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Abstract: The welding residual stress re-distribution behaviour during fatigue crack propagation in butt-
welded high-strength steel plates for ship construction is investigated based on experimental test results and
numerical analyses. The specimens’ initial welding residual stresses are obtained from X-ray for middle tensile
(MT) specimens cut from butt-welded high-strength steel plates. Then, fatigue crack propagation experiments
on MT specimens are carried out, and a resistance strain gauge measures the residual stress re-distribution
field around cracks. A practical fatigue crack propagation simulation procedure is developed with a dynamic
update of in-situ welding residual stress, where the residual stress intensity factor Krws of the MT specimen is
deduced. The stress ratio effect on Krs during fatigue crack propagation is also investigated. The good
agreement of experimental and numerical results indicates that the simulation procedure considering plastic
re-distribution behaviour of residual stresses may better characterize the stress ratio effect on crack
propagation.

Keywords: fatigue crack propagation; welding residual stress; plastic re-distribution; stress ratio
effect

1. Introduction

Using welding as the main joined way, ship and offshore engineering structures are prone to
fatigue failure in welded areas during service because of residual stresses generated by welding.
Meanwhile, due to the artificial factors and complexity of welding, welded joints inevitably contain
initial defects (inclusion, porosity, undercut, lack of penetration, etc.), and cracks are prone to
initiation and growth under cyclic loadings in such zones [1]. The fracture mechanics can be used to
study the fatigue life of defective structures, which is considered suitable for assessing fatigue
strength. Generally, the residual stress intensity factor Kvs is used to quantify the effect of welding
residual stress (WRS) on crack propagation behaviour and is considered in calculating the effective
stress intensity factor range A4Ke. Currently, there are two mainstream methods for the calculation of
Kies: the weight function method (WFM) and the finite element method (FEM). The WEM can calculate
Kres quickly based on the assumption of linear elasticity. At the same time, FEM can consider the effect
of the material’s plasticity, as a result of which it can obtain more accurate results.

Most studies have ignored the influence of WRS re-distribution, leading to the deviation
between prediction and actual crack propagation behaviour in the areas containing WRS [2]. WRS re-
distribution behaviour results from the structure’s remaining ligament reduction during crack
growth. Scholars have done plenty of work to investigate the re-distribution behaviour of WRS.
Servetti and Zhang [3] calculated the stress intensity factor (SIF) of MT specimens by virtual crack
technique with the static simulation of crack propagation in 0.5 mm increments of crack length.
Barsoum and Barsoum [4] calculated the 4K.sof a T-shaped welded joint under the influence of WRS
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re-distribution by 2D finite element method. Lee et al. [5] analyzed the variation of WRS during crack
propagation and found that the results were more accurate when considering the re-distribution
behaviour. Terada [6] proposed the WRS re-distribution rule for butt welding based on the
superposition principle and ideal residual stress distribution rule, which were in good agreement
with experimental results. Xu [7] studied the crack propagation behaviour of the butt-welded plate
and found that the WRS was constantly released during crack propagation, with a decreasing impact
on the crack propagation behaviour.

The above scholars studied WRS re-distribution behaviour during crack propagation using the
linear elastic fracture mechanics (LEFM) method and proposed some simplified approaches.
However, the crack tip material yields due to the high-stress concentration during the crack
propagation process, and plastic strain will lead to further changes in areas containing WRS. Some
studies have shown that the effect of plastic strain on WRS re-distribution at the crack tip is essential.
Literature [8-10] monitored WRS re-distribution behaviours of MT and compact tension (CT)
specimens by neutron diffraction technique and pointed out that neglecting the effect of plasticity
would obtain inaccurate results. Wang and Qian [11] measured the residual stress of welded
specimens, indicating that WRS relaxation depends on stress re-distribution caused by plastic
deformation and the plastic re-distribution behaviour is affected by loading ratios.

This investigation investigates the plastic re-distribution behaviour of areas containing WRS and
its effect on crack propagation behaviour. This study uses experimental and simulation studies of
WRS re-distribution behaviour during fatigue crack propagation. The whole investigation is
organized as follows: Section 2 introduces the crack propagation experiment of MT specimens and
the theoretical calculation method of residual stress re-distribution. Deviations between experimental
data and theoretical predictions are discussed. In Section 3, an elastic-plastic crack propagation
simulation procedure of residual stress’s plastic re-distribution behaviour is proposed, and the
comparison between experimental and simulation results is conducted to verify the accuracy and
effectiveness of the proposed simulation method. Section 4 discusses the relation between Kres and
stress ratio R based on elastic-plastic simulation results. Finally, this study presented a polynomial
prediction model to describe Krs by loading ratio R and crack size a/W. All conclusions are drawn in
Section 5.

2. Experimental procedure

A series of crack propagation experiments were carried out to establish an actual reference of
crack propagation and the re-distribution behaviour of WRS. Details of the experiments are described
in the following content.

2.1. Material and main dimensions of specimens

The material of specimens used in the experiments is Ni-Cr-Mo-V high-strength marine steel
used for large ships and offshore structures. Table 1 lists the parameters of the Chaboche combined
hardening model obtained through material experiments at room temperature.

Table 1. Material properties and Chaboche combined hardening model parameters of Ni-Cr-Mo-V.

E/GPa v oys/MPa ou/MPa oo/MPa C: Y1 C: Y2
219 0.35 635 688 565 66500 1485 950 14.25

MT-shape specimens were used to represent a classical butt-welded form, as shown in Figure 1.
All specimens were manufactured in several 300x300x12mm butt-welded square plates from the
same Ni-Cr-Mo-V steel plate. The welding process used a flat butt submerged-arc technique with a
Y-shaped bevel, and welding speed was controlled at 30-40cm/min. The final average welded width
is around 14mm. As shown in Figure 1, the MT specimen was fabricated by laser cutting.

Meanwhile, a 2mm pre-crack was cut by a 0.12mm molybdenum wire according to ASTM E647
[12]. It should be noted that this study only focused on the residual fatigue strength and crack
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propagation behaviour in the base material of MT specimens. Those behaviours in the welded area
were not investigated.
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Figure 1. Geometry of the MT specimen: (a) global; (b) local detail. (Unit: mm).

2.2. Test setup

At the beginning of the fatigue experiment, the initial WRS of MT specimens was measured non-
destructively by a portable X-ray stress detector, as shown in Figure 2. Due to the constraint of the X-
ray method, all measured data are initial stress states of MT specimens’ surfaces. Only longitudinal
(y-direction) WRS distributions are concerned in the measurement, mainly contributing to crack
opening. Moreover, the measured path is set along the crack propagation direction (x-direction). Each
point located far away from the welded zone has a 5mm spacing, and spacing between other points
near the weld is appropriately closer.

without pre-cracks with pre-cracks

Portable X-ray
stress detector

U(y=15)

Cand }Z/Ck (y=0) Distrib‘%)n crack
extens th (y=0)

(b)

Figure 2. Measurement of initial residual stress (a) measurement device; (b)measurement paths.

To investigate the influence of initial defect and butt welding on initial WRS, the following three
types of MT specimens were designed and manufactured: (a) butt specimen without pre-cracks, (b)
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butt specimen with pre-cracks and (c) non-welded base material specimen with pre-cracks. For the
butt specimen without pre-cracks, initial residual stresses were measured at three paths: centre line
C (y = 0), upper line U (y = 15), and back-centre line C-Back (ys = 0). For butt specimens with pre-
cracks, only longitudinal residual stress distribution on the crack extension line was measured. The
measurement paths and local coordinate systems on the specimen are illustrated in Figure 2. Residual
stress data will be presented in the following Section 2.3.1.

A series of fatigue crack propagation experiments on MT specimens were carried out to
investigate crack propagation behaviour with an initial residual stress field obtained. All MT
specimens were tested at room temperature in the JXG-200 high-frequency fatigue test machine with
a maximum loading capacity of £300kN. The applied load form is a sine wave applied along the
weld direction. All loading conditions are listed in Table 2. The test machine’s counterweight and the
specimen’s stiffness determined the loading frequency. During the experiment, the loading frequency
was about 160 Hz when loading began and gradually decreased with the crack propagation.

Table 2. The loading condition of MT specimens.

Specimen number Acnomina/ MPa R Control group number
R-0.1 100 -0.1 -
RO.1 100 0.1 RO.1-B
R0O.3 100 0.3 R0.3-B
R0O.5 100 0.5 R0.5-B

MT specimens were assembled, as shown in Figure 3. The actuator and clamp were aligned with
the longitudinal central line of specimens before loading. During the experiment, strain gauges were
used to monitor the change of residual strain along crack propagation, which were located at x=-25,
-15,12, and 22mm, respectively. The loading was decreased to zero when data was collected. It should
be noted that these operations may have a potential variable amplitude effect on crack propagation
behaviour and plastic zone at the crack tip, which is not concerned in the current study. A CCD
camera measured the crack length, and loading cycles were recorded by computer.

MT
Specimen

/ 890

Figure 3. (a) Scheme of crack propagation experiment system (b) measuring point layout.
2.3. Experimental results and discussion

2.3.1. Distribution of initial welding residual stress

The measurement results of longitudinal initial WRS oy for all specimens are given in this section.
Firstly, the difference in the longitudinal initial WRS distribution of measurement paths of butt
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specimens without pre-cracks is discussed, as shown in Figure 4. It can be seen that the positions
where the tension-compression stress converts or reaches peak value are close with the deviation of
initial WRS results of each measurement path being kept within 20MPa. This phenomenon indicates
that the stress distribution of WRS on the upper and lower surfaces is similar.
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Figure 4. Initial WRS distribution of butt specimen without pre-cracks at different paths.

Then two distribution function models were adopted: the Terada distribution function [13], as
shown in Eq. (1) and the Tada &Paris distribution function [14], as shown in Eq. (2), to compare with
the measured results (Path-C), as shown in Figure 5.

Lo
a,(x)=0,pexp? 9 [1-(x/c)?] @

0, (0)=0,,0[1-(x/c)*]/[1+(x/c)*] )

where x is the x-coordinate value shown in Figure 3, oy0=131MPa and ¢ =8.94 are the initial WRS
distribution parameters obtained from X-ray measurement results.
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Figure 5. Initial WRS of butt specimen without pre-cracks by X-ray and distribution function.

As illustrated in Figure 5, measured data shows an obvious bimodal feature. Stress in the centre
of the weld is lower than on two sides due to the annealing operation after the last welding. In
contrast, distribution functions predict an unimodal distribution, unlike test data. At the edge of the
specimen far away from the weld (where x>25mm), oy decreases to 0, and there is no significant
difference between distribution functions and test data.

doi:10.20944/preprints202311.0699.v1
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The initial WRS of three types of specimens was compared in Figure 6. Compared with the butt
specimen without pre-cracks (Path-C), the longitudinal WRS near the crack tip (x = + 10mm) of the
butt specimen with pre-cracks (MT-A) increases dramatically from 20MPa to 60-120MPa with the
appearance of a crack. This is because when materials at the centre of the specimen are removed,
WRS needs to be balanced on the residual ligament of the specimen. Additionally, in the area far from
the crack tip (x = + 25mm), the residual compressive peak stress also increases to balance residual
tensile stress near the crack tip. This phenomenon indicates that the WRS re-distribution caused by
the crack length change cannot be ignored. As for the initial WRS of non-welded base material
specimens with pre-cracks (MT-B), measured data are much closer to zero than MT-A.

160

120

80

40

o, (MPa)

-40

-80 -
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Figure 6. Initial WRS distribution of three types of MT specimens.

2.3.2. Welding residual stress re-distribution calculation

Terada proposed the following rule as a theoretical solution to predict the WRS re-distribution

behaviour of butt-welded specimens:
/az—éz ’az—éz
—+

a a
(0,01~ | 0,0 | N e | ©

where 0y(x) is the initial longitudinal WRS value calculated by Eq. (2), oy, =(x) is the longitudinal WRS
re-distribution value, and a is the current crack length. It should be noted that both Eq. (1)and Eq. (3)
are named as Terada rules, Eq. (1) is used to describe the distribution of the initial WRS and Eq. (3) is
used to describe the re-distribution of the WRS. To simplify the calculation, Terada [6] proposed a
numerical integration approximation method:

a w’aZ_éz - o ﬂtl‘
f 0,(&) dgzaZZwiL (4)

-a X7 = x Hit;

and
in

t;=cos ] (5)
T z(l) 6
Wi n+1 s n+1 ©)

where n=30 is the numerical discretization parameter.
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Terada rule can predict the re-distribution behaviour of WRS when the initial distribution is
determined. However, due to the singularity of integral multiplier a/m(x2-a2)/2 at the crack tip, the
accuracy of the Terada rule is not satisfying near the crack tip.

On the other hand, the experimental method is also an important means to research the re-
distribution behaviour of fatigue crack propagation. The experimental method is based on the
measurement results of bidirectional strain gauges, and generalized Hooke’s law can derive the
variation of residual stress Aoy on the crack extension line:

E , ’
Aayzm [(2o0-200)+(290-200)] 7

where (g9g £90) and (ggy €op) are the bidirectional strain gauge readings of measuring points on the
crack extension line before and after crack propagation. The subscript “00” represents the direction
parallel to the weld, and “90" represents the direction perpendicular to the weld. E and v are Young's
modulus and Poisson’s ratio of the material, respectively.

The results of the experiment method and the Terada rule are compared in Figure 7. Predictions
of the Terada rule keep the same growth rate and trend with the experiment method at the early and
middle stages of crack propagation (a.=10~18mm). However, at the later stage of crack propagation
(a=18~25mm), when the crack tip becomes much closer to measuring points, the predicted result of
the Terada rule changes to compressive stress while the experiment result is still in tension. The main
reason for this phenomenon is that the Terada rule neglects the plastic deformation effect on residual
stress near the crack tip and regards that the detachment of the crack surface quickly releases residual
stress.

600 °

400

200

Ao, o5(x) (MPa)

0+ 5000 000°
-200 - R=0.5, x=-25mm
o Experimental method
Terada rule
-400
T T T T
10 15 20 25
a (mm)

Figure 7. Experimental and theoretical results of residual stress re-distribution.

2.3.3. Influence of cyclic loading on residual stress distribution

To investigate the influence of cyclic loading on longitudinal residual stresses, The WRS
variation without pre-cracked butt joint specimens under cyclic loading was measured, as shown in
Figure 8, where the vertical axis represents the change value of longitudinal welding residual stress
re-distribution. From Figure 7 and Figure 8, it can be seen that throughout the cyclic loading process,
the change of WRS in the butt specimen without pre-cracks is much smaller than that in the butt
specimen with pre-cracks. The reason is that there are significant changes in residual stress when the
sum of the applied stresses and the residual stresses locally exceeds the material’s yield strength
before the cracks appear. In this study, the sum of the applied and residual stresses is less than the
material yield strength. Therefore, the cyclic loadings have little influence on the WRS distribution.
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Figure 8. Variation of longitudinal residual stress with the number of cyclic loadings.

3. Finite element analysis

3.1. Import of initial welding residual stress

The initial longitudinal WRS measured by X-ray was imported into the FE model, as shown in
Figure 9. It is assumed that the material’s properties of the base and welding material are the same to
simplify the calculation [15]. The Import processes of initial WRS are as follows: (1) meshing the
model and dividing several sets of elements by identical abscissa x; (2) compiling keyword
instructions to assign longitudinal initial WRS to the elements sets; (3) setting boundary conditions
and performing self-balance calculation. The initial WRS distribution, as shown in Figure 10,
represents the residual stress distribution of the model after self-balance.

Figure 9. Meshing scheme of MT specimen (1/4 model).
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(a)

Figure 10. Initial WRS distribution in FE model: (a) before self-balance; (b) after self-balance.

To verify whether the initial WRS distribution on the FE model is reliable, initial WRS data of
the butt specimen measured by X-ray with pre-cracks were compared with the FE model’s results
after self-balance. As shown in Figure 11, the stress distribution after self-balance is close to the actual
measured results in terms of magnitude and characteristics, as a result of which the initial WRS
field obtained from the simulation is considered to be accurate and can be used as the initial state for
subsequent re-distribution behaviour and crack propagation simulation study.
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Figure 11. Measurement and simulation results of the initial longitudinal WRS distribution.

3.2. Residual stress intensity factor Kres by XFEM

According to the empirical formula of SIF in fracture mechanics [16], when the crack increment
is very small, the value of SIF changes very little and can be assumed to be a constant. This study
assumes that SIF in the crack tip is constant during each crack increment. The elastic-plastic
simulation method of continuous crack propagation considering WRS re-distribution is based on the
extended finite element method (XFEM). The procedures of the simulation are shown in Figure 12.

The procedures of this simulation method are as follows: First, importing initial stress
distribution into the FE model (in Section 3.1) and then calculating stress-strain value for the first
crack increment step under cyclic loadings. After that, the crack length will be updated, yet all
elements’ numbers will be kept following the initial model (i.e., the first increment step model). A
predefined field technique is deployed to read the stress-strain state of each element under the
previous crack length and assign it to the current model. The above steps are repeated until they
reach the maximum allowable crack length. Kvs at the crack tip of each increment will be extracted
by J-integral. Ten-layer integral contours are set to calculate the Krs at the crack tip of each increment,
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and all convergent contour results average the final calculation result. It should be noted that when
reading the Kvs, the external load has been unloaded to 0.

|
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Step3: cyclic loading twice
Step4: read SIF and stress distribution

Figure 12. Steps of elastic-plastic finite element simulations.

3.3. Effect of cyclic loadings on the simulation results

As shown in Figure 13, longitudinal WRS distribution near the crack tip changes significantly
after the first cycle of loading (N=0 vs. N=1). But the distribution hardly changes further when the
number of cycles continues to increase (N=2 to N=10). This phenomenon indicates that the re-
distribution behaviour of residual stresses by loading cycles mainly occurs in the first cycle. This
phenomenon is because the significant changes in the longitudinal WRS distribution during the first
cycle are associated with the quasi-static relaxation effects mainly caused by the applied load in the
same direction as the residual stress. Therefore, in the elastic-plastic simulation of fatigue crack
propagation, it is necessary to make the finite element model undergo at least one complete cyclic
loading before obtaining the residual stress distribution and Kre.

600

400 +

200 +

0y 1es (MPa)
weld area

-200

-400 -

-600 T

Figure 13. Influence of fatigue load cycles on residual stress re-distribution (R=0.3).

3.4. Simulation results and comparison

The traditional static import simulation method and the continuous dynamic one established in
this study are used to calculate the longitudinal WRS re-distribution on the crack extension line with
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different crack lengths at R=0.1, which are compared with the experimental results at x=-25mm, as
shown in Figure 14.

400
—— FEM result of dynamic import
—— FEM result of static import
O Experimental result
300
©
o
2 200
8
bS.
<
100
0
T T T T T T T

T
8 10 12 14 16 18 20 22 24 26
a (mm)

Figure 14. Experimental and simulation results of longitudinal WRS re-distribution (R=0.1).

It can be seen from Figure 14 that the calculation results of two finite element methods are close
to each other in the front and middle sections of the curve. The static method’s results are significantly
smaller in the curve’s rear section than the dynamic and experimental data. The main reason for this
phenomenon is that the static method does not consider plastic re-distribution behaviour during
crack propagation. When the crack length is short, crack tip plasticity does not affect the measuring
point. Therefore, the elastic component of re-distribution is dominant, and the three methods have
few differences. However, the plastic component increases simultaneously when the plastic zone is
gradually close to the measuring point.

Considering the plasticity, the elastic-plastic continuous dynamic simulation method is
generally closer to the experimental results. This phenomenon indicates that the method established
in this study can obtain a more accurate residual stress field re-distribution behaviour.

4. Residual stress intensity factor Kres

4.1. Theoretical calculation

The weight function method(WFM) based on research [20,21] is commonly used to quantify
residual stress distribution’s effect and estimate residual stress SIF Krs. The Kres calculation equation
for WEM is as follows:

Kies 0= jo aay O)h(a,x)dx (8)

where h(a, x) is a weight function that depends on the crack length a and the abscissa x.
This study uses three kinds of oy(x) distribution functions. They are the Terada distribution
function, the Tada & Paris distribution function as shown in the previous Section 2.3.1., and a

segmented approximation function (SAF) distribution based on measured data, which can be
expressed as

19.21x+83.18 0<x=<25
-38.91x+228.48 2.5<x<6.5

g, (x)=110.12x-90.19 6.5<x <11.5 )
-4.43x+77.09 11.5<x<24.5

2.37x-89.51 24.5< x <38
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Different structures correspond to different weight functions. Various weight functions, h(a, x),
are applicable for MT specimens, and the accuracy of these weight functions is similar, as has been
demonstrated by many scholars [19,22]. In this study, two weight functions [23,24], as shown in Eq.
(10) and Eq. (11) are used for comparison and verification:

1 at+x [a-x
h(a,x)=ﬁ<\/g+\/%> (10)

5 2
h(a,x)=\/%z B, (viv) [1_(2)2] 2 (11)
p
where
2 =1
,(70)- tan(sn) 2 (12)
0 =3

where W=76mm denotes the width of the specimen.

Weight functions and initial WRS distribution functions mentioned above are combined and
used to calculate the Krsvs.2a/W curve, as shown in Figure 15. As illustrated in Figure 15, when initial
distribution functions o,(x) are the same, calculation results of different WFM are almost identical in
the effective extension range (2a/W= 0.315-0.789) of MT specimen. Therefore, these two weight
functions’ accuracy is considered consistent and will not be distinguished in the subsequent
discussion. However, when the initial distribution function changes, the calculation results of K
significantly change as well. This phenomenon indicates that o,(x) is the key factor in estimating Kres

when using WFM.
12
—— Terada-Sih
1 —— Tada&Paris-Sih
10 1 SAF-Sih
1 - - - Terada-Wu
8- - - - Tada&Paris-Wu
- - - SAF-Wu

K.es (MPa-Vm)
o
1

0.3 0.4 0.5 0.6 0.7 0.8
2alWw

Figure 15. Calculation results of different weight functions.

4.2. Results and discussion

The Krs-2a/W curve is calculated and summarized based on the elastic-plastic FE simulation in
Section 3.2., which is compared with the calculation results of WEM above, as shown in Figure 16.
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Figure 16. Comparison of calculation results between WFEM and simulation method.

According to Figure 16:

The magnitudes of Krs predicted by WFM and the FE method are similar, all in the range of -
4~12MPa-m'2. At the same time, WFM neglects the effect of plastic deformation on residual stress
near the crack tip, resulting in a different trend.

With the crack length increase, Krs calculated by almost all methods shows a decreasing trend,
except for that using the Terada distribution. Combined with the initial WRS distribution in Figure
5, it is speculated that the increase of Kis may be related to the overestimation of peak compressive
stress when using the Terada distribution. The Krs curve predicted by Terada distribution turned to
increase near 2a/W = 0.55, where the initial residual stress is precisely located near the right side of
the compressive stress peak, increasing Krs corresponding to the release of compressive stress during
crack propagation;

The calculation results of WEM depend on the choice of the initial distribution function. Weight
function adopting initial distribution SAF, which is very similar to that in the FE model, obtains the
closest results to the simulation method. While there is a significant difference between the results of
Terada and Tada & Paris function. This phenomenon indicates that when predicting Krs, the accuracy
significantly depends on the initial distribution;

With the increase of 2a/W, there is a significant difference between WFM and simulation results.
It can be seen from Figure 15 that the trend of the Krs-2a/W curves of the WEM tends to be stable no
matter what initial distribution is used. The influence of the elastic-plastic behaviour of the material
causes this phenomenon. When the local stress is close to the fracture limit, a large yield area occurs
on the specimen, resulting in its re-distribution behaviour almost entirely dominated by plasticity.
Crack tips and surfaces are subjected to the compression of the plastic zone after unloading, and the
K value extracted by the J-integral gradually decreases. However, WFM is based on linear elasticity
assumption, considering that the residual ligament of the specimen is too short to lead to the general
release of residual stress. Besides, the influence of plastic re-distribution of residual stress on crack
tip is not considered in WFM. Therefore, WFM cannot predict the rapid decrease of Krs when the
specimen approaches the fracture toughness;

The Krs-2a/W curves calculated by the simulation considering the elastic-plastic response of
materials show a significant stress ratio effect, which WFM cannot predict.

4.3. The stress ratio effect of Kres

As seen from Figure 16, with the increase of stress ratio R, the Krws-2a/W curve calculated by the
simulation method shifts downward while the variation trend of the Krs-2a/W curve at different stress
ratios is almost the same. Therefore, it can be considered that the intercept of the Krs-2a/W curve is
related to the stress ratio R.
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As shown in Figure 17, the intercept of the Krs-2a/W curve shows a strong linear relationship
with stress ratio R. Therefore, it is assumed that the Krs-2a/W curve is linear with the decreasing offset
degree of stress ratio R in this study. The Krs-2a/W curve is fitted using a cubic polynomial based on
the calculation results of the FEM. The fitting model is expressed as follows:

K..=23.821-9.791R-80.795( 22 +168.268( 22 2-133.604( 22} (13)
res_ . 7. ! . (W) . (W) - * (W)

As shown in Figure 18, the predicted results of the fitted model at different stress ratios are in
general agreement with FEM results, with slight errors only when 24/ W is large (corresponding to
the late stage of crack propagation). The main reason for this phenomenon is that when the crack
length approaches the maximum stable growth length of the specimen, the specimen will undergo a
large range of plastic yield. At this time, the crack surface is subjected to compressive stresses from
the plastic zone at the crack tip, resulting in a low negative value of Krs calculated by FEM. In general,
the prediction deviation of the fitted model is acceptable due to the small magnitude of Krs. Therefore,
for the MT specimens in this study, the fitted model is accurate enough to predict Kres.
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Figure 17. Intercept of Krs-2a/W curve VS stress ratio R.
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Figure 18. Comparison between the results of fitting model and FEM.

5. Conclusions

This study uses theoretical, experimental, and finite element methods to study the re-
distribution behavior of welding residual stress in Ni-Cr-Mo-V steel butt-welded specimens during
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crack propagation. For MT butt-welded specimens, the initial residual stress was measured, and a
series of crack propagation experiments were carried out. The residual stress intensity factor Kres of
the specimen was calculated by the weight function method and elastic-plastic continuous crack
propagation simulation procedure established in this study. According to the results of theoretical,
experimental, and finite element methods, the following conclusions can be drawn:

Compared with the Terada re-distribution rule and static simulation method with initial
distribution, the elastic-plastic continuous simulation method considering load timing is more
consistent with the experimental measurements, which indicates that the plastic re-distribution
behaviour should be considered in the simulation of fatigue crack propagation,

The accuracy of the weight function method depends on the selection of the initial distribution
function. Meanwhile, the stress ratio effect of Krs cannot be predicted by the weight function method;

The Krs values calculated by elastic-plastic continuous simulation procedure indicate that Krs is
affected by the crack size a/W and exhibits an obvious stress ratio effect when the applied stress
amplitude is kept constant. Based on this phenomenon, the Kvs calculation model related to a/W and
R is established.
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Nomenclature

a current crack length

ao initial crack length

E Young’s modulus

h specimen length

R loading/stress ratio

144 specimen width

v Poisson’s ratio

CT compact tension (specimen)

FE(M) finite element (method)

LEFM linear elastic fracture mechanics

MT middle tension (specimen)

SIF stress intensity factor

WFM weight function method

WRS welding residual stress

XFEM extended finite element method

C1, C, y1, 2 the Chaboche combined hardening model constants

Kres residual stress intensity factor

AKef effective stress intensity factor range

Iof initial yield strength

Ao nominal nominal stress range

oy initial longitudinal welding residual stress

Aoy change value of initial longitudinal welding residual stress
ay0 the maximum welding residual stress at the centre line of the welding
Oy, res longitudinal welding residual stress re-distribution

Ady, res change value of longitudinal welding residual stress re-distribution

Oys yield strength
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Ou ultimate tension strength
h(a, x) weight function
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