
Citation: Li, Z.; Qin, H.; Xu, K.; Xie,

Z.; Ji, P.; Jia, M. Study on

High-Temperature Low-Cycle

Fatigue Behavior of the FGH96

Superalloy Based on Internal Stress

Division. Metals 2023, 13, 1705.

https://doi.org/10.3390/met13101705

Academic Editor: Lakhdar Taleb

Received: 9 September 2023

Revised: 30 September 2023

Accepted: 6 October 2023

Published: 7 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Study on High-Temperature Low-Cycle Fatigue Behavior of the
FGH96 Superalloy Based on Internal Stress Division
Zhengguang Li, Haiqin Qin *, Kejun Xu, Zhenbo Xie, Pengcheng Ji and Mingming Jia

Qingdao Campus, Naval Aviation University, Qingdao 266041, China
* Correspondence: xiao_qin_1981@163.com

Abstract: In order to deeply explore the high-temperature cyclic characteristics of the FGH96 su-
peralloy under different strain amplitudes, the high-temperature low-cycle fatigue behavior of the
FGH96 superalloy was analyzed from the perspective of internal stress evolution. Four sets of
strain amplitude (0.5%, 0.6%, 0.8%, and 1.2%) controlled high-temperature low-cycle fatigue tests
were carried out on the FGH96 superalloy at 550 ◦C, and the internal stress was divided into back
stress and effective stress through the cyclic stress-strain curves. The results show that the cyclic
softening/hardening characteristics of the FGH96 superalloy under different strain amplitudes are
closely related to the evolution of internal stress. The strain amplitude has a significant effect on the
back stress of the FGH96 superalloy but has little effect on effective stress. At low strain amplitudes
(0.5% and 0.6%), the back stress evolution rate of the FGH96 superalloy is lower than effective stress,
and the material mainly exhibits cyclic softening. At high strain amplitudes (0.8% and 1.2%), the
back stress evolution rate of the FGH96 superalloy is significantly higher than effective stress, and
the material exhibits cyclic hardening. The combined effect of back stress and effective stress is the
main reason for the different low-cycle fatigue behaviors of the FGH96 superalloy under different
strain amplitudes.

Keywords: high-temperature low-cycle fatigue; the FGH96 superalloy; internal stress evolution;
cyclic softening/hardening

1. Introduction

With the rapid development of aviation technology, the requirements for the thrust-
to-weight ratio, turbine speed, and other performance of aero-engines are constantly
increasing. As a result, key components of aero-engines, such as turbine disks, are subjected
to more severe and complex load conditions [1,2]. In order to meet the increasingly complex
working conditions of aero-engine turbine disks and other core components, powder
metallurgy superalloy materials have risen to the occasion. The FGH96 superalloy is
representative of the second generation of damage-resistant powder superalloys [3,4].
Compared with the first-generation powder metallurgy superalloy, the FGH96 superalloy
appropriately reduces the strength level of the alloy, improves crack growth resistance
and creep resistance, has a higher yield strength, and has excellent high temperature
damage tolerance characteristics. As the current preferred material for aero-engine hot-end
components, the FGH96 superalloy is now widely used in aero-engine turbine disks [5,6].

In actual work, aero-engines need to continuously start, accelerate, decelerate, brake,
and stop. The turbine system is subject to complex cyclic loads, leading to the initiation
and expansion of structural cracks, thereby limiting the service life of the aero-engine
and threatening flight safety. Research shows that the damage mechanisms of turbine
disks include low-cycle fatigue, high-cycle fatigue, creep, high-temperature corrosion, etc.
Among them, high-temperature, low-cycle fatigue is one of the main failure modes that
limit the use of turbine disks [7]. Therefore, understanding the mechanical behavior of
the FGH96 superalloy under high temperature and low-cycle fatigue loading is of great
significance for the life design and structural integrity assessment of aero-engines.
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Internal stress is the macroscopic performance of the internal microstructure of the
material, and the macroscopic deformation mechanism of the material can be analyzed
by using the method of internal stress division [8]. In order to explain the deformation
characteristics of crystal materials under cyclic loading, Cottrell [9] first divided the internal
stress into back stress and effective stress. Among them, the back stress microscopically
represents the long-range force in dislocation motion, macroscopically reflects the trans-
lation of the yield surface in the macroscopic stress space, and represents the kinematic
hardening of the material. Effective stress microscopically represents the short-range force
of dislocation movement, that is, the critical condition required for dislocation movement.
Macroscopically, it reflects the expansion or contraction of the yield surface and represents
the isotropic hardening law of the material [8–10]. Based on Cottrell’s internal stress di-
vision theory, scholars have carried out a large amount of research work, revealing the
connection between internal stress and material microstructure changes [10–14] and ex-
plaining the influence of internal stress components on material cycle characteristics [10–15],
which proved the effectiveness of the theory in studying the macroscopic mechanical prop-
erties of materials under cyclic loading. At the same time, as two important parameters of
the constitutive model, the establishment of corresponding constitutive models and the
acquisition of relevant parameters based on the evolution characteristics of back stress
and effective stress of different materials can greatly increase the accuracy of material
modeling [16–20].

Compared with traditional experimental analysis, internal stress has a clearer physical
meaning and can also reflect the connection between the material’s microstructure and
macroscopic deformation [8,10]. However, there are few studies on the application of
internal stress to the low-cycle fatigue behavior of powder superalloys, and even fewer
studies on the application of internal stress to the FGH96 superalloy in the turbine disk
service environment. In previous work, our research group only analyzed the cyclic
softening/hardening phenomenon of the FGH96 superalloy from the perspective of micro-
fracture mechanics [21] but did not conduct in-depth research on the impact of internal
stress evolution on the cyclic characteristics of the FGH96 superalloy. Therefore, the research
on the evolution of internal stress during the cyclic process is helpful to further understand
the cyclic deformation characteristics of the FGH96 superalloy and is very useful for the
next step of constitutive modeling of the FGH96 superalloy. It is also of great significance
for the safe application of the FGH96 superalloy in the key components of aero-engines.

2. Experimental Materials and Methods
2.1. Experimental Materials

The experimental material is the FGH96 powder metallurgy superalloy, which is
powered by the plasma rotating electrode process (PREP) + hot isostatic pressing (HIP)
to prepare disc blanks + isothermal forging. The specific heat treatment method is as
follows: complete solid solution at 1110~1120 ◦C for 2 h, salt quenching at 600 ◦C, and heat
preservation at 760 ◦C for 16 h, then air cooling after cooling to 550 ◦C in the furnace.

In this experiment, the FGH96 superalloy specimens were processed into cylindrical
bars through an electrical discharge machining process. The main chemical composition
of the FGH96 superalloy in this experiment is shown in Table 1. The specific dimensional
parameters of the specimen are shown in Figure 1.

Table 1. Main element composition of the FGH96 superalloy specimen (wt./%).

Element Ni Cr Co W Mo Ti Al

wt./% Bal. 15.43 12.94 4.12 4.11 3.51 2.26



Metals 2023, 13, 1705 3 of 12Metals 2023, 13, x FOR PEER REVIEW 3 of 12 
 

 

 
(a) 

 
(b) 

Figure 1. The FGH96 superalloy specimen: (a) geometries of specimen, data from [22] (unit: mm); 
(b) real specimen. 
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Co., MTS 653, Eden Prairie, MN, USA) to ensure that the test temperature fluctuation does 
not exceed ±1 °C. Asbestos ropes were used to tie three K-type thermocouples to the up-
per, middle, and lower parts of the specimen to ensure that it was evenly heated. A push-
type high-temperature axial extensometer (MTS Systems Co., MTS 632.53F-11, USA) was 
used to measure the axial deformation of the specimen in the low-cycle fatigue test, of 
which the gauge length is 25 mm. The extensometer was led out of the heating furnace 
through two ceramic rods. The equipment and the installation diagram of the specimen 
are shown in Figure 2. 

The strain-controlled high-temperature low-cycle fatigue test was carried out with 
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Strain Control Method” [23]. Referring to the service temperature of the high-pressure 
turbine disk key part of a certain type of aero-engine, a temperature of 550 °C was selected 
as the test temperature, which can better reflect the actual service conditions of the aero-
engine high-pressure turbine disks. The triangular waveform with strain ratio R = −1 was 
selected for fatigue loading, and the strain rate was a fixed value of 0.005 s−1. Four strain 
amplitudes 2aε  of 0.5%, 0.6%, 0.8%, and 1.2% were selected for low-cycle fatigue test-
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In order to ensure the reproducibility of the test results and meet the requirements of 
the standard [23], 8 fatigue tests were performed at each strain amplitude, and the average 
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the test results caused by individual defective specimens, in accordance with the provi-
sions of Standard [23], a pre-tension test was conducted before the formal loading of the 
test to determine whether the elastic modulus of the specimen met the error of ±5%. The 
specimen that does not meet this requirement will be eliminated, and a new specimen will 
be selected for re-testing. Since the pre-tension test in the standard is loaded in the micro-
elastic range, it will not have a major impact on the low-cycle fatigue test results. 

Figure 1. The FGH96 superalloy specimen: (a) geometries of specimen, data from [22] (unit: mm);
(b) real specimen.

2.2. Fatigue Test Equipment and Method

The electro-hydraulic servo testing machine (MTS Systems Co., MTS-370.1, Eden
Prairie, MN, USA) was used to carry out the strain-controlled high-temperature low-cycle
fatigue tests, which is equipped with a high-temperature furnace system (MTS Systems Co.,
MTS 653, Eden Prairie, MN, USA) to ensure that the test temperature fluctuation does not
exceed ±1 ◦C. Asbestos ropes were used to tie three K-type thermocouples to the upper,
middle, and lower parts of the specimen to ensure that it was evenly heated. A push-type
high-temperature axial extensometer (MTS Systems Co., MTS 632.53F-11, USA) was used
to measure the axial deformation of the specimen in the low-cycle fatigue test, of which the
gauge length is 25 mm. The extensometer was led out of the heating furnace through two
ceramic rods. The equipment and the installation diagram of the specimen are shown in
Figure 2.

The strain-controlled high-temperature low-cycle fatigue test was carried out with
reference to the standard of GB/T 26077-2021, “Metallic Materials—Fatigue Test—Axial
Strain Control Method” [23]. Referring to the service temperature of the high-pressure
turbine disk key part of a certain type of aero-engine, a temperature of 550 ◦C was selected
as the test temperature, which can better reflect the actual service conditions of the aero-
engine high-pressure turbine disks. The triangular waveform with strain ratio R = −1 was
selected for fatigue loading, and the strain rate was a fixed value of 0.005 s−1. Four strain
amplitudes εa/2 of 0.5%, 0.6%, 0.8%, and 1.2% were selected for low-cycle fatigue testing.

In order to ensure the reproducibility of the test results and meet the requirements of
the standard [23], 8 fatigue tests were performed at each strain amplitude, and the average
of these 8 tests was taken as the result of this group of tests. In order to eliminate errors in
the test results caused by individual defective specimens, in accordance with the provisions
of Standard [23], a pre-tension test was conducted before the formal loading of the test
to determine whether the elastic modulus of the specimen met the error of ±5%. The
specimen that does not meet this requirement will be eliminated, and a new specimen
will be selected for re-testing. Since the pre-tension test in the standard is loaded in the
micro-elastic range, it will not have a major impact on the low-cycle fatigue test results.
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Figure 2. The testing equipment (a) and the installation diagram (b).

2.3. Cottrell’s Internal Stress Division Method

According to the internal stress division theory proposed by Cottrell et al. [9], using
the cyclic stress-strain hysteresis curve, the maximum stress under each cycle can be
decomposed into back stress X, viscous stress σv, and isotropic stress Q. The viscous stress
σv and the isotropic stress Q together constitute the effective stress σeff, which is as follows:

X =
σmax

e + σmin
e

2
(1)

σv = σmax − σmax
e (2)

Q =
σmax

e − σmin
e

2
(3)

σeff = σv + Q (4)

Among them, σmax
e and σmin

e respectively represent the maximum elastic stress and the
minimum elastic stress of the linear elastic section in the hysteresis loop of the unloading section.

The key to this method is to determine the linear elastic part of the unloading section.
To this end, the improved internal stress division method of Kuhlmann-Wilsdorf [24] was
used to determine the linear elastic part by fitting the elastic modulus of the linear elastic
section and introducing the plastic strain offset. The schematic diagram of the method is
shown in Figure 3.

Considering that there is no dwell time at the peak stress under strain loading and
the selected loading/unloading rate is not enough to produce obvious viscous stress, this
paper does not distinguish viscous stress and isotropic stress separately and only selects
back stress and effective stress as internal stress components for analysis. Based on the
equipment accuracy and the fluctuation of sampling data, the value of εoff was set to
5 × 10−5.
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3. Results and Discussion
3.1. Cyclic Softening/Hardening Properties

The results of the high-temperature, low-cycle fatigue test are shown in Figure 4.
The figure reflects the change of the peak stress σmax of the FGH96 superalloy with the
cycle count n under various strain amplitudes. It can be seen from Figure 4 that the
FGH96 superalloy appears to have different cyclic softness/hardening characteristics
under different strain amplitudes, especially in the early stages of cycles. When the strain
amplitude is 0.5%, the FGH96 superalloy exhibits the characteristics of a slight softening-
stable-softening fracture. When the strain amplitude is 0.6%, the FGH96 superalloy shows
the characteristics of rapid hardening after a softening-stable-softening fracture. When the
strain amplitude is between 0.8% and 1.2%, the FGH96 superalloy shows the characteristics
of hardening–stabilization–softening fracture as a whole. A large number of experiments
have shown that in the early stage of a high-temperature, low-cycle fatigue test, the material
may be cyclically unstable due to the influence of the cyclic load and changes in the internal
structure of the material. This phenomenon of initial cycle instability is common in powder
metallurgy superalloys [25]. By comparing various curves, it can also be found that with the
increase in strain amplitude, the peak stress σmax in the stable section gradually increases,
while the fatigue life shows a downward trend. In previous work [21], our research group
carefully analyzed the different cyclic response characteristics of the FGH96 superalloy in
the early cycles through the stress-strain hysteresis curves under various strain amplitudes.
Next, the cyclic softening/hardening characteristics of the FGH96 superalloy in the early
cycles will be analyzed from the perspective of the relationship between the half-life
hysteresis curves and the uniaxial tensile curve.
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Figure 4. Peak stress response.

Figure 5 plots the half-life stress-strain hysteresis curves under the four strain ampli-
tudes and the uniaxial tensile curve of the FGH96 superalloy at 550 ◦C. After enlarging
the cyclic stress peak part, it can be seen that when the strain amplitude is lower than
0.6%, the stress peak of the half-life hysteresis curve is below the monotonic tensile curve,
indicating that the FGH96 superalloy overall shows a cyclic softening trend in the early
stage of cycling. When the strain amplitude is greater than 0.8%, the stress peaks are all
above the uniaxial tensile curve, which reflects that the FGH96 superalloy mainly exhibits
cyclic hardening in the early stages of cycles under high strain amplitude. Existing re-
search shows that the cyclic softening or hardening of metallic materials mainly depends
on the initial state [26], structural characteristics [27], strain amplitude, temperature [28],
size effect [29], and other factors of the material. In other metallic materials [10,20,30,31],
strain range-dependent characteristics similar to those of the FGH96 superalloy have also
been found; that is, as the strain amplitude changes, the material exhibits different cyclic
characteristics. Next, this characteristic of the FGH96 superalloy will be analyzed from the
perspective of internal stress evolution.
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3.2. Internal Stress Evolution

In order to obtain the evolution of each internal stress component of the FGH96
superalloy under cyclic loading, Cottrell’s internal stress division method shown in Figure 3
was used to separate the internal stress of the stress-strain hysteresis loop under each cycle.
Figure 6 shows the curves of back stress and effective stress with cycle number n at various
strain amplitudes separated from the stress-strain hysteresis loop. It can be seen from the
figure that, under all strain amplitudes, the magnitude of the effective stress is always
greater than the back stress. Although the cyclic softening/hardening laws of the FGH96
superalloy are different under different strain amplitudes, the changing laws of back stress
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and effective stress under various strain amplitude cycles are basically similar. Similar to
the cyclic softening/hardening behavior of the FGH96 superalloy, the evolution law of
internal stress can also be divided into three obvious stages. In the early stages of the cycles,
the back stress tends to harden, and the effective stress tends to soften. In the middle of the
cycles, after the back stress and effective stress reach the saturation value, they maintain
a stable state. At the end of the cycles, the back stress and effective stress soften until
they fracture.
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Combined with the cyclic softening/hardening characteristics of the FGH96 superalloy
in Section 3.1, it can be seen that the early evolution law of internal stress has a greater
impact on the cyclic softening/hardening behavior of the FGH96 superalloy. In the study
of the cyclic characteristics of the Ti-6Al-4V alloy, Xu [10] found that both back stress and
effective stress affect its cyclic characteristics. The change pattern of the Ti-6Al-4V alloy in
the early stages of the cycles is similar to that of the FGH96 superalloy. From this, it can be
inferred that back stress and effective stress jointly affect the cyclic softening/hardening
behavior of the FGH96 superalloy. In order to clarify the change law of internal stress with
strain amplitude, the following discussion focuses on the change amount and stable value
of internal stress in the early stages.

Figures 7 and 8 show the evolution of internal stress change value ∆σ and internal
stress saturation value σs under different strain amplitudes in the early stage of the FGH96
superalloy cycles. Among them, the internal stress change value ∆σ is defined as the
difference between the internal stress saturation value σs and the internal stress initial value
σ0, which is as follows:

∆σ = σs − σ0 (5)
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As can be seen from Figures 7 and 8, whether it is the internal stress change value or
the internal stress saturation value, the back stress shows an obvious correlation with the
strain amplitude. The larger the strain amplitude is, the larger the change value of back
stress is, and the saturation value of back stress also increases obviously. In contrast, the
change in effective stress is not significant. As the strain amplitude increases, although
the saturation value and variation of the effective stress show a downward trend, the
magnitude of the decrease is significantly weaker than the variation of the back stress.
Since the saturation value of back stress increases significantly with the increase in strain
amplitude, the steady-state value of the peak stress of the FGH96 superalloy in Figure 4
also increases with the increase in strain amplitude.

As can be seen from Figure 6, the number of cycles required for the back stress and
effective stress to reach saturation values in the early stage for each strain amplitude is
basically the same. Therefore, the change in internal stress in Figure 7 also reflects the
speed of back stress increase/effective stress decrease. In addition, the sum of back stress
and effective stress is the cyclic peak stress, according to the internal stress division theory.
Therefore, it can be seen from the early evolution rate of the internal stress component
reflected in Figure 7 that the cyclic softening/hardening behavior of the FGH96 superalloy
in the early stages of cycles is the result of the competition between back stress hardening
and effective stress softening. When the strain amplitude is low (0.5% and 0.6%), the
hardening speed of the back stress is slightly lower than the softening speed of the effective
stress. The effective stress softening contributes more to cyclic properties than the back
stress hardening, so the FGH96 superalloy mainly exhibits cyclic softening characteristics
in the early stages of the cycles. When the strain amplitude is high (0.8% and 1.2%), the
hardening speed of the back stress is significantly higher than the softening speed of
the effective stress. The contribution of the back stress to the cyclic characteristics is the
main factor, and the FGH96 superalloy shows the characteristics of cyclic hardening in the
early stage of the cycles under the corresponding strain amplitude. When Liang [16] and
Yang [20] analyzed the cyclic softening and hardening of AISI 316L and 2.25CrMoV alloy,
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they also used the method of internal stress change to characterize their contribution to
cyclic softening and hardening, explaining the cyclic softening and hardening characteristics
of AISI 316L and 2.25CrMoV alloy. Based on this method, they also established the cyclic
constitutive model and achieved good simulation accuracy. Considering that both the back
stress and the effective stress shown in Figure 6 are softening in the late cycles, under the
combined effect of the two, the FGH96 superalloy shows cyclic softening characteristics at
the end of the cycles.

3.3. Microscopic Mechanism of Internal Stress Evolution

In the previous study, our research group explained the link between the microscopic
fracture mechanism and the cyclic softening/hardening behavior of the FGH96 superal-
loy [21]. In this section, the micro-mechanisms summarized in the previous study will be
combined to analyze the different properties exhibited by the FGH96 superalloy under
different strain amplitudes from the perspective of internal stress evolution.

Existing research shows that whether a metal material undergoes cyclic softening
or hardening depends on the initial state of the material, structural characteristics, strain
amplitude, temperature, and other factors. At the same time, the cyclic softening/hardening
phenomenon is closely related to dislocation motion [25,31,32]. When conducting scanning
electron microscopy (SEM) observation of the fracture surface of the FGH96 superalloy
specimen under cyclic loading, a large number of micro-cleavages composed of smooth
facets can be seen in the rapid crack expansion area, as shown in Figure 9. The formation of
micro-cleavage is related to the dislocation movement inside the FGH96 superalloy. Under
the action of a low-cycle fatigue load, plastic deformation occurs inside the material, and
dislocation slippage is caused. The continuous movement and aggregation of dislocations
form micro-cleavage. Through transmission electron microscopy observations, Liu et al. [25]
found that in the early stages of the cycles, dislocations gather around the γ’ strengthening
phase of the alloy. The dislocation density at the origin of the crack is relatively large
and difficult to move, causing dislocation pile-up, which makes the dislocation density
distribution uneven within the material and results in a dislocation density gradient. Back
stresses are related to long-range interactions caused by local incompatibilities in plastic
deformation [8]. As a result, the dislocation density gradient generates back stress. As
the amplitude of the cyclic strain increases, the plastic strain produced by a single cycle
increases, leading to the accelerated accumulation of plastic strain and deterioration of the
internal organization of the material, manifested by deeper and longer secondary cracks.
At the same time, the degree of dislocation pile-up increases and the dislocation density
gradient increases, which leads to a rapid elevation of the back stress in the early cycles.
Through transmission electron microscopy observations, Xu [10] and Liang [16] verified
that the increase in dislocation density gradient is the cause of the increase in back stress in
metal materials.

For effective stress, a large number of studies have shown that its change during cyclic
loading is related to the short-range interaction of dislocations (such as interstitial atoms,
precipitated particles, etc.), which is usually affected by the dislocation density within the
material [13]. Pham and Holdsworth [33] found that the cross-slip enhancement leads to
an increase in the annihilation rate of screw dislocations through the high-temperature
cyclic tests of AISI 316L, which ultimately leads to a reduction in the density of dislocations.
Based on the same softening behavior shown by the effective stress of AISI 316L in the
early stage under high-temperature cyclic loading, it can be speculated that the FGH96
superalloy is affected by cross-slip enhancement in the early stage of the cycle, and the
effective stress shows a softening trend due to the reduction in dislocation density.
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4. Conclusions

In this paper, the strain-controlled high-temperature low-cycle fatigue behavior of the
FGH96 superalloy was analyzed by Cottrell’s internal stress division theory. According
to the evolution law of back stress and effective stress under different strain amplitudes,
the reasons for different cyclic softening/hardening in the early stages of the cycles of the
FGH96 superalloy are explained. Throughout the work of this paper, the conclusions are
as follows:

(1) The different cyclic softening/hardening characteristics of the FGH96 superalloy
under different strain amplitudes are closely related to the evolution of internal stress.

(2) During the entire cycle, the back stress shows a hardening trend in the early stage,
and the effective stress mainly shows a softening trend. The magnitude of the strain
amplitude has a great influence on the back stress of the FGH96 superalloy, but the
effect on the effective stress is not significant.

(3) In the early cycle, affected by the competition between back stress hardening and effec-
tive stress softening, the FGH96 superalloy exhibits different cyclic softening/hardening
characteristics under different strain amplitudes. In the late cycles, affected by the
joint softening of back stress and effective stress, the FGH96 superalloy shows cyclic
softening characteristics at all strain amplitudes.

(4) The dislocation density gradient caused by dislocation accumulation leads to the
rapid increase of the FGH96 superalloy’s back stress at high strain amplitude in the
early cycles. The reduction in the effective stress of the FGH96 superalloy is due to
the reduction in dislocation density caused by the enhanced cross-slip.
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