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Abstract: The coupled effects of heat and frequency in very-high-cycle fatigue are known under
ultrasonic testing, while the heat dissipation behavior of welded joints is less investigated. In this
work, the specimen surface temperature of a low-strength-steel welded joint and its base metal were
monitored by infrared thermal imaging technique under ultrasonic fatigue loading. Results showed
that the surface temperature distribution of both welded and base metal exhibited a parabola shape,
and the temperature evolved with three stages. The location of the highest temperature within the
weld metal correlated well with fatigue failure location. The inhomogeneity and asymmetry of
temperature distribution implied a dominant role for heat transfer mode and insignificant influence
of microstructure heterogeneity or specimen type. The nature of heat dissipation in low-strength steel
in ultrasonic fatigue was thermal–mechanical coupling effect, which should be paid close attention in
the standardization of ultrasonic fatigue testing.
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1. Introduction

The development trend for mechanical structures is safe service in a long-life regime [1,2].
As an important form of structural failure mode, fatigue is gradually developing from low
to high cycle and very-high cycle [3–5]. The service life of key components such as steam
turbine rotors and engine blades has reached 108–1010 cycles or even beyond [6,7], resulting
in new challenges to the fatigue strength of materials and structures [8–10]. As a time-
and cost-saving practice, fatigue testing using higher frequency machines is an important
option for fatigue failure investigation, among which ultrasonic fatigue at 20 kHz has been
widely employed in testing in the very-high-cycle fatigue (VHCF) regime [11–13].

It has been found that there are significant frequency effects and heat dissipation in
ultrasonic fatigue testing. Mayer et al. [14] reported that the frequency effect was accompa-
nied by increased fatigue life in titanium, nickel, and their alloys. Furuya et al. [15] found
that smooth specimens were affected by frequency with increasing fatigue strength, while
notched specimens were not affected by frequency. Wagner et al. [16] reported that the cyclic
deformation behavior of material affected the resonant frequency. Zhu et al. [17] investi-
gated the frequency effect of a low-strength-steel welded joint, establishing the relationship
between the frequency influence coefficient and damage mechanism. Zhang et al. [18]
found that the fatigue strengths of austempered ductile iron essentially corresponded with
each other under 90 Hz and 20 kHz, and the specimens showed similar fracture behaviors.
Zhao et al. [19] concluded that the higher the loading frequency, the shorter the dislocation
travel distance and the smaller the accumulated damage. Moreover, the frequency effect
has also been correlated with the type of crystal structure of the material, i.e., the frequency
effect is not significant for face-centered cubic and hexagonal close-packed structures, while
it is significant for body-centered cubic structures.
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On the other hand, ultrasonic vibration increases the internal friction of the material,
often causing temperature rise and the thermal damage of specimens, especially in low-
strength steels. Ranc et al. [20] proposed that the thermal effect in C45 steel under ultrasonic
fatigue occurred in three stress amplitude ranges. Krewerth et al. [21] proposed an in situ
surface thermographic measurement method to determine the crack initiation location
and propagation life in G42CrMo4 steel. Huang et al. [22] investigated the ultrasonic
fatigue heat dissipation behavior of TC17 alloy and established a model to describe the
ultra-high-cycle fatigue temperature increment by estimating the inelastic heat dissipation
in the active part. Generally, welded tubular joints are reinforced with fiber-reinforced
polymer [23] and collar plates [24] to increase static capacity as a weak point in the structure.
It is not clear whether the non-uniformity of heat dissipation is related to material type,
and the current studies are focused on homogeneous materials and have not yet involved
inhomogeneous microstructures such as welded joints, which is an important issue in the
process of understanding the fidelity of test data for low-strength steel and the associated
standardization of fatigue testing under ultrasonic frequency.

Therefore, in this study, a lower-strength 25Cr2Ni2MoV steel welded joint and its base
metal were selected for investigation, and the ultrasonic fatigue test was carried out at
R = −1 under both intermittent and continuous loading without air cooling. In addition,
the heat dissipation behavior was analyzed by infrared thermography, and the temperature
distribution pattern was discussed aiming for standardization considerations.

2. Materials and Experiments
2.1. Materials

The material employed in this work was the welded joint of 25Cr2Ni2MoV steel, which
was welded by submerged arc welding (SAW) technique with multi-layer and two-pass
welding using a welded metal (WM) rich in Ni. The welding current, voltage, and welding
speed for each pass were around 500 A, 30 V, and 0.6 m/min, respectively [25]. The weld
width was 22 mm, which is the preferred parameter for heavy section welding with the
deep-narrow gap method. A post-weld heat treatment (PHWT) under furnace cooling
was carried out at 580 ◦C for 20 h to reduce welding residual stress [26]. The chemical
compositions of the weld and the base metal (BM) are listed in Tables 1 and 2, and the
tensile properties of the joint are listed in Table 3. The yield strength (YS) and ultimate
tensile strength (UTS) of the base metal were 768 MPa and 864 MPa after quenching
(860 ◦C) and tempering (630 ◦C), respectively [27]. The microstructures of the BM, heat
affected zone (HAZ), and WM are presented in Figure 1. The microstructure of the WM
is mainly long-tempered bainite, while the BM is strip-tempered martensite, as shown
in Figure 1a,b, respectively. The microstructure of HAZ is mainly tempered bainite with
gradient distribution, which can be further divided into three micro-zones. In addition, the
morphological difference between martensite and bainite may affect the heat dissipation
behavior of the materials.

Table 1. Chemical composition of WM (wt%).

Cr Mo Ni C Mn Si

0.69 0.71 2.62 0.20 1.63 0.35

Table 2. Chemical composition of BM (wt%).

C Si Mn P S Ni Cr Mo V Cu

0.18–0.27 0.12 0.12–0.28 0.015 0.015 2.05–2.35 2.15–2.45 0.62–0.82 0.12 0.17
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Table 3. Mechanical properties of the welded joint.

Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa)

Modulus of
Elasticity (GPa)

Elongation
(%)

Reduction of
Area (%)

634 722 193 13.2 78.4
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Figure 1. OM observation of microstructures of the welded joint: (a) WM, (b) BM, (c) HAZ.

2.2. Experiments

Welded joint and pure BM specimens were prepared, as shown in Figure 2. The middle
of the specimen was a 32 mm parallel section to ensure the same applied stress. Meanwhile,
the temperature along the parallel section was ideally the same, which can reflect the actual
temperature distribution and the effect of heat dissipation. After cutting and forming, the
roughness of the specimen was guaranteed to be less than 0.2 µm by grinding and polishing.
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Figure 2. Shape and dimension of cross-welded ultrasonic fatigue specimen (mm).

An ultrasonic fatigue testing machine (Shimadzu USF-2000, Kyoto, Japan) was used
for the VHCF test on welded joints and BM at room temperature, with a loading fre-
quency of 20 kHz. The stress amplitude and stress ratio were 645 MPa and −1, respec-
tively. One end of the specimen was fixed on the ultrasonic fatigue testing machine
through threaded connection, and the other end was a free end. During the test, the
specimen was applied cyclic load with intermittent loading-uncooled (500 ms followed by
1000 ms of pause), which means stopping the loading for 1 s to dissipate heat after every
10,000 cyclic loads. The temperature on the specimen surface was monitored in real time
with the testo-865 infrared thermal imager (Testo, Shanghai, China). In order to reduce tem-
perature measurement errors, the following measures were taken: (1) the fatigue loading
and infrared thermography were carried out in a relatively confined space to reduce the
influence of the environment; and (2) the photographs of the specimen surface were taken
at different numbers of cycles but at the same distance, height, and position of the specimen
to reduce the influence of the photographing position. The infrared thermal imaging of
the specimen was taken at the loading cycle of 5 × 105, followed by one capture at every
1 × 106 interval with loading cycles within 1 × 107. Then the temperature was captured
at every 1 × 107 interval for loading cycles beyond 1 × 107 until failure. The infrared
thermograms were processed using the IRSoft software (IRsoft 4.7, Testo, Shanghai, China)
to evaluate the distribution and evolution of temperature. After the test, the fractured
specimens were ultrasonically cleaned and analyzed for fracture morphology and mecha-
nism. Finally, the fracture morphology of the specimen was analyzed by scanning electron
microscope (EVO MA15, Zeiss, Oberkochen, Germany).
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3. Results
3.1. Surface Temperature Measurement

This work will focus on the temperature distribution and inhomogeneity under in-
termittent loading. Figures 3 and 4 present the infrared thermograms of welded joints
and BM with different cycles, respectively. Note that the middle of specimen is a parallel
section, the upper end is the clamping side, and the lower end is the free side. Figure 3a
or Figure 4a are the initial temperatures of the welded joint and BM at room temperature,
respectively. Figures 3a–d and 4a–d indicate that the temperature at the center of the
two types of materials gradually increases with the increase of N, corresponding to the
first stage of the sharp rise in temperature. Figures 3d–e and 4d–e represents the specimen
entering the stage where temperature remains stable, at which the surface temperature at
the center of the two materials changes insignificantly. As the number of cycles increased,
the temperature difference, ∆T, of the welded joint specimen is slightly elevated, and the
∆Tmax has a tendency to move downward away from the center of the weld, while that of
the BM specimen remains near the center of the specimen.
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σa = 645 MPa (the stress level is beyond yield point meaning obvious frequency effect): (a) N = 0,
(b) N = 5 × 105, (c) N = 1 × 106, (d) N = 1 × 107, (e) N = 3 × 107, (f) N = 4 × 107.
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3.2. Surface Fractographies

Figure 5a–d shows the surface morphology of the welded joint specimen near the
fracture location taken in four equal parts along circumferential direction. Apparent
cracks and significant burning areas are observed. It is implied that thermoplastic damage
occurred in the low-strength steel during ultrasonic fatigue, dissipating a large amount
of heat and increasing the surface temperature, providing important evidence for the
measurement of the associated temperature rise. The fracture location of the specimen is
consistent with the position of the ∆Tmax in the welded joint, indicating that heat dissipation
induces local plasticity and has an important effect on fatigue fracture.
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Figure 5. The surface topography of welded joint fatigued specimen (σa = 645 MPa,
Nf = 4.02 × 107 cycles): (a) and (d) burning area, (b) and (c) crack, (e) fatigue specimen.

3.3. Fracture Morphologies

Figure 6 shows the fracture morphology of crack initiation zone in base metal
(Figure 6a–c) and welded joint (Figure 6d–f). It can be observed that there are typical
fish eyes, fine granular area (FGA), and burning areas in both BM and welded joint. It is
worth noting the obvious burning mark around inclusion in Figure 6a; meanwhile, FGA is
observed around inclusion in Figure 6b,c. In addition, the same features are also seen in
Figure 6d–f. It was reported that the formation of FGA is related to local microplasticity [28];
thus, it can be inferred that interior microplasticity was affected by the thermal dissipation
behavior under ultrasonic fatigue.
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4. Discussion
4.1. Surface Temperature Evolution

Figure 7 presents evolution of the surface temperature of the welded joint and base
metal specimen. The temperature ∆T is given by ∆T = TC − T0, where TC is the maximum
surface temperature of the specimen and T0 is the room temperature (25 ◦C). It can be
observed that the temperature rise of the welded joint and BM specimens are similar,
experiencing three stages: a sharp rise, relatively stable, and a rapidly increasing stage. The
fatigue life of the joint specimens in both loading modes was lower than that of the BM.
Therefore, the material type has little effect on the temperature increment law, while it has a
significant effect on the magnitude of temperature increment, which reflects the difference
in heat dissipation process of the two types of specimens.
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Figure 7. Evolution of specimen surface temperature with the number of cycles of welded joint
and base metal specimens at σa = 645 MPa: (a) intermittent loading without cooling, (b) continuous
loading without cooling.

As the number of loading cycles increases, the plastic strain energy accumulates and
the surface temperature of the specimen increases, leading to microstructural damage of
the material, and resulting in irreversible distortions such as cavity growth and dislocation
multiplication as well as the release of thermal energy. In stage I, the surface temperature
of the specimen is close to room temperature, which means that thermal convection and
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heat dissipation losses are small, and thus almost all the heat generated is used to raise the
temperature of the specimen. Thus, the first stage of the sharp rise in temperature is mainly
due to internal friction with the thermoelastic effect dominating, with the plastic strain
energy and thermal dissipation being relatively small. At the second stage, the heat transfer
between the specimen and the surrounding environment reaches a balance, at which the
temperature is in equilibrium and remains stable. At the third stage, with the rapid increase
in plastic deformation, a large quantity of energy needs to be released, causing the surface
temperature of the specimen to rise rapidly until fracture. As the temperature rise in the
third stage is too fast, it is difficult to take images.

Considering the heat transfer behavior, it is anticipated that the specimen can dissipate
heat during the intermittent loading, where the free end of the specimen is in direct contact
with air and convection dominates the heat transfer process. The higher ∆T of the joint
than the BM may be due to fact that the heat transfer coefficient of bainite is lower than
that of martensite. As for the continuous loading mode without 1000 ms of pause, heat
conduction between the specimen clamping end and the fatigue testing machine becomes
the dominant mode of heat transfer. In this case, a lower increase in temperature in the
weld joint than in the BM may be due to the fact that the thermal conductivity of bainite
is higher than that of martensite. It can be concluded that differences in loading modes
lead to differences in the heat transfer, which in turn implies the effect of materials on the
evolution law and magnitude of ∆T. Later discussions on heat dissipation behavior will be
focused on intermittent loading as it is more popular in ultrasonic fatigue testing.

4.2. Surface Temperature Distribution along Axial Direction

Figure 8a,b represents the temperature distribution along the length of the welded joint
and BM specimens at different interrupted cycles. It can be observed that the variation of
∆T corresponding to three stages behaves similarly with the evolution law in Figure 7. It is
worth noting that the temperature distributions are parabolic along the specimen length
direction rather than ideally uniform, indicating that the temperature distribution of the
specimen is less affected by the microstructure discontinuity of the welded joint, that is, there
is no obvious correlation between the material and temperature distribution. Nevertheless,
∆Tmax of the welded joint is gradually transferred from the weld to the BM, while ∆Tmax
of the BM remains stable in the middle of the specimen. It can be concluded that the
temperature distribution of the welded joint is more inhomogeneous than that of the BM.

The heat dissipation caused by heat convection, heat radiation, and heat conduction
accounts for a large proportion in the fatigue test and cannot be ignored. The surface
temperature of the specimen can be simplified to a one-dimensional field since the diameter
to length ratio of the ultrasonic fatigue specimen is extremely small and the temperature
is distributed in a gradient mode along the length of specimen. Therefore, taking the
center of the specimen as the origin and the direction of the free side as the positive
direction of the X-axis, the theoretical model of the specimen temperature is given as
θ(x) = A1x2 + A2x + A3, where A1 < 0, θ is a one-dimensional temperature, and A2 and
A3 are fitting parameters. It is indicated that the experimentally determined temperature
distribution is in good agreement with the theoretical formula.

4.3. Relative Temperature Difference

Figure 9a shows the variation of relative temperature difference with number of cycles
of base metal and weld joint specimens. δ1 is defined as the relative temperature difference
and reflects the inhomogeneity of the specimen temperature distribution. δ1 is given as
δ1 = (Tmax − Tmin)/Tmax, where Tmax and Tmin are the highest and lowest surface tem-
perature of the specimen, respectively. As depicted in Figure 9a, δ1 of the BM has been
maintained at approximately 20%, as the microstructure of the BM is uniform. However,
δ1 of the welded joint decreases gradually and then stabilizes due to the location transfer
of the ∆Tmax. The microstructure of the welded joint is not uniform, and the heat transfer
coefficients and heat dissipation are different, causing a more severe inhomogeneous tem-
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perature distribution. Therefore, the parameter of δ1 implies the degree of inhomogeneity
of temperature distribution within the specimen.
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Figure 8. Specimen surface temperature distribution along axial direction of welded joint and BM
specimens at σa = 645 MPa: (a) welded joint, (b) base metal.
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Figure 9. Relative temperature difference versus the number of cycles: (a) δ1, (b) δ2.

Figure 9b exhibits the variation of relative temperature difference at both side of
specimen with number of cycles of the two materials under intermittent loading. δ2 is
the relative temperature difference at both sides of the specimen, and it is obtained by
δ2 = (T2 − T1)/T2, where T1 and T2 are the surface temperature at the clamping and free
side of the specimen, respectively. Note that both the δ2 of the welded joint and BM show a
rising–declining–stable evolution as N increases. Nevertheless, the relative temperature
difference at both sides of specimen of the welded joint is higher than that of the BM, as
shown in Figure 9b. The temperature at the specimen clamping side is lower than the free
side, which is most probably due to a higher heat conduction rate at the specimen clamping
side and a lower heat convection rate at the free side. It appears that the difference of heat
transfer mode leads to the asymmetry of temperature distribution, resulting in the change
of δ2. It is expected that the temperature difference between both sides of the specimen
remains basically constant at a time when the heat transfer between the specimen and the
environment forms a dynamic balance. Therefore, the parameter of δ2 implies the degree
of asymmetry of temperature distribution within the specimen.

4.4. Ultrasonic Fatigue Testing Consideration

Common ultrasonic fatigue specimens include iso-sectional, dog-bone, and plate
shapes, and the corresponding specimen is selected based on the purpose of study. In this
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work, the specimens with parallel sections in the middle were chosen to ensure the same
stress at the region of interest, excluding the influence of non-uniform stress on the results,
facilitating the analysis of material microstructure and heat transfer on heat dissipation and
judgment of the weak zone of the welded joint, and most importantly, providing further
guidance for the selection of ultrasonic fatigue specimens of the welded joint.

Furthermore, intermittent loading-uncooled and continuous loading-uncooled were
used to investigate the effect of loading condition on heat dissipation, which is essentially
a thermal–mechanical coupling behavior. The current knowledge can provide guidance
for the use of cooling in ultrasonic fatigue. In the loading without cooling, the specimen
will fail in a very short time due to the influence of heating. On the contrary, the heat–force
coupling effect is not evident in fatigue tests with air-cooling, where the fatigue strength of
low-strength steel will be increased due to frequency effect, and the fidelity of test results
needs to be compared with conventional frequency loading. This is a new field where the
strengthening and microscopic mechanisms need further study.

5. Conclusions

The specimen surface temperature of a low-strength steel 25Cr2Ni2MoV welded joint
and its base metal were monitored by infrared thermal imaging technique, and related
mechanisms were studied. The main conclusions are listed as follows.

(1) The influence of specimen type on heat dissipation behavior was insignificant due to
similar temperature rise stages and distribution curve shape.

(2) The position of ∆Tmax on the welded joint was variable but remained in the WM,
while that on BM was in the center. The ∆Tmax position correlated well with fatigue
failure location.

(3) The inhomogeneity and asymmetry of temperature distribution could be well de-
scribed by δ1 and δ2, implying a dominant role of heat transfer mode and insignificant
influence of microstructure heterogeneity.

(4) The standardization of ultrasonic fatigue testing should consider the thermal–mechanical
coupling effect of low-strength materials.
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Nomenclature

R stress ratio
σa stress amplitude
∆T temperature rise
∆Tmax maximum temperature rise
TC maximum surface temperature of the specimen
T0 room temperature
θ one-dimensional temperature
A1, A2, A3 fitting parameters
Tmax highest surface temperature
Tmin lowest surface temperature
δ1 relative temperature difference
T1 surface temperature at the clamping side of the specimen
T2 surface temperature at the free side of the specimen
δ2 relative temperature difference at both sides of the specimen
SAW submerged arc welding
BM base metal
WM welded metal
PHWT post-weld heat treatment
HAZ heat-affected zone
YS yield strength
UTS ultimate tensile strength
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