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Abstract

To quickly predict the fatigue strength of welded joints in high-cycle fatigue tests and fit
the S-N curve, this paper proposes a new model based on infrared thermal imaging tech-
nology. High-cycle fatigue tests were conducted on laser-welded joints of weathering steel
Q450NQR1 and separately, on joints made of stainless steel T4003, while local tempera-
ture variations in the joints were monitored. Based on the experimentally observed tem-
perature drop behavior, a novel Temperature-Drop-Curve-Based Fatigue Damage En-
tropy (TDC-FDE) model was developed to rapidly estimate the fatigue life and fatigue
limit of welded joints. The model quantifies the entropy generated during fatigue damage
evolution based on the temperature-decrease slope and establishes a direct relationship
between entropy and the fatigue performance of the joint using this slope as the linking
parameter. Experimental results indicate that a material’s specific heat capacity, density,
elastic modulus, and applied stress level directly influence fatigue damage entropy gen-
eration. The entropy increase associated with purely elastic deformation does not contrib-
ute to fatigue damage in high-cycle fatigue; therefore, this portion should be excluded
from the fatigue damage entropy calculation. The fatigue damage entropy of a given weld
joint tends to remain nearly constant under different stress levels and loading frequencies.
Finally, traditional fatigue tests demonstrated that the maximum deviation between the
fatigue strength predicted by the proposed model and the experimentally measured val-
ues does not exceed 3.4%, thereby verifying the model’s accuracy and effectiveness in
evaluating fatigue performance.

Keywords: fatigue damage assessment; laser welding; temperature drop curve;
high-cycle fatigue; infrared thermography

1. Introduction

Fatigue is a significant contributor to the failure and functional degradation of me-
tallic components subjected to fluctuating stresses [1-3]. Welding is a critical connection
method commonly applied in shipbuilding, aerospace, rail transportation, and other in-
dustries. The precise and timely assessment of fatigue performance in welded structures
is of paramount importance to industrial manufacturing. Based on the analysis of fatigue
failure in welded structures under various load forms using thermodynamic parameters,
quantifying fatigue damage has proven feasible. Consequently, mathematical models
based on thermodynamic parameters are increasingly applied in this field [4-6].
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This project establishes a fatigue performance evaluation model for the welded struc-
tures and validates it against experimental data to enhance the accuracy of fatigue perfor-
mance predictions based on thermal imaging technology. Researchers proposed the Lu-
ong [7,8] and Risitano [9,10] methods to determine a material’s fatigue strength. These
methods involve identifying the fatigue limit either by locating the intersection points of
temperature rise fitting lines at various stress levels or by finding the intersection between
the temperature rise fitting line (above the fatigue strength) and the horizontal axis. These
approaches utilize the relationship between temperature evolution and applied stress lev-
els to estimate fatigue limits. Temperature changes are inherently associated with energy
dissipation and an increase in entropy within the local region of the specimen. Conse-
quently, to more effectively quantify fatigue strength and fatigue life, it is essential to pre-
cisely calculate both energy dissipation and entropy variations throughout the fatigue
process. Fluctuations in local specimen temperature during fatigue testing are inevitably
accompanied by energy dissipation and corresponding changes in thermodynamic en-
tropy. Given the established relationship between local energy dissipation, entropy in-
crease, and material fatigue damage, fatigue damage is examined and quantified using
thermodynamic parameters. Khonsari et al. [11,12] monitored the surface temperature of
specimens subjected to fatigue under various loading conditions: tensile, torsion, and
bending. The test results indicated that the temperature rise slope Ry determines energy
changes, which lead to the derivation of a specific indicator for characterizing fatigue per-
formance-fatigue fracture entropy (FFE). Jirandehi et al. [13] and Liakat et al. [14] demon-
strated that fatigue fracture entropy is a material-specific property and does not depend
on factors such as geometry, loading frequency, and form of loading.

The energy dissipation resulting from changes in the local temperature of the speci-
mens plays a pivotal role in the calculation of fatigue damage entropy. Consequently, a
comprehensive analysis of all energy dissipation throughout the fatigue process is funda-
mental for determining fatigue damage entropy. Here, Q; represents the total energy dis-
sipation of the local specimen, Q; is the energy dissipation caused by the “internal fric-
tion” of atoms oscillating about their equilibrium positions, and Q; denotes the irreversi-
ble energy dissipation. Based on the principle that fatigue damage entropy remains con-
stant, a quantitative assessment of material fatigue damage is feasible. Numerous scholars
have investigated this concept extensively. To investigate the influence of energy dissipa-
tion components @y and Q; within the total energy dissipation Q; on evaluating fatigue
strength at stress levels below the fatigue limit, Mehdizadeh et al. [15] conducted strain-
controlled low-cycle bending fatigue tests on homogeneous materials, specifically stain-
less steel 304 and carbon steel 1018. The research indicated that Q; serves as a key factor
in calculating fatigue damage entropy, while the contribution of Q; to fatigue damage is
negligible. Consequently, to ensure more accurate predictions in calculating fatigue dam-
age entropy, Q; should be subtracted from the total energy dissipation Q;. Amooie and
Khonsari [16] demonstrated that fatigue life increases as ambient temperature decreases.
Within the temperature range of —10 °C to 20 °C, the energy dissipated per cycle in low-
temperature environments remains relatively low, though the cumulative dissipated en-
ergy over time is substantial. Moreover, the fatigue damage entropy is observed to be
constant across different ambient temperatures. Mahmoudi et al. [17] conducted low-cycle
fatigue tests on various alloys, including Al7075-T6 and MCS1045, to validate the accuracy
of the entropy-kinetic model predictions based on the temperature rise slope. Researchers
observed that, due to the differing physical properties of steel and aluminum alloys, the
steady-state temperature of steel is substantially higher than that of aluminum alloys un-
der equivalent stress levels. It should be noted that two widely used methods are currently
available for calculating energy dissipation Q in fatigue analysis: a temperature rise slope-
based method, applicable to both high- and low-cycle fatigue [18], and a hysteresis loop
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area-based method, specifically suitable for low-cycle fatigue [19]. Energy dissipation is
an essential link between temperature evolution and fatigue fracture entropy. The accu-
racy of energy dissipation is essential to the magnitude of fatigue damage entropy, which,
in turn, influences the precision of fatigue performance evaluation. Unlike the calculation
of energy dissipation in standard welded fatigue specimens during high-cycle fatigue
tests, the calculation for welded structures encounters the following two challenges:
firstly, during the fatigue test, the stress levels remain below the material’s yield strength,
making it difficult to monitor the hysteresis loop. Therefore, calculating energy dissipa-
tion from the hysteresis loop area is not feasible. Secondly, the temperature rise slope, Ry,
is influenced by uncontrollable factors such as welded joint-induced deformation and de-
fects, which cause significant variations in the slope at the same stress level. This, in turn,
affects the calculation of energy dissipation, leading to excessive discreteness in the fa-
tigue fracture entropy and reduced accuracy in fatigue assessment.

Current research on the fatigue performance of welded joints using infrared thermal
imaging technology primarily focuses on temperature variations, while studies on the
mechanisms of energy dissipation and entropy increase in welded joint fatigue remain
relatively limited. Ummenhofer and Medenberg [20] employed infrared thermography to
distinguish the linear temperature rise from the nonlinear temperature rise in order to
determine the fatigue limit of welded joints. The location of crack initiation and the mo-
ment of fracture were determined by analyzing the peak temperature in the thermal phase
diagram. Wei et al. [21-23] conducted high-cycle fatigue tests on Q460 butt joints and
Q310NQL2-Q345NQR?2 laser-welded butt joints, monitoring the temperature evolution of
test specimens to develop an effective fatigue fracture entropy evaluation model. Experi-
mental results indicated that both the fatigue fracture entropy and fatigue life of these
welded joints followed a normal distribution. Furthermore, the study derived the gener-
ation of anelastic entropy at low stress levels and irreversible entropy at high stress levels.
The predicted P-S-N curve showed strong consistency with experimental findings, sup-
porting the model’s accuracy. Crupi et al. [24] estimated the fatigue strength of AH36 steel
butt joints using infrared thermography and compared it with results obtained through
conventional testing methods. The experimental results showed that a small error be-
tween the two methods, and the S-N curve was accurately fitted using infrared thermog-
raphy. Yan et al. [25] employed variations in temperature rise across different stress levels
to predict the fatigue strength of two types of AZ31B magnesium alloy welded joints in
high-frequency fatigue tests. The predicted results deviated by approximately 10% from
the experimental data.

It is worth noting that, for the fatigue performance evaluation method of welded
joints using infrared thermal imaging, the calculation of fatigue damage entropy is based
on the temperature rise phase of the specimen’s surface during the fatigue test. Although
fatigue damage entropy can be determined from the temperature rise slope of the speci-
men surface, this method faces inherent challenges, including significant variability in fa-
tigue fracture entropy and substantial deviations between experimental and predicted
outcomes. The intrinsic physical properties of specific welded joints —such as specific heat
capacity, thermal conductivity, and elastic modulus —remain constant throughout the test
[26-28]. As a result, once the fatigue test concludes, the temperature decay curves for the
same material across varying stress levels exhibit a consistent pattern, which significantly
reduces the variability in the initial temperature rise slope caused by factors such as weld-
ing defects and stress concentration. Utilizing the consistent temperature decay curve of
a specific welded structure, this study employs the slope of temperature decay at steady-
state temperatures across various stress levels to calculate the energy dissipation. This
project establishes a fatigue performance evaluation model for the welded structures and
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validates it against experimental data to enhance the accuracy of fatigue performance pre-
dictions based on thermal imaging technology.

In summary, because the hysteresis loop is difficult to measure during high-cycle
fatigue testing of welded joints, the assessment of energy dissipation in such tests relies
primarily on infrared thermography. Currently, the characterization of high-cycle fatigue
performance of welded joints using infrared thermography predominantly relies on the
initial temperature rise slope. However, the temperature rise slope can be influenced by
welding defects and deformations, leading to considerable variability and necessitating
extensive computational effort. Therefore, this study employs the temperature drop curve
measured after specimen fatigue failure as the basis for calculating energy dissipation and
fatigue damage entropy (FDE). High-cycle fatigue tests were conducted on the laser-
welded joints of weathering steel Q450NQR1 and stainless steel T4003. This study moni-
tored the temperature evolution at the stress concentration point (weld toe area) of the
joints during the fatigue test to capture the temperature change in the weld toe area under
varying stress levels. The energy dissipation and fatigue damage entropy are calculated
using the temperature drop slope at the steady-state temperature following the failure of
the fatigue specimens. The fatigue life at a specific stress level is determined using the
fatigue damage entropy. The S-N curve for the welded joints is generated, and a fatigue
fracture entropy-based performance evaluation model is developed. The accuracy of the
proposed model is validated through experimental testing.

2. Theory

2.1. Temperature Evolution and Energy Dissipation

Microplastic deformation and the nucleation of fatigue microcracks in the local ma-
terial of the welded joint are the primary mechanisms that ultimately lead to fatigue frac-
ture. The ease or difficulty of crack nucleation is influenced by factors such as grain size
[29-31], dislocation density [32], surface morphology, and welding defects. During the
fatigue test, the microplastic deformation and elastic behavior within materials are re-
flected in changes in the surface temperature of the fatigue specimen, as well as energy
dissipation. Figure 1a illustrates that the local temperature evolution of the specimen sur-
face can be categorized into four stages [33]: the initial phase is characterized by a rapid
increase in the specimen’s surface temperature at the commencement of the fatigue tests.
Subsequently, the temperature attains a stable state and reaches the steady-state temper-
ature, denoted as Ts. The third stage is characterized by a rapid increase in the tempera-
ture of the localized area of the fatigue specimen, attaining the maximum temperature
observed throughout the temperature evolution process at the moment of fracture. Fi-
nally, the fourth stage encompasses the period during which the local peak temperature
of the specimen decreases to ambient temperature after fatigue failure. The steady-state
temperature during the second stage is directly proportional to the local stress level of the
specimen, while the thermoelastic effect is influenced by both the loading frequency and
the ambient temperature [34]. At present, research on energy dissipation in fatigue tests
is primarily based on the temperature rise slope of the initial temperature. However, the
initial temperature rise slope demonstrates considerable variation due to factors such as
welding deformation, residual stress, and surface morphology, even when fatigue param-
eters-such as stress level, loading frequency, and stress ratio-are identical. This variation
presents a challenge for analyzing fatigue failure in welded structures using infrared ther-
mal thermography. As illustrated in Figure 1b, the curves representing the decrease in the
specimen’s peak temperature to ambient temperature following fatigue failure are con-
sistent. The slope of the temperature decline phase during cooling after the specimen’s
fracture can be utilized to more precisely calculate the energy dissipation Q; responsible
for fatigue failure, thus enhancing the accuracy of the fatigue life prediction model [35].
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Figure 1. Schematic diagram of temperature evolution of welded joints and the calculation of the
temperature drop slope at steady-state temperature. (a) Schematic diagram of temperature evolu-

tion. (b) Schematic diagram of energy dissipation calculation using the temperature drop slope.

As discussed in Section 1, the total energy dissipation Q, comprises the energy dis-
sipation Q; due to the oscillation of atoms at their equilibrium positions, and the energy
dissipation Q; resulting from microplastic deformation of the local material. The second
component of energy dissipation @Q;, arises from the microplastic deformation of local
materials. According to the fatigue damage accumulation theory, this portion of energy
dissipation can precisely quantify the extent of fatigue damage in materials during fatigue
testing [36-38]. Figure 2 illustrates the distribution of energy dissipation in the material
during fatigue failure. Numerous studies on homogeneous materials have shown that in
high-cycle tests, when the stress level is below the fatigue limit, the energy dissipation Q
results from recoverable elastic deformation, and this component of energy dissipation
does not contribute to fatigue damage [39,40]. However, when the stress level exceeds the
fatigue limit, most of the energy dissipation Q; is attributable to irreversible material
damage, making Q; a critical factor in assessing the material’s fatigue damage.
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Figure 2. Schematic diagram of the relationship between stress/strain and energy dissipation.

2.2. Fatigue Damage Entropy Model for Welded Joints

To address inaccuracies in structural prediction caused by welded joint-induced de-
formation and defects impacting the temperature rise slope in the fatigue damage entropy
model, this paper develops a mathematical model for calculating the fatigue damage en-
tropy of welded joints using the temperature drop method, aimed at enhancing the pre-
diction accuracy of existing models. To describe the energy transformation process within
the local area of the welded joint during the fatigue test, we present the following formula
derived from the classic first law of thermodynamics:
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au = Ein + Egen - Eout 1)
Ejen denotes the energy dissipation resulting from both elastic behavior and micro-
plastic deformation within the joint’s local area. Therefore, Egen = Q;, where Q, repre-
sents the total energy dissipation resulting from both elastic and inelastic behavior within
the joint’s local area. Among them, E;, and E,,, represent the energy exchange between
the local area of the welding joint and the surrounding environment, and U represents
the change in stored energy in the local area. Given that the temperature of the joint’s local
area is consistently higher than the ambient temperature during the fatigue test, £, can
be neglected. E,,, denotes the energy emitted by the welded joint to the environment via
heat conduction, radiation, and convection. Existing research [41,42] indicates that, when
calculating energy dissipation from temperature changes, the energy exchange through
these mechanisms can be disregarded. Therefore, the energy equation for the local area of
the welded joint can be expressed as follows:

EgenZU:Qtfo+Qi )

Energy dissipation in high-cycle fatigue can be categorized into two components

based on the stress level relative to the fatigue limit: When the applied stress level is below

the fatigue limit, energy dissipation results from recoverable elastic behavior, with irre-

coverable microplastic deformation not contributing to energy dissipation. Conversely,

when the stress level exceeds the fatigue limit, the local energy dissipation in the joint
includes both elastic and microplastic behavior.

o< O-FL:
daT
Q= Qf = PCpré =P t=T 3)
Q=0 4)
g > 0OfL:
. ar
Q: = Qf +0Q; = pCpRB = pCpE (5)
=T,
Qp =0 — Qf= PCp(Rg - Rg) (6)

where p is the material density, c, is the specific heat capacity, Rg is the temperature
drop slope corresponding to the steady-state temperature T, and R§ represents the tem-
perature drop slope that does not contribute to fatigue damage. According to the second
law of thermodynamics, the fatigue damage entropy (thermodynamic entropy) of the lo-
cal joint remains greater than zero throughout the fatigue test loading process. This prem-
ise serves as the foundation for developing a fatigue damage prediction model. According
to this model, the increase in local entropy of the joint is defined as follows:
5 =08 ol Aoy )
o and € represent the stress tensor and the corresponding strain tensor, respec-
tively; T denotes the absolute temperature; ¢ signifies the heat flux; A;V; denotes the
relevant quantity related to the internal state of the material; and V; represents the conju-
gate thermodynamic force related to A;. Multiplying both sides of Equation (7) by the
absolute temperature T yields Equation (8):

q - gradT . ®)
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where W = g:¢, Q = TS;. Therefore, Equation (8) elucidates the relationship between lo-
cal energy dissipation and the welded joint. The three terms in the middle of Equation (8)
denote distinct factors that contribute to energy dissipation. o: € denotes the power per-

—
—

q-gradT

formed by stress and strain. denotes the heat flux resulting from heat conduction.

In high-cycle fatigue tests, this term can be neglected, as the temperature gradient is min-
imal during the second stage of temperature evolution. A;V; is a parameter associated
with the internal state of the material. The energy dissipation attributed to A;V; resulting
from the work performed by stress and strain constitutes only 5% to 10% of the total en-
ergy dissipation [43,44]. Consequently, this term may be omitted when evaluating energy
dissipation in high-cycle fatigue. Since the final two terms on the right-hand side of Equa-
tion (8) are disregarded, Equation (8) is reduced to W = Q. Wis definedas W = o:¢, and
€= % Additionally, Q, = pc,Rg denotes the dissipation of energy per stress cycle. The
entropy production during each stress cycle can, therefore, be described using the follow-
ing two equations:

. pcyR§
=22 ©)
fAT;
. o’
= 10
S=%r (10)

where AT represents the steady-state temperature, and AT, is equal to the difference be-
tween the local temperature of the specimen and the initial temperature. The accumula-
tion of fatigue damage entropy extends from the initiation of the fatigue test (¢ = 0) to the
point of fatigue fracture (t = t¢). The fatigue damage entropy, which remains constant,
functions as an indicator of the component’s fatigue life. Therefore, the total entropy dur-
ing this period is determined by integrating Equation (11):
0
S = %dt (11)
tf
The temperature evolution curve during the fatigue test indicates that the tempera-
ture remains at the steady state value T; for the majority of the fatigue process, during
which most fatigue damage takes place. As a result, setting T = AT in the above equation
and substituting Equation (12) gives

0 p
pc,R
S:f P_Bdt (12)
t

The fatigue test time is given by t; = Ny denotes the number of cycles to failure, and
f represents the loading frequency. By substituting t, = % into Equation (13), the fa-
tigue damage entropy of the local joint during the fatigue test can be calculated.
pcy(RG — RNy pc, Ry Ny

FDE = =
AT, f AT, f

(13)

3. Experimental Procedures

In this study, 5 mm thick weathering steel Q450NQR1 and ferritic stainless steel
T4003 were used as base materials, respectively, and two types of laser-welded joints fab-
ricated from them were selected as the research subjects. Fatigue performance was ana-
lyzed using the fatigue damage entropy model, and the accuracy of the model’s result was
validated through comparison with experimental results. The mechanical properties of
weathering steel Q450NQR1 and stainless steel T4003 are provided in Table 1, while their
chemical compositions are detailed in Table 2 and Table 3, respectively. Both types of
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joints were fabricated using a nitrogen-shielded laser welding process, and the corre-
sponding welding process parameters are listed in Table 4. As illustrated in Figure 3, prior
to the fatigue test, a matte black paint layer was applied to the specimen’s surface to im-
prove emissivity and reduce infrared reflection. The local temperature variations on the
specimen’s surface were continuously monitored using an infrared thermograph posi-
tioned 50 cm away and perpendicular to the specimen’s surface. To enhance the precision
of monitoring local temperature variations in the joint, a Fluke-Ti450 infrared thermal im-
ager (Fluke Corporation, Everett, WA, USA) was utilized to measure and record the sur-
face temperature of the specimen. The infrared thermal imager used in this study features
an image capture frequency of 9 Hz, a resolution of 320 x 240 pixels, and a thermal sensi-
tivity of <0.03 °C at a target temperature of 30 °C (30 mK).

d Specimen

_______________

F - -»Fatigue machine

Figure 3. Schematic diagram of the experiment equipment.

Table 1. Mechanical and physical properties of materials.

Th 1
. Yield Tensile Ultimate Tensile . Specific Heat ermat
Material Density . Conductiv-
Strength Strength Capacity ity
Q450NQR1 450 MPa 550 MPa 7820 kg/m3 765]/kg-°C 50 W/m-K
T4003 280 MPa 450 MPa 7680 kg/m3 510]J/kg-°C 35W/m-K
Table 2. Chemical composition of Q450NQR1 (wt%).
Material C Si Mn P S Cu Cr Ni Fe
O450NQR1 012 075 15 0.025 0.008 0.20~0.50.30~1.20.12~0.6 Balance
max max max max max 5 5 5
Table 3. Chemical composition of T4003 (wt%).
Material C Si Mn P S Ni Cr N Fe

T4003 0.030 1.00 1.00 0.040 0.015 0.30~1.00 10.50~12.50 0.030 Balance

Table 4. Welding process parameters.

Power Welding Wire Feeding  Spot Diameter =~ Number of
(W) Speed (mm/s) Speed (mm/min) (mm) Welding Passes
T4003 1300 3.50 65 0.2 2
Q450NQR1 950 3.20 60 0.2 2

Material
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The fatigue specimens were transversely sectioned from the welded test plates using
an electric spark cutting machine, in compliance with GB/T3075-2008 [45]. The detailed
dimensions of the fatigue specimens are provided in Figure 4. The experiment was con-
ducted on a PLG-50 fatigue testing machine(Letry Corporation, Xi’an, China) at an ambi-
ent temperature of 20 °C. Since the laser-welded joints used in this study were associated
with railway locomotive and rolling-stock applications, a stress ratio of R = 0.1 was se-
lected to more accurately represent the in-service loading conditions of these components.
Because the applied stress level in the high-cycle fatigue test was relatively low, a loading
frequency of 120 Hz was employed to induce a measurable temperature rise on the spec-
imen surface. A minimum of five stress levels were selected for two types of butt joints to
perform high-cycle fatigue tests under uniaxial, sinusoidal loading conditions. The fatigue
damage entropy was calculated using the same five stress levels, as presented in Table 5.

Table 5. Fatigue test stress levels of two types of welded joints.

Welded Joint R Ao/MPa
T4003 butt welded 252 243 234 216 208
joints 01
Q450NQR1 butt welded 252 243 234 216 208
joints
Unit: mm
RS N i _
70
40
220
| 2

Figure 4. Fatigue Specimen Dimensions and Macroscopic Morphology.

4. Results and Discussion
4.1. 5-N Curve Based on Experiment

To verify the theory proposed in Section 2, fatigue tests were conducted. Tempera-
ture curves of stainless steel T4003 and weathering steel Q450NQR1 joints were monitored
during fatigue tests at varying nominal stress levels to determine the fatigue strength at a
specified cycle count of N = 2 x 10°. As shown in Figure 5, the S-N curve expressions for
the stainless steel T4003 welded joints and the weathering steel Q450NQR1 welded joints,
derived from the fatigue test, are Ao = 1.262 x 103N~%1328 Ag = 6.561 x 102N 00805 re-
spectively. Upon calculation, the fatigue strengths are 184 MPa and 204 MPa, respectively,
at the specified number of cycles N = 2 X 10°. Owing to differences in chemical composi-
tion and weldability between the two materials, the surface finish of stainless steel T4003
welded joints is inferior. Consequently, the S-N curve data for stainless steel T4003 joints
are more scattered than those of weathering steel Q450NQR1 joints.
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260
o S-N curve for Q450NQR1 welded joints
250 F ——— S-N curve for T4003 welded joints
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Figure 5. 5-N curve of stainless steel T4003 and weathering steel Q450NQR1 welded joints.

4.2. Generation Rate of Entropy

As discussed in Section 2 above, it is generally accepted that the elastic strain energy
resulting from elastic behavior does not contribute to the fatigue damage of the material,
while the plastic strain energy is the primary cause of fatigue damage and even fracture
of the material [39]. Studies on homogeneous materials [38] indicate that the temperature
change slope ARy and the relative temperature change AT; exhibit a highly convergent
linear positive correlation with the stress level and reach a critical value below the fatigue
strength. Thus, these parameters serve as the primary basis for determining the fatigue
strength, quantitatively analyzing energy dissipation due to elastic and plastic behaviors,
and subsequently determining the fatigue damage entropy. In fatigue tests of welded
structures, due to local joint morphology and welding deformation, a strong relationship
between the temperature change slope ARy and the relative temperature change AT; and
the stress level is not observed in small sample fatigue tests. Thus, these parameters can-
not accurately or quantitatively analyze the fatigue damage entropy of welded joints in
high-cycle fatigue tests.

Given the critical values of the steady-state temperature AT; and the temperature
9 _ PRy
fATy ~ fATs
also a critical value for the entropy generation rates S at the fatigue strength. Figure 6
shows the relationship between the entropy generation rates and stress Ao in each cycle
of stainless steel T4003 and weathering steel Q450NQR1 joints. It can be seen that the en-
tropy generation rates above the fatigue strength are in a proportional linear relationship
with the stress. Through the $-Ao relationship, the critical entropy generation rates of the
two materials at fatigue strength are 1.51]/m?3-K- Cycle and 0.21]/m?- K- Cycle, re-
spectively. It is important to emphasize that the entropy generation rate discussed here
pertains to the increase in total entropy during the fatigue test, rather than the rate of
fatigue damage entropy.

drop slope R§ at the fatigue strength, the formula § = suggests that there is



Metals 2025, 15, 1306

11 of 17

2
o
)
=

®  Generation rate of entropy for T4003 welded joints
Fitted line

®  Generation rate of entropy for Q450NQR1 welded joints
Fitted line

)
T
[
g
o
T

AS = 0.59 + 0.005A0 AS = —7.38 + 0.0372A0

o
T

o
T

Fatigue limt : 204 MPa

Fatigue limt: 184 MPa g
AS= l).%l J/m® - K- Cycle
°

I

Generation rate of entropy,J/(m*K-Cycle)
Generation rate of entropy,J/(m>K-Cycle)

AS=1.51]/m?-K- Cycle
17 f Ls1)/ Y m S 12}
" // i
1.6 | 08k s
&
o
Entropy increase due to elastic behavior ‘,// Entropy increase due to elastic behavior
e i v @ 00 N 1)
170 180 190 200 210 220 230 240 250 260 190 200 210 220 230 240 250 260
Ac,MPa Ac,MPa

Figure 6. Schematic of the entropy generation rate as a function of stress for welded joints. (a) En-
tropy generation rate vs. stress level for stainless steel T4003 joints. (b) Entropy generation rate vs.

stress level for weathering steel Q450NQR1 joints.

Stainless steel T4003 has a lower elastic modulus and specific heat capacity. As shown
in Equation (10), the stainless steel T4003 joint reaches a higher steady-state temperature
at an equivalent stress level. In comparison to the absolute value of the elastic modulus of
the welded joints of both materials, the difference in steady-state temperature AT is neg-
ligible. Thus, the entropy generation rate of the stainless steel T4003 joint is higher than
that of the weathering steel Q450NQR1 at the same stress level. The expression for entropy
increase in each cycle between different stress levels is given by AS = %, where AT
and AR§ represent the difference in steady-state temperature at different stress levels
during fatigue testing and the temperature change rate at the steady-state temperature
during the cooling stage. Due to its higher elastic modulus, density, specific heat capacity,

and thermal conductivity compared to stainless steel T4003, when the absolute changes

. . . . A
in stress levels of the welded joints of these two materials are the same, the change in %
N

for weathering steel Q450NQR1 is greater than that for stainless steel T4003. Therefore,
when the stress level above the fatigue strength changes, the change in the entropy gen-
eration rate of weathering steel Q450NQR1 is greater than that of stainless steel T4003.
The low-cycle fatigue experiment conducted by Mehdizadeh [15] on carbon steel 1018 also
indirectly confirmed that the entropy generation rate is related to the physical properties
of the material.

Since the entropy generation rate is determined by the specific physical properties
and stress level of the joint, the physical properties of the joint materials themselves re-
main constant during fatigue testing. Therefore, there exists a highly convergent, linear
proportional relationship between entropy generation rate and stress level for both stain-
less steel T4003 and weathering steel Q450NQR1 joints.

The changes in the entropy generation rate of these two types of welded joints with
stress levels indicate that the variation in the entropy generation rate of fatigue damage
in welded joints is determined by the physical parameters of the specific joint, including
density, elastic modulus, specific heat capacity, and thermal conductivity. Under equal
stress level changes in different weld joints, the difference in the change rate of fatigue
damage entropy generation results from the variation in the physical parameters of the
welding materials. This confirms that fatigue damage entropy is solely determined by
material properties.

4.3. Fatigue Damage Entropy of Welded Joints

The trends in total entropy and entropy increase due to elastic behavior with stress
for the stainless steel T4003 and weathering steel Q450NQR1 joints are shown in Figure 7.
As shown in Section 4.2, the entropy increase due to elastic deformation remains constant
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during each stress cycle. Therefore, at stress levels exceeding the fatigue strength, the en-
tropy increase from elastic deformation typically scales proportionally with the number
of cycles. Simultaneously, given that fatigue damage entropy remains constant, the total
entropy increase during the fatigue failure process correlates directly with the entropy
increase caused by elastic behavior.

[ Total entropy Generation
1.0x10%4 [ Entropy increase due to elastic behavior
1 [ [

8.0x10*
6.0x104 | |
4.0x10*
0.0x10" HHHF\H y—\H

216 [ 225 [ 234 [ 243 [ 252 [ 216 [ 225 [ 234 [ 243 | 232
T4003 Q450NQRI1

Stress range, MPa

Entropy ,KJ/(m*-K)

Figure 7. Relationship between entropy increment and stress level of stainless steel T4003 and
weathering steel Q450NQR1 welded joints.

The cycle life and entropy production rate of fatigue specimens are influenced by
weld surface morphology, welding-induced deformation, and residual stress. Therefore,
for weathering steel Q450NQR1 joints and stainless steel T4003 joints, both the total en-
tropy and the entropy increase due to elastic deformation fluctuate within the stress range
of 216-252 MPa, but generally exhibit an increasing trend with rising stress levels.

According to the test results in Tables 6 and 7, unlike low-cycle fatigue tests where
the entropy increase caused by elastic behavior can be disregarded, this entropy increase
constitutes a significant proportion of the total in the high-cycle fatigue failure process of
welded joints. Therefore, in analyzing high-cycle fatigue failure problems based on fa-
tigue damage entropy, consideration of the entropy increase caused by elastic behavior is
crucial for ensuring the accuracy of prediction models. From Tables 6 and 7, it is observed
that the entropy increase caused by elastic behavior accounts for 0.87 and 0.21 of the total
entropy for two types of welded joints, respectively. According to Equation (10), the en-
tropy generation rate caused by elastic behavior is inversely proportional to the elastic
modulus. Thus, the proportion of entropy increase caused by elastic behavior in the stain-
less steel T4003 joint to the total entropy is significantly higher than that in the weathering
steel Q450NQR1 joint. Despite the increase in entropy caused by elastic behavior with
decreasing stress levels, it does not result in a larger proportion of elastic entropy in total
entropy generation. This finding further indicates that, under a given welded joint geom-
etry and loading configuration, the fatigue damage entropy is predominantly governed
by the material properties [18].

Table 6. Entropy increase statistics of stainless steel T4003 welded joints.

; i En- Elastic En-
Welded |, o T‘:tal En Elatsm En- rDE :::;y /“ FDE/Total
: ropy ropy 3. E
Joint kJ/m3®-K KkJ/m3-K kJ/m*- K Total Entropy ntropy
T4003 butt 252 382 208 84 0.78 0.22
welded 243 412 371 70 0.90 0.10

joints 234 913 822 91 0.90 0.10
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225 970 853 116 0.88 0.12

216 675 589 87 0.87 0.13

Average value 670 587 90 0.87 0.13
Standard deviation of FDE 13.67

Table 7. Entropy increase statistics of weathering steel Q450NQR1 welded joints.

. Elastic En-
Wel.ded Ac/MPa T(:lel;n- Ele;s;:;}liin- FD;E tropy/ FDE/Total
Joint Kj/m®-K Kj/m?- K kJ/m®-K  Total En- Entropy
tropy
252 240 25 215 0.10 0.90
Q450NQR1 243 223 28 195 0.13 0.87
butt welded = 234 201 31 170 0.15 0.85
joints 225 371 61 310 0.16 0.84
216 500 179 321 0.24 0.76
Average value 307 65 242 0.21 0.79
Standard deviation of FDE 56.24

According to Equation (13), the entropy increase from elastic behavior, which does
not contribute to fatigue damage, is subtracted from the total entropy to obtain the fatigue
damage entropy for welded joints of two different materials, as shown in Figure 8. The
fatigue damage entropy of the joints made from stainless steel T4003 and weathering steel
Q450NQR1 are 90 KJ/m?*K and 242 K]J/m*K, respectively.

A T4003 welded joints

400 + ® Q450NQRI welded joints
Upper bound
e
~ 300
2
ME Average value:242 KJ/m*K Band rang:126
=
[ ]
200 .j
B e — - 1o VESHENSNORS | SESReReReRes
Lower bound Upper bound
_______ e e e
100 | Band rang:461 . Average value:90 KJ/m*K
X A
_____ I N
Lower bound

1 1 1 1 1 1 1 1

215 220 225 230 235 240 245 250 255
Ac,MPa

Figure 8. Fatigue damage entropy of two types of welded joints of weathering steel Q450NQR1 and
stainless steel T4003.

4.4. S-N Curve Prediction

In Sections 4.1 and 4.2, the entropy generation rate and fatigue damage entropy of
weathering steel Q450NQR1 and stainless steel T4003 in the fatigue failure process have
been discussed in detail, and the fatigue damage entropy of the welded joints of the two
different materials has been obtained. Thus, the fatigue life of the joint at different stress
levels can be calculated using Equation (13), and the S-N curve can be fitted accordingly.

Figure 9 shows the S-N curve obtained from the test and based on fatigue damage
entropy. For the fatigue strength of weathering steel Q450NQR1 at the specified fatigue
life N = 2 x 10°, the S-N curve obtained from the experiment and the S-N curve calcu-
lated based on fatigue damage entropy are 184 MPa and 186 MPa, respectively; the fatigue
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Stress,Ac/MPa
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240
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180

strength of stainless steel T4003 at the specified fatigue life of N = 2 x 10¢ are 204 MPa
(experimental) and 211 MPa (calculated based on fatigue damage entropy). The relative
errors between the fatigue strength obtained from tests on weathering steel Q450NQR1
and stainless steel T4003 joints and those predicted using fatigue damage entropy are 3.4%
and 1.1%, respectively.

As pointed out in Section 4.1, owing to the poor weldability of stainless steel T4003
and the suboptimal surface morphology of the weld, the actual local stress state during
fatigue testing may deviate from the nominal stress adopted in this study. Consequently,
for stainless steel T4003 joints, the S-N curve derived from fatigue damage entropy and
that obtained from conventional fatigue testing exhibit considerable scatter.

— 260
T4003 welded joints ) Q450EWRI welded joints
— S-N curve based on experiment ——S-N curve based on experiment
S-N curve based on fatigue damage entropy 250 o0 —— S-N curve based on fatigue damage entropy
S-N curve based on experiment :
AG=6.561x10> N5 R?=0.83 FS: 204MPa
&£ 240 F S-N curve based on fatigue damage entropy :
= Ac=6.08x102 N0 R>=0.91 FS: 211MPa
o
4 *
2
6 230
7
[ S-N curve based on experiment : ¢

Ac=1.262x10° N8 R>=0.71 FS: 184MPa 220

S-N curve based on fatigue damage entropy: ° °

Ac=1.276x10° N3 R?=0.77 FS: 186MPa b
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Cycle to failure Cycle to failure

Figure 9. Comparison of S-N curves based on fatigue damage entropy and experimental results: (a)
Stainless steel T4003 welded joint; (b) Weathering steel Q450NQR1 welded joint.

5. Conclusions

In this paper, considering the proportion of entropy increase caused by elastic behav-
ior in the total entropy generation during the fatigue failure process of welded joints, and
the factors affecting the entropy generation rate are analyzed. A new fatigue damage en-
tropy calculation model is proposed based on the temperature drop slope at steady-state
conditions, and the results of the proposed model are compared with the experimental
results.

(1) Owing to differences in physical properties (e.g., specific heat capacity and den-
sity) and mechanical properties between the two materials, the fatigue damage entropy
production rates of stainless steel T4003 and weathering steel Q450NQR1 joints differ un-
der the same stress level.

(2) In high-cycle fatigue tests of welded joints, the increase in entropy due to elastic
behavior, which does not contribute to fatigue damage, varies directly with the number
of cycles and inversely with the elastic modulus of the material. For joints made of stain-
less steel T4003 and weathering steel Q450NQR1, the component of entropy increase con-
stitutes 87% and 21% of the total entropy, respectively. Therefore, in high-cycle fatigue
tests, the calculation of fatigue damage entropy necessitates subtracting the entropy in-
crease due to elastic behavior from the total entropy to obtain an accurate measure of fa-
tigue damage entropy.

(3) For a specific welded joint, the fatigue damage entropy is a thermodynamic pa-
rameter related solely to the material properties. In this study, the fatigue damage entro-
pies of the joints of stainless steel T4003 and weathering steel Q450NQR1 are determined
to be 90 kJ/m3-K and 242 kJ/m3K, respectively.

(4) Under the specified fatigue life N = 2 x 10°, the fatigue strength obtained from
the fatigue tests of the welded joints of stainless steel T4003 and weathering steel
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Q450NQR1, as well as those obtained based on fatigue damage entropy, exhibit errors of
1.1% and 3.4%, respectively. This further demonstrates the effectiveness and accuracy of
the fatigue damage entropy model proposed in this study.
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Nomenclature

Ry the temperature rise slope, °C/s

Q; the total energy dissipation, k]

Qr internal friction, kJ

Q; the irreversible energy dissipation, k]

AT the steady-state temperature (the temperature rise in the sample surface relative to
$ its initial temperature), K

E in the heat transferred from the environment to the specimen, kJ

Eput the heat dissipated from the specimen to the environment, k]

Egen the energy input to the specimen due to externally applied cyclic stress, k]

S the entropy increase in each cycle, kJ/m3 - K- Cycle

U the internal energy, kJ

o stress, MPa

FS fatigue strength, MPa

p material density, kg/m?

Cp specific heat capacity, J/kg- °C

Qp the energy dissipated due to plastic deformation, kJ

R the temperature drop slope, °C/s

Rg the temperature drop slope that does not contribute to fatigue damage, °C/s

N the number of loading cycles

f the loading frequency, Hz

FDE fatigue damage entropy, kJ/m?-K
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