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A B S T R A C T   

This paper presents a comprehensive investigation into the low cycle fatigue (LCF) and creep-fatigue interaction 
(CFI) behavior of 2.25CrMoV steel at an elevated temperature of 455 ◦C. The LCF tests are conducted using a 
triangular waveform with varying strain amplitudes ranging from 0.4 % to 0.7 %. Furthermore, the CFI tests are 
conducted using a trapezoidal waveform with different hold times and hold directions. To gain further insights, 
the microstructure and fracture behavior of the steel are characterized using optical, scanning, and transmission 
electron microscopy techniques. The results reveal that the softening behavior and fatigue life degradation of the 
steel are dependent on the applied strain amplitude, hold time, and hold direction. Higher strain amplitudes in 
the LCF tests lead to an increased number of crack initiation sources. During the CFI tests, fatigue fracture is 
identified as the primary failure mechanism under tensile hold conditions, and an increase in hold time promotes 
crack propagation. The interaction between fatigue and creep is found to be more significant in compressive hold 
and tensile compressive combination hold conditions. Microstructure analysis demonstrates that the lath 
structure recovers during cyclic loading, resulting in cyclic softening. Finally, a modified energy-based model is 
proposed to distinguish the different roles of tensile energy and compressive energy in the fatigue process. The 
proposed model accurately predicts the fatigue life of the 2.25CrMoV steel, as demonstrated by the good 
agreement between the experimental and predicted results.   

1. Introduction 

With the rapid development of petrochemical industry, hydrogena-
tion equipment is now required to operate at higher temperatures and 
pressures [1–3]. The traditional 2.25CrMo steel, which has been 
commonly used in hydrogenation equipment, is no longer suitable for 
new processes [4,5]. However, the carbides formed by the addition of V 
element and carbon element in the steel can significantly enhance its 
high temperature performance [6–8]. Therefore, V-modified steels, such 
as 2.25CrMoV steel, have been introduced as replacements for tradi-
tional 2.25CrMo steel in the manufacturing of hydrogenation equip-
ment. During operational conditions, the high-temperature components 
within the hydrogenation reactor are often subjected to cyclic loading, 
including startup and shutdown periods [9–11]. Additionally, in 
high-temperature and high-pressure working environments, creep 
damage inevitably occurs [12–14]. Consequently, these components 
always experience damage caused by low cycle fatigue (LCF) and creep 

fatigue interaction (CFI) [15–17]. 
In the past decades, extensive studies have been conducted on the 

LCF and CFI of various materials, including 304SS and 316SS [18–21], 
2.25Cr1Mo steel [22,23], and 9Cr–1Mo steel [24], among others. In 
LCF, materials typically exhibit cyclic hardening or softening behavior. 
For instance, Paul et al. [25] investigated LCF behavior of 304LN SS and 
found that it displayed cyclic hardening characteristics due to disloca-
tion multiplication and tangle during fatigue, enhancing its resistance to 
deformation. Tian et al. [26] observed that 2.25CrMoV steel undergoes 
dislocation rearrangement during cyclic loading, reducing its ability to 
resist cyclic deformation and leading to local stress concentration. These 
stress concentration areas further promote local deformation and 
microcrack propagation of the material, resulting in significant cyclic 
softening. Studies on EUROFER97 by Zahran et al. [27–29] revealed 
pronounced cyclic softening, particularly at higher temperatures and 
strain amplitudes. The elevated temperature and high strain amplitude 
cause increased microstructural instability, leading to cyclic softening 
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[30]. During cyclic loading, a decrease in dislocation density within the 
lath structure and recovery of low-angle grain boundaries were also 
observed [31,32]. These characteristics contribute to cyclic softening, 
particularly at high temperatures, accompanied by enhanced localized 
oxidation at the surface slip bands [33]. On the other hand, CFI tests 
usually involve introducing hold times based on the LCF tests, and the 
effects of hold time and direction on material deformation behavior 
have been investigated. Srinivasan et al. [18] and Mohammad et al. [20] 
studied the CFI deformation of 316L(N) SS and found that fatigue life 
decreased with increasing hold time. Chen et al. [34,35] studied the CFI 
behavior of 2.25Cr1Mo(V) steel and observed stress relaxation during 
hold time, which could influence fatigue life. In comparison with tensile 
hold, compressive hold has a relatively minor impact on fatigue life, and 
Goswami’s research even indicated that compressive hold was beneficial 
for fatigue life at higher strain ranges [36]. Rho’s study on Nb-A286 
alloy also obtained similar results, showing that compressive hold can 
heal creep voids, reducing interaction with grain boundary precipitates 
and resulting in less damage [37]. For 2.25Cr1Mo steel, 9Cr–1Mo steel, 
and RAFM steel, previous studies have shown that compressive hold 
results in a shorter life compared to tensile hold [22,24,38,39]. This 
trend can be attributed to the generation of mean tensile stress during 
compressive hold, which promotes creep damage. Additionally, the 
oxidation-fatigue interaction plays a role. Shankar’s research on RAFM 
steel indicated that tensile hold tends to form thicker oxide films, 
passivating cracks surfaces. Conversely, compressive hold breaks down 
the oxide film, increase oxidation, promote crack growth, and reduce life 
[38]. Although a large amount of CFI of different materials have been 
reported [40–45], related LCF and CFI data on 2.25CrMoV are still 
limited. Therefore, studying LCF and CFI of 2.25CrMoV is crucial for 
gaining a comprehensive understanding of material properties and life 
prediction of this alloy. 

In this work, a series LCF and CFI tests are conducted on 2.25CrMoV 
steel. The deformation behaviors, including cyclic stress response, cyclic 
stress-strain hysteresis loop, and stress relaxation, are discussed. Then, 
the microstructure characterization and fracture morphology are pre-
sented. The detailed relationship between cyclic deformation, micro-
structure evolution, and fracture morphology of 2.25CrMoV steel under 
LCF and CFI conditions is further discussed. Finally, a modified energy- 
based life prediction model for 2.25CrMoV steel is proposed, which 
distinguishes the roles of tensile and compressive energy, and its accu-
racy is verified through the test data. 

2. Experimental procedures 

The material under investigation in this study is a 2.25CrMoV steel, 
and its chemical composition is presented in Table 1. According to ASTM 
E606 [46], cylindrical specimens were fabricated, featuring a gauge 
length of 15 mm and a diameter of 6 mm (Fig. 1). 

Both LCF and CFI tests were carried out under a strain rate of 1×
10− 3s− 1 and a temperature of 455 ◦C. For the LCF tests, different strain 
amplitudes of 0.4 %, 0.5 %, 0.6 %, and 0.7 % were applied. Shankar 
et al. [38] suggested that the CFI tests introduce hold time at lower strain 
amplitudes to approach the real situation. Accordingly, a strain ampli-
tude of 0.4 % was chosen for the CFI tests, with tensile hold times 
ranging from 5 s to 180 s. Additionally, different hold directions were 
applied at hold times of 10 s and 60 s, as outlined in Table 2. Further-
more, CFI tests with varying strain amplitudes were conducted under a 
hold time of 60 s to examine the influence of strain amplitudes. The 
loading waveforms for both the LCF and CFI tests are presented in Fig. 2. 

The fatigue life (Nf) was defined as the point at which a 10 % decrease in 
peak tensile stress occurred during the stable stage of the test. 

After LCF and CFI failure, the microstructure of the specimens was 
characterized to unravel the underlying microstructural damage mech-
anisms and fracture features. For the fractured specimens, a two-fold 
approach was employed. Firstly, one portion was examined using a 
scanning electron microscope (SEM, JSM-6360LV) to provide a macro-
scopic view of the fracture surface. Secondly, the remaining section was 
studied using a transmission electron microscope (TEM, JEOL-2100F) to 
investigate the microstructure at a finer scale. This section was carefully 
cut near the fracture surface to obtain thin plates with a thickness of 0.5 
mm. These plates were subsequently polished and stamped into slices 
measuring 80 μm in thickness and 3 mm in diameter. 

3. Experimental results and discussion 

3.1. Cyclic stress response 

The cyclic stress response under various loading conditions is 
depicted in Fig. 3. The cyclic softening curve exhibits three distinct 
stages: rapid softening, stable, and final failure stage. During the final 
failure stage, macro cracks become apparent on the test specimen, 
leading to a rapid decrease in peak tensile stress as a result of crack 
propagation [47]. Under LCF condition (Fig. 3(a)), as the strain ampli-
tude increases, the softening characteristics of the material become more 
pronounced. Introducing a hold time does not alter the cyclic softening 
behavior but accelerates the softening process (Fig. 3(b) and (c)). This 
accelerated softening can be attributed to the creep strain generated 
during the hold time, which affects the internal microstructure of the 
material and reduces its ability to resist cyclic deformation [48]. 
Regarding the cyclic softening curves with different hold directions 
(Fig. 3(d)), the combination of tensile and compressive hold exhibits the 
most pronounced cyclic softening behavior. Conversely, the difference 
between shorter hold times and the sole application of either tensile or 
compressive hold is not significant. 

The softening ratio (S) was also adopted in the present study to 
further elucidate the influences of hold time and hold direction, which is 
expressed as the following equation [49]: 

S=
(
σ1

a − σhalf
a

) /
σ1

a (1)  

where σ1
a and σhalf

a are the stress amplitudes at the first cycle and half-life 
cycle. The softening ratio (S) exhibits an increasing trend with the in-
crease of strain amplitude, as illustrated in Fig. 4(a). Upon introducing a 
hold time (Fig. 4(b)), the softening ratio demonstrates an overall in-
crease, although the extent of this increase varies. Moreover, as the hold 
time is prolonged, the softening ratio continues to rise, with different 
hold directions yielding distinct effects. Notably, compressive hold 
generates the lowest softening ratio, while the combination of tensile 
and compressive hold yields the highest ratio. During cyclic loading, the 
dislocations within the material undergo rearrangement, reducing its 
ability to resist deformation [24]. This, in turn, promotes cyclic soft-
ening and leads to the occurrence of local stress concentrations. These 
localized stress concentration areas further facilitate local deformation 
and microcrack propagation within the material [26]. 

The evaluation of mean stress is another crucial indicator of cyclic 
deformation behavior under both LCF and CFI loading conditions. Fig. 5 
presents the evolution of mean stress under different loading conditions. 
In the LCF tests, an asymmetric behavior was observed, with the mean 
stress exhibiting a compressive trend. Fig. 5(a) illustrates that the most 

Table 1 
Chemical compositions of 2.25Cr1MoV steel (Wt.%).  

C Si Mn P S Cr Mo Ni V Cu Al 

0.15 0.07 0.56 0.006 0.002 2.44 0.96 0.12 0.263 0.03 0.011  
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pronounced asymmetric behavior occurs at a strain amplitude of 0.4 %, 
and this asymmetry weakens as the strain amplitude increases. During 
the third stage of cyclic softening, as the initiation and propagation of 
macroscopic crack, the mean stress experiences a rapid increase until 
failure. Upon introducing a hold time (Fig. 5(b) and (c)), the asymmetric 
behavior and compressive mean stress are enhanced, while the overall 
trend of mean stress evolution remains unchanged. Furthermore, with 
the increase of time, the asymmetric behavior become increasingly 
evident. The mean stress generated by different hold directions also 
exhibits variations, as shown in Fig. 5(d). Compressive hold results in a 
mean tensile stress, whereas the combination of tensile and compressive 
hold ultimately leads to a mean compressive stress. Both of these stresses 
increase with longer hold times. Notably, some investigations [42,50] 
have indicated that the introduction of hold time can accelerate the 
evolution of the material’s microstructure. 

Fig. 6 illustrates the fatigue life under different loading conditions. 
Both LCF and CFI loadings (Fig. 6(a)) exhibit a notable reduction in 
fatigue life with increasing strain amplitude. Additionally, the intro-
duction of hold time exacerbates the creep damage, leading to further 
reduction in fatigue life. Fig. 6(b) provides a comparative analysis of the 
effects of different hold times and hold directions on fatigue life. It is 
evident that the effect of hold time on fatigue life becomes more 

pronounced with increasing hold time. As the hold time increases, the 
fatigue life continuously decreases. Moreover, the fatigue life under 
compressive hold is shorter compared to that under tensile hold. 
Notably, when a combination of tensile and compressive hold is applied, 
the fatigue life experiences an even greater reduction. This observation 
may be attributed to oxidation and microstructural changes, which 
contribute to the decreased fatigue life. 

3.2. Cyclic stress-strain hysteresis loop 

Fig. 7(a) and (b) present the influence of strain amplitude and the 
introduction of hold time on the half-life stress-strain hysteresis loop in 
LCF and CFI tests, respectively. As the strain amplitude increases (Fig. 7 
(a)), the peak tensile stress increases continuously, accompanied by an 
increase in the width of the hysteresis loop. Upon introducing the hold 
time (Fig. 7(b)), obvious stress relaxation occurs in the maximum strain. 
The enclosed area of the hysteresis loop represents the plastic strain 
energy generated by the material during a single loading cycle. A larger 
area indicates greater plastic deformation of the material and higher 
consumption of plastic strain energy. The variation of stress-strain 
hysteresis loops with different hold times is relatively insignificant, as 
depicted in Fig. 7(c). When the hold time is less than 60 s, the hysteresis 
loops remain largely consistent. However, with an increase in hold time 
to 180 s, the tensile peak stress exhibits a evident decrease. In Fig. 7(d) 
and (e), the stress-strain hysteresis loops under different hold directions 
are compared. Comparing the results at 10 s and 60 s, it is evident that 
the peak tensile stress under compressive hold is slightly higher than 
that under other conditions. Furthermore, the hysteresis loop width is 
greater for the tensile hold and the combination of tensile and 
compressive hold, in comparison to the compressive hold condition. 

Fig. 8 provides a comparison of the plastic strain energy under 
different loading conditions. As the strain amplitude increases (Fig. 8 
(a)), the plastic strain energy during the half-life period also increases, 
resulting in greater damage and a reduction in fatigue life. Furthermore, 
comparing the plastic strain energy of different hold times (Fig. 8(b)), it 
is evident that the plastic strain energy increases with longer hold times. 
Regarding different hold directions, the compressive hold exhibits the 
lowest amount of plastic strain energy, while the combination of tensile 
and compressive hold demonstrates the highest amount. Fig. 8(c) and 
(d) respectively show the proportion of tensile plastic strain energy and 
compressive plastic strain energy under different strain amplitudes and 
tensile hold times of the half-life cycle. It is observed that the 
compressive plastic strain energy is slightly higher than the tensile part, 
indicating that compressive plastic strain energy contributes more 
significantly to material damage. This observation should be taken into 
account when predicting the material’s fatigue life. 

3.3. Evolution of stress relaxation 

In the CFI tests, stress relaxation occurs during the hold time (Fig. 7), 
leading to an increase in creep strain and creep damage. Fig. 9 depicts 
the relationship between relaxed stress and time during the half-life 
cycle under different loading conditions. It is observed that at the 
onset of the hold time, there is a rapid decrease in stress. At different 
strain amplitudes, as shown in Fig. 9(a), the stress experiences an initial 
rapid decline within the first 10 s, followed by a stabilization stage with 

Fig. 1. Schematic illustration of the specimen (units: mm).  

Table 2 
Detailed test conditions for 2.25CrMoV steel.  

Test No. Temperature 
(◦C) 

strain 
amplitude 
(%) 

Hold 
time 
(s) 

strain 
rate 
(s− 1) 

Fatigue 
life (N) 

IF04455 455 ±0.4 / 1 ×
10− 3 

2725 

IF05455 455 ±0.5 / 1 ×
10− 3 

1184 

IF06455 455 ±0.6 / 1 ×
10− 3 

811 

IF07455 455 ±0.7 / 1 ×
10− 3 

591 

IF04455TH5 455 ±0.4 5 1 ×
10− 3 

2021 

IF04455TH10 455 ±0.4 10 1 ×
10− 3 

1839 

IF04455TH30 455 ±0.4 30 1 ×
10− 3 

1764 

IF04455TH60 455 ±0.4 60 1 ×
10− 3 

1556 

IF04455TH180 455 ±0.4 180 1 ×
10− 3 

1443 

IF04455CH10 455 ±0.4 10 1 ×
10− 3 

1720 

IF04455TCH10 455 ±0.4 10 1 ×
10− 3 

1690 

IF04455CH60 455 ±0.4 60 1 ×
10− 3 

1536 

IF04455TCH60 455 ±0.4 60 1 ×
10− 3 

1126 

IF05455TH60 455 ±0.5 60 1 ×
10− 3 

960 

IF06455TH60 455 ±0.6 60 1 ×
10− 3 

617 

IF07455TH60 455 ±0.7 60 1 ×
10− 3 

507  
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a slower rate of stress decrease, ultimately reaching a steady state. 
During this stable state, the stress relaxation curves exhibit parallel 
behavior regardless of the strain amplitude, indicating that the stress 
relaxation rate remains unaffected by the strain amplitude. As the hold 
time increases (Fig. 9(b)), the stress evolution curves nearly overlap 
within 60 s. However, when the hold time extends to 180 s, a significant 
increase in stress relaxation is observed. Fig. 9(c) compares the effects of 
different hold directions on stress relaxation. The stress evolution curves 
for both tensile hold and compressive hold are parallel, with similar 

stress relaxation rates and amounts during the hold time. However, for 
the combination of tensile and compressive hold, the stress relaxation 
amount increases due to the longer hold time. 

The stress relaxation amount per cycle is also a important parameter 
that describes the CFI behavior of materials. Fig. 10 depicts the evolu-
tion of the stress relaxation amount under different strain amplitudes, 
hold times, and directions. Evidently, stress relaxation amount also ex-
hibits three distinct stages: rapid softening, stable and final failure. The 
increase in strain amplitude has little impact on the stress relaxation 

Fig. 2. Loading waveform: (a) LCF, (b) CFI with tensile strain hold (TH), (c) CFI with compressive strain hold (CH), and (d) CFI with balanced strain hold (TCH).  

Fig. 3. Cyclic stress response: (a) LCF, (b) tensile hold at different strain amplitudes, (c) tensile hold with different hold times, and (d) different directions hold.  
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Fig. 4. Softening ratio: (a) LCF and CFI at different strain amplitude and (b) CFI with different hold times and directions.  

Fig. 5. The evolution of mean stress under different loading conditions: (a) LCF, (b) tensile hold at different strain amplitudes, (c) tensile hold with different hold 
times, and (d) different directions hold. 

Fig. 6. Fatigue life under different loading conditions: (a) LCF and CFI at different strain amplitudes, and (b) CFI with different hold times and directions.  
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amount, as shown in Fig. 10(a). However, as depicted in Fig. 10(b), the 
stress relaxation amount increases with longer hold times. It is worth 
mentioning that stress relaxation amount reaches a stable state at a hold 
time of 60 s, as evidenced by achieving the same value of relaxation 
stress as the 30 s hold time. However, when the hold time is sufficiently 
long, such as 180 s, a significant increase in stress relaxation amount is 
observed again. This can be attributed to the long-term CFI test, which 
results in microstructure evolution and severe oxidation [48]. The in-
fluence of different hold directions on stress relaxation is also relatively 
small, as shown in Fig. 10(c). The stress relaxation curves for both tensile 
hold and compressive hold align closely. 

3.4. Fractographic observation 

Fig. 11 presents the fractographs of LCF specimens at different 
magnifications, with Fig. 11(c) and (d) providing locally magnified 
views. The yellow arrows indicate the location of crack initiation. It is 
evident that higher strain amplitudes result in a greater number of crack 
initiation sites (Fig. 11(a) and (b)). The matrix and surface of the ma-
terial generate more slip bands to adapt to high strain amplitude, and the 
slip bands on the surface facilitate the nucleation of cracks [51], thus 
multiple crack initiation sites are observed. The fatigue striation 
morphology of the specimens tested at 0.4 % and 0.7 % strain 

Fig. 7. Cyclic stress-strain hysteresis loop under different conditions: (a) LCF, (b) tensile hold at different strain amplitude, (c) tensile hold with different hold times, 
(d) and (e) different directions hold with 10 s and 60 s. 

Fig. 8. Plastic strain energy under different loading conditions: (a) LCF and CFI under different strain amplitudes, (b) different hold times and directions, (c) and (d) 
plastic strain energy at different directions. 
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Fig. 9. The evolution of stress with hold time under different loading conditions: (a) tensile hold with different strain amplitudes, (b) tensile hold with different hold 
times, and (c) different hold directions. 

Fig. 10. The evolution of stress relaxation amount: (a) tensile hold at different strain amplitudes, (b) tensile hold with different hold times, and (c) different 
hold directions. 

Fig. 11. Fractographs of LCF specimens at different strain amplitudes: (a) and (c) 0.4 %; (b) and (d) 0.7 %.  
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amplitudes is shown in Fig. 11(c) and (d). These fatigue striations are 
initially generated by the blunting and sharpening process of cracks 
caused by dislocation slip in the plastic zone at the fatigue crack tip 
during cycles [52]. 

Fig. 12 shows the fractographs of CFI failed specimens with different 
hold times. Upon introducing the hold time, additional crack initiation 
sources can be observed (indicated by yellow arrow), as shown in Fig. 12 
(b) and (c). This occurrence can be attributed to the surface oxidation of 
the specimens during long-term CFI tests. Despite the hold time, fatigue 
striations can still be observed on the fractographs (Fig. 12(e) and (f)). 
As the hold time increases, the distance between fatigue striations 
gradually increases. The distance between fatigue striations reflects the 
crack propagation rate, and an increase in distance indicates an accel-
erated crack propagation rate [25]. In addition, the common creep void 
characteristics in the CFI tests only exist in a small amount under tensile 
hold for 180 s (indicated by green arrow), indicating that the damage 
mechanism is still fatigue fracture, and an increase in hold time has a 
significant promoting effect on crack propagation. 

Fig. 13 illustrates the fractographs of CFI failed specimens subjected 
to different hold directions. In comparison to the fractographs obtained 
during the tensile hold (Fig. 13(a)), the wear during the compressive 
hold period is relatively severe, resulting in a relatively unclear fracto-
graph. Nevertheless, it is still discernible that numerous crack initiation 
sites exist in Fig. 13(b) and (c). Fatigue striations are also evident in the 
fractographs across different hold directions, and a significant number 
of creep voids are observed in the fractographs of the compressive hold 
and the combination of tensile and compressive hold. The simultaneous 
appearance of creep voids and fatigue striations indicates a strong 
interaction between fatigue and creep, resulting in creep damage that 
reduces the fatigue life of CFI tests. Among the different hold directions, 
the combination of tensile and compressive hold (Fig. 13(e)) exhibits the 
highest number of creep voids, thus indicating its shortest fatigue life. 

3.5. Microstructure evolution 

Fig. 14 shows the TEM micrographs of the material under various 
loading conditions. It can be found from Fig. 14(a) that the micro-
structure of the raw 2.25CrMoV primarily consists of a lath structure. 

After undergoing cyclic loading (Fig. 14(b)), the lath structure partially 
recovers, and localized substructure formation occurs with a low dislo-
cation density. However, upon introducing the hold time (Fig. 14(c)), 
the lath structure undergoes heterogeneous coarsening and exhibits a 
tendency to transform into a cell structure after a tensile hold for 60 s at 
a 0.4 % strain amplitude. As the hold time or strain amplitude increases 
(Fig. 14(d) and (f)), the microstructure undergoes more uniform coars-
ening, and the lath structure gradually transitions into a homogeneous 
dislocation cell structure. Similar observations were reported by Four-
nier et al. [53] in their study on P91 steel, where the martensite lath 
structure exhibited heterogeneous coarsening at low strain amplitudes 
and short hold times, while under high strain amplitudes and long hold 
times, the microstructure displayed uniform coarsening. Zhang et al. 
[54–56] also observed the interrupted samples of LCF and CFI tests of 9 
% Cr steel at high temperature by TEM and found that martensite lath 
structure gradually evolved into uniform dislocation cell structure, 
leading to cyclic softening. Fig. 14(e) displays the TEM microstructure of 
the material subjected to the combination of tensile and compressive 
hold. In this case, the lath structure transforms into low-energy cell 
structure with more uniform distribution. This transformation further 
reduces the resistance to CFI deformation, resulting in dislocation 
rearrangement. Consequently, cyclic softening and premature failure 
are observed. 

4. Fatigue life prediction  

(1) Traditional energy model 

Plastic strain energy reflects the energy dissipation during the fatigue 
process. The use of plastic strain energy density as a damage parameter 
has been widely used to characterize the LCF behavior of steels at 
elevated temperatures [57]. The traditional life prediction model based 
on plastic strain energy is as follows: 

A
(
ΔWp

)b
=Nf (2)  

where Nf is the fatigue life, ΔWp is the plastic strain energy, A and b are 
material constants. Fig. 15 shows the comparison between the fatigue 

Fig. 12. Fractographs of CFI specimens with different hold times: (a) and (d) 0.4 % TH0; (b) and (e) 0.4 % TH60; (c) and (f) 0.4 % TH180.  
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life predicted by the traditional energy model and experimental data, 
with A = 6408 and b = − 1.306. It is obvious that except for a few points, 
most predictions are within the 1.5 times error. Traditional energy 
methods have good prediction accuracy for LCF, while life prediction for 
CFI is generally larger than the experimental life. However, all data 
points remain within a 2 times error, indicating relatively high 

prediction accuracy of traditional energy methods.  

(2) Modified energy-based model 

Due to the fact that traditional energy methods are mostly applicable 
to the LCF tests for predicting fatigue life, a modified energy-based 

Fig. 13. Fractographs of CFI specimens with different hold directions: (a) and (d) 0.4 % TH60; (b) and (e) 0.4 % CH60; (c) and (f) 0.4 % TCH60.  

Fig. 14. TEM micrographs of (a) raw material, (b) 0.4 % LCF, (c) 0.4 % TH60, (d) 0.4 % TH180, (e) 0.4 % TCH60, and (f) 0.7 % TH60.  
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model considering the effect of CFI is necessary. In light of the distinct 
roles played by tensile and compressive plastic strain energy in CFI tests, 
the traditional energy method was accordingly modified with the 
following expression: 

A
(
ΔWpp

)b
=Nf (3)  

ΔWpp = n • ΔWpt + m • ΔWpc (4)  

where Nf is the fatigue life, ΔWpp is the modified plastic strain energy, 
ΔWpt is the plastic strain energy of tensile section, ΔWpc is the plastic 
strain energy of compressive section, A and b are material constants, n 
and m are the contribution values of ΔWpt and ΔWpc, and n+ m = 1. 
Fig. 16 displays a comparison between the fatigue life predicted by the 
modified energy method and experimental data, with A = 1873, b = −

1.098, n = 0.49, m = 0.51. The results indicate that the majority of 
predictions fall within a 1.2 times error, showcasing a high level of ac-
curacy in predicting fatigue life. Notably, the modified model also 
demonstrates good performance in predicting the fatigue life of CFI. 
When contrasted with traditional energy methods, the modified model 
exhibits significantly improved prediction accuracy. 

5. Conclusion 

In this paper, a series LCF and CFI tests were conducted to clarify the 
deformation behavior, microstructure evolution and fracture behavior 
of 2.25CrMoV steel at a high temperature of 455 ◦C. The influences of 
strain amplitude, hold time and hold direction are elucidated. Through 
this work following conclusions can be drawn:  

(1) 2.25CrMoV steel exhibits significant cyclic softening in both LCF 
and CFI tests, manifesting three distinct stages: rapid softening, 
stability, and final failure due to crack initiation and propagation. 
In LCF tests, the degree of softening increases with higher strain 
amplitudes, and the introduction of a hold time accelerates the 
softening process. The combination of tensile and compressive 
hold results in the lowest fatigue life, followed by compressive 
hold alone. 

(2) Under tensile hold conditions, fatigue fracture remains the pre-
dominant failure mode, and longer hold times promote crack 
propagation. In compressive hold and tensile-compressive hold 
conditions, an increased presence of creep voids is observed. The 

interaction between fatigue and creep becomes more pro-
nounced, leading to a reduction in fatigue life.  

(3) The lath structure undergoes recovery during cyclic loading, but 
the introduction of hold time results in uneven coarsening of the 
lath structure. With longer hold times or higher strain ampli-
tudes, the microstructure transforms into a uniform low-energy 
dislocation cell structure. This transformation induces disloca-
tion rearrangement, accelerating the process of softening and 
premature failure.  

(4) An improved energy-based model was proposed to predict fatigue 
life under different loading conditions. Compared to the tradi-
tional energy method, the improved model demonstrates higher 
accuracy in predicting the fatigue life of 2.25CrMoV steel. 
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