different temperatures and times.
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3. Results
3.1. Thermal Expansion Test

The strain variation of the samples within 4 h was measured using the thermal expan-
sion method, and the results are shown in Figure 3. All six thermal expansion curves exhibit
similar three-stage precipitation characteristics: (1) Incubation Period: During this stage,
the amount of precipitation is low, and the volume contraction occurs slowly; (2) Rapid
Precipitation Period: After the turning point, the rate of contraction increases significantly,
and the amount of precipitation grows rapidly; (3) Completion Stage: In the later stage of
heating, interactions between precipitated phases (e.g., aggregation and dissolution) slow
down or stop the precipitation, and the volume contraction rate reaches a minimum. The
maximum volume contraction rate reached 1.6‰.
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ture range.

Within the 600–850 ◦C temperature range, the volume contraction decreases as the
temperature increases, while the precipitation rate gradually increases from 600 ◦C to
800 ◦C, peaking at 800 ◦C. This corresponds to the nose temperature of the isothermal
transformation curve, where the rapid precipitation start time is approximately 0.0025 h.
At temperatures above 800 ◦C, such as at 850 ◦C, the precipitation rate begins to decrease.

In this study, the starting point of γ′ phase precipitation was determined by identifying
the deviation from linearity in the thermal contraction curve [20] (red arrows indicate the
precipitation start points determined by first derivative analysis as shown in Figure 3).
Firstly, the first derivative of strain versus time (dε/dt) was calculated to identify deviations
from linearity. A significant increase in|dε/dt| marked the onset of precipitation-induced
contraction. Then, the precipitation start time was defined as the intersection point of this
linear deviation and the baseline [20].

The uncertainty in determining the start time was estimated to be ±0.001 h, based
on repeated measurements of three samples at each temperature. By summarizing the
precipitation start times at different temperatures, the isothermal transformation curve was
plotted (Figure 4).
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iron–nickel-based alloy.

3.2. Creep Test

Figure 5 shows the creep curves and their smoothed results at temperatures rang-
ing from 600 ◦C to 850 ◦C. The experimental results reveal positive and negative creep
oscillation phenomena during the creep process under low-stress conditions at different
temperatures, showing the creep turning point (CTP) and the negative creep turning point
(NCTP).
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(a) 600 ◦C; (b) 650 ◦C; (c) 700 ◦C; (d) 750 ◦C; (e) 800 ◦C; (f) 850 ◦C.
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(1) At 600 ◦C/700 ◦C/750 ◦C: At these temperatures, the creep curves exhibit a NCTP
after the incubation period, followed by a rapid negative creep stage (Figure 5a–c).

(2) At 750 ◦C: An abnormal alternating positive and negative creep phenomenon occurs.
After a slight precipitation incubation period, a CTP appears, followed by a positive
creep stage, then another NCTP, leading to a rapid negative creep stage (Figure 5d).

(3) At 800 ◦C: The rapid precipitation starts at approximately 0.02 h, showing a NCTP,
followed by a rapid precipitation stage, and then shifts to a positive creep stage
(Figure 5e). This suggests that this temperature is close to the nose temperature of the
isothermal transformation curve.

(4) At 850 ◦C: Similar to the alternating positive and negative creep phenomenon observed
at 750 ◦C, a CTP appears after the incubation period, followed by a positive creep
stage, and then a NCTP (Figure 5f).

By statistically analyzing NCTP at different temperatures, the isothermal transforma-
tion start curve was plotted based on the creep method (Figure 6).
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3.3. Precipitation Simulation

The simulation results of the precipitation process are shown in Figure 7, where
the fastest precipitation time for the γ′ phase occurs at approximately 0.058 h, with the
temperature being around 850 ◦C. Compared to the experimentally measured isothermal
precipitation curves, the incubation period in the simulation is significantly longer, and the
fastest precipitation temperature is higher.

The three isothermal precipitation start curves obtained through thermal expansion,
creep tests, and simulation are summarized in Figure 7. The shape of the curves resembles
a “C”, and the distance between the curve and the vertical axis represents the incubation
period. The shortest incubation period corresponds to the fastest precipitation temperature.

On one hand, in terms of precipitation speed, there are differences in the incubation
periods before the rapid precipitation starts for the three curves. The thermal expansion
curve, using electromagnetic induction heating, has the shortest incubation period, followed
by the creep curve using heat conduction heating, and the thermodynamic simulation curve
has the longest incubation period. On the other hand, in terms of the temperature at which
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the fastest precipitation occurs, the fastest precipitation temperatures in the creep and
thermal expansion curves (800 ◦C) are lower than those in the simulation curve (850 ◦C).
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4. Discussion
4.1. Analysis of Precipitation Speed Differences

The length of the incubation period indicates the stability of the microstructure under
different supercooling conditions and primarily involves the diffusion process required
for nucleus formation. To analyze the reasons for the differences in the incubation periods
of the three isothermal precipitation curves, this section explores the influence of heating
methods and nucleation mechanisms.

4.1.1. Effect of Heating Methods on Precipitation Speed

The different heating methods used in the three experimental approaches led to
significant differences in the experimental results, further influencing the microstructural
changes and thermodynamic behavior.

Thermal expansion experiments are commonly used to obtain isothermal precipitation
curves. Due to the small sample size, high-frequency electromagnetic induction heating
is typically used. Electromagnetic induction heating generates heat by inducing eddy
currents through alternating magnetic fields, allowing for rapid and uniform heating of the
samples. However, electromagnetic induction heating inevitably introduces non-thermal
effects of electricity while increasing the temperature.

Studies have shown that these non-thermal effects have a significant impact on mate-
rial precipitation behavior and microstructural evolution. For example, Lienig et al. [21–23]
found that electric heating triggers electromigration effects, accelerating the movement of
atoms within the material, lowering the enthalpy of formation and diffusion activation
energy, and accelerating solute atom diffusion. In addition, Zhang et al. [24] indicated that
electric fields can induce electron-dislocation interactions, triggering defect migration and
lattice distortion in the dislocation core, thereby reducing the nucleation activation energy
of the precipitated phase. Therefore, assuming that the frequency of atomic vibrations and
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nucleation sizes are the same, the non-thermal effects of electricity increase the probability
of atomic diffusion, accelerate the nucleation rate, and shorten the incubation period.

Furthermore, the magnetic fields induced by the electric field during heating also in-
fluence precipitation behavior and microstructural evolution. Qian et al. [25] demonstrated
that an external magnetic field promotes dislocation motion and effectively reduces the
activation energy for nucleation, primarily driven by element diffusion. Therefore, under
electric heating conditions, the combined effects of non-thermal electricity and electro-
magnetic fields may significantly influence material precipitation behavior, particularly in
iron–nickel-based alloys.

In the process of electromagnetic induction heating, the non-thermal effects of elec-
tricity play a crucial role in the microstructural evolution of iron–nickel-based alloys,
particularly in the nucleation process where atoms aggregate to form γ′ phase cells. This
effect enhances the migration efficiency of atoms or dislocations, accelerating the nucleation
process and reducing the resistance to atomic diffusion, thereby significantly shortening
the incubation period of the isothermal transformation curve, as illustrated in Figure 8.

Metals 2025, 15, x FOR PEER REVIEW 9 of 19 
 

 

process and reducing the resistance to atomic diffusion, thereby significantly shortening 

the incubation period of the isothermal transformation curve, as illustrated in Figure 8. 

 

Figure 8. Schematic diagram of the effect of non-thermal electricity. 

Methods such as reducing electric field strength, decreasing sample size, and using 

high-purity samples are insufficient to eliminate the non-thermal effects of electricity. In 

contrast, the creep experiment employed a tubular high-temperature furnace that heats 

the samples via heat conduction, avoiding the non-thermal effects of electricity and more 

closely replicating the actual heating conditions used in alloy heat treatment. 

4.1.2. Effect of Nucleation Mechanisms on Precipitation Speed 

In addition to the influence of non-thermal effects of electricity, differences in nucle-

ation mechanisms also play a crucial role in determining precipitation speed. The primary 

nucleation mechanisms include non-spontaneous nucleation at microstructural defects, 

such as grain boundaries, and spontaneous nucleation within homogeneous phases. 

These mechanisms significantly impact the rate of precipitation. 

Generally, non-spontaneous nucleation is more relevant to actual alloy heat treat-

ment processes because a large number of microstructural defects, such as grain bounda-

ries, dislocations, and vacancies, are inevitably present in materials. These defect regions 

are areas of high energy and stress concentration, where energy fluctuations, structural 

fluctuations, and compositional fluctuations are the greatest. Nucleation in these regions 

encounters lower resistance to atomic diffusion and occurs at a faster rate, while phase 

transformation stress is more easily relaxed. Therefore, non-spontaneous nucleation can 

accelerate the nucleation process and shorten the incubation period. In contrast, sponta-

neous nucleation requires more stringent local structural and orientation relationships, 

typically requiring longer incubation periods. 

In both the thermal expansion and creep experiments, the samples were derived from 

the base material of the new iron–nickel-based alloy, and the nucleation mechanism was 

non-spontaneous nucleation, where new phases preferentially nucleated at heterogene-

ous sites within the base phase. As a result, the incubation period in experiments (Figures 

4 and 6) was relatively short, consistent with the non-spontaneous nucleation mechanism 

depicted in Figure 9. In contrast, the simulation assumed spontaneous nucleation, where 

the material composition was assumed to be relatively pure, and the precipitation process 

depended on energy changes in the liquid metal, leading to a longer incubation period. 

Figure 8. Schematic diagram of the effect of non-thermal electricity.

Methods such as reducing electric field strength, decreasing sample size, and using
high-purity samples are insufficient to eliminate the non-thermal effects of electricity. In
contrast, the creep experiment employed a tubular high-temperature furnace that heats
the samples via heat conduction, avoiding the non-thermal effects of electricity and more
closely replicating the actual heating conditions used in alloy heat treatment.

4.1.2. Effect of Nucleation Mechanisms on Precipitation Speed

In addition to the influence of non-thermal effects of electricity, differences in nucle-
ation mechanisms also play a crucial role in determining precipitation speed. The primary
nucleation mechanisms include non-spontaneous nucleation at microstructural defects,
such as grain boundaries, and spontaneous nucleation within homogeneous phases. These
mechanisms significantly impact the rate of precipitation.

Generally, non-spontaneous nucleation is more relevant to actual alloy heat treatment
processes because a large number of microstructural defects, such as grain boundaries, dis-
locations, and vacancies, are inevitably present in materials. These defect regions are areas
of high energy and stress concentration, where energy fluctuations, structural fluctuations,
and compositional fluctuations are the greatest. Nucleation in these regions encounters
lower resistance to atomic diffusion and occurs at a faster rate, while phase transformation
stress is more easily relaxed. Therefore, non-spontaneous nucleation can accelerate the
nucleation process and shorten the incubation period. In contrast, spontaneous nucleation
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requires more stringent local structural and orientation relationships, typically requiring
longer incubation periods.

In both the thermal expansion and creep experiments, the samples were derived
from the base material of the new iron–nickel-based alloy, and the nucleation mechanism
was non-spontaneous nucleation, where new phases preferentially nucleated at hetero-
geneous sites within the base phase. As a result, the incubation period in experiments
(Figures 4 and 6) was relatively short, consistent with the non-spontaneous nucleation
mechanism depicted in Figure 9. In contrast, the simulation assumed spontaneous nu-
cleation, where the material composition was assumed to be relatively pure, and the
precipitation process depended on energy changes in the liquid metal, leading to a longer
incubation period.
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4.1.3. Determination of Nucleation Activation Energy

The nucleation ability of the γ′ phase is a key parameter for evaluating the
precipitation-strengthening effect of an alloy. As an important indicator of nucleation
difficulty [26], nucleation activation energy is typically related to factors such as element
concentration, interfacial energy, and chemical potential difference [27]. It provides a
quantitative measure of the nucleation ability of the same alloy under different isothermal
transformation conditions, which is essential for understanding and optimizing the nu-
cleation process. For instance, under electromagnetic induction heating, the non-thermal
effects of electricity can reduce nucleation resistance, thereby lowering the nucleation
activation energy.

Electromagnetic Induction Heating

The DSC curves of the new iron–nickel-based alloy after solution treatment at different
heating rates are shown in Figure 10. The samples exhibit an exothermic reaction between
500 ◦C and 900 ◦C, corresponding to the nucleation of the Ti/Al-rich γ′ phase within the γ

matrix [28].
The exothermic peak temperatures on the DSC curves are distributed around 650 ◦C

to 700 ◦C, shifting toward higher temperatures as the heating rate increases. By applying
the Kissinger equation [29] to fit the exothermic peak temperatures at different heating
rates, the nucleation activation energy can be determined as follows:

ln(
v

T2
p
) =

−Q
RTp

+ C (1)

where v is the heating rate (◦C/min), Tp is the exothermic peak temperature (◦C), Q is the
nucleation activation energy (kJ/mol), C = ln(AR

Q ) is a constant equal, A is the frequency
factor (collision frequency in thermodynamic reactions), and R is the gas constant.
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By inserting the heating rates and peak temperatures into the Kissinger equation, the
nucleation activation energy for the γ′ phase is calculated to be 127.35 kJ/mol.
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Heat Conduction Heating

The DSC experiments were conducted using a modified Netzsch 1600LF system
equipped with high-frequency induction heating modules. This setup enables rapid heating
via electromagnetic induction, where eddy currents generated in the sample holder convert
electromagnetic energy into thermal energy aligning with the electromagnetic induction
method used in thermal expansion tests, which is different from the heat conduction heating
method used in actual heat treatment. Therefore, the activation energy solved in the DSC
experiment above is only the activation energy under electromagnetic induction heating,
and there are many heating methods for heat conduction in factories, so it is necessary to
consider calculating the nucleation activation energy under heat conduction heating.

The Arrhenius equation [30] can be used to quantify the reaction rate of chemical
processes. For the nucleation and precipitation process, this study proposes a modified
Arrhenius equation to determine the relative activation energy in the creep test based on
the following isothermal precipitation curves:

The Arrhenius equation:

k = Ae−
Q
RT (2)

where k is the reaction rate constant, A is the pre-exponential factor, and T is the reac-
tion temperature.

In different isothermal precipitation curves, while lower activation energy generally
implies a faster reaction rate, the reaction rate is also influenced by the pre-exponential
factor “A”. The pre-exponential factor “A” typically increases with rising temperatures
because the entropy of the reaction system and the frequency of atomic vibrations both
increase at higher temperatures, thereby raising the likelihood of the reaction occurring.
Therefore, when calculating the activation energy, it is essential to account for the effect of
the pre-exponential factor “A”.

According to the Arrhenius equation, as temperature increases, activation energy
decreases, resulting in a greater increase in the reaction rate. This implies that, under the
same isothermal treatment duration, the incubation time required for γ′ phase precipitation
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is shortened, leading to a leftward shift in the isothermal transformation curve, meaning
the phase transformation occurs earlier.

In the precipitation process, the inverse of the precipitation time (1/t) can be used to
replace the diffusion rate k, allowing for the analysis of precipitation behavior from a time
perspective. Assuming that activation energy is independent of temperature, ln(1/t) can
be plotted against 1/T to form the modified Arrhenius equation as follows:

1
t
= Ae−

Q∗
RT (3)

In practical calculations, the relative value formula is used to solve for the relative
activation energies from the isothermal precipitation curves as follows:

Q∗
i /Q∗

j = ln
(

A∗
i /A∗

j

)
∗ Tj/Ti (4)

where i and j represent different isothermal precipitation curves, A* is the pre-exponential
factor, and Q* is the relative activation energy.

By extracting the precipitation start points from the three isothermal precipitation
curves, the fitting relationship between ln(1/t) and 1/T is plotted (Figure 11), and the
slopes and intercepts are used to calculate the relative activation energy (Table 2).
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Table 2. Nucleation activation energy for the new iron–nickel-based alloy under three methods.

Method Heating Method lnA Method Heating Method

Thermal Expansion Electromagnetic Induction 2.23 × 101 0.66 127.35
Creep Heat Conduction 1.17 × 101 0.82 158.22

Simulation Simulation 8.84 × 100 1.00 192.95

The results show that the nucleation activation energy determined from the creep
experiment is 17.99% lower than the simulation results and 24.24% higher than that from the
thermal expansion experiment. The nucleation activation energy calculated from the creep
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experiment reflects the actual nucleation behavior during alloy heat treatment, avoiding
the influence of the non-thermal effects of electricity and spontaneous nucleation.

Recent studies [31,32] have shown that in some complex alloy systems, the nucleation
activation energy depends on a combination of the diffusion barrier in the diffusion process
and the resistance of the lattice to dislocation movement. Therefore, compared to the
thermal expansion test, the nucleation activation energy derived from the creep experiment
also suggests that the atomic diffusion and dislocation migration rates in the creep test may
be reduced by approximately 20%.

In summary, the method for determining nucleation activation energy from the creep
experiment can be outlined as follows:

(1) Obtain isothermal precipitation curves from both the creep and thermal expan-
sion experiments.

(2) Use the modified Arrhenius equation to calculate the relative nucleation activa-
tion energies.

(3) Determine the nucleation activation energy under electromagnetic induction heating
using DSC.

(4) Ultimately, obtain a prediction of the nucleation activation energy that closely matches
the actual heat treatment conditions.

This modified Arrhenius method can estimate the nucleation activation energy in
practical heat treatments for different alloys, overcoming the limitations of DSC in deter-
mining nucleation activation energy under heat conduction heating, providing a reliable
theoretical basis for alloy preparation and welding processes.

4.2. Analysis of Differences in Precipitation Temperature
4.2.1. Microstructure

The identification of γ′, M23C6 and MC carbides was rigorously validated in our
prior study [33], where it was confirmed by transmission electron microscopy (TEM)
combined with selected-area electron diffraction (SAED). The aged microstructure of the
alloy primarily consists of a γ matrix, γ′ precipitates, MC randomly distributed within the
grains, and M23C6 along the grain boundaries. Harmful phases, such as σ and η phases, are
present in very small amounts. The equilibrium phase diagram generated from simulations
also supports this conclusion (Figure 12).
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As shown in Figure 13, as the temperature increases, the amount of spherical γ′

precipitates increases, and they are uniformly distributed in the γ matrix. The measured γ′

particle sizes at the four different temperatures are as follows: 0 nm, 21.02 nm, 35.60 nm,
and 49.71 nm. Meanwhile, there is a certain difference in the content of γ′ phase between
simulation and aging. On the one hand, this is because the thermodynamic database relied
upon by the simulation software may not fully cover the complex composition of this new
experimental alloy. On the other hand, it may be due to the interaction of multiple phases.
For example, simulations usually analyze a single phase in isolation, while in experiments,
the competitive precipitation of multiple phases (such as γ′ phase, M23C6, and MC carbides)
can change the local composition, further affecting the precipitation behavior.
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Figure 13. Secondary electron images of γ′ precipitates at different temperatures after 60 h of aging:
(a) 650 ◦C, 60 h; (b) 750 ◦C, 60 h; (c) 800 ◦C, 60 h; (d) 850 ◦C, 60 h.

The EDS mapping results (Figure 14) show that a large number of Cr/Mo-rich dis-
continuous chain-like M23C6 precipitate at the grain boundaries. Studies have shown that
these grain boundary carbides not only prevent grain boundary sliding but also enhance
the strength of the alloy through the Orowan mechanism [34]. Additionally, a small amount
of blocky MC, rich in Ti/Mo elements, are discretely distributed within the grains, with
sizes ranging from 1 to 10 µm.
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based alloy: (a) secondary electron image of intragranular carbides; (b) Ti; (c) Mo; (d) secondary
electron image of grain boundary carbides; (e) Cr; (f) Ti.
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4.2.2. Influence of Different Phases on the Highest Precipitation Temperature

Research indicates that the precipitation of intragranular γ′ phase and grain boundary
M23C6 both result in volume shrinkage of the material [35], while MC, due to their larger
lattice constants and stable structure, have minimal influence on volume changes [36].
In multi-phase precipitation processes, especially the combined precipitation of γ′ phase
and M23C6, significant interference is introduced when using volume strain variations to
determine the onset of γ′ precipitation.

Precipitation Behavior of the γ′ Phase

SEM analysis (Figure 15) reveals significant differences in the precipitation rate and
size of γ′ precipitates at 800 ◦C and 850 ◦C. At 800 ◦C, the γ′ particle sizes are 13.388 nm
and 37.319 nm after 1 h and 60 h, respectively. At 850 ◦C, the particle sizes are 14.318 nm
and 47.785 nm for the same time intervals. This indicates that the fastest precipitation
temperature of the γ′ phase is close to or even exceeds 850 ◦C, as the precipitation is faster,
and the particle size is larger at 850 ◦C.
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Precipitation Behavior of M23C6

SEM analysis also revealed the precipitation behavior of M23C6 at different tempera-
tures and aging times (Figures 16 and 17):

(1) At 650 ◦C: M23C6 barely precipitated within 60 h.
(2) At 750 ◦C: Precipitation began after 5 h, followed by gradual aggregation and growth.
(3) At 800 ◦C: Rapid precipitation occurred within 1 h, followed by slow aggregation and

growth over 60 h.
(4) At 850 ◦C: Rapid precipitation occurred within 1 h, followed by slow aggregation and

growth, but the precipitation rate of M23C6 was slower than at 800 ◦C. This indicates
that the fastest precipitation temperature for M23C6 is around 800 ◦C.

In conclusion, the fastest precipitation temperature for the γ′ phase is approximately
850 ◦C, while that for M23C6 is around 800 ◦C. The simulation results also support this
conclusion (Figure 18). However, the fastest precipitation temperature of the γ′ phase,
as measured in the creep and thermal expansion experiments, is about 800 ◦C. This dis-
crepancy suggests that the combined precipitation of other phases, such as M23C6, indeed
lowers the measured fastest precipitation temperature for the γ′ phase. Therefore, in prac-
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tical engineering applications, the influence of other precipitated phases should be fully
considered when experimentally determining the isothermal transformation curve for the
γ′ phase, and the results should be corrected accordingly to ensure data accuracy and
relevance for industrial applications.
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5. Conclusions
This study introduces an innovative application of creep testing to measure the isother-

mal transformation start curve of the γ′ phase in a new iron–nickel-based alloy. The results
are compared with thermal expansion tests and JMatPro simulations. The study reveals the
complex precipitation behavior of the γ′ phase and the impact of multiple phases on the
isothermal transformation curve, leading to the following conclusions:

(1) A new low-stress creep test method was proposed to measure the isothermal transfor-
mation start curve of the γ′ phase. This method, which uses heat conduction heating
and measures the start point of negative creep shrinkage to determine the onset of
rapid precipitation, provides an isothermal transformation curve that is more consis-
tent with actual heat treatment conditions and eliminates the non-thermal effects of
electromagnetic induction heating.

(2) The nucleation activation energy of the γ′ phase obtained from the creep test was
calculated to be 158.22 kJ/mol, 24.24% higher than that obtained from the thermal
expansion experiment using electromagnetic induction heating. This increase is
attributed to the exclusion of the non-thermal effects of electricity. The nucleation
activation energy was 17.99% lower than the simulation result, likely due to the non-
spontaneous nucleation in the material. These differences in nucleation activation
energy reflect variations in atom diffusion and dislocation migration rates under
different measurement conditions.

(3) A correction method was proposed for experimentally determining the isothermal
transformation curve of the γ′ phase. The analysis shows that the differences in
the fastest precipitation temperature of the three isothermal precipitation curves are
caused by the overlapping precipitation of other phases, such as M23C6. The rapid
precipitation and aggregation of grain boundary M23C6 during γ′ phase precipitation
alter the overall precipitation behavior of the matrix, thereby affecting the shape and
position of the isothermal transformation curve.

This research provides valuable insights for the development of high-performance iron–
nickel-based alloys and offers practical guidance for accurately controlling microstructures
through heat treatment.
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