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In this paper, atomic simulation of the thermomechanical fatigue (TMF) behavior of Ni-based single crystal
superalloys has been achieved, and the effect of Rhenium (Re) on the TMF properties are studied by molecular
dynamics (MD) simulation. The reasons why 3%Re improving TMF properties of superalloys are explained from
an atomic perspective. The results show that adding 3%Re to the superalloys can increase the cyclic stress
amplitude and plastic deformation resistance, reduce the dislocation density and plastic strain energy density,
and thereby improve the fatigue life of superalloys. The microstructure evolution reveals that the improvement
of TMF properties in superalloys mainly depends on the pinning and dragging effects of Re on dislocation motion.
Due to the pinning and dragging effects of Re, the stability of microstructure is significantly enhanced, leading to
a reduction in plastic deformation and thus improving the TMF mechanical properties and fatigue life of su-
peralloys. The research results will contribute to a deeper understanding of the TMF mechanisms and Re effects

of superalloys.

1. Introduction

Ni-based single crystal superalloys are widely used in the manufac-
ture of turbine blades for aero-engines and industrial gas turbines, due to
their excellent mechanical properties, including creep resistance, fatigue
resistance, and good surface stability [1-3]. During the operation of the
aero-engine, as an important hot end component material for
manufacturing engine turbine blades, it is often subjected to repeated
erosion by high-temperature and high-pressure gases, as well as ther-
momechanical fatigue (TMF) failure caused by large-scale temperature
changes around the blades during engine start-up, shutdown, and
shifting processes [4-7]. It is found that the TMF damage of the super-
alloys is more complex than that of isothermal fatigue (IF) damage, and
the fatigue life of the superalloys under TMF loading is also different
from that under IF loading [7,8]. When the superalloy is subjected to
TMF loading, more cracks will appear with different crack morphologies
from IF loading [9]. The stress concentration at the crack tip may also
lead to high-density deformation twinning, and cracks can easily

propagate along twinning boundaries, resulting in TMF failure of the
superalloys [10]. Moreover, the generation and propagation of cracks in
the superalloys under TMF loading become easier and faster [11]. These
results in more severe damage to the superalloys under TMF loading
than under IF loading, ultimately leading to earlier failure of the su-
peralloys [12-14].

To continuously improve the mechanical properties of the superal-
loys, it has been found that the service behavior of the superalloys can be
improved by adding refractory elements such as W, Mo, and Re [15-19].
One of the main signs is that adding only 3% Re element can signifi-
cantly reduce the creep rate of the superalloys and improve their creep
life [20,21]. Therefore, adding Re element to superalloys has become a
major sign in the development of the superalloys [22,23]. The effect of
Re on the properties of the superalloys is called the “Re effect” in the
superalloys [17,20,24]. Early studies have found that the addition of Re
can increase the elastic modulus of the y matrix phase and promote the
solid solution strengthening of the superalloys [22], Moreover, adding
Re can also delay the coarsening of the y' precipitate phase and maintain
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the stability of y’ precipitate phase structure to make them more regular
[25-29]. Wu et al. [20] found that the Re element gradually accumu-
lates in some dislocations and interface dislocation nuclei during the
creep process, leading to a decrease in creep rate, and providing direct
evidence that matrix elements can migrate to the y' precipitate phase.
Zhang et al. [30] found that Re can improve the stability of the y' pre-
cipitate phase, reduce the sensitivity of lattice mismatch to temperature,
and decrease the interface energy of the superalloys. Zhao et al. [31] and
Shu et al. [32] found that K-W dislocation locks were formed in super-
alloys containing Re during creep process, this phenomenon inhibits
dislocation slip and cross slip, resulting in better creep resistance of
superalloys containing Re. Wang et al. [33] reported that the deforma-
tion mechanism of superalloys containing Re under IF loading will
gradually change from plane slip to wavy slip with increasing temper-
ature. These studies indicated that the addition of Re to the superalloys
has a significant impact on their creep and fatigue properties. However,
the current research mainly focuses on the influence of adding Re on the
creep and IF properties of the superalloys [19-27,31-35], while the
effect of Re on the TMF properties of the superalloys is still unclear.

The TMF properties are closely related to the microstructure evolu-
tion mechanisms under TMF loading [36,37]. Due to extremely high cost
and difficulties in observing the entire process of microstructure evo-
lution through in-situ experiments for TMF loading, it is necessary to
combine numerical simulation to analyze the microstructure evolution
and deformation mechanisms of superalloys [38]. Molecular dynamics
(MD) simulation has unique advantages in studying the microstructural
evolution of materials. It can not only explore the mechanical properties
of superalloys under various loading conditions but also observe the
entire process characteristics of microstructure evolution and deforma-
tion mechanisms of superalloys at the atomic scale, which is of great
significance for studying the mechanical properties of superalloys
[39-47]. Therefore, in the present study, the mechanical properties of
superalloys with and without Re under TMF loading are investigated by
MD simulation. The effects of Re on the fatigue mechanical properties
and microstructure evolution characteristics of the superalloys under
TMF loading are analyzed at the atomic scale. From the view of
microstructure evolution, the reason why Re affects the TMF mechanical
properties of superalloys is explained, it will contribute to a deeper and
better understanding of TMF mechanical properties of superalloys and
the microscopic mechanism of Re effects.

2. Modeling and simulation

Ni-based single crystal superalloys are composed of a face-centered
cubic (FCC) structure of the y matrix phase (mainly composed of Ni)
and a L1, structure of the y' precipitate phase (mainly composed of
NizAl), in which the y' precipitate phase is orderly embedded in the y
matrix phase [47,48]. Considering that the second-generation com-
mercial superalloys CMSX-4 has added 3% Re element in comparison to
the first-generation superalloys [49,50], in this work, the atomic models
of Ni-based single crystal superalloys without Re addition and with 3%
Re (3% is the volume fraction) are established using the open-source MD
simulation software LAMMPS [51]. To clearly display the interfacial
microstructure and dislocation motion characteristics of superalloys
during TMF loading, and to endow real geometric morphology of su-
peralloys and physical processes of microstructure evolution, the atomic
model adopts three-dimensional (3D) cubic structural units and ensures
that the volume fraction of y' precipitate phase accounts for about 70%,
which is similar to the structure and volume fraction of actual materials.
In the atomic model without Re addition, the y matrix phase is composed
of Ni, and the lattice constant a, = 3.52 A. Whereas y precipitate phase is
composed of NizAl with the lattice constant of ay = 3.62 A. Based on the
coincidence site lattice (CSL) nay = (n+1)a, on the misfit phase inter-
face, it can be obtained that n ~ 35 [47,52]. This means that Ni3zAl of the
35-fold lattice has almost the same volume as Ni of the 36-fold lattice, so
replacing 36 x 36 x 36 Ni with 35 x 35 x 35 NigAl in the center of the
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40 x 40 x 40 y matrix model to obtain an ideal atomic model for
Ni-based single crystal superalloys without Re addition, as shown in
Fig. 1(a). The size of the atomic model is 140.8 A x 140.8 A x 140.8 10\,
the volume fraction of the y' precipitate phase is 72.9%, which is
consistent with the volume fraction of the y' precipitate phase in the
actual Ni-based single crystal superalloys with optimal mechanical
properties [48,49,53]. Owing to the propensity of Re atoms to distribute
within the y matrix phase [3,54-571% volume fraction of Re atoms are
randomly added to the y matrix phase using the same modeling method
to create a Ni-based single crystal superalloy atomic model with 3% Re.
Therefore, this study aims to investigate the effect of adding 3% Re on
TMF mechanical properties in nickel based single crystal superalloys, as
illustrated in Fig. 1(b). The superalloys atomic model established in this
way is similar to the representative volume element (RVE) in micro-
mechanics, such 3D atomic model can accurately reflect the mechanical
properties and microstructural evolution characteristics of superalloys
under complex loads [21,40,43-47]. To get rid of the boundary effects,
the periodic boundary conditions are applied along the X, Y, and Z di-
rections, and an isothermal-isobaric ensemble (NPT ensemble) is used to
control the temperature and pressure of the entire system. The Ni-Al-Re
alloy potential [58] is used in the present MD simulation, which has
been successfully applied to the study of mechanical properties of the
superalloys containing Re element [18,21,45,59]. The initial model is
relaxed for 1000ps at 1 K to minimize the model energy and reach a
stable state. The common neighbor analysis (CNA) [60] and the dislo-
cation extraction algorithm (DXA) [61] are used to analyze the micro-
structural evolution characteristics of superalloys under TMF loading,
and the OVITO program [62] is used for visualization.

During TMF loading, the temperature fluctuates with the mechanical
load variations in each cycle, the two most representative types of TMF
are In-phase TMF (IP-TMF) and Out-of-phase TMF (OP-TMF) [13,47,63,
64]. In the process of TMF loading, the temperature cycle range is from
300 K to 1200 K, which is consistent with our previous research [47].
The selection of this temperature cycle range not only meets the mini-
mum test temperature close to the room temperature environment,
avoiding non conservative results [47,59,64], but also approaches the
high-temperature service environment of aircraft engines [65]. First, the
sample is gradually heated from 1 K to 750 K without applying
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mechanical load, and then the sample is relaxed for 50 ps again to
minimize the energy and reach a stable state. Subsequently, the me-
chanical load and temperature are changed simultaneously during the
TMF loading process. The triangular waveform loading with a period of
120 ps is applied, and the total number of simulated cycles is N = 30. By
utilizing the “fix deform” command in the Lammps software to regulate
the length of the sample in the Z direction, it is possible to achieve strain
loading of the sample. Furthermore, the lengths of the X and Y directions
keep nearly constant throughout the loading process. The periodic strain
% = 3.0%, strain cyclic characteristic coefficient R = — 1,and

the strain rate ¢ = 1.0 x 10°/s is applied along the Z direction, while no
load is applied in the X and Y directions. During the IP-TMF loading
process, both the temperature and the mechanical load increase and
decrease simultaneously. During each cycle, when the mechanical load
increases from & = 0% to ¢ = 3%, the temperature increases from 750 K
to 1200 K. Then, as the mechanical load decreases from ¢ = 3% to
€ = —3%, the temperature also decreases from 1200 K to 300 K. Finally,
when the mechanical load changes from ¢ = —3% to ¢ = 0%, the tem-
perature increases from 300 K to 750 K, as shown in Fig. 2(a). During the
OP-TMF loading process, there is a phase difference of 180° between the
mechanical load and the temperature. During each cycle, when the
mechanical load increases from ¢ = —3% to ¢ = 3%, the temperature
decreases from 1200 K to 300 K. Conversely, when the mechanical load
increases from £ = 3% to € = —3%, the temperature increases from 300 K
to 1200 K, as illustrated in Fig. 2(b).

— Emin
€max

3. Results and discussion
3.1. Effect of Re on cyclic stress-strain curves

Fig. 3 shows the cyclic stress-strain curves of superalloys with Re and
without Re addition under TMF loading to illustrate the effect of Re on
the cyclic stress-strain curves. It can be seen from Fig. 3 that the addition
of Re does not change the basic cycle characteristics of the superalloys,
the cyclic stress-strain curves of the superalloys still exhibit tension-
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Fig. 2. Schematic diagram of TMF loadings. (a) IP-TMF, (b) OP-TMF.
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compression asymmetry under TMF loading. Under IP-TMF loading,
the maximum tensile stress of the superalloys with and without Re
addition is lower than the maximum compressive stress, while under
OP-TMF loading, the maximum tensile stress is higher than the
maximum compressive stress. The main reasons for the existence of
tension-compression asymmetry in Ni-based superalloys under TMF
loading can be explained as: (1) For IP-TMF loading case, in the high-
temperature stage, compressive stress promotes the directional coars-
ening of the y' phase (forming a raft like structure), hinders dislocation
movement, and requires higher compressive stress to maintain defor-
mation; In the low-temperature stage, tensile stress acts on the
strengthened structure, resulting in a relative decrease in stress. (2) For
OP-TMF loading case, the high temperature tensile stress causes local
dissolution of the y' phase, forming softening channels and reducing
subsequent compressive stress; low temperature compressive stress acts
on the y matrix (not fully strengthened), requiring higher tensile stress to
induce yield. Therefore, the superalloys exhibit tension-compression
asymmetry during TMF loading.

In addition, it can also be seen from Fig. 3 that the addition of Re can
increase the stress range (Ac = 6maxr — Omaxc Namely, the difference
between the maximum tensile stress and the maximum compressive
stress) of the superalloys. Under both IP-TMF and OP-TMF loading
conditions, the superalloys with Re addition have a higher stress range
(Ao) than those of superalloys without Re addition. Taking OP-TMF
loading as an example, in the 30th cycle, the stress range of the super-
alloys without Re addition is A6 = 9.86 GPa, while the stress range of
the superalloys with Re addition is A = 12.02 GPa. The cyclic stress-
strain curves of the superalloys with Re addition also show a narrower
characteristic compared to those of the superalloys without Re addition,
which is related to the different plastic work of superalloys with and
without Re addition under IP-TMF and OP-TMF loadings.

To verify the accuracy and reliability of the model, the elastic pa-
rameters are calculated based on cyclic stress-strain curves through MD
simulations and compared with the existing experimental results.
Table 1 shows the elastic modulus values of two typical superalloys with
and without Re addition. Based on experimental test results from early
literature [1], the elastic modulus of the first-generation superalloys
without Re addition (PWA1480) is between 143 and 201 GPa within the
temperature range of 300-1173K, while the elastic modulus of the
second-generation superalloys with Re addition (CMSX-4) is between
160 and 225 GPa at the same temperature conditions. The experimental
results in the literature indicate that the addition of Re element increases
the elastic modulus of the superalloys. Based on the cyclic stress-strain
curves in the current MD simulations, we can obtain the elastic
modulus values of superalloys without Re addition in IP-TMF and
OP-TMF tests is 168 GPa and 193 GPa, respectively, while the values of
superalloys with Re addition is 185 GPa and 217 GPa in IP-TMF and
OP-TMF tests, respectively. Overall, whether in IP-TMF or OP-TMF test,
the elastic modulus of superalloys with Re addition is higher than that of
superalloys without Re addition, which is consistent with the experi-
mental results in the literature [1], and these calculated values of elastic
modulus by MD simulations are all within the range of experimental
values. These indicate the rationality of the atomic model and potential
function used in the present MD simulations.

3.2. Effect of Re on stress response

Fig. 4 shows cyclic stress response curves of samples with Re and
without Re under TMF loading. The effect of Re on the cyclic stress
response curves of Ni-based single crystal superalloys are analyzed
under IP-TMF and OP-TMF loadings. These stress response curves
including: (a) maximum tensile stress omax,, (b) maximum compressive
Stress omax,c, (€) cyclic stress amplitude 6, = Z=="< and (d) mean

stress o = % It has been found that the superalloys with Re
addition has higher maximum tensile stress omax, maximum
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Fig. 3. Effect of Re on the cyclic stress-strain curves of the superalloys under TMF loadings. (a) IP-TMF, without Re addition, (b) IP-TMF, with Re addition, (c) OP-

TMF, without Re addition, (d) OP-TMF, with Re addition.

Table 1
Comparison of elastic modulus obtained from experiments and MD simulations.

Generation Alloys Re Content (Wt Elastic Modulus (GPa)
%
) Room Temperature (300 K) [1] High Temperature (1173 K) MD simulations (TMF
[1] 300~1200K)
1st Generation (Without Re PWA1480 0 198 + 3 145 + 2 168 (IP-TMF)
addition) 193 (OP-TMF)
2nd Generation (With Re addition) CMSX-4 3 223 + 2 162 + 2 185 (IP-TMF)

217 (OP-TMF)

compressive Stress omayx,c, and cyclic stress amplitude o, than those of
superalloys without Re addition whether in IP-TMF test or OP-TMF test,
as shown in Fig. 4 (a) -(c). This indicates that the addition of Re to the
superalloys can significantly increase the cyclic stress amplitude of the
superalloys under TMF loading, which is consistent with the experi-
mental results of the effect of Re element on the cyclic stress amplitude
of the superalloys under low cycle fatigue loading [26,27]. Moreover,
there is a higher cyclic stress amplitude in OP-TMF test than that of
IP-TMF test, as shown in Fig. 4(c). For the mean stress on, the effect of Re
on the oy, is not significant, only slightly increased. In IP-TMF test, oy, is
manifested as the compressive stress, while it is manifested as the tensile
stress in OP-TMF test, as shown in Fig. 4(d), this is consistent with the
results in OP-TMF test by Tan et al. [36]. Table 2 lists the specific values
of the 6max,s Omax,c; 00> om for both the superalloys with Re and without
Re addition at the 30th cycle under IP-TMF and OP-TMF loadings. From
Table 2 and it further indicates that adding Re can increase the cyclic
stress amplitude of the superalloys in TMF test, and Re has a higher
effect on the cyclic stress amplitude in OP-TMF test than IP-TMF test.

3.3. Effects of Re on plastic strain energy density and dislocation density

The area of each cyclic hysteresis loop in the cyclic stress-strain curve
represents the plastic deformation work per unit volume of each cycle,
this area signifies the plastic strain energy density, reflecting the energy
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dissipation during the loading process and providing insight into the
plastic deformation situation [66].

Fig. 5 shows the variation curves of the plastic strain energy density
AW, of superalloys with and without Re addition under TMF loading. It
is evident that the AW, of the superalloys with Re addition is lower than
that of the superalloys without Re addition whether in IP-TMF test or
OP-TMF test. This indicates that less energy dissipation and less plastic
deformation occur in the superalloys with Re addition than those of the
superalloys without Re addition under TMF loading. This is also the
reason why the cyclic stress-strain curves of the superalloys with Re
addition have narrower characteristics in Fig. 3(b) and (d). In addition,
the AW, of the superalloys under OP-TMF loading is significantly higher
than that under IP-TMF loading, which reveals that the plastic defor-
mation and energy dissipation of the superalloys under OP-TMF loading
are higher than those under IP-TMF loading. This is also the main reason
why OP-TMF determines the fatigue performance and fatigue life of
superalloys in TMF test.

Fig. 6 shows the variation curves of dislocation density of superalloys
with and without Re addition under TMF loading to illustrates the in-
fluences of Re on dislocation density and plastic deformation. Due to the
interaction of dislocations during the cyclic loading process, when the
superalloys reach the cyclic stability stage, the dislocation density tends
to be dynamically balanced in both the superalloys with and without Re
addition. It can be observed that the addition of Re significantly affects
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Table 2

Cyclic stress response and difference value between the superalloys with Re addition and without Re addition at the 30th cycle under TMF loadings.

Loading conditions Omax,t (GPa) Omax,c (GPa) G = w (GPa) om = Omax t 42r Omax.c (GPa)
IP-TMF Without Re addition 1.45 —2.41 1.93 ~0.48

With Re addition 2.25 —2.73 2.49 —0.24
OP-TMF Without Re addition 6.24 —3.62 4.93 1.31

With Re addition 7.35 —4.67 6.01 1.34

the dislocation density of superalloys under TMF loading when the
dislocation density reaches the dynamic equilibrium stage. Under both
IP-TMF and OP-TMF loading conditions, the superalloys with Re addi-
tion exhibits a lower dislocation density than that of superalloys without
Re addition. Due to the fact that the volume of superalloys with Re
addition is the same as that of superalloys without Re addition, the lower
dislocation density also means that there are fewer dislocations in su-
peralloys with Re addition. Therefore, the addition of Re can decrease
the number of dislocations in the superalloys, correspondingly, there is
less plastic deformation occurring in the superalloys.

(a) 200.0
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3.4. Effect of Re on microstructure evolution

In our previous simulation work [47] and early experimental study
on TMF [13,14,67] have indicated that the superalloys have a shorter
fatigue life under OP-TMF loading. Therefore, the OP-TMF loading de-
termines the TMF mechanical properties and fatigue life of Ni-based
single crystal superalloys, the dislocation motion characteristics of su-
peralloys under OP-TMF loading are chosen to analyze the effect of Re
on dislocation motion in superalloys, and the reasons why Re can reduce
dislocation density and plastic strain energy density are explored. Fig. 7
shows the characteristics of dislocation motion in superalloys with Re

200.0
(b) r
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g
S
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Fig. 5. Effect of Re on the plastic strain energy density of the superalloys under TMF loadings. (a) IP-TMF, (b) OP-TMF.
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Fig. 6. Effect of Re on the dislocation density of the superalloys under TMF loadings. (a) IP-TMF, (b) OP-TMF.
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Fig. 7. Re atoms produce pinning effect on the dislocation motion of the superalloys under OP-TMF loadings. (a) € = 0%, (b) ¢ = 0.5%, (c) ¢ = 1%.

addition under OP-TMF loading. In the superalloys with Re addition, the
Re atoms are randomly distributed in the y matrix phase before loading
(Fig. 1 (b)).

As the cyclic loading progresses, the Re atoms gradually tend to
move to the y/y interface. At this point, the Re atoms distributed in the y
matrix phase and the y/y interface will have a pinning effect on the
mobile dislocations in the y matrix phase, and preventing these mobile
dislocations from entering the y' precipitate phase. As the loading pro-
cess continues, this pinning effect causes the dislocation motion to be
continuously hindered, increasing the resistance of the dislocation to cut
into the y' precipitate phase. This makes it more difficult for dislocations
to cut into the y' precipitate phase, resulting in more dislocations
concentrated in the y matrix phase channels and at the y/y’ interface.
This phenomenon is also well supported by the viewpoint that Re will
produce pinning force to hinder dislocation motion [68,69]. In the
previous experimental observation, Wu et al. [20] used the Atom probe
tomography technique to detect the distribution of Re elements in
Ni-based single crystal superalloys containing 3% Re elements during
creep. During the loading process, it was observed that the Re element
gradually accumulates at the interface dislocation nucleus, which pro-
vided good support for Re atoms to gradually tilt from the y matrix phase
towards the y/y interface and pin interface dislocations.

As the loading process continues, the pinning force of Re atoms on
dislocations is insufficient to confine the moving dislocations to the y
matrix phase channel. Consequently, some dislocations have penetrated
the Y precipitate phase. Additionally, Re atoms tend to be distributed at
the y/y interface, with some Re atoms gradually infiltrating the y' pre-
cipitate phase [20,21,45]. At this time, the Re atoms that have entered
the ' precipitate phase in the superalloy sample with Re will have a drag
effect on the dislocation motion, as shown in Fig. 8. The drag effect of Re
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on the dislocation results in a stronger obstacle to the movement of the
dislocation in the y' precipitate phase. This impedes the movement of the
dislocation in the y' precipitate phase, making it more challenging to
shear the y' precipitate phase, which further reduces the occurrence of
plastic deformation in the y' precipitate phase. In addition, from Fig. 8, it
can also be observed that the dislocations in the y' precipitate phase of
superalloys with Re addition are considerably fewer than those in the
superalloys without Re addition, resulting in a significantly lower
dislocation density in the superalloys with Re addition. Meanwhile, this
lower dislocation density also results in a fewer dislocation shearing the
Y precipitate phase. This is one of the reasons for the reduction in the
plastic deformation in the y' precipitate phase of the superalloys with Re
addition during TMF loading. In other words, the superalloys with Re
addition exhibit a lower plastic strain energy density.

Fig. 9 shows the microstructure evolution characteristics of the su-
peralloys with and without Re during the OP-TMF loading process. Since
the model of superalloys used in the present simulation is an atomic
model with a three-dimensional cubic structure, only the microstruc-
tural evolution characteristics of the y matrix phase can be observed on
the surface of the sample, to clearly observe the microstructure char-
acteristics within the y' precipitate phase, a cross-sectional analysis of
the samples of superalloys is performed along the X direction to analyze
the microstructural characteristics of y matrix and y' precipitate phases.
By comparing Fig. 9 (a) and 9 (c), it can be observed that in the super-
alloys without Re addition, some dislocations and stacking faults (SFs)
occur on the surface of the sample (i.e., the y matrix phase), but these
dislocations and SFs in the y matrix phase gradually decrease as the
loading progresses (as the strain increases from 0 to 3%). Moreover, it
can be observed from the cross-section of the model that some disloca-
tions have obviously cut into the y' precipitate phase, resulting in
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(b)

Without Re addition,
e=0%,T=750K

With Re addition,
e=0%, T=750K

(d)

Without Re addition,
£=3%, T=300K

With Re addition,
e=3%,T=300K
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Fig. 8. Re atoms produce dragging effect on the dislocation motion of the su-

peralloys under OP-TMF loadings. (a) Without Re addition, e = 0%, T = 750 K,

(b) With Re addition, ¢ = 0%, T = 750 K, (¢) Without Re addition, ¢ = 3%,
T = 300 K, (d) With Re addition, ¢ = 3%, T = 300 K.

significant plastic deformation of the y' precipitate phase. For the sample
of superalloys with Re addition, from the comparison between Fig. 9 (b)
and 9 (d), it can be found that the dislocations are mostly confined to the
y matrix phase and the y/y' interface during the loading process, and few
dislocations can enter the y' precipitate phase. This is due to the pinning
effect caused by Re atoms, which continuously hinders the movement of
dislocations, increases the resistance of dislocations to enter the y' pre-
cipitate phase, leading to the dislocations are only concentrated in the y
matrix phase and at the y/y’ interface, and unable to enter the y' pre-
cipitate phase. As the cyclic loading continues, some dislocations break
through the pinning force and cut into the y' precipitate phase. Re
further participates in the drag effect on dislocations to further prevent
their movement, although some dislocations y' precipitate phase in the
later of cycling loading. Therefore, almost no obvious plastic deforma-
tion occurs in the y' precipitate phase of superalloys with Re addition.
This comparison demonstrates that the pinning and dragging effects of
Re on dislocation motion effectively impede the movement of disloca-
tions. As a results, the plastic deformation and plastic strain energy
density decreases, Correspondingly, the fatigue resistance performance
of superalloys with Re addition is enhanced.

It is precisely because of the pinning and dragging effects of Re on the
dislocation motion during cyclic loading that dislocation motion is
hindered and hardly entered the y' precipitate phase, thereby improving
the stability of the microstructure and exhibiting less plastic deforma-
tion in the y' precipitate phase. In addition, the hindrance of dislocation
motion in the superalloys with Re addition is attributed to the pinning
and dragging effects of Re, which results in higher cyclic stress ampli-
tude in the superalloys with Re addition. The pinning and dragging ef-
fects of Re on dislocation motion is well supported by relevant
experimental observations [68,69].
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3.5. Effects of Re on interface energy and fatigue life

Interface energy, also known as surface energy, describes the energy
per unit area at a two-phase interface [70]. According to the definition of
interface energy, in Ni-based superalloys, the interface energy can be
calculated using the following equation:

Emml - (Ey + Ey‘)
2A

Kinterface = 1)
where Eioa refers to the total potential energy of the entire system
during the relaxation process of the Ni-based superalloys samples; E,
represents the total potential energy of y phase in the system; E, rep-
resents the total potential energy of y' phase in the system; A represents
the area of y/y' interface.

During the calculation process, two Ni-based superalloys samples
with 3%Re addition and without Re addition are constructed to calcu-
late the Eyo) and A. Subsequently, the y phase and y' phase with the
same composition as the Ni-based superalloys samples are separately
constructed to calculate E, and E,. Fig. 10 shows the changes in interface
energy during the relaxation process of Ni-based superalloys with and
without Re addition. It can be seen that the addition of Re results in a
lower interface energy, indicating that Re can strengthen the interface
and make it more stable.

After the sample relaxation is completed, MD simulation is further
used to perform TMF loading. Based on the current simulation, the
Coffin-Manson equation improved by Ostergren [71] was used to esti-
mate the fatigue life:

Ci = AWN! = A6 Ae,N7 2

C=(C1 /1) =Ouax Ag,N/ 3)
Where A, C, C; and g are material constants, oy, is the maximum
tensile stress, Aep is the plastic strain range, and AWr is tensile hysteretic
energy. In equation (3), due to C and  are material constants, they only
depend on material properties. Thus, the Ostergren parameter o,y (Aep
is the determining factor of fatigue life, the larger the value of this
Ostergren parameter is, the lower the fatigue life is. Since the cycle has
completely entered stable state in the 30th cycle, the data from the 30th
cycle in the stable state are selected for calculation, the detailed pa-
rameters are shown in Table 3.

As stated previously, the mechanical properties of the superalloys
under OP-TMF loading determines the TMF life of Ni-based single crystal
superalloys [13,14,47,67]. In this work, the fatigue behaviors of the
superalloys with and without Re addition under OP-TMF loading are
selected for analysis, it is assumed that the constant values of C and f are
identical values in the superalloys with and without Re addition. From
Table 3, we can see that the Ostergren parameter o,x (Acp (15.29) of
superalloys with Re addition is lower than that of superalloys without Re
addition (22.15). Therefore, it can be concluded that the superalloys
with Re addition has a longer fatigue life than that of superalloys
without Re addition, which indicates that the addition of 3%Re can
improve the fatigue strength and fatigue life of the superalloys, it has
been supported by early experimental results [50].

4. Conclusions

In this study, MD simulation is used to analyze the mechanical
properties and microstructural evolution characteristics of Ni-based
single crystal superalloys with and without Re addition under TMF
loading. The influences of Re on the TMF mechanical properties and
microstructure evolution of the superalloys are analyzed. Moreover, the
micro-mechanisms of enhancing fatigue resistance and improving the
TMF life are explained at atomic scale. The main conclusions are as
follows.
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Fig. 9. Microstructure characteristics of the superalloys with and without Re addition under OP-TMF loadings. (a) Without Re addition, ¢ = 0%, T = 750 K, (b) With
Re addition, ¢ = 0%, T = 750 K, (c¢) Without Re addition, ¢ = 3%, T = 300 K, (d) With Re addition, ¢ = 3%, T = 300 K.
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Fig. 10. Changes in interfacial energy during the relaxation process of super-
alloys with and without Re addition.

(1) Adding 3%Re to Ni-based single crystal superalloys can signifi-
cantly improve TMF mechanical properties of superalloys,
including: increasing the stress range and cyclic stress amplitude,
reducing the plastic strain energy density and energy dissipation
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during TMF loading process, and improving the interface stability
and TMF life of superalloys, which are similar to the effect of
adding Re on low cycle fatigue performance of superalloys.

(2) Adding 3%Re almost does not change the basic cycle character-
istics, but can increase the maximum tensile stress and the
maximum compressive stress of the superalloys under TMF
loading. The cyclic stress-strain curves of the superalloys still
exhibit tension-compression asymmetry under TMF loading. In
IP-TMF test, the maximum tensile stress is lower than the
maximum compressive stress of the superalloys, while the
maximum tensile stress is higher than the maximum compressive
stress in OP-TMF test.

(3) Adding 3%Re can improve the TMF mechanical properties and
fatigue life of the superalloys mainly depends on the pinning and
dragging effects of Re on dislocation motion. In the early stage of
cyclic loading, the Re atoms exert a pinning effect on dislocation
motion, making it difficult for the dislocations to enter the y'
precipitate phase. In the later stage of cyclic loading, Re atoms
gradually enter the y' precipitate phase, which also impedes the
movement of dislocations within the y precipitate phase by
exerting a dragging effect on the dislocations.

The current atomic model is based on the ideal Ni-NigAl alloy model
to analyze the effect of doping with Re atoms on the TMF mechanical
properties of the superalloys, effectively explaining the reason why
adding Re atoms improves the TMF life of superalloys at the atomic
scale. Of course, the real superalloys (such as: CMSX-4) contain more
complex elements such as Ni, Al, Re, Cr, W, Ta, Ti, etc. In future
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Table 3

Progress in Natural Science: Materials International 36 (2026) 205-214

Mechanical parameters and predicted fatigue life of the superalloys with and without Re addition under OP-TMF loading.

Samples Ae (%) Agp (%) Omax, ¢ (GPa) Omax, ¢ (GPa) Ac (GPa) Omax,t Agp Fatigue life
OP-TMF Without Re 6.0 3.55 6.24 -3.62 9.86 22.15 Ny (with Re) >
With Re 6.0 2.08 7.35 —4.67 12.02 15.29 Ny (without Re)

research, atomic models containing more complex doping elements can
be further established to deeply explore the influence of doping elements
on the mechanical properties of superalloys.
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