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Abstract 

In modern fossil and nuclear power plants, the components are subjected to creep, fatigue, and creep-fatigue (CF) 
due to frequent start-up and shut-down operations at high temperatures. The CF interaction on the in-service P92 
steel welded joint was investigated by strain-controlled CF tests with different dwell times of 30, 120, 300, 600 and 900 
s at 650 °C. Based on the observations of the fracture surface by scanning electron microscope (SEM), the character-
istic microstructure of fatigue-induced damage was found for the CF specimens with short dwell times (30 and 120 
s). The hardness, elastic modulus and creep deformation near the fracture edges of four typical CF specimens with 
30, 120, 600 and 900 s dwell times were measured by nanoindentation. Compared to specimens with post-weld heat 
treatment (PWHT), lower hardness and creep strength were found for all CF specimens. In addition, significant reduc-
tions in hardness, elastic modulus, and creep strength were measured near the fracture edges for the CF specimens 
with short dwell times compared to the PWHT specimens. Compared to PWHT specimens (0.007), the increased strain 
rate sensitivities (SRS) of 0.010 to 0.17 were estimated from secondary creep. The increased values of SRS indicate that 
the room temperature creeps behavior is strongly affected by the decrease in dislocation density after the CF tests.
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1  Introduction
Creep-fatigue (CF) interaction is an important type of 
damage for the design of high temperature components 
and the evaluation of the structural integrity of nuclear 
power plants and fossil fuels [1]. It’s a complex load-
ing resulting from creep deformation during long-term 
operation at high temperatures and accumulated fatigue 
damage due to frequent start-up and shutdown opera-
tions. The creep failure is promoted by the formation and 
growth of creep voids at the grain boundaries [2, 3], while 

the fatigue failure is mainly due to the initiation and 
transgranular propagation of surface cracks [4, 5]. The 
linkage and interaction of the two types of damage lead 
to accelerated fracture of alloys. In strain-controlled CF 
experiments, creep damage is produced in the dwell time 
(holding time) at peak tensile or compressive strains. The 
effect of dwell time on the high-temperature CF behav-
ior of alloys has been widely studied in recent years [4, 
6–8]. Chen et  al. [4] suggested that creep-fatigue strain 
increases local deformation, leading to internal inter-
granular cracking and accelerated failure of Ni-based 
alloys. Alsmadi et  al. [6] found that the lifetime of CF 
decreased with increasing holding time, indicating higher 
crack initiation and growth rate of Alloy 709. Neverthe-
less, there are few studies on the behavior of heterogene-
ous materials or structures related to holding time of CF.

A355 P92 steel is widely used in the main steam lines 
of ultra-supercritical generators at 650 °C due to its 
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excellent creep resistance [9]. However, it’s been fre-
quently reported that welded joints made of P92 steel 
fractured prematurely under creep or creep-fatigue load-
ing at 600–650 °C [10, 11]. This is a critical problem that 
threatens the safety of operating power plants and con-
fuses the evaluation of structural integrity. The phenom-
enon of premature fracture can be qualitatively explained 
by the inhomogeneity of the welded joint, which consists 
of the base the metal (BM), the weld metal (WM), and 
the heat-affected zone (HAZ). The heat-affected zone 
can be divided into the fine-grain heat-affected zone 
(FGHAZ) and coarse-grain heat-affected zone (CGHAZ) 
depending on the grain size. Researchers found that the 
premature fracture occurred in the BM region of Cr-Mo 
steel weldment under low-cycle fatigue (LCF) [12, 13], 
while it occurred in the FGHAZ region after long-term 
creep referred to IV-type fracture [10, 11]. In the inter-
action between creep and fatigue, the fracture position 
of the welded joint strongly depends on the prevailling 
damage (fatigue or creep). During the propagation of a 
fatigue crack, the change in mechanical properties near 
the crack tip has great influence on the propagation rate. 
It’s generally accepted that creep voids form and grow 
more easily near the crack tip [14, 15], which reduces 
the mechanical properties near the crack tip and acceler-
etes the propagation speed. In addition, the materials are 
subjected to high stresses, as a high stress concentration 
may occur around the crack tips and creep voids if they 
remain for a long time. This local high stress level could 
promote the accumulation of creep deformation around 
the main cracks and creep voids. Therefore, the local 
creep behavior near main cracks or creep voids should be 
investigated. However, there’s not enough reseach on the 
creep behavior near main cracks (fracture edges) at the 
micro level. Nanoindentation technique is widely used to 
study the mechanical properties such as hardness, elas-
tic modulus and creep deformation at room temperature 
of films, high entropic alloys, ceramics and heterogene-
ous materials at micro/nanoscale [16–21]. Due to the 
high stress field under the nanoindentation indenter, 
the time-dependent deformation (creep) was clearly 
observed within only 500 s at room temperature [16–20]. 
This creep deformation could sufficiently reflect the local 
creep resistance near cracks or creep voids under high 
stress. In Refs. [22–24], the room-temperature creep 

behavior and strain rate sensetivity (SRS) were investi-
gated in the BM, FGHAZ, CGHAZ and WM of P92 steel 
welds under prior CF loading. On the other hand, the 
creep behavior near the fracture edge (main cracks) of 
the CF-tested P92 steel welded joint has not been suffi-
ciently investigated.

In this paper, the interaction between creep and fatigue 
of P92 steel welds is investigated by performing a series 
of strain-controlled CF tests with dwell times of 30, 120, 
300, 600, 900 s at 650 °C. The hardness, elastic modulus 
and creep deformation were measured near the fracture 
edges of four typical CF specimens with dwell times of 
30, 120, 600 and 900 s by nanoindentation. The strain 
rate sensetivities were estimated from secondary creep. 
Based on the observation of the fracture surface by scan-
ning electron microscope (SEM), the intercation between 
creep and fatigue on the local creep behavior near the 
fracture edges of the P92 welded joint were systematically 
investigated.

2 � Materials and Experimental Procedure
2.1 � Materials
In this paper, we’re concerned with a commercial Chi-
nese P92 steel pipe whose cross sections have a diam-
eter, thickness and length of 840 mm × 80 mm × 600 
mm. Two pipes were welded together using gas tung-
sten arc welding (GTAW) and submerged arc welding 
(SAW). The welded pipe was subjected to the post-weld 
heat treatment (PWHT) at 760 °C for 2 h followed by air 
cooling. Non-destructive testing was then performed to 
ensure that the welded joint met industrial requirements. 
The typical chemical composition range for P92 steel and 
the specific compositions of the alloy and filler metal are 
listed in Table 1.

To observe the microstructural inhomogeneity, the 
weld of P92 steel was etched with a mixture of 92 mL 
water, 4 mL hydrofluoric acid and 4 mL nitric acid. The 
microstructures of all regions (BM, FGHAZ, CGHAZ 
and WM) were examined by confocal laser scanning 
microscopy (LSCM, OLYMPUS OLS4500), as shown in 
Figure 1.

2.2 � Creep‑fatigue Experiment Details
The initial mechanical properties of the specimens are 
different for the five sampling sites of the 9%Cr welded 

Table 1  Chemical composition of P92 steel and the welding consumable (wt. %)

Element C Si Mn Ni Cr Mo P S N W B Nb

Specified 0.07–0.13 < 0.50 0.30–0.60 < 0.40 8.50–9.50 0.30–0.60 < 0.02 < 0.01 0.03–0.07 1.50–2.00 10–60 ppm 0.04–0.09

P92 0.106 0.235 0.361 0.108 9.220 0.374 0.017 0.008 0.061 1.61 25 ppm 0.049

P92 wire 0.095 0.150 0.610 0.680 8.360 0.940 0.011 0.007 0.041 1.58 55 ppm 0.078
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joint [23]. Therefore, all specimens were cut at the same 
weld location using electrical discharge machining 
(EDM) to ensure similar initial mechanical properties. 
Figure  2 shows a schematic diagram of the specimen 
removal position for the test specimens. The CF tests 
were performed in the electronic high-temperature 
creep fatigue testing machine (RPL 300), whose maxi-
mum loading capacity was 100 kN. Trapezoidal wave-
forms were used for the CF tests. Strain amplitudes 
were set constant at 0.2% and strain rates at 0.001 s-1. 
The compression dwell time was 30 s, while the ten-
sile dwell time was set as 30, 120, 300, 600, and 900 s, 
respectively. The instantaneous deformation in the 
gauge length of the specimen was measured during the 
CF tests using a strain transducer (Epsilon), where the 
initial gauge length was 25 mm and the data acquisition 
frequency was set as 10 Hz. All specimens were stored 

Figure 1  Microstructures in the (a) BM, (b) FGHAZ, (c) CGHAZ and (d) WM regions for PWHT weld joint

Figure 2  The illustration of the position and geometry of CF 
specimens from the P92 steel welded joint
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at a test temperature of 650 °C for at least half an hour 
before the experiments began. During the test, the tem-
perature variation was strictly maintained at 1 °C using 
three S-type thermocouples attached to the top, middle 
and bottom of the specimen.

2.3 � Details of Nanoindentation Experiment
The nanoindentation experiments were carried out 
using an Agilent Nano Indenter G200 at room tempera-
ture. The samples for nanoindentation were cut from the 
PWHT and CF-tested samples using the EDM method. 
Prior to nanoindentation, all samples were polished to 
a specular surface using a polishing machine (MP-1A). 
The surface roughness (Ra) of the polished samples was 
less than 1 nm. A typical surface topography diagram for 
an area of 489.5 × 489.5 μm2 is shown in Figure 3. Four 
test positions were plotted based on the distance to the 
fracture edge at 50, 150, 250, and 350 μm, as shown in 
Figure 4. Using a standard Berkovich indenter, the hard-
ness and elastic modulus of each region were first meas-
ured using the continuous stiffness modulus (CSM) at a 
constant strain rate of 0.05 s−1. The maximum penetra-
tion depth was 2000 nm. Then, the constant load holding 
method was used to investigate the local creep behav-
ior. Since pronounced creep deformation is caused by 
higher initial penetration depth during nanoindentation 
[19, 24], all initial penetration depths were fixed at 1000 
nm. The nanoindentation creep tests were performed for 
500 s with a strain rate of 0.05 s−1 for the PWHT and the 
typical CF test specimens. To ensure the reliability of the 
nanoindentation results, eight indentations were made in 
each area, and the distance between two adjacent inden-
tations was more than 50 μm. The nanoindentation tests 
were performed until the thermal drift was < 0.05 nm/s. 

The thermal drift correction was strictly calibrated to 
10% of the maximum load after the unloading period.

3 � Results and Discussion
3.1 � Microstructural Evolutions Under Creep‑fatigue 

Interaction
The changes in CF life as a function of dwell times (30, 
120, 300, 600 and 900 s) for the welds are shown in Fig-
ure  5. All CF-tested specimens fractured in the BM 
region. Since it’s tedious and time consuming to perform 
nanoindentation for each specimen in Figure 5, the four 
typical specimens (whose CF lifetimes are close to the 
average) were selected for different dwell times (30, 120, 
600 and 900 s). The CF samples with a dwell time of 300 s 
were not selected because the remarkable discreteness of 

Figure 3  The typical micro-surface topography in the area of 
489.5×489.5 μm2 for the polished sample prior to nanoindentation

Figure 4  Schematic diagrams of nanoindentation position for 
CF-tested specimens

Figure 5  The effect of dwell time (30, 120, 300, 600 and 900 s) on the 
number of cycles to failure for 9%Cr steel welded joint at 650 °C
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their CF life. The CF lifetimes of four typical specimens 
were 1803 for dwell time of 30 s, 2312 for dwell time of 
120 s, 967 for dwell time of 600 s and 417 for dwell time 
of 900 s, respectively. It is clear that the lifetime of CF 
decreased with increasing dwell time in the range of 120 
to 900 s. This observation is consistent with the change in 
CF lifetime with increasing dwell time for P92 steel [15]. 
Nevertheless, the improved CF lifetime with increasing 
dwell time is observed in the range of 30 to 120 s dwell 
times. This phenomenon is not reported for the P92 steel 
welded joint due to the limited data for CF testing.

To investigate the change in CF life with different 
dwell times, the peak tensile stress per cycle was plot-
ted as a function of normalized CF life (N / Nf ) for the 
four typical CF samples in Figure 6. N is the number of 
instantaneous cycles, and Nf represents the number of 
failure cycles. Figure  6 shows two different softening 
behaviors for long dwell times (600 and 900 s) and short 
dwell times (30 and 120 s). For the CF specimens with 
short dwell times, three levels can be seen in Figure  6. 
To illustrate the CF samples with a dwell time of 30 s: in 
the first stage (0–10% CF lifetime), the peak tensile stress 
decreases from about 255 to 200 MPa. Then, a station-
ary stage (10%–60%) occurs where the peak tensile stress 
decreases slightly from 200 to 155 MPa. The third stage 
of the CF specimen starts at 60% of the life, and finally 
the specimen breaks. This softening behavior was also 
observed by Zhang et al. [15] when working on P92 steel 
in the circumferential direction. It is also observed that 
the stress level of the CF specimen with 120 s dwell times 
is slightly lower than that of the specimen with 30 s dwell 
time in all phases. However, only two stages are observed 
for the CF specimens with long dwell times, as shown in 

Figure  6. For the sample CF with 900 s dwell, the peak 
tensile stress decreases rapidly from 270 to 225 MPa in 
first 10% of the lifetime. The decreasing rate becomes 
slow and remains almost constant, and the stress is then 
linearly reduced from 225 to 200 MPa during the remain-
ing CF lifetime. It is also observed that the peak tensile 
stress level (from 250 to 200 MPa at the first stage, from 
200 to 175 MPa at the second stage) is lower in CF with 
600 s dwell time at both stages than with 900 s dwell time. 
The excessive stress level of CF specimen with long dwell 
times may exceed the capacity of cyclic resistance of P92 
steel welded joint and eventually lead to premature frac-
ture. The inelastic strains for the four typical specimens 
were estimated from their hysteresis loops at a 50% life-
time fraction. The inelastic strains of the different dwell 
times were 0.251% (30 s dwell), 0.247% (120 s dwell time), 
0.281% (600 s dwell time) and 0.282% (900 s dwell time). 
The increased inelastic strain could be the reason that the 
long dwell time leads to high peak tensile stress. Moreo-
ver, the significantly increased inelastic strain from 120 s 
dwell time to 600 s dwell time could also lead to the two 
cyclic softening processes.

Stress relaxation is considered a process of creep dam-
age accumulation in strain-controlled CF experiments. 
On the other hand, the stress-strain behavior response 
of the first cycle and the cyclic loading corresponding 
to 50% of the CF life are two representative behaviors to 
show the interaction between creep and fatigue in alloys 
[26–28]. Therefore, the stress relaxation histories of the 
first cycle and the 50% CF life (901 for a dwell time of 
30 s, 1506 for a dwell time of 120 s, 483 for a dwell time 
of 600 s, and 208 for a dwell time of 900 s) are shown in 
Figure  7. For the first cycle of four typical specimens, a 
good overlap of the stress relaxation behavior can be seen 
in Figure  7(a). The stress decreases rapidly from 270 to 
125 MPa in the first 40 s. After that, the stress slowly 
decreases and slightly decreases to 80 MPa with the dwell 
time. At the cyclic loading corresponding to 50% life 
(CF), the peak tensile stress values were different for the 
four specimens: 160 MPa at a dwell time of 30 s, 155 MPa 
at a dwell time of 120 s, 175 MPa at a dwell time of 600 
s and 200 MPa at a dwell time of 900 s, as shown in Fig-
ure 7(b). At the end of the dwell time, the stress was 110 
MPa at a dwell time of 30 s, 70 MPa at a dwell time of 120 
s, 80 MPa at a dwell time of 600 s and 110 MPa at a dwell 
time of 900 s. Since the dwell time for a typical specimen 
is only 30 s, the stress is not completely relieved even in 
the first 40 s of stress relaxation. The stress level of CF 
specimen with a dwell time of 30 s is the highest among 
the four typical specimens in the first cycle and at 50% 
lifetime. For the remaining three samples, the stress level 
increases with increasing dwell time at 50% CF lifetime. 
This observation indicates that the higher stress level 

Figure 6  Cyclic softening curves during creep-fatigue (CF) tests at 
different dwell time
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contributes to the lower CF lifetime at longer dwell time. 
In addition, the excessively high stress level in the CF 
sample with 30 s dwell time leads to a shorter CF lifetime 
than in the CF sample with 120 s dwell time.

Using scanning electron microscope (SEM), the frac-
ture morphologies of CF samples with dwell time of 30 
s, 120 s, 600 s and 900 s are shown in Figure  8(a)–(d). 
Figure 8(a) and (b) shows that the fracture surfaces of CF 
specimens with short dwell time (30 s and 120 s), have 
fatigue striations, while no creep voids are seen in the 
fracture morphology. This indicates that fatigue is the 
predominant damage mechanism for the CF short dwell 
time specimens. In contrast, creep voids were observed 
in the fracture surfaces of the CF short dwell time speci-
mens (600 s and 900 s), as shown in Figure 8(c) and (d). 
The size of the creep voids increase with the increasing 
dwell time, about 20 μm at dwell time of 600 s and 40 
μm at dwell time of 900 s. On the other hand, the creep 

voids were surrounded by fatigue striations, as shown in 
Figure  8(c) and (d). This observation suggests that the 
interaction between creep and fatigue is the dominant 
damage mechanism for CF specimens with long dwell 
time. Figure 9(a) and (b) shows the two fracture mecha-
nisms schematically. In Figure  9(a), the fatigue cracks 
developed in the surface of the specimens with short 
dwell time and then propagated transgranularly until the 
specimen fractured. For the specimens with long dwell 
time, the fatigue cracks also formed at the surface, while 
the creep voids formed at the grain boundaries. During 
the creep-fatigue process, the fatigue cracks met the large 
creep voids and propagated until the specimen fractured, 
as shown in Figure  9(b). This interactive creep-fatigue 
fracture mechanism was able to accelerate the propaga-
tion rate of the cracks and led to premature failure of the 
P92 welded joint.

In retrospect, the specimens used in this work have 
all experienced prior CF loading before nanoindenta-
tion. Figure  10 shows the hardness and elastic modu-
lus values measured at the fracture edges of PWHT and 
CF-tested specimen with 30, 120, 600 and 900 s dwell 
times. To reduce the effect of indentation size in this 
material [29], the hardness and elastic modulus were 
measured at 800 μm for all specimens. From Figure 10, 
the effects of spacing from the fracture edge (ranging 
from 50 to 350 μm) on the hardness and elastic modu-
lus are negligible for all CF specimens. Compared with 
the BM for PWHT samples (3.05 GPa), the hardness 
measured near the fracture edge is slightly reduced for 
CF samples with 600 and 900 s dwell times (2.81 and 
2.90 GPa), as shown in Figure  10(a). In contrast, the 
hardness at the fracture edge decreases significantly 
to 2.61 and 2.06 GPa for the CF samples with 30 and 
120 s dwell times. A similar observation (Figure 10(b)) 
is also obtained for elastic the modulus, which is 
almost unchanged at long-term dwell times (208 GPa 
for PWHT, 202 GPa at 600 s dwell time and 206 GPa 
at 900 s dwell time) and significantly reduced at short-
term dwell times (71 GPa at 30 s dwell time and 63 
GPa at 120 s dwell time). Note that the CF specimens 
with short-term dwell times remain at the third sof-
tening stage before fracture, while the specimens with 
long -term dwell times are stay at the steady softening 
stage (Figure  6). The stress level at the third stage is 
much lower than at the stable stage (Figure  6), which 
could lead to the remarkable reduction in hardness in 
the CF samples with short-term dwells. Moreover, the 
two CF specimens with short dwell time were sub-
jected to more cyclic loading (1803 and 2312 cycles) 
than those with long dwells (967 and 417 cycles). In 
the CF-tested specimens, microvoids form during 
cyclic loading at high temperatures, which then lead 

Figure 7  The stress relaxation during the different dwell periods of 
1st cycle and 50% life for the typical CF specimens



Page 7 of 13Song et al. Chinese Journal of Mechanical Engineering          (2021) 34:131 	

to nano- to micro-scale defects. The author specu-
lates that these microvoids/defects could increase the 
pore volume fraction in the tiny nanoindentation test 
area, thus decreasing the elastic modulus. On the other 
hand, it is reported that the cyclic softening behavior 
of P92 steel at high temperatures is caused by the lower 
dislocation density and the decreasing ability of grain 
boundaries impede the dislocation motion [22–24]. 
Normally, this microstructural evolution should lead 
to a significant deterioration in deformation resistance 
[30, 31]. The reduced resistance to deformation would 
lead to increased deformation at the same stress level, 
thus deteriorating the elastic modulus. Based on the 

characteristics of the fracture surface (Figure  8), the 
significant reduction in hardness and elastic modulus 
could be caused by fatigue-induced damage.

3.2 � Nanoindentation Characterization
The representative load-displacement (P-h) curves meas-
ured during nanoindentation creep near the fracture 
edge are shown in Figure 11(a) for the CF specimens with 
30, 120, 600 and 900 s dwells. The initial holding displace-
ments of the different typical P-h curves are 1003.5 nm 
(30 s dwell), 1011.6 nm (120 s dwell), 1004.2 nm (600 s 
dwell) and 1003.5 nm (900 s dwell). It is observed that the 
holding forces are higher for longer CF dwells except for 

Figure 8  Fracture morphologies of CF specimens with dwell time of (a) 30 s; (b) 120 s; (c) 600 s and (d) 900 s; (e) and (f): the fracture morphologies 
of the areas, which were surrounded by red dash lines in (c, d) at high magnification
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120 s dwell time where the holding force is lowest. The 
corresponding creep displacement determined from the 
nanoindentation depth during the dwell time is shown in 
Figure 11(b). Two common primary and secondary stages 
of nanoindentation are also observed. The creep displace-
ment increases rapidly while the creep rate decreases 
rapidly at the primary stage. The creep displacement 
increases almost linearly with the holding time, and the 
creep rate remains constant at the secondary stage.

Figure  12 shows that the creep displacement as a 
function of the dwell times measured at different dis-
tances from the fracture edge for PWHT and CF-
tested specimens. It can also be seen that the effects 
of the distances from the fracture edge (ranging from 
50 to 350 μm) on the creep displacements are negligi-
ble for all CF-tested specimens. Compared to the BM 
in the PWHT specimen (29.3 nm), the creep displace-
ments (36.8 nm at 30 s dwell, 36.9 nm at 600 s dwell 
and 36.4 nm at 900 s dwell) are slightly increased at 
longer CF dwell times except for the 120 s dwell time, 
which results in a significant creep displacement 

(98.4 nm), as shown in Figure  12. Hardness is gener-
ally considered as the ability of alloys to resist creep 
deformation [32]. From Figure  10(a) and Figure  12, 
it can be seen that the CF specimen with lower hard-
ness have relatively high creep deformation. Although 
the CF specimens with 30, 600 and 900 s dwell times 
have almost the same creep deformation at room tem-
perature, the decrease in their hardness is different. It 
can be seen that the creep resistance of CF specimens 
with long-term dwell times is lowered compared to 30 
s dwell time. This conclusion is consistent with the high 
temperature creep-fatigue behavior that longer dwell 
time can lead to more creep damage which decreases 
the creep resistance. Since the hardness of the CF sam-
ple decreases significantly with a dwell time of 120 s, 

Figure 9  The schematic diagram of two creep-fatigue fracture 
mechanisms of CF-tested P92 steel welded joint under prior 
creep-fatigue damages with short dwells (30 and 120 s) or long 
dwells (600 and 900 s)

Figure 10  Comparison between (a) nanoindentation hardness, (b) 
elastic modulus as a function of dwell times, which are measured in 
different distance to fracture edges for CF specimens as well as PWHT 
specimen
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its creep resistance cannot be directly compared to the 
other three CF specimens. It should be noted that this 
sample was subjected to the most cyclic loading among 
the four typical samples. On the other hand, the dwell 
time of this CF sample also longer than that of another 
fatigue loaded CF sample with only 30 s dwell time per 
cycle (Figure  8(a) and (b)). During the dwell time, the 
grain boundary (GB) is in a pronounced relaxation pro-
cess due to the lower stress level in the CF samples with 
120 s dwell time. During this process, the dislocations 
at the GBs were annihilated [23, 24], reducing the stress 
fields generated by the dislocation-GBs interaction. 
This relaxation process on the GBs also led to a dete-
rioration of the deformation resistance and interacted 
with a lower hardness, which promoted creep defor-
mation at room temperature. Moreover, the decreased 
elastic modulus due to cyclic loading also leads to 
decreased deformation resistance of the CF specimens 
with short dwell times(Figure 10(b)). It is also possible 
to affect room temperature creep if the deformation 
mechanism is due to dislocation activities. To verify 
this, the deformation mechanism of room temperature 
creep should be investigated.

3.3 � Strain Rate Sensitivity
Nanoindentation creep has been widely used to estimate 
strain rate sensitivity (SRS), which can be used to reveal 
the creep mechanism [33, 34]. The SRS value (m) under the 
self-similar Berkovich indenter can be approximately esti-
mated by Eq. (1) [35].

The creep curve can be fitted with high reliability (R2 > 
0.99) by an empirical equation:

where h0 and t0 are the initial holding depth and time at 
the beginning of the holding period, and A, B, and K are 
the fitting constants.

Based on the data of the fitting curves, the change of 
hardness H during the holding period can be estimated as 
follows:

where P and hc are the holding load and contact displace-
ment of Berkovich indenter. The hc measured by the 
Berkovich indenter can be expressed as follows:

(1)m =
∂ lnH

∂ ln ε̇
.

(2)h(t) = h0 + A(t − t0)
B + Kt,

(3)H =
P

24.3h2c
,

(4)hc = h− 0.72× P/S,

Figure 11  (a) representative load-displacement curves and (b) creep 
curves measured in the fracture edge of the CF-tested specimens 
with different dwell times

Figure 12  Comparison between creep displacement as function of 
dwells, which are measured in different distances to fracture edge 
CF-tested specimens as well as PWHT specimen
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where h is the displacement of the indentation and the 
contact displacement, S is the stiffness deduced from the 
unloading curve. Furthermore, the strain rate ε̇ can be 
estimated as follows:

As an example of the usefulness of this method, Fig-
ure  13(a) shows the fit (R2 > 0.99) obtained by this 
method to describe the creep curve at the fracture edge 
of the CF specimen with 120 s holding time. From Fig-
ure 13(b), the strain rates stabilize at 6.23×10−4 s−1 after 
decreasing significantly during the hold time of 0.012 s−1. 
Figure 13(c) shows the decrease in nanoindentation hard-
ness as a function of holding time. A natural logarithmic 
correlation between the nanoindentation hardness and 
the creep strain rate is shown in Figure 13(d). Thus, the 
value of SRS could be estimated by a linear relationship 
in the secondary creep phase.

Figure 14 shows the variation of SRS (m) for the frac-
ture edge in PWHT and CF specimens with differ-
ent dwell times. The values of SRS estimated from the 
CF specimens with long-term dwells (0.0105 for 600 s 
dwell and 0.0108 for 900 s dwell) are slightly increased 
in comparison to the BM in PWHT specimen (0.0075) 
[23], as plotted in Figure 14. For the CF specimens with 
short-term dwells, a significant increase in SRS value is 
observed at 30 s dwell time (0.0278) and especially at 120 
s dwell time (0.1709). In general, the values of m less than 
0.3 indicate that the mechanism of creep at room tem-
perature is dislocation activities. The m can be expressed 
as a function of dislocation density as suggested in Ref. 
[22].

where ρ is the dislocation; V* is the activation volume; kb 
is the Boltzmann constant; T is the temperature in Kel-
vin, and a, μ, b, c are constants for a given material.

Eq. (6) shows that the SRS is inversely proportional to 
the square root of the dislocation density when a, μ, b, c, 
and V* are positive for a given material. Under CF load-
ing, the reduction in dislocation density was observed, 
and enhanced SRS was also estimated in Refs. [22, 23]. 
For coarse-grain materials, the deformation typically 

(5)ε̇ =
dh

dt
·
1

h
.

(6)m =
3
√
3kbT

aµbcV ∗
1
√
ρ
,

Figure 13  (a) Fitting curves using Eq. 1, (b) Variation in strain rate 
deduced from Eq. 1, (c) Decreased hardness during dwell period, (d) 
The log correlation between hardness and indentation strain rate: 
the SRS (m) value can be estimated by linearly fitting the steady-state 
creep

▸
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occurs within the grain, and grain boundary can act 
as sinks for dislocation motions [36, 37]. Therefore, the 
stress field is produced by dislocation-dislocation and 
dislocation-GB interactions during deformation. The 
annihilation of dislocation reduces the dislocation den-
sity during the dwell period and enhances SRS for the 
four typical specimens. As for long-term dwells (600 and 
900 s), the relaxation process is saturated due to the sta-
ble stress level after the first 40 s (Figure 7). Furthermore, 
the decrease in dislocation density and increased SRS are 
also reported to occur after fatigue loading [38]. Com-
pared with long-term dwells (600 and 900 s), the higher 
number of cyclic loading history could result in lower 
dislocation density for the CF specimens with short-term 
dwells (30 and 120 s). Consequently, the significantly 
enhanced SRS was estimated in CF specimens with short 
dwells.

Finally, it should be noticed that the fracture mech-
anisms are different between long-term dwell and 
short-term dwell, as shown in Figures  8 and 9. For CF 
specimens with short-term dwells, the fracture mecha-
nism was fatigue-dominate. The softening behaviors were 
serious in short-term dwells, which caused a remark-
able reduction in hardness and lower dislocation den-
sity, which could significantly increase local SRS. As for 
long-term dwells, the long dwell time led to long ther-
mal-mechanical aging time, which could result in nuclea-
tion and growth of creep voids, increase of grain size [23, 
24], and coarsening of precipitates. The growth of creep 
voids would reduce the effective load area of specimens, 
which eventually caused the specimen rupture, namely 
the creep-fatigue-dominated fracture mechanism. In this 
fracture mechanism, the grain size increased for a long 

thermal-mechanical aging time, which could induce the 
slight reduction of local hardness and enhancement of 
SRS [20].

4 � Conclusions
To investigate the interaction between creep and fatigue 
(CF) of the welded of A355 P92 steel welded, a welded 
structure for the main stream pipe of ultra-supercritical 
units, strain-controlled CF tests were conducted with 
dwell times ranging from 30 s to 900 s with a symmetri-
cal triangular waveform at 650 °C. The hardness, elastic 
modulus and creep deformations were measured at the 
fracture edge of four typical CF specimens with dwell 
times of 30, 120, 600 and 900 s, respectively. The strain 
rate sensitivities (SRS) were estimated for these four CF 
specimens based on the nanoindentation results. Based 
on the microstructures of the fracture surface, the follow-
ing conclusion can be drawn.

(1)	 The lifetime of CF decreased with increasing dwell 
time in the range of 120 to 900 s, while it was pro-
portional to increasing holding time ranging from 
30 to 120 s. Based on the characteristic microstruc-
tures of the fracture surfaces, the CF specimens 
with short dwell times (30 and 120 s) were fractured 
by fatigue-induced damage, while the specimens 
with long dwell times (600 and 900 s) were frac-
tured by creep-fatigue interaction.

(2)	 Since the damage mechanisms of CF are different at 
long (600 and 900 s) and short (30 and 120 s) dwell 
times, two different cyclic softening behaviors were 
observed at high temperatures for these two types 
of CF specimens.

(3)	 Compared with the BM of the PWHT sample, 
lower hardness and higher creep deformation were 
measured at the fracture edges of the CF samples 
at room temperature. The significant reductions in 
hardness and elastic modulus were observed for the 
fatigue- damaged specimens (30 and 120 s dwell 
times). The relatively pronounced creep defor-
mation in these two specimens indicates that the 
room temperature creep is strongly influenced by 
the hardness and deformation resistance of the P92 
steel weldment.

(4)	 The values obtained for the SRS (0.07–0.17) indi-
cate that the mechanism of creep at room tem-
perature is dominated by dislocation-related activi-
ties. Compared to the PWHT specimen (0.07), the 
increased SRS (0.10–0.17) could be explained by 
the lower dislocation density caused by fatigue and 
creep loading.

Figure 14  Variation in SRS (m) for fracture edge in the P92 steel 
welded joint with different dwell time
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