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Abstract: We report on studies of the dwell fatigue crack growth (FCG) behavior of commercial
pure titanium (CP-Ti) TA2 weld joints at 25 ◦C and 200 ◦C. Taking into account the effects of load
ratio and dwell temperature, the impact of dwell on FCG behavior and the associated fracture
mechanism are clearly demonstrated. Meanwhile, in order to illustrate creep–fatigue interaction,
finite element simulations are also performed to analyze the evolution of stress and strain field near
the crack tip. The results show that with the increase in dwell temperature, the FCG rate is increased.
Furthermore, the effect of dwell on FCG behavior is more pronounced at higher load ratios. Finite
element simulation results indicate that dwell induces creep stress relaxation and leads to an increase
in the equivalent plastic strain near the crack tip. With the increase of dwell temperature and load
ratio, the more pronounced creep deformation may lead to a creep-dominated FCG behavior. As
consistent with the above analysis, the examination of the fracture surface reveals that more cavities
and secondary cracks may be observed because of the increased creep deformation at the higher
dwell temperature and load ratio.
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1. Introduction

Titanium and its alloys have been extensively used in different industries because
of their excellent mechanical properties. However, it has been well recognized over the
past 40 years that a significant failure mode, known as cold dwell fatigue, occurs typically
between −40 ◦C and 200 ◦C in titanium alloys [1]. Compared to pure creep, loading–
unloading cycles superimposed on static stress during a dwell fatigue process results in the
reduction of failure time [2]. The dwell fatigue damage essentially results from fatigue and
creep damage. The fatigue damage is related to fatigue crack propagation, while the creep
damage is related to the coalescence of creep cavities [3].

Cold dwell had significant influences on FCG behavior [4]. A few researchers investi-
gated the dwell FCG behavior of different engineering alloys [5–10]. The findings revealed
that the FCG rate of Ti-6242 with a clod dwell time of 80 s was three times higher than that
without dwell at room temperature [5]. The study on the high-temperature dwell FCG
behavior of nickel-based alloy 718 suggested that the FCG rate at 450 ◦C to 650 ◦C was
accelerated by an increase in dwell temperature and time [6,7]. The impact of dwell on
FCG behavior was more significant at the higher temperature of 650 ◦C [6,7]. Meanwhile,
the failure mode of the material could change from transgranular fracture to intergranular
fracture under the influence of creep damage [8]. With the increase in dwell time, the FCG
behavior of HAYNES 230 alloys was more dependent on the creep deformation [8]. The
dominant damage mechanism of P91 power plant steel during creep FCG tests at 600 ◦C
was the formation of micro-voids and microcracks associated with the crack tip due to the
significant creep effect [10].
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Despite the common belief that creep is primarily observed at high temperatures,
reports over the past 50 years have shown that creep also occurs at low temperatures
in titanium alloys [11]. Yamada et al. [12] conducted a comparative analysis of the low-
temperature creep behavior of various metallic materials, including hexagonal close-packed
(hcp), body-centered cubic (bcc), and face-centered cubic (fcc) structures, and found that
hcp titanium alloys exhibit more significant creep deformation. It has been suggested that
the notable creep behavior in titanium alloys at low temperatures may be attributed to
the emergence of deformation twinning [13,14]. A study on the effect of cold creep on
the FCG behavior of CP-Ti reported that room-temperature dwell FCG behavior was also
dependent on the applied load ratio and amplitude [15]. Further study on the dwell FCG
behavior of CP-Ti at different temperatures ranging from 20 ◦C to 300 ◦C found that the
dwell FCG rate was sensitive to dwell temperature [16]. Compared to other deformation
temperatures, the creep effect of CP-Ti at 200 ◦C was more remarkable [17]. A comparison
of FCG behavior between CP-Ti base metal and its weld joint found that the FCG behavior
of the weld joint exhibited different features, as the coarse grains and acicular martensite
in the microstructure of the weld joint led to the reduction of the FCG rate [18]. Further
research is necessary to investigate the dwell FCG behavior of the CP-Ti weld joint.

However, there is currently a limited amount of literature available regarding the study
of the dwell FCG behavior of the CP-Ti weld joint. The influence of dwell temperature
on the FCG behavior of the CP-Ti weld joint remains unclear. Hence, the main purpose
of this work is to investigate the dwell FCG behavior of a CP-Ti weldment at the typical
temperatures of 25 ◦C and 200 ◦C. Meanwhile, the finite element method is employed
to investigate the details of the crack tip deformation. Fracture surface morphology is
analyzed using the JSM-6360LV scanning electron microscope (SEM). This research will
contribute to the understanding of the dwell effect on FCG behavior of the CP-Ti weld joint.

2. Methods
2.1. Experiments

The as-received material in this study was commercial pure titanium grade 2 (TA2)
with annealing treatment. Its chemical composition (mass fraction, %) is listed in Table 1.
Table 2 shows the detailed welding parameters. The welding direction was normal to
the rolling direction, and subsequent 100% radiographic testing (RT) was conducted to
avoid macro cracks. Standard compact tension (CT) specimen was used in this study. The
detailed dimension of the specimen is shown in Figure 1, where a0, B, and W are 20 mm,
12.5 mm, and 50 mm, respectively. Fatigue crack growth tests were performed on the
MTS370 material testing system according to ASTME 674-15 [19]. Prior to the experiment,
a crack with a length of 2 mm was produced. The crack length was recorded using the
unloading compliance method during the tests. Triangular and trapezoidal waveforms
with a constant frequency of 5 Hz were used. Dwell is applied at the peak load. In order
to compare the effects of dwell temperature, FCG experiments are carried out at a room
temperature of 25 ◦C and an intermediate temperature of 200 ◦C, as shown in Table 3.

Table 1. Chemical composition of TA2 (weight %).

Fe C N H O Ti

0.061 0.028 0.006 0.002 0.087 Other

Table 2. Welding parameters.

Welding
Method

Joint
Profile

Filler
Metal

Acceleration
Voltage U (V)

Focus
Current

If (A)

Welding
Speed

v/(mm s−1)

GTAW X groove CP-Ti 13–20 160–220 1.7–2.5
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Table 3. Fatigue crack growth tests of TA2 weld joint under different load ratios and temperatures.

Specimen No. Temperature (◦C) Dwell
Time (s) R Relative

Error of R ∆F (N) Relative
Error of ∆F

W1 25 0 0.1 2.78% 4480 8.64%
W2 25 10 0.1 2.78% 4480 8.71%
W3 25 0 0.5 0.40% 3500 8.00%
W4 25 10 0.5 1.23% 3500 8.88%
W5 25 0 0.7 0.78% 2850 8.81%
W6 25 10 0.7 0.79% 2850 8.95%
W7 200 0 0.1 3.54% 4480 8.90%
W8 200 10 0.1 5.91% 4480 8.92%
W9 200 0 0.5 0.72% 3500 8.98%

W10 200 10 0.5 0.95% 3500 8.69%
W11 200 0 0.7 0.81% 2850 8.82%
W12 200 10 0.7 0.76% 2850 8.80%

2.2. Finite Element Simulation

In order to have a deep understanding of the effects of creep on the crack tip defor-
mation, the finite element method (FEM) is also used to extract the details of stress and
strain distribution around the crack tip. The well-known Chaboche model [20] is capable
of describing the process of plastic deformation and cyclic hardening/softening quite
accurately. The typical Huber–Von Mises yield criteria can be used to describe the yield
surface, expressed as follows:

f (σ,α, R, k) = J(σ−α)− R − k ≤ 0 (1)

where f is the yield function, σ is the stress tensor, and α and R are the non-linear kinematic
hardening and the isotropic hardening variables, respectively. k is the initial size of the
yield surface. J represents the von Mises distance in the deviatoric stress space, which is
expressed as

J(σ−α) =

√
3
2
(
S −αdev

)
:
(
S −αdev

)
(2)

where αdev and S are the deviatoric part of back stress and the deviatoric stress tensor,
respectively. The evolution of back stress components is

.
αk = Ck

.
ε

pl 1
σ0 (σ−α)− γkαk

.
ε

pl
+

1
Ck

αk
.
Ck (3)
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and the overall back stress α is the sum of all back stress components:

α =
N

∑
k=1

αk (4)

where σ0, N, Ck and γk, and
.
ε

pl
are the yield surface size, the number of back stresses,

kinematic hardening parameters, and the equivalent plastic strain rate, respectively. Ac-
cording to uniaxial test results, the value of kinematic hardening parameters Ck and γk can
be obtained, as listed in Table 4. The isotropic hardening component can be incorporated
by defining the equivalent stress, which determines the size of the yield surface (σ0), as
a tabular function of the equivalent plastic strain (εpl). The hysteresis loops simulated
using the Chaboche model show good agreement with low cycle fatigue data at a strain
amplitude of 0.8%, as shown in Figure 2. The time-dependent creep behavior is described
by a power law, expressed as

.
ε

cr
=
(

Aq̃n[(m + 1)εcr]m
)1/(m+1) (5)

where
.
ε

cr
, q̃, and εcr denote the uniaxial equivalent creep strain rate, equivalent deviatoric

stress, and equivalent creep strain, respectively. The values of different parameters obtained
from the uniaxial creep experiments are also listed in Table 4.

Table 4. Material constants of the Chaboche model and the creep model for TA2 weld joint at 25 ◦C
and 200 ◦C.

T (◦C) σ0 (MPa) C1 (MPa) γ1 C2 (MPa) γ2 A n m

25 350 413 10 8802 65 0.291 × 10−9 2.42834 −0.80059
200 180 10077 213 539 9 0.3 × 10−17 6.78653 −0.88797
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Figure 2. Comparison of hysteresis loops at the strain amplitude of 0.8% obtained by low cycle
fatigue test and Chaboche model: (a) 25 ◦C and (b) 200 ◦C.

In order to carry out the cycle-by-cycle simulations, a finite element model of a
standard CT specimen is created using the commercial finite element software ABAQUS, as
shown in Figure 3. The meshing type is Continuum 4-noded plain strain element (CPE4R).
The stress–strain gradient is imitated by refining the elements near the crack tip. The
number of elements is 5535. In order to prevent hourglass modes, the enhanced hourglass
control method is also used. As consistent with the test conditions, fixed constraint and
cyclic load are applied in the top rigid pin and the bottom rigid pin, respectively.
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Figure 3. Finite element model.

3. Results
3.1. The Effect of Room-Temperature Dwell on FCG Behavior
3.1.1. FCG Rate Analysis at the Temperature of 25 ◦C

Figure 4 depicts the evolution of the FCG rate for a TA2 weld joint under different
hold times and different load ratios. At a load ratio of 0.1, the FCG rate is increased by a
room-temperature dwell in the near-threshold region, as shown in Figure 4a. A previous
study found that the FCG rate could be significantly retarded by crack closure at a low load
amplitude level [18]. Since creep relaxation can be generated by the application of dwell, the
decreased crack closure effect accelerates FCG in the near-threshold region. In the stage of
stable crack growth, room-temperature creep has little influence on the FCG rate. However,
with the increase of crack length and stress level at the crack tip, room-temperature creep
significantly increases the FCG rate in the later stage of crack growth. A similar variation
trend of the FCG rate curve under the influence of room-temperature creep can be detected
at a load ratio of 0.5, as shown in Figure 4b. At a high load ratio of 0.7, the promotion
effect of room-temperature creep on the FCG rate is most significant, as shown in Figure 4c,
which is manifested by the slightly increased FCG rate in the stage of stable crack growth
and substantially increased FCG rate in the later stage of crack growth.

A schematic presentation of the creep–fatigue interaction under the combined influ-
ences of load ratio and load amplitude was proposed in our previous study [15]. According
to the schematic of Figure 10 in reference [15], a simple analysis of the results in Figure 4 can
be made. At the region of low load ratio and load amplitude, the crack growth is controlled
by the fatigue process, exhibiting a weak dependence on creep. For instance, the stage of
stable crack growth at load ratios of 0.1 and 0.5 can be regarded as a fatigue-dominated
process. The impact of creep on the FCG rate becomes apparent with the increase in crack
length due to the gradually increased stress level at the crack tip. At this condition, the
FCG behavior is controlled by the interaction of fatigue and creep. Therefore, with the
propagation of fatigue crack, the FCG rate is increased by creep at the higher ∆K region
(i.e., the later stage of crack growth). Similarly, the increased load ratio also leads the
FCG progress into the fatigue–creep interaction region, which enhances the effect of creep
on the FCG rate. Consequently, the promotion effect of creep on the FCG rate is more
remarkable at a load ratio of 0.7. For α-Ti, it has been found that its creep behavior shows
stress dependence. At a higher stress level, the creep effect is more significant [17]. Com-
pared with the TA2 base metal, the coarse lamellar structure, as well as the needle-shaped
martensite in the microstructure of its weld joint, impede the activation of dislocation slip
or twinning, leading to the decreased creep effect [21]. Consequently, the application of
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dwell at a low load ratio and load amplitude shows little influence on the FCG behavior,
while a significant effect can be observed at a high load ratio and load amplitude due to the
increased creep effect.

Metals 2023, 13, x FOR PEER REVIEW 5 of 17 
 

 

The stress–strain gradient is imitated by refining the elements near the crack tip. The num-
ber of elements is 5535. In order to prevent hourglass modes, the enhanced hourglass con-
trol method is also used. As consistent with the test conditions, fixed constraint and cyclic 
load are applied in the top rigid pin and the bottom rigid pin, respectively. 

 
Figure 3. Finite element model. 

3. Results 
3.1. The Effect of Room-Temperature Dwell on FCG Behavior 
3.1.1. FCG Rate Analysis at the Temperature of 25 °C 

Figure 4 depicts the evolution of the FCG rate for a TA2 weld joint under different 
hold times and different load ratios. At a load ratio of 0.1, the FCG rate is increased by a 
room-temperature dwell in the near-threshold region, as shown in Figure 4a. A previous 
study found that the FCG rate could be significantly retarded by crack closure at a low 
load amplitude level [18]. Since creep relaxation can be generated by the application of 
dwell, the decreased crack closure effect accelerates FCG in the near-threshold region. In 
the stage of stable crack growth, room-temperature creep has little influence on the FCG 
rate. However, with the increase of crack length and stress level at the crack tip, room-
temperature creep significantly increases the FCG rate in the later stage of crack growth. 
A similar variation trend of the FCG rate curve under the influence of room-temperature 
creep can be detected at a load ratio of 0.5, as shown in Figure 4b. At a high load ratio of 
0.7, the promotion effect of room-temperature creep on the FCG rate is most significant, 
as shown in Figure 4c, which is manifested by the slightly increased FCG rate in the stage 
of stable crack growth and substantially increased FCG rate in the later stage of crack 
growth. 

10 15 20 25 30 35 40 45 50
10-5

10-4

10-3

10-2
 T=25℃

 R=0.1, ΔF=4480N, th=0s 

 R=0.1, ΔF=4480N, th=10s

da
/d

N
 (m

m
/c

yc
le

)

ΔK (MPam0.5)  
10 15 20 25 30 35 40

10-5

10-4

10-3

10-2

 T=25℃

 R=0.5, ΔF=3500N, th=0s
 R=0.5, ΔF=3500N, th=10s

da
/d

N
 (m

m
/c

yc
le

)

ΔK (MPam0.5)  
(a) (b) 

Metals 2023, 13, x FOR PEER REVIEW 6 of 17 
 

 

8 12 16 20 24
10-5

10-4

10-3

10-2

T=25℃

 R=0.7, ΔF=2850N, th=0s
 R=0.7, ΔF=2850N, th=10s

da
/d

N
 (m

m
/c

yc
le

)

ΔK (MPam0.5)  
(c) 

Figure 4. FCG rate of TA2 weld joint at 25 °C under different load ratios R and hold times th: (a) R = 
0.1; (b) R = 0.5; (c) R = 0.7. 

A schematic presentation of the creep–fatigue interaction under the combined influ-
ences of load ratio and load amplitude was proposed in our previous study [15]. Accord-
ing to the schematic of Figure 10 in reference [15], a simple analysis of the results in Figure 
4 can be made. At the region of low load ratio and load amplitude, the crack growth is 
controlled by the fatigue process, exhibiting a weak dependence on creep. For instance, 
the stage of stable crack growth at load ratios of 0.1 and 0.5 can be regarded as a fatigue-
dominated process. The impact of creep on the FCG rate becomes apparent with the in-
crease in crack length due to the gradually increased stress level at the crack tip. At this 
condition, the FCG behavior is controlled by the interaction of fatigue and creep. There-
fore, with the propagation of fatigue crack, the FCG rate is increased by creep at the higher 
ΔK region (i.e., the later stage of crack growth). Similarly, the increased load ratio also 
leads the FCG progress into the fatigue–creep interaction region, which enhances the ef-
fect of creep on the FCG rate. Consequently, the promotion effect of creep on the FCG rate 
is more remarkable at a load ratio of 0.7. For α-Ti, it has been found that its creep behavior 
shows stress dependence. At a higher stress level, the creep effect is more significant [17]. 
Compared with the TA2 base metal, the coarse lamellar structure, as well as the needle-
shaped martensite in the microstructure of its weld joint, impede the activation of dislo-
cation slip or twinning, leading to the decreased creep effect [21]. Consequently, the ap-
plication of dwell at a low load ratio and load amplitude shows little influence on the FCG 
behavior, while a significant effect can be observed at a high load ratio and load amplitude 
due to the increased creep effect. 

3.1.2. FEM Results Analysis at a Temperature of 25 °C 
It has been reported that the FCG rate is dependent on the cumulative change of the 

strain energy at the net section of the specimen, which is related to the change of cyclic 
work at the end of the loading [22]. According to the FEM results of the strain energy 
analysis, Figure 5 shows the variation of different strain energy components for the TA2 
weld joint under different load ratios R and hold times th, which is useful for evaluating 
creep–fatigue interaction during FCG progress. In Figure 5a,b, there is little difference be-
tween plastic strain energy under the dwell of 10 s and that without dwell. In Figure 5c, 
creep strain energy at a load ratio of 0.7 is much higher than that at a load ratio of 0.1. At 
a load ratio of 0.1, compared to plastic strain energy, creep strain energy is negligible, as 
its value is two orders of magnitude lower than that of plastic strain energy. Therefore, 
the application of dwell at a low load ratio shows little effect on the FCG rate in the stage 
of stable crack growth. In contrast to this, the value of creep strain energy shows a signif-
icant increase at a load ratio of 0.7, which will have a certain effect on the FCG behavior 
of the TA2 weld joint. However, considering that the value of creep strain energy at a load 
ratio of 0.7 is still much lower than that of plastic strain energy, the effect of room-temper-
ature creep on the FCG rate should be limited, as shown in Figure 4c. With the assistance 

Figure 4. FCG rate of TA2 weld joint at 25 ◦C under different load ratios R and hold times th:
(a) R = 0.1; (b) R = 0.5; (c) R = 0.7.

3.1.2. FEM Results Analysis at a Temperature of 25 ◦C

It has been reported that the FCG rate is dependent on the cumulative change of the
strain energy at the net section of the specimen, which is related to the change of cyclic work
at the end of the loading [22]. According to the FEM results of the strain energy analysis,
Figure 5 shows the variation of different strain energy components for the TA2 weld joint
under different load ratios R and hold times th, which is useful for evaluating creep–fatigue
interaction during FCG progress. In Figure 5a,b, there is little difference between plastic
strain energy under the dwell of 10 s and that without dwell. In Figure 5c, creep strain
energy at a load ratio of 0.7 is much higher than that at a load ratio of 0.1. At a load ratio
of 0.1, compared to plastic strain energy, creep strain energy is negligible, as its value is
two orders of magnitude lower than that of plastic strain energy. Therefore, the application
of dwell at a low load ratio shows little effect on the FCG rate in the stage of stable crack
growth. In contrast to this, the value of creep strain energy shows a significant increase at
a load ratio of 0.7, which will have a certain effect on the FCG behavior of the TA2 weld
joint. However, considering that the value of creep strain energy at a load ratio of 0.7 is still
much lower than that of plastic strain energy, the effect of room-temperature creep on the
FCG rate should be limited, as shown in Figure 4c. With the assistance of the digital image
correlation (DIC) characterization method, it was found that the accumulated creep strain of
the TA2 weldment is limited at room temperature and is much lower than that of TA2 base
metal [21]. Thus, it is reasonable that room-temperature creep has a limited effect on the
FCG behavior of the TA2 weld joint, which is also evidence of a relatively low proportion of
creep strain energy. From this perspective, the contribution of room-temperature creep to
FCG is limited. According to the result in Figure 4, the impact of room-temperature creep
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on the FCG rate is indeed rather limited, as room-temperature creep only slightly increases
the FCG rate in the stage of stable crack growth at the highest load ratio.
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In order to investigate the role of room-temperature creep on the FCG behavior of the
TA2 weld joint, the strain and stress distributions ahead of the crack tip after 50 cycles are
plotted in Figure 6. According to the variation of Mises stress in Figure 6c, it can be found
that the stress level around the crack tip is decreased by creep stress relaxation at load ratios
of 0.1 and 0.7. Figure 6a shows the distribution of equivalent plastic strain near the crack
tip, from which it can be observed that although creep stress relaxation occurs, equivalent
plastic strain is increased under the loading condition of dwell because of the facilitating
effect of creep on the plastic deformation of the crack tip. Figure 6b shows the distribution
of creep strain near the crack tip. At a low load ratio of 0.1, the value of creep strain is quite
small, which has little impact on crack growth. As the load ratio increases to 0.7, creep
strain increases significantly. At this condition, the facilitating effect of room-temperature
creep on FCG behavior cannot be ignored.
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3.2. The Effect of Dwell at 200 ◦C on FCG Behavior
3.2.1. FCG Rate Analysis at the Temperature of 200 ◦C

At a temperature of 200 ◦C, creep significantly promotes fatigue crack propagation
at different load ratios, leading to a more prominent dwell sensitivity than that at room
temperature, as shown in Figure 7a–c. In addition, the promotion effect of creep on the FCG
rate is more prominent at higher load ratios. With the propagation of the FCG behavior,
the stress level near the crack tip increases, leading to a more significant effect of creep
on the FCG rate in the later stage, which is consistent with the result in Figure 4. The
medium-low–temperature creep behavior of α titanium is dependent on the applied stress
level and temperature [17,23], as the increase in temperature and stress level is beneficial
for the cumulation of creep strain. With the increase in temperature, the threshold stress
for the activation of dislocation slip decreases [23], which facilitates the generation of creep
deformation, leading to a more significant creep effect in the TA2 weld joint at 200 ◦C.
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Figure 7. FCG rate of TA2 weld joint at 200◦C under different load ratios and hold times th: (a) R = 0.1;
(b) R = 0.5; (c) R = 0.7.

3.2.2. FEM Results Analysis at the Temperature of 200 ◦C

Figure 8 shows the variation of different strain energy components for the TA2 weld
joint at a temperature of 200 ◦C. At this temperature, plastic strain energy is decreased by
the prominent creep effect at different load ratios, as shown in Figure 8a,b. Creep strain
energy in Figure 8c is much higher than plastic strain energy, indicating that the FCG
behavior at this condition is mainly controlled by creep. As a result, the FCG rate can be
significantly increased by creep at a temperature of 200 ◦C.

In order to further investigate the role of creep and fatigue during crack growth,
Figure 9 shows the evolution of stress and strain near the crack tip of the TA2 weld joint.
In Figure 9a, the increased equivalent plastic strain under the dwell condition promotes
crack growth, although stress relaxation in Figure 9c caused by creep may reduce stress
concentration in front of the crack tip. Moreover, the accumulation of creep strain in
Figure 9b is more significant than plastic strain in Figure 9a, which confirms the dominant
role of creep on the FCG behavior under the condition of dwell at 200 ◦C. Thus, the FCG
rate can be significantly accelerated by additional creep deformation at 200 ◦C.
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Figure 8. Strain energy for TA2 weld joint under different loading conditions: (a) plastic energy at
R = 0.1; (b) plastic energy at R = 0.7; (c) creep energy.

Metals 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 

0 10 20 30 40 50
0

400

800

1200

1600

2000
T=200℃

Cr
ee

p 
en

er
gy

 d
iss

ip
at

io
n/

J

Number of the cycles

 R=0.1, ΔF=4850N, th=10s
 R=0.7, ΔF=2850N, th=10s

 
(c) 

Figure 8. Strain energy for TA2 weld joint under different loading conditions: (a) plastic energy at 
R = 0.1; (b) plastic energy at R = 0.7; (c) creep energy. 

In order to further investigate the role of creep and fatigue during crack growth, Fig-
ure 9 shows the evolution of stress and strain near the crack tip of the TA2 weld joint. In 
Figure 9a, the increased equivalent plastic strain under the dwell condition promotes 
crack growth, although stress relaxation in Figure 9c caused by creep may reduce stress 
concentration in front of the crack tip. Moreover, the accumulation of creep strain in Fig-
ure 9b is more significant than plastic strain in Figure 9a, which confirms the dominant 
role of creep on the FCG behavior under the condition of dwell at 200 °C. Thus, the FCG 
rate can be significantly accelerated by additional creep deformation at 200 °C. 

0.000 0.005 0.010 0.015 0.020
10-3

10-2

10-1

100

101

Eq
ui

va
le

nt
 p

la
sti

c 
str

ai
n

Distance/mm

 R=0.1, ΔF=4850N, th=0s
 R=0.7, ΔF=2850N, th=0s
 R=0.1, ΔF=4850N, th=10s
 R=0.7, ΔF=2850N, th=10s

T=200℃

 
0.000 0.005 0.010 0.015 0.020

10-2

10-1

100

101

Cr
ee

p 
eq

ui
va

le
nt

 st
ra

in

Distance/mm

 R=0.1, ΔF=4480N, th=10s
 R=0.7, ΔF=2850N, th=10s

T=200℃

 
(a) (b) 

0.000 0.005 0.010 0.015 0.020
100

150

200

250

300

350

400
T=200℃

M
ax

im
um

 m
ise

s s
tre

ss
/M

Pa

Distance/mm

 R=0.1, ΔF=4850N, th=0s
 R=0.7, ΔF=2850N, th=0s
 R=0.1, ΔF=4850N, th=10s
 R=0.7, ΔF=2850N, th=10s

 
(c) 

Figure 9. Evolution of stress and strain near the crack tip of weld joint under different loading con-
ditions: (a) equivalent plastic strain; (b) creep strain; (c) maximum Mises stress. 

  

Figure 9. Evolution of stress and strain near the crack tip of weld joint under different loading
conditions: (a) equivalent plastic strain; (b) creep strain; (c) maximum Mises stress.



Metals 2023, 13, 553 11 of 16

3.3. Fracture Surface Analysis
3.3.1. SEM Study at the Temperature of 25 ◦C

Figure 10 shows the fracture surface for specimens with and without room-temperature
dwell at the load ratio of 0.1. In Figure 10a, smeared fracture features resulting from crack
closure can be observed, which disappear at the loading condition of room-temperature
dwell. The absence of a crack closure feature in Figure 10b is due to the application of
dwell at the maximum load, which is effective in avoiding crack closure. As a consequence,
the FCG rate can be increased by room-temperature creep in the near-threshold stage,
as already shown in Figure 4. Except for this, other features displayed in the fracture
surfaces with and without dwell are similar, which can be characterized by massive fatigue
striations and few cleavage facets, exhibiting fatigue characteristics of linear elastic fracture.
Therefore, the application of dwell at a load ratio of 0.1 and a temperature of 20 ◦C has little
influence on the FCG rate in the stage of stable crack growth.
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Figure 10. Typical SEM micrographs of the fracture surface at R = 0.1 and 25 ◦C: (a) th = 0 s;
(b) th = 10 s.

As the applied load ratio increases to 0.5, the overall feather of the fracture surface
with dwell is also similar to that without dwell, as large amounts of short and dense fatigue
striations appear in Figure 11a,b. The increased load ratio causes the appearance of torn
edges, which is evidence of enhanced plastic deformation. In addition to this, a secondary
crack along the grain boundary is detected in Figure 11b, indicating the appearance of an
intergranular fracture trace resulting from creep. In the loading case of a high load ratio
and low load amplitude, an intergranular fracture can be generated with the continuous
accumulation of creep damage during the FCG process [24]. Although the intergranular
crack is not detected in the fracture surface of the TA2 base metal [16], the dwell fatigue
life of the TA2 weld joint with higher strength at room temperature is higher than that
of the TA2 base metal, ensuring sufficient time for the accumulation of creep damage
until the generation of secondary crack with an intergranular fracture feature. Since the
creep damage characteristic in the microstructure is not predominant, room-temperature
creep at this load ratio is unable to change the FCG rate significantly in the stage of stable
crack growth.
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Figure 11. Typical SEM micrographs of the fracture surface at R = 0.5 and 25 ◦C: (a) th = 0 s;
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At a load ratio of 0.7, the corresponding fracture morphologies of TA2 under pure
fatigue and creep–fatigue loading conditions are displayed in Figure 12a–d, respectively.
Distinct differences can be found between the microstructures in Figure 12a,b. The most
remarkable difference in the microstructures after the creep–fatigue process is the appear-
ance of cavities, as shown in Figure 12c. According to the enlarged view in Figure 12d,
the diameters of the micro-cavities are approximately 10 µm. The increase in load ratio
facilities the formation of these cavities. Various defects, such as pores and slags, are easily
formed during the welding process. These initial defects tend to evolve into cavities under
the loading condition of high load ratio and dwell, as the enhanced plastic deformation
resulting from creep around these defects expands the size of the initial defects. A previous
SEM study on the TA2 base metal failed to find the existence of cavities under the loading
condition of high load ratio and dwell [15], as the microstructure of base metal did not
provide the initial defects, favoring the formation of cavities during the subsequent FCG
process. In Figure 12c, the appearance of a cleavage facet is consistent with reference [25],
which is evidence of a dislocation-related creep mechanism. Overall, compared to that at a
lower load ratio, an apparent difference of the feature in the fracture surface at a load ratio
of 0.7 is detected, including the longer secondary crack, rougher fracture surface, and the
appearance of cavities. From the above analysis, it can be concluded that the application of
dwell at a load ratio of 0.7 has a certain influence on the fracture morphology, leading to
the increase in the FCG rate in the stable growth region. However, as the room-temperature
creep of the TA2 weld joint is limited, the increase in the FCG rate is relatively small.

3.3.2. SEM Study at the Temperature of 200 ◦C

At a temperature of 200 ◦C and a load ratio of 0.1, more uneven surfaces, a great
number of torn edges and secondary cracks, and fatigue striations of larger size can be
observed in the dwell fatigue fracture surface of the TA2 weld joint. Compared with pure
fatigue results in Figure 13a, the TA2 weld joint under the dwell fatigue loading condition
experiences more significant plastic deformation.
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Figure 13. Typical SEM micrographs of the fracture surface at R = 0.1 and 200 ◦C: (a) th = 0 s;
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As the applied load ratio increases to 0.5, creep increases the number of secondary
cracks in the fracture surface. In addition, a secondary crack along the grain boundary can
be observed in Figure 14b, indicating the appearance of an intergranular fracture feature.
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Overall, compared to the fracture surface at room temperature, the number of secondary
cracks in Figures 13 and 14 is increased.
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Figure 14. Typical SEM micrographs of the fracture surface at R = 0.5 and 200 ◦C: (a) th = 0 s;
(b) th = 10 s.

Figure 15a,b shows pure fatigue and dwell fatigue fracture surface at a relatively high
load ratio of 0.7. Comparing with Figures 13 and 14, a distinct difference can be observed in
the dwell fatigue fracture surface. Massive cavities are manifested, as shown in Figure 15c,d.
The appearance of cavities at a load ratio of 0.7 implies that the threshold load ratio for
the cavities is high. Creep under a relatively high load level ensures the appearance of
these cavities. A creep–fatigue study of P91 steel also reported the appearance of massive
creep cavities and significant plastic deformation under a high load level [10]. Furthermore,
the FCG rate could be significantly accelerated by creep. With an increasing load level,
the more remarkable creep deformation resulted in a greater number of cavities. In the
current study, the load level is relatively high at a load ratio of 0.7, which promotes the
accumulation of creep strain. Consequently, massive cavities can be observed under this
loading condition. Meanwhile, the number of secondary cracks is increased. Overall, by
comparing fracture characteristics in Figures 10–15, it can be concluded that with increasing
the load ratio and dwell temperature, the more significant creep deformation leads to a
more remarkable plastic deformation trace and a greater number of secondary cracks.
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4. Conclusions

In this work, the dwell FCG behavior of the TA2 weldment is studied considering the
effects of dwell temperature and load ratio. The interaction between creep and fatigue is
analyzed through finite element simulations from the perspective of crack tip deformation.
Fracture mechanisms were revealed in the SEM study. The main conclusions of this work
are as follows:

• At a relatively low load ratio and room temperature, dwell has little effect on the FCG
behavior of the TA2 weld joint. At 200 ◦C, the FCG rate is significantly accelerated by
dwell. Regardless of temperature, the increase in the FCG rate resulting from dwell
becomes more apparent at the higher load ratio.

• Dwell leads to a reduction of the stress level at the crack tip and an increase in
plastic deformation. With the increase in the load ratio and dwell temperature, creep
deformation is increased, thereby leading to a more pronounced dwell effect.

• At room temperature and a low load ratio, dwell has little effect on the morphology
of the fracture surface. At a high load ratio, a small number of secondary cracks
and cavities appear on the fracture surface. At a temperature of 200 ◦C, the plastic
deformation trace is more significant. With the increase in load ratio, the number of
creep cavities and secondary cracks increases.
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the paper. All authors have read and agreed to the published version of the manuscript.
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