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Abstract: The traditional methodologies for fatigue life assessment of welded joints strongly depend
on geometries and surface characteristics, as well as time. In this paper, an energy-based approach,
independent of structures though thermal-graphic measurement, was presented to predict life
expectancy of welded joints, via limited number of tests. In order to eliminate the thermal elastic
effect caused by the welding residual stress, annealing was first conducted on welded specimens.
Both monotonic and cyclic tests for welded joints were implemented. Then, based on the thermal
evolution of welded joints measured by the quantitative thermo-graphic method, an energy-based
approach, taking the linear temperature evolution and the intrinsic dissipation into account, was
employed on the fatigue life prediction of flat butt-welded joints. The estimated results showed
good agreement with the experimental ones, and the energy tolerance to failure E. for different stress
amplitudes was found to be constant.
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1. Introduction

The welded joints of high strength steel are frequently used in bridges and buildings, in light
of good mechanical properties and excellent weldability [1]. However, compared with its parental
materials, the fatigue strength of welds generally declines due to the existence of possible welding
porosity and impurity defects, and tensile residual stress caused by the inconsistent recrystallization
process with temperature gradient. In order to ensure sufficient service life at design stage and avoid
fatigue failures occurring in welded engineering structures at usage stage, it is necessary to clarify the
lifetime estimation model and fatigue damage evolution mechanism [2,3].

The traditional fatigue life evaluation approaches mainly depend on the S — N curves of
welded joints to characterize mathematical relationship between different mechanical responses
and lifespans [4]. In the normal stress method, the S — N curves estimate fatigue life by means of
the structural nominal stress range in the presence of possible cyclic loads [5]. Based on the S — N
curves obtained from fatigue tests on actual welded joints, the extrapolated maximum structural
stress in consideration of local geometries was utilized to predict life expectancy in the hot-spot stress
method [6-8]. In order to concern detailed geometrical features and stress concentration effects, the
maximum notch stress at the weld toe and weld root is treated as lifetime assessment parameter,
proposed by the notch stress approach [9,10]. Similarly, the so-called E — N curves are expressed in
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terms of plastic and elastic strain energy density (SED) at the weld seam, and relevant number of
cycles in the SED method to estimate fatigue life of welded joints [11,12]. However, the selection of
S — N curves from different fatigue classes could be subjective, since they depend on the geometry of
welded joints and loading modes. The corresponding mechanical responses are not easy to precisely
determine as well. Another fracture mechanics approach could make the determination of lifetime for
cracked welded components based on the Paris law, according to the relationship between the crack
growth rate and stress intensity factor range [13]. Nevertheless, it is sensitive to the initial crack size,
and thus the known crack is needed.

The intrinsic energy dissipation method could rapidly confirm the fatigue limit and evaluate
life expectancy, based on the thermal evolution on the surface of welded joints under cyclic loadings
obtained from the thermo-graphic measurement [14-16]. This approach is independent of geometrical
characteristics of welded joints, and does not require some given assumptions or prerequisites,
compared with the notch stress approach, fracture mechanics method, and so on. This temperature
variation is representative of the microstructure’s movement and evolution in some way, which
could be deemed as the connection between different scales. In the meantime, the intrinsic dissipation
method supported by the thermo-graphic technique has great advantages in saving time and specimens.
It could rapidly confirm the high-cycle fatigue limit, and construct a fatigue life assessment model via
a very limited number of tests without sacrificing the calculation precision, proposed by Risitano and
Luong et al. [17,18]. Essentially, the dissipation of energy directly reflects a material’s fatigue failure
mechanism, caused by the internal friction between the micro-structures. Meanwhile, the direction
judgment falls into disuse when the dissipated energy is treated as damage parameter. Currently,
a so-called Quantitative Thermo-graphic Methodology (QTM) has been widely used in studying the
fatigue behavior of pure metal materials, notched specimens, and welded joints [19,20]. However,
this approach is based on the assumption of a constant temperature increment during the stabilized
stage [21,22], and the temperature is directly considered a fatigue damage parameter. In this paper,
the linear increase of temperature increments in the stable stage II was measured on the surface of
a flat butt welded joint, and was taken into account for constructing a fatigue life estimation model of
welded joints. A well-suited energy form (instead of temperature) was treated as the fatigue indicator
for characterizing the heat dissipation behavior.

First, in order to eliminate the thermal elastic effect caused by the welding residual stress,
annealing was carried out. Its mechanical behavior was obtained through a monotonic test. The
fatigue tests were conducted on the butt joint under fully reversed tension-compression loading. Then,
based on the fatigue life estimations model, taking the linear temperature evolution and the intrinsic
dissipation into account, the estimated life spans calculated from the energy-based approach were
compared with experimental ones.

2. Experimental Work

2.1. Specimen Preparation

The flat butt-welded joints were designed, as in Figure 1, and connected by the arc-welding
process. The weld seam is located at the middle of the specimen (purple marks). Its thickness is 6 mm.
The parental material is high strength steel, and its yield strength is 460 MPa, which is widely utilized
in bearing structures, like bridges or buildings.

Some research [19,20] found that if a mean stress existed, there would be a very small heat
contribution offered by a thermo-elastic heat source. In general, the welding procedure could produce
residual stress located at the welded zone. This tensile residual stress is usually treated as a kind of
equivalent mean stress. In order to eliminate the inherent mean stress, the specimens were annealed
by raising the temperature to 500 °C and preserving heat for two hours. After they were cooled to
room temperature, the residual stresses on the surface of the specimen around the welded area were
measured by X-ray, as shown in Figure 2. The three measuring points are shown in Figure 3, and the
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tested results are listed in Table 1. The residual stresses of those points on the surface of the specimen
are all small, and could be considered as non-residual stress.
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Figure 1. Specimen geometry of welded joint (all dimensions in mm, roughness in micrometers,

tolerance for all dimensions 40.01).
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Figure 3. Layout of measurement points.

Table 1. Residual stress measured by X-ray.

Point 1 (MPa) Point 2 (MPa) Point 3 (MPa)
—14.55 + 3.27 —16.84 £ 1251 5.09 + 6.86

2.2. Monotonic Test

A monotonic tensile test was conducted on the butt joint specimen under displacement control
at the rate of 0.01 mm/s. An Instron uniaxial extensometer (INSTRON, Norwood, MA, USA) with
a 12 mm gauge length was utilized for measuring the strain. The true and engineering stress—strain
curves are both shown in Figure 4. According to the stress and strain responses, the mechanical
parameters of welded joints are listed in Table 2. The yield strength of welded joints is less than
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the parental material, which is possibly caused by the welding process parameters and the welding
wire material.
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Figure 4. Stress and strain responses under monotonic tensile loading.

Table 2. Mechanical parameters of welded joint.

Young's Modulus E (GPa) 205
Yield Strength o, (MPa) 365
Ultimate Tensile Strength oy;7s (MPa) 500

2.3. Cyclic Test

The installation diagram of the uniaxial fatigue test and thermal measurement is shown in Figure 5.
The temperature distribution contour on the surface of the specimen during the cyclic loading was
recorded by a high-performance infrared (IR) camera (FLIR, Boston, MA, USA), as shown in Figure 6.
This camera has high sensitivity to perceive the thermal variation of 20 mK at room temperature, and
its resolution could reach 640 x 512 pixels in full field mode.

In the fully reversed fatigue tests, the applied constant stress amplitudes were 240 MPa, 260 MPa,
300 MPa and 340 MPa, which aimed at constructing a fatigue life estimation model and testing its
prediction accuracy. All the fatigue tests were under load control, and the failure criterion was 50%
drop of displacement. The frequency of applied uniaxial loading was 20 Hz.

Figure 5. Installation diagram of the fatigue test and thermal measurement.
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Figure 6. Temperature distribution contour measured by IR camera (unit: °C).
2.4. Thermal Evolution

The heat caused by the internal friction between microstructures under cyclic loading is dissipated
through weld metal. The temperature increment § with respect to initial temperature could be obtained
from the thermal-graphic measurement. The thermal evolution in whole life cycles under stress
amplitudes 300 MPa and 260 MPa are shown in Figures 7 and 8, respectively. Before the temperature
increment comes into the stable stage II, as shown in Figure 7, the temperature of the material surface
increases continuously, due to cyclic straining, until a relative equilibrium state between the internal
heat production and external heat exchange is reached [19-23]. Being different from pure metal
materials, the temperature increment of this welded joint linearly increases during the stable stage II
both in high stress amplitude and low stress amplitude. Thus, the method for calculating accumulated
intrinsic dissipation and predicting lifespan has to be developed.
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Figure 7. The thermal evolution in whole life cycles under stress amplitude 300 MPa.
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Figure 8. The thermal evolution in whole life cycles under stress amplitude 260 MPa.

3. An Energy-Based Fatigue Life Prediction Method

3.1. Intrinsic Dissipation

According to the literature [23,24], the intrinsic dissipation based on a quantitative thermo-graphic
method is considered as the fatigue indicator, instead of temperature produced on the material surface
under cyclic loads. From the perspective of the fatigue damage mechanism, repeated work generated
by the external loads facilitates micro grain movement and friction until the macro crack appears.
During this damage evolution process, the mechanical energy transforms into heat energy, elastic and
plastic strain energy, storage energy, and so on. Certainly, most of them are released in the form of heat
energy, which results in thermal variations in the procedure of heat conduction, heat exchange, heat
convection and heat radiation. However, it is not hard to see that the intrinsic dissipation determines
thermal evolution, which is more suitable to describe fatigue failure behavior. It is assumed that
there is an external heat source r during cyclic loading, while the total heat source s mainly includes
three parts:

S=5Sye+di+7r 1)

where sy, is the thermoelastic heat source generated by the reversible elastic strain, and d; represents
the intrinsic dissipation caused by the irreversible strains.

In view of thermodynamic laws, the heat source could be expressed by temperature differential
equation, presented in the previous references [20-24]:

00
s =pC 5 kA6 (2)
where p is density, C is specific heat, k is isotropic thermal conductivity, 6 is temperature increment with
respect to the initial temperature, t is time, and A is the Laplace operator. According to Chrysochoos
and co-authors’ work [25], proposing 0D, 1D, 2D methods to solve the above differential equation,
the 0D model is considered as the most appropriate approach for the heat solution in the high cycle
fatigue test. Then, the term kAf could be removed from Equation (2).

When the stress ratio R is minus one, the heat source s, tends to be zero because of the
thermo-elastic coupling effect under tension-compression loading. If there is a mean stress, the
heat contribution provided by the heat source sy, is extremely small, so that it could be neglected in
the thermal differential equation. The external heat source r is defined to describe heat conversion
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between the specimen and the environment. However, since the thermal parameters and exchange
conditions are not easy to accurately determine, it has to be simplified according to the heat loss
behavior. Finally, a linear equation is utilized to establish the relationship between the heat loss and

temperature variation:
0

r=—pC - 3)
where T stands for a time constant characterizing the heat loss.
After Equation (1), Equation (2) and Equation (3) are integrated and deduced, the intrinsic
dissipation d; could be expressed like this:

a0 0

) @)

It is worth mentioning that the intrinsic dissipation d; is defined as the average dissipated energy
intensity of the affected region on the surface of the testing specimen. The heat diffusion along the
thickness of specimen is assumed to be identical, while the heat loss between the specimen and the
environment is still characterized by the term pC6/ 7, as shown in Equation (4).

3.2. Energy-Based Fatigue Life Model

In this paper, the intrinsic dissipation d; is regarded as the fatigue indicator. Once the fatigue
damage is produced by each cyclic load, the dissipated energy is accumulated. In order to simplify
calculation of the accumulated intrinsic dissipation d;., the time ¢ could be converted into the term
N/f (f = N/t). Then, the total accumulated intrinsic dissipation d;. could be obtained from the
definite integral of the intrinsic dissipation d; during the whole life cycle:

N
die= [ di/faN 5)

Based on the damage evolution law, the total accumulated intrinsic dissipation d;. has clear
physical meaning, which represents the energy tolerance to failure of a kind of material applied by the
cyclic loading. In other words, it is equal to the energy tolerance to failure E..

In the Equation (4), it is noticed that the term 90 /9t would be zero if the asymptotic portion of
temperature increase in stage Il 6 45 was constant. A large number of studies [23,24] support this
conclusion for most pure materials. However, the welding process brings impurities and porosities,
which results in non-linear fatigue damage evolution behavior and varying thermal dissipation during
the whole fatigue process. Some researchers [22-27] also found there is the linear temperature evolution
after the material gets into a stabilized stage II, as shown in Figure 9. Then, the energy tolerance to
failure E. could be evaluated like this:

N
Bo=d = [ EF (5 + DN ©

Wang et al. [28] presented that the temperature increment 6 in stage II could be converted into

the asymptotic portion of temperature increase 645 and the incremental temperature 6. It should
be noted that the incremental temperature 6, represents the increased temperature with respect to
the asymptotic portion of temperature increase 0,5 during the stabilized stage II. According to the
linear evolution behavior of the temperature increment 6 in stage II versus the life cycles, the slope of

the temperature variation curve is treated as the temperature increment rate A, which is expressed

like this: % 6
& _7
~ON N @

Then, substituting Equation (7) into Equation (6) and taking the decomposition terms 6 45 and 8
into account, the energy tolerance to failure E, is resolved by the following equation:
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Ny pC 39 Oas + AN

In fact, the number of cycles in both initial stage I and final stage III only accounts for a small part
of whole life cycles, and could be ignored in the following definite integral of Equation (8). Then, its

integrating result is indicated like this:
pCA

pCA pCOas
szNf + 7 Nf+ fr Nf 9)

According to Equation (9), the fatigue life Ny related with dissipated energy could be calculated

E.=

as the following equation:

pC . pCOas > pC, pClys
Bt (Fpas P8y - Poa - ) (10)

fT pC/\
Ny = pC/\( fT

Based on Equation (10), the cyclic loading had to at least reach into the early stage II for calculating
the asymptotic portion of temperature increase 645 and the temperature increment rate A. Once these
two parameters were defined, the remaining lifetime or fatigue damage could be derived according to

Equation (10) regardless of whether the thermal measurement is suspended or not.

.
Stage I Stage I Stage ITT

T N o

Niso Ny, Ny N

Figure 9. Schematic diagram of temperature evolution versus life cycles during three stages

In order to calculate intrinsic dissipation, the thermo-physical parameters and loading frequency
needed to calculate the intrinsic dissipation are given in Table 3. It is worth mentioning that the
time parameter T was ascertained by calculating the heat loss from the peak temperature to the room

temperature, also listed in Table 3.
Table 3. Thermo-physical and boundary parameters of the welded joints.

-3 (kg LK) kWK lm? T (s) f(Hz)
455 147~352 20

p (kg-m
7850 460

Furthermore, from the above Equation (9), the energy tolerance to failure E. could be estimated
once the fatigue life and loading conditions are determined. Combined, the thermal evolution in the
whole lifespan under constant stress amplitudes with thermo-physical parameters, and the energy
tolerances to failure E, for different stress amplitudes are listed in Table 4. It is very interesting to note
that all energy tolerances to failure E. are close to 1.0 x 10° J/m?3. The energy tolerance to failure E,
represents the inherent nature of the material or structure in some way and is independent of loading
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conditions. Its significance lies in allowable precise fatigue life estimation, based on Equation (10),
if the thermal evolution within a certain cycle could be ascertained.

Table 4. Energy tolerance to failure E- under different stress amplitude.

Stress Ratio R Stress Amplitude o, (MPa) Ec (J/md3)
-1 300 1.0091 x 10°
-1 260 0.9653 x 10°

Based on the results mentioned above, the thermal evolution in 2000 cycles under stress
amplitudes 340 MPa and 240 MPa are shown in Figures 10 and 11, respectively. The asymptotic
portion of temperature increase 645 during the stabilized stage II and the temperature increment
rate A could be obtained from the temperature variation. Then, according to Equation (10), their life
expectancies are assessed and listed in Table 5. The predicted cycles for these welded joints under high
stress amplitude and low high stress amplitude are both close to experimental ones. This energy-based
approach could effectively predict fatigue life for high strength welded joints through thermal-graphic
measurement, merely based on the thermal evolution in several thousand cycles. Once the energy
tolerance to failure E; is determined, only a very small amount of time is needed to predict life
expectancy. Notably, this specimen is a typical flat butt welded joint and is applied with traditional
fully reversed cyclic loadings, so its thermal evolution behavior could be helpful for characterizing the
energy dissipation mechanism of similar welded structures with the same loading modes.

Temperature increment &(°C)

] 500 1000 1500 2000
Number of eycles

Figure 10. The thermal evolution in 2000 cycles under stress amplitude 340 MPa.
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Figure 11. The thermal evolution in 2000 cycles under stress amplitude 240 MPa.
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Table 5. Predicted results under different stress amplitude.

Stress Ratio R Stress Amplitude ¢, (MPa) Predicted Cycles Experimental Cycles

-1 340 11,809 12,877
-1 240 401,025 386,302

4. Conclusions

A fatigue life assessment model based on intrinsic energy dissipation was conducted on high
strength steel welded joints. This method suggested that the intrinsic energy dissipation was considered
as a fatigue indicator, rather than temperature. In this model, the linear temperature evolution in
stage II was fully taken into account to guarantee calculation precision, and its predicted results were
in good agreement with experimental ones for different stress amplitudes. This approach had an
apparent distinct advantage in testing efficiency, because limited testing time and specimens were
needed for lifetime modeling and estimation.

It was interesting to find that the energy tolerance to failure E. tended to be a constant for these
welded joints under different stress amplitudes. In some way, this parameter characterized fatigue
damage accumulation in the whole lifespan, and was equal and load-independent. This result may
also be helpful for predicting the remaining service life of welded engineering structures, once the
thermal evolution in certain cycles is obtained.
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