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Abstract: Aiming at the base metal (BM) zone, heat affected zone (HAZ) and fusion zone (FZ) of the
weld, the tip plastic zone and initiation behavior of microscopic short cracks (MSCs) in the toe of
cross-welded joints are studied. Based on the theory of crack tip plastic zone and the fatigue index
parameter (FIP), the shape and boundary size of the plastic zone at the tip of MSCs as well as the
initiation life were calculated. The results show that the plastic zone was bone-like under plane
stress and butterfly-like under plane stress; when the crack length increased from 2 pm to 30 um, the
boundary size of the plastic zone at the MSC tip increased by 15 pm and 2 pm under the action of
plane stress and plane strain in the X-axis direction, respectively. As the grain gradient decreased
from 0.5 to 0.1, the boundary size of the plastic zone at the tip of the MSC increased about 50%. MSC
initiation occurs first in the BM zone, and life of initiation was about several hundred thousand cycles,
which was consistent with the experimental result. The MSC expansion rate in BM zone was the
fastest, with the average expansion rate about 2.5 x 1073 um/ cycle; the MSC expansion rate in the
FZ and HAZ was about 3.1 x 10~4 um/cycle.

Keywords: microscopic short crack; crack tip plastic zone; weld toe; initiation life; grain mode

1. Introduction

Welding is one of the most commonly used methods for manufacturing connected
parts. It has the advantages of simple structure, low cost, easy process, superior perfor-
mance and high cost performance. Welded structures are widely used in various industries,
including energy industries such as manufacturing, transportation, and oil and gas. Once
cracks occur, they often cannot be discovered in time, which may cause serious harm.
Under the action of cyclic loading, fatigue cracks often appear in the local position of the
weld, especially the toe position of the weld [1-3]. Therefore, it is of great significance to
understand the shape and size of the crack tip plastic zone and fatigue initiation behavior
of the weld toe, and provide guidance and suggestions for the accurate prediction of the
life of the welded structure and the improvement of the welding process.

Fatigue crack propagation is strongly related to the plastic zone at the crack tip. Many
scholars have studied the characteristics of the plastic zone at the crack tip and found
that these characteristics play an important role in fatigue crack growth. The nonlinear
effects of the crack tip, due to the elastoplastic behavior of the material, affect the crack
growth rate and path [4-6]. Torabi [7] revealed that the complex and time-consuming
elastoplastic solution can be replaced by an analytical method based on the linear elastic
solution, which can quickly and easily determine the effective plastic zone size near the
blunt notch. Zhang [8] proposed an analytical method for solving the stress intensity factor
of the plastic zone, and then applied it to obtain the stress intensity factor and plastic zone
size for stiffened plates with two and three collinear cracks; the determined stress intensity
factor and plastic zone size were compared with values from finite element analysis and the
existing literature, but lacked confidence. Fatigue assessment is one of the important factors
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in assessing structural design life and structural reliability during operation. Especially
for welded structures, high stress concentrations, residual stresses, weld geometry and
weld quality make the structure more prone to fatigue failure. Therefore, more efficient
methods are needed to estimate the fatigue performance of welded structures [9-11].
Liu [12], through extensive uniaxial and multiaxial fatigue tests, studied the effects of
stress amplitude ratio and phase angle on crack growth and fatigue life of 30CrMnSiA
steel. The effect of residual stress on the fatigue-initiated life curve of steel was studied
by a microstructure-based fatigue crack initiation modeling method [13]. By using 3D
fatigue finite element analysis, two load types were analyzed for cruciform fillet welds,
with complete and incomplete penetration, bearer and non-bearer [14]. The direct use of
fracture mechanics to predict the remaining life of the welded structure is too conservative.
It only considers the long crack stage and ignores the short crack stage, which accounts for a
relatively large lifetime; the initiation life of microscopic short crack (MSC), which accounts
for a relatively large lifetime among short cracks, cannot be ignored [15,16]. Therefore, it is
of great significance to study the plastic band and the initiation life of the weld toe MSC tip
and its prediction method.

At present, there have been some short crack propagation models, such as the Huff-
man [17] and Bang [18,19] models. These models cannot consider the microstructure of
the material, and there is no partition modeling for the weld toe area; the simulation
model is single. Liu [20], through improvements to the Tanaka-Mura model, established a
short crack initiation model with different slip irreversibility and slip hardening, but the
effect of stress peaks on cracks was ignored. Some scholars established a crystal plasticity
model of short crack expansion and determined that plasticity is the driving force for
crack expansion [21,22]. Wei [23] conducted simulation and experimental research on
the propagation behavior of multiple cracks and found that the crack propagation has a
fusion phenomenon. Toribio [24] found that the fatigue crack paths are global uniaxial
in both oriented and non-oriented pearlite structures. Based on the plastic irreversible
fatigue mechanism of the slip band, a simulation method of MSC was proposed, and the
law of crack nucleation and early expansion of MSC was obtained, but this included no
subregional modeling [25-27]. For different welding processes, the micro-grain gradient
has a great influence on the expansion behavior of MSC [28,29]. Fabien [30] proposed a
critical plane fatigue index parameter (FIP) based on the Tanaka-Mura model to evaluate
the location of crack formation and quantify the driving force. Ferreira [31-33] believes that
damage caused by cyclic strain accumulates at the crack tip, and it does not require the use
of effective stress intensity factor assumptions. Ashton [34] proposed a three-dimensional
strain gradient crystal plasticity model to study the microstructure-sensitive grain size
effect in crack initiation under fatigue conditions; however, the amount of calculation is
very large, and the effect is not very different from the two-dimensional model; thus, this
paper will use the two-dimensional model. Mao [35] proposed a multi-scale modeling
method based on atom theory to quantify the expansion of transgranular short cracks in
the fatigue process of polycrystalline metals. Sun [36] obtained the stress—strain response of
grains through the theory of crystal plasticity and found that stress and strain concentration
tended to occur at grain boundaries. Takahashi [37] studied the microscopic mechanism
of fatigue crack expansion and observed the crack tip of the cross section through various
electron microscopes, Unfortunately, the number of samples was too small to be convincing,
and there was a lack of data. Yuan [38] used the finite element model to estimate the
microscopic short fatigue crack expansion of bridge steel welds, to quantify the fatigue
index parameters (FIP) at the level of the slip system, to correlate FIP with the fatigue life
of a single grain, and to give each grain the direction of the anisotropic slip band, including
the position of the persistent slip band; this method has a great advantage in describing the
initiation of MSCs.

For the calculation of the plastic zone, a two-dimensional model can be used, which
is conducive to the balance of calculation costs and results. There are many calculation
models for crack expansion life, and a single stress or strain model may cause large errors
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in fatigue life prediction. Many scholars use a unit-by-unit cracking method to simulate
MSC behavior, but the amount of calculation is often very large; there are dozens of units
in a slip band, and each unit needs to be calculated once for each step of expansion. Some
scholars have only established one model when studying the MSC at the weld toe; by
default, the grain microstructure of the weld toe area is the same, and there is no butt weld
toe sub-region modeling. This simplification reduces the accuracy of fatigue life prediction.
Based on the crack tip plastic zone theory, this paper calculates the shape and boundary
size of the MSC tip plastic zone under different crack lengths and analyzes the correspond-
ing laws of the MSC tip plastic zone. The microstructure of the grains in different areas of
the weld toe is quite different, which may have a greater impact on the initiation behavior
of MSC; if one model is used for simulation, it will be quite different from the real weld
toe. In order to make the simulation model closer to the actual situation of the weld toe
area, we divided the weld toe area into base metal (BM), heat affected zone (HAZ) and
fusion zone (FZ), which are different areas of the weld toe. We modeled and simulated
different areas of the weld toe separately, establish multiple models for each area, and
perform statistical processing on the data to make the results more accurate. Using the
grain-by-grain expansion method, each slip band was used as a unit, and each slip band
was calculated once, which improved the efficiency of finite element simulation. Based on
the finite element technology and FIP theory, the Voronoi polygon method was used to
construct the microstructure of the weld toe, the two-dimensional representative volume
element (RVE) model was used to calculate the MSC initiation life, and the evolution
behavior of the MSC in different areas of the weld toe was simulated and analyzed.

2. Theory Background
2.1. Evolution Process of Weld Toe Cracks
Under normal circumstances, the overall fatigue life of welded joints can be divided

into four stages: nucleation (Nuc) regime, microscopic short crack (MSC) regime, physically
short crack (PSC) regime and long crack (LC) regime, as shown in Figure 1 [39].
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Figure 1. Fatigue lifetime stage diagram.
The overall fatigue life is shown in Equation (1) [40]:
Nt = Nnuc + Nmsc + Npsc + N @

where N is the overall fatigue life, Ny is the crack nucleation life, Nisc is the microscopic
short crack life, Npsc is the physically short crack life and Nj. is the long crack life. In
practical applications, the Paris formula is often used to describe the relationship between
the crack expansion rate and the crack depth at the LC stage, and N is calculated. This
method ignores Nnuc, Nmsc and Npsc, which leads to an overly conservative life prediction.
For high-quality welded structures and high-strength materials, experiments show that
the fatigue life of the crack Nuc, MSC and PSC regimes accounts for about 90% of the
total fatigue life [41]. Therefore, studying Nnuc, Nmsc and Npsc plays an important role in
predicting fatigue life more accurately. However, the crack behavior in these three regimes
is very complicated, and there is no accepted description method at present. Therefore,
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from a microscopic point of view, this paper combines the crack nucleation regime and the
early MSC expansion regime as MSC initiation, and defines the number of cycles required
when the MSC expansion depth reaches 150 um as the MSC initiation life. Among them, the
definition of crack nucleation is the number of cycles experienced by the cracks in the first
grain to fully develop and crack completely. On the basis of short cracks, the micro-scale of
the MSC initiation regime is mainly considered to study the mechanism of crack nucleation
during MSC initiation and early expansion of MSCs.

2.2. Different Areas of Weld Toe

In the welding process, due to the influence of welding process and temperature,
the welding seam forms different areas. These regions have great differences in the grain
microstructure and material properties, and it is necessary to establish different models of
the weld toe region to study separately. The area at a certain distance from the weld toe is
the BM zone, where the average grain size is small, mainly irregular ferrite and cementite,
and the hardness is large; the content of ferrite is larger than that of cementite, and the
shapes are irregular polygons. The area near the weld toe is the FZ, where the grain shape
is columnar and the average grain size is larger. The area between the BM zone and the
FZ is the HAZ; the grain shape is similar to the BM zone, except that the average grain
size is larger. This zone mainly contains ferrite and has a greater hardness than the BM
zone [42]. Therefore, the weld toe area was modeled by partition, and different models
were simulated separately to ensure that the simulation model is closer to the actual weld
toe area and that the simulation accuracy is improved.

2.3. FIP Theory

Generally, fatigue cracks are caused by the accumulation of irreversible damage along
the crystal plane on the slip band. Yuan [38] believed that plastic shear strain and peak
stress have an important control effect on the initiation of MSC and proposed a new fatigue
index parameter, as shown in Equation (2):

(@)
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where FIP(®) is the FIP of & slip system, A'yp(”‘) is the cyclic plastic shear strain range,
Un(”‘) is the peak stress, oy is the reference strength, and k is a constant, usually between 0
and 2; for steel weld toe k = 1. Research shows that this FIP(*) can effectively replace the
traditional crack tip opening displacement range [38].

In the actual MSC early extended simulation research, the FIP calculation method
based on the average slip band can be used, that is, FIP,ye(®); the average FIP representing
the slip band in the « slip system is used as the control parameter of fatigue behavior.
This method, based on average FIP, significantly reduces the amount of simulation calcula-
tions [43], as shown in Equation (3):

FIP{) = FIp™ [1 — Rep (”) } 3)
Dst

where FI PO("‘) is initial FIP, FI Pave(“) is the average FIP of the slip band before crack
propagation occurs, and Rgp is the resistance of the MSC across the grain boundaries.
Considering that the MSC is transgranular and driven by the cyclic plasticity of most grains,
R¢p is the determining parameter for MSC expansion. This parameter depends on complex
grain boundary conditions, such as twist tilt angle, grain morphology, and other material
properties. The grain microstructures of the three regions of the weld toe are all BCC
structures, and their mechanical behavior is essentially the same. After comprehensive
consideration, this paper adopts the average grain boundary resistance: Rgp = 0.5 [44].
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m is a material parameter related to crack depth; this article mainly studies the initiation
behavior of the MSC, and m can be set to 0.

The initiation life of the MSC can be obtained separately; first, based on the above
FI Pave(“), Nnuc can be calculated, as shown in Equation (4) [45]:

Nnue = % (Flpave(tx)) (4)

where ag is the irreversibility coefficient, which is 47.1 cycle-pum [38]. (71gr is the characteristic
length of the microstructure, and for the two-dimensional slip band structure, it can
generally be calculated according to Equation (5) [46]:

dgr = Dg; + c‘)Dnd (5)

where Dy; is the length of the slip band in the current grain, D,4 is the overlap length of
the cross slip band in adjacent grains, and w is the non-orientation factor. In the case of
random grain orientation, the slip band orientation between most adjacent grains exceeds
20°, and the non-orientation factor w is approximately 0; at this time, Equation (5) can be
simplified to Equation (6) [47]:

dgr = Dst (6)

After the cracks nucleate, the MSC will continue to expand in the adjacent grains, and
the early expansion life of the MSC can be calculated at this time. FI Pave® can still be
applied as the main control index for the expansion of MSC, based on the theory of fracture
mechanics, the expansion life of MSC completely cracked in a grain can be obtained, as
shown in Equation (7) [38]:

-1
Nowe = 25 | 495 p1p®) _ acTOD,, @)
¢ |"ag

where ¢ is a measure of the mechanical irreversibility at the crack tip process zone, generally
taken as 0.063, ACTODy, is the minimum crack tip opening displacement range required
to identify the occurrence of dislocations, generally taken as 4 x 10~# um [38], A is the
proportional constant, which is related to FI Pave(“), and crack tip opening displacement
range, dgrref is the reference distance. Thus, the average grain size can be taken. Therefore,
the two-regime lifespan of Equations (4) and (7) composes the initiation life of the MSC.

3. Plastic Zone and Life
3.1. Materials and Experimental Procedure

The test material used in this paper was a Q345B cross-welded joint (Wuhan Iron
and Steel (Group) Company, Wuhan, China). Two plates were formed by fillet welding
by metal active gas welding, the shielding gas was carbon dioxide, and the welding wire
ER50-6 was used for welding, with a diameter of 1.2 mm, a welding current of 220 A,
a voltage of 38 V, a speed of 33 cm/min, and gas flow rate of 25 L/min. The welding
seam was a transverse bearing weld, the base plate was made of steel plate with a size
of 80 mm x 50 mm x 16 mm, the yield strength of the plate was 345 MPa, and the size
of the connecting sheet was 180 mm x 50 mm x 8 mm. If the size of the welding leg is
too large, it will increase the welding deformation and increase the residual stress; if the
size of the welding leg is too small, it is easy to cause incomplete penetration, resulting
in insufficient actual bearing capacity. According to the construction requirements of the
fillet weld, the size of the fillet was 1.5/t < h < 1.2t1, where t; was the thickness of the
thinner weldment and ¢, was the thickness of the thicker weldment. In this paper, the size
of the fillet /iy was set to 8 mm.

The chemical composition and basic mechanical properties of specimen BM are shown
in Tables 1 and 2 [23]. The chemical composition of the welding wire is shown in Table 3,



Metals 2022, 12, 618

6 of 20

and mechanical properties of the deposited metal produced by this material are shown in
Table 4 [48].

Table 1. Chemical composition of BM (Q345B steel).

C (%)

V (%)

Nb (%) Ti (%) Si (%) Mn (%) P (%) S (%) Fe (%)

0.16

0.10

0.03 0.20 0.35 1.34 0.03 0.02 97.77

Table 2. Basic mechanical parameters of Q345B.

Yield Strength o Tensile Strength o7, Elastic Modulus E Poisson’s Ratio
(MPa) (MPa) (MPa) H
345 416 2.1 % 10° 03

Table 3. Chemical composition of welding wire ER50-6.

C (%) S (%) P (%) Cu (%) Si (%) Mn (%) Fe (%)
0.06-0.15 <0.035 <0.025 <0.50 0.80-1.15 1.40-1.85 Bal.

Table 4. Mechanical properties of welding wire ER50-6.

Yield Strength o Tensile Strength o7, Elastic Modulus E Poisson’s Ratio
(MPa) (MPa) (MPa) H
472 600 2.08 x 10° 0.28

In order to obtain a clear metallographic picture of the sample, it is necessary to polish
the test surface with metallographic sandpaper. There are many kinds of metallographic
sandpapers; 80-mesh to 2000-mesh sandpaper was used. The 80-mesh sandpaper was
usually used for rough grinding, and then a finer grade of sandpaper was selected to
continue grinding until the surface of the test piece was finely ground with 2000-mesh
sandpaper. Then, the surface of the sample was polished with a polishing paste with a
water-based 0.25. The metallographic etching solution was 4% nitric acid alcohol (20 mL
concentrated nitric acid, 500 mL anhydrous alcohol), and the surface of the sample was
dripped with a pipette, allowed to sit until the surface turned black, immediately rinsed
with water, then dripped with alcohol and dried with a fan until the surface of the test
piece was corroded.

Figure 2 shows the weld toe section of welding toe treated by grinding. Observation of
the weld toe part through an electron microscope can simplify the process, by dividing the
weld toe part into three main areas and intercepting the small area in the middle of the weld
as the RVE, as shown in Figure 2. In order to establish the microstructure in the RVE model
of the three regions of the weld toe, metallographic experiments on the weld toe material
were carried out, and the average size and distribution of the micro grain structure at this
position were obtained, as shown in Figure 3 (typical metallographic structure picture).

Figure 2. Weld toe three-zone two-dimensional representative volume element.
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Figure 3. Weld toe three-zone section metallography.

It can be seen from Figure 3 that the microstructure of the grains in the BM zone
and the HAZ are similar, and most of the grains present irregular polygonal shapes with
randomness. The crystal grains in the FZ are columnar, which is quite different from
the crystal grains in the BM zone and the HAZ. The graphical method was used in this
paper [49], and the sum of the areas of all grains in the figure was the area of this region.
For columnar grains, the average value of the short sides of the grains was used as the grain
size. Based on the graphical method, the average grain size of the BM zone was 21.87 pm,
the average grain size of the HAZ was 69.21 um, and the average grain size of the FZ was
61.24 um. It was found that the average grain size of the HAZ and FZ was about three
times that of the BM zone, which provides a guide for the selection of the RVE side length
of each region.

3.2. Calculation of MSC Tip Plastic Zone

Based on the metallographic inspection data, a two-dimensional RVE model was
established for the local BM zone of the weld toe. Considering the simplicity of Voronoi
polygon modeling, the average grain size was set to 20 um (similar to the data measured
by the metallographic experiment), and the side length was set to 150 pm. This model
with multiple grains is a two-dimensional RVE model for studying the plastic zone at the
crack tip. Different from the study of the local MSC nucleation and early expansion of
the weld toe, there is no slip band in the two-dimensional RVE model; this simplification
facilitates the meshing of the finite element model described later. It should be noted that
the two-dimensional RVE model of the MSC tip plastic zone studied in this paper is only
based on the local BM zone of the weld toe; if the two-dimensional RVE model of other
zones is to be established, its special microstructure characteristics need to be considered.

In order to calculate the shape and boundary size of the plastic zone at the crack tip
in the RVE model, a crack needs to be preset in the model. Neper software was used to
build the grain model, which is a free software under the Linux system. The grain model
is shown in Figure 4c. There are many ways to pre-crack; however, no matter which way
is used, the shape of the crack tip directly affects the shape and size of the plastic zone.
In order to obtain more accurate MSC tip plastic zone simulation results, a simulation
comparison study was carried out for different crack tip shapes.

Due to different external loads, the friction at the crack tip generally produces a sharper
and rounder crack tip; thus, this paper uses a triangle and a semicircle to represent this.
This article mainly considers two types of crack tip shapes, as follows:

(1) Triangular shape. The characteristic of this kind of crack is that the crack tip is
sharp, and the crack is generally rectangular, with a length of a and a width of 0.2 um,
which is the fixed crack width. The crack tip is an isosceles triangle with a base of 0.2 um
and a height of 0.1 pm, as shown in Figure 4a.

(2) Semicircular shape. The crack tip of this kind of crack is a semicircle with a radius
of 0.1 um, and the other geometric parameters are the same as those of the triangle crack
tip, as shown in Figure 4b. Compared with the triangular crack tip, the semicircular crack
tip weakens the sharpness of the crack tip.
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Figure 4. Schematic diagram of the crack tips: (a) triangular shape crack tip; (b) semicircular shape
crack tip; (c) grain model of pre-crack.

Due to the irregularity of the crack tip shape, it is generally necessary to perform
geometric segmentation in order to obtain a higher quality mesh in the subsequent mesh-
ing. At the same time, geometric segmentation is also used to facilitate the subsequent
measurement of the boundary size of the plastic zone. Considering that the boundary size
of the plastic zone at the crack tip is related to the angle 6, the angle is also divided here;
the angle step is 30°, and the tangent length is equal to the crack length a. In order to obtain
accurate calculation results and plastic zone measurement results, the local mesh of the
crack tip is refined. The data collection method is to take a data point every 30°, and then
connect all the data points with a curve to obtain the approximate shape of the plastic zone
at the crack tip, which simplifies the data extraction process. If the boundary size of the
plastic zone at the crack tip is measured at each direction angle, more time and cost will be
required. The calculation results show that the shape of the plastic zone obtained by the
above simplified method is not much different from the unsimplified treatment; thus, the
simplified methods specified above are used in the modeling, and the triangle crack tip
treatment method is similar.

The load application usually has a force method and a displacement method; the
general force load mainly includes concentrated force and pressure. Cracks generally
occur at the stress concentration position; assuming that the crack is in the middle of the
weld toe, the BM zone in the middle of the weld is selected as the two-dimensional RVE
model. Tensile stress was applied to its upper and lower boundaries, ignoring the load on
the right boundary, and the shear stress of each boundary was small and not considered.
The pressure type was adopted, the stress range was 200 MPa, and the stress ratio was 0.
Figure 5 is a schematic diagram of load application.

—
. |

F
F

-0

Figure 5. Schematic diagram of model loading.

For the calculation of the boundary size of the MSC tip plastic zone, the model grid
has special requirements. The plastic zone calculation model is different from the FIP
model, and its notable feature is that there is no slip band in the RVE model. From a
certain point of view, this model is more convenient for meshing the finite element model.
When calculating the plane stress plastic zone, we used the CPS4 grid element. CPS4 is a
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four-node bilinear plane stress quadrilateral; this element type is commonly used in 2D
plane stress studies. When calculating the plane strain plastic zone, we used the CPE4 grid
element. In order to make the contour of the boundary line of the plastic zone smoother and
the r, measurement more accurate, the local mesh of the crack tip was refined according to
the method described above. The global grid size was set to 0.5 um, and the grid size of the
refined area was set to 0.05 pm. The range of mesh refinement was a circular area with the
crack tip point as the center and the crack length a as the radius. This can also be adjusted
according to the actual situation to ensure that the calculated plastic zone boundary line is
within the refined mesh area.

The simulation calculation of the MSC tip plastic zone can be divided into two steps.
First, when the crack length a = 2 um, the rationality of the simulation method was verified
through the theoretical calculation of the Irwin model and the simulation calculation of the
two-dimensional RVE model, which includes the verification of different crack tip shapes
and the boundary size R of the plastic zone; the simulation calculation includes a triangular
crack tip model and a semicircular crack tip model. The shape and boundary size of the
plastic zone at the crack tip in the calculation results were compared to determine a suitable
two-dimensional RVE model with cracks. Then, we changed the crack length a under the
conditions of plane stress and plane strain. A total of 15 two-dimensional RVE models were
established to calculate the boundary size of the plastic zone.

3.3. MSC Initiation Life Calculation

Numerous studies have shown that the fatigue cracks of cross-welded joints mainly
initiate in the weld toe; therefore, the small cells in the local area of the weld toe can
be extracted as the research object of MSC simulation. To simplify processing, a two-
dimensional RVE form was adopted. As shown in Figure 2, one can clearly see the contours
of the different areas of the weld toe. We selected RVE at the free surface of each area of
the weld toe; the RVE and the weld toe direction were perpendicular to each other. The
microstructure of the grains in different areas of the weld toe was different, and the grain
arrangement was random. In this paper, five RVEs containing random grain arrangement
were established for each zone, with the average grain size and number of grains in the
same zone being the same. The average grain size and number of grains in different regions
were different. In order to consider the crack depth during the initiation of the MSC, the
RVE side length of the BM zone was taken as 150 pm. Since the average grain size of the
HAZ and the FZ was larger, which was almost three times the average grain size of the BM
zone, at the same time, in order to ensure that the calculated data points of each zone of the
weld toe were similar, that is, the number of cracked grains was similar, the side length of
the RVE in the HAZ and FZ was 450 um.

Considering the characteristics of the microstructure in different areas of the weld
toe, the Voronoi polygon method was used to describe the grain geometry. The Voronoi
polygon method is widely used in the research of material microstructure simulation.
At this stage, the Voronoi polygon is usually used to simulate the structure of various
microscopic grains. We used Neper software (Neper was developed by Romain Quey, this
article used version 3.3.) to build a grain model based on Voronoi polygons. Neper is a
software package for polycrystal generation and meshing; it can not only build 2D and
3D microstructure models with a large number of grains, but also establish a slip band
inside the grain. Seeds are randomly distributed on the slip plane (110) according to the
number of grains, and slip bands that are parallel to each other are generated in the grains.
This article aims to study the MSC initiation process, and these processes usually occur
along the slip band. Thus, the RVE grain model needs to set up the slip band with random
directions. According to the RVE side length and the measured average grain size data,
the number of grains in the RVE of the BM zone was set to 56, the average grain size was
20 um, and the number of grains in the RVE of the HAZ was set to 41; the average grain
size was 60 pm, the number of grains in the RVE of the FZ was set to 7, and the average
grain size was 70 pm. Because the RVE side length of the BM zone was different from the
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HAZ and the FZ, the slip band width was set to 2 pm for the BM zone and to 6 pm for
the HAZ and FZ. In the end, Neper generated the microscopic grain model, as shown in
Figure 6.

Figure 6. Microscopic grain model of different areas of weld toe.

We imported the RVE model into Abaqus and set the necessary simulation parameters,
such as the establishment of the slip band collection, the assignment of material properties,
the selection of mesh element types, and the type and size of loading. At the microstructure
level, the material properties of each grain were not the same, but from the metallographic
experiment, it can be seen that the grains in the different areas of the weld toe are mainly
ferrite, which is set as the elastic modulus with normal distribution changes in the article;
the average value is 2.11 x 10> MPa, and the variance is 4.43 x 107 (MPa)?. Since RVE was
taken from the weld toe section, it can be regarded as a plane strain state, and considering
the strong geometric irregularities of the slip band shape, plane strain triangular elements
(CPES3) are used to divide the finite element mesh. In order to facilitate the calculation of the
FIP average value in each slip band, a separate unit set was established for each slip band.
The cross-welded joint bears a unidirectional tensile load. The maximum value was 80 kN,
and the nominal stress of the corresponding weld toe section was 200 MPa. Taking the
BM zone as an example, the small square of the weld toe is taken as the research RVE. The
side length of the square is as mentioned above, and it bears complex loads at the upper,
left and lower boundaries; the right boundary was the free boundary. The displacement
loading method was adopted; specifically, the displacement calculation result of the local
element of the weld toe in the global finite element model was extracted and applied to the
edge line corresponding to the RVE. In this study, the global finite element model has an
element size of 0.5 mm (500 pm) in the local area of the weld toe, which was greater than
the side length of the RVE (150 um); thus, the boundary load of the RVE can be considered
uniformly distributed. The RVE load in the HAZ and FZ was similar to the RVE load in the
BM zone.

The simulation process was divided into two parts: crack nucleation and early expan-
sion. First, Abaqus was used to calculate the stress tensor and strain tensor of each element;
then, the sum of each element (Tn(”‘) and A’yp(”‘) in each slip band was calculated according
to the grain orientation angle 6. Then, the above values were substituted into Equation (3)
to calculate each band FIP,v.. After the crack nucleates, it will affect the stress and
strain state of its neighboring grains, leading to FIP,yve® changes. For this reason, when
simulating the crack propagation process in the next grain, it was necessary to introduce
the influence of the previous grain having cracked. In this paper, the elastic modulus of
the slip band in the cracked grain was reduced to one, making it equivalent to a crack, and
then the above calculations were repeated to obtain the adjacent grains FIP,y*), and the
early expansion process of the MSC could be further obtained. The calculation method for
the different areas of the weld toe was similar, and the above calculation process was run
and completed in a self-developed Python program. The finite element simulation model
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of the plastic zone at the crack tip was obtained by comparison, and the theoretical results
were compared with the simulation results. Then, the plastic zone with grain gradient was
calculated. The life of MSC initiation in different regions of the weld toe was calculated,
and the law of MSC initiation behavior was analyzed.

4. Results
4.1. Shape and Boundary Size of MSC Tip Plastic Zone

In order to verify the rationality of the plastic zone simulation results under plane
stress and plane strain conditions, the Irwin theory equation was first used to calculate the
boundary size and shape of the plastic zone at the crack tip under the two conditions. Then,
the finite element method was used to simulate the plastic zone of the crack tip under the
same conditions, the shape and size parameters were obtained, and finally the theoretical
results were compared with the simulation results to judge whether the simulation method
was reasonable. In order to facilitate comparison, theoretical calculations and simulation
calculations must be under the same calculation conditions, such as the same applied load,
crack length, and material; taking into account the influence of the crack itself and the
simplified processing, only the R value in a specific direction was taken.

According to the corresponding parameters, the crack tip stress intensity factor could
be calculated from the theoretical equation. Then, the stress intensity factor value was
substituted into the calculation equation for the boundary size of the plane stress plastic
zone, and the R in the corresponding direction could be obtained. In order to visually
display the shape of the plastic zone at the crack tip under plane stress, according to the data
of R and 6, the plastic zone shape is obtained by transforming to the Cartesian coordinate
system. Using the same method, combined with the boundary size equation of the plastic
zone at the crack tip under plane strain, the value of R at a specific angle 6 is calculated.

In order to determine a crack tip model with a suitable shape, the boundary size and
shape of the plastic zone at the crack tip under plane stress and plane strain under the same
working conditions as theoretical calculations are obtained by simulation. The simulation
model contains different crack tips, which are triangular crack tips and semicircular crack
tips. Comparing the stress cloud diagrams under plane stress and plane strain, it is found
that the range of stress concentration under plane stress is larger, indicating that the shape
and boundary size of the plastic zone at the crack tip under plane stress and plane strain are
very different. According to the actual situation, it is necessary to distinguish the plasticity
of the crack tip under plane stress and plane strain. Comparing the stress cloud diagrams
of different crack tip shapes under plane stress, it is found that certain differences in the
stress cloud diagrams reveal the conclusion that different crack tip shapes have an effect on
the plastic zone of the crack tip. The contour line method can be used to show the boundary
line of the crack tip plastic zone under plane strain in the simulated stress cloud diagram;
the boundary line of the plastic zone at the crack tip is a tortuous contour line. According to
the position of the boundary line, combined with different direction angles, the boundary
dimension value of the plastic zone at the crack tip can be obtained by measurement.

To investigate the influence of the crack tip shape on the shape and boundary size
of the crack tip plastic zone under plane stress and plane strain, in the same working
conditions, the plastic zone of different crack tip shapes were compared, as shown in
Figure 7a,b. It can be seen from Figure 7a,b that under plane stress and strain, the simulated
shape of the plastic zone at the tip of the triangular and semi-circular crack is similar to
the theoretically calculated shape, indicating that the method of simulating the plastic
zone at the tip of the crack based on the two-dimensional RVE theory is reasonable. The
theoretical calculation does not take into account the difference in the properties of micro-
grain materials, and it is not sensitive to stress changes, so the shape of the plastic zone in
the theoretical calculation is larger than that in the simulation calculation. The simulated
triangular and semicircular crack tip plastic zone boundary dimensions are smaller than
the theoretical calculation of the crack tip plastic zone boundary size, indicating that the
microstructure characteristics have an influence on the crack tip plastic zone. The boundary
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size of the triangular crack tip plastic zone is generally smaller than that of the semicircular
crack tip plastic zone, indicating that the simulation results of the triangular crack tip plastic
zone are conservative; thus, the semicircular crack tip model should be used in the study of
the MSC tip plastic zone.
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Figure 7. Comparison of (a) plastic zone under plane stress; (b) plastic zone under plane strain.

To further study the influence of the early expansion of MSCs on the plastic zone, a
two-dimensional RVE model and the finite element method were used to establish Voronoi
polygonal grain models with different crack lengths to calculate the shape of the plastic
zone at the tip of the MSC. Under plane stress and plane strain, 15 crack tip plastic zones
with different crack lengths were calculated, and the boundary size of the crack tip plastic
zone was plotted on the rectangular coordinates; as the crack length increased, the crack tip
plastic zone changed, as shown in Figure 8. It can be seen that under plane stress and plane
strain, in the two-dimensional RVE model considering the microstructure characteristics, as
the crack length increased, the boundary size of the plastic zone at the crack tip increased,
while the shape remained unchanged. The crack length increased with the same length,
but the boundary size of the plastic zone at the crack tip increased unevenly, indicating
that the anisotropic microscopic grains have a significant effect on the boundary size of the
plastic zone at the crack tip. Under plane stress, as shown in Figure 8a, the shape of the
plastic zone at the crack tip is “bone”, with a thinner middle and thicker ends. While under
plane strain, as shown in Figure 8b, the plastic zone at the crack tip is a “butterfly” shape.
When the crack length increased from 2 um to 30 pm, the boundary size of the plastic zone
at the MSC tip increased by 15 um and 2 pm under the action of plane stress and plane
strain in the X-axis direction, respectively.

In the early expansion of the weld toe local MSC, the two-dimensional RVE model was
established for the butt weld toe local division, but the transition zone between different
areas was ignored; the location of this transition zone is shown in Figure 9a. Through
the metallographic experiment, the grain gradient change form of the transition zone can
be obtained, as shown in Figure 9b, from the left to the right of the figure, the average
grain size gradually increases. In order to consider the influence of the grain gradient on
the plastic zone in the study of the plastic zone, five two-dimensional RVE models were
established. The grain gradient was reduced in turn, the model side length was 150 pm,
and the number of grains was 56. The grain gradient decreased sequentially from 0.5 to 0.1,
as shown in Figure 10a—e. The shape of the plastic zone at the crack tip was calculated, and
the specific influence of the grain gradient on the plastic zone at the crack tip was obtained
through the analysis of the boundary size of the plastic zone at the crack tip.
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Figure 8. (a) Plastic zone of the crack tip with the crack length under plane stress. (b) Plastic zone of
the crack tip with the crack length under plane strain.
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e \\_
\
e
20 um 20 pm 20 pm 20 um

(@) (b) © (d (e)

Figure 10. Grain gradient change model: (a) grain gradient of 0.5; (b) grain gradient of 0.4; (c) grain
gradient of 0.3; (d) grain gradient of 0.2; (e) grain gradient of 0.1.

It can be seen from the foregoing that the shape of the semicircular crack tip is more
reasonable. When inserting a 30 um semicircular crack tip crack on the left boundary of
the model, the specific size of the crack was the same as the previous one. The average
grain size near the left boundary was relatively small, and the preset crack crossed the
grain boundary. The preset crack length can be changed according to the actual situation,
and other crack lengths can be used. According to the load calculation, the stress cloud
diagrams of the plastic zone at the crack tip of the five models under plane stress and plane
strain were obtained.



Metals 2022, 12, 618

14 of 20

4.2. Distribution and MSC Path

Take an RVE in the BM zone as an example. Figure 11 shows the distribution of crack
nucleation calculations. The red color indicates the area with a larger value. It can be seen
from this figure that FIP,ve™ has obvious differences between different grains, and within
the same grain, FIP,yv® has varying degrees of changes between different slip bands.
According to Equation (4), the slip band with the largest FIPaye® has the shortest life and
nucleates first; from this, it can be judged that the yellow line location on the right side of
Figure 11 has the first crack nucleation.

i

Figure 11. Crack nucleation FIP,ve® distribution diagram.

According to the method of grain-by-grain cracking [26], the cracks are cracked
along the slip bands in the grain, and one grain will be cracked for each calculation
step. Continuous calculation will form grain-by-grain cracking. The MSC initiation paths
in the three regions of the weld toe are shown in Figure 12. It can be seen from Figure 12
that the MSCs in different areas of the weld toe nucleate on the free surface of the right
side of the RVE, which is the position of slip band 1, and then expand along the slip band
direction of adjacent grains. The white broken line represents the MSC initiation path, and
the numbers (1, 2, 3, etc.) represent the sequence in which MSC initiation expands along
the slip band. The slip bands of the early expansion path of the MSC in the BM zone did
not form a continuous broken line, as shown in Figure 12a. The FZ is simpler than the BM
zone and the HAZ, and the grain arrangement and the direction of the slip zone are simple.
The early expansion path of the MSC in the FZ is more continuous than the expansion
path of the BM zone and the HAZ; each slip band is connected end to end, as shown in
Figure 12¢c. Roughly speaking, the shape of the early expansion path of the MSC in different
areas of the weld toe is very similar, but due to the difference in the local microstructure of
the weld toe, the early expansion path of the MSC in the different areas of the weld toe is
somewhat different.

s
v

(b)

Figure 12. (a) Crack expansion path in BM zone. (b) Crack expansion path in HAZ. (c) Crack

expansion path in FZ.
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5. Discussion

The contour line of the plastic zone at the crack tip under plane stress and plane strain
is drawn by the contour method. As shown in Figures 13a—e and 14a—e, the outermost
line of the contour was the boundary line of the plastic zone at the crack tip. It can be
seen that as the grain gradient decreases, burrs are gradually generated at the boundary of
the plastic zone at the crack tip, and the boundary line is discontinuous. Through specific
measurement of the boundary line, it was found that as the grain gradient decreased from
0.5 to 0.1, the boundary size of the plastic zone at the tip of the MSC increased about 50%,
indicating that under the microstructure characteristics of larger grain gradient, there is a
smaller range of the MSC tip into the plastic zone. Huang [50] studied the effect of different
loads and materials on the boundary size of the plastic zone at the crack tip but did not
consider the effect of the microscopic size of the grains on the plastic zone. This paper
also considered the plastic zone size of the crack tip with grain gradient at the junction of
different zones of the weld. The boundary size of the plastic zone at the crack tip under
the gradient was calculated from the plane stress and plane strain. It was found that the
boundary size of the plastic zone under the plane strain was smaller than that under the
plane stress; this was consistent with the boundary size of the plastic zone at the crack
tip calculated without the grain gradient. The study of the plastic zone at the crack tip
with grain gradient has a propelling effect for predicting the local fatigue life of the weld
toe. This paper only divided the weld toe into three zones locally and did not consider
the initiation behavior of cracks at the transition zone with grain gradient; this will be
studied later.

(a) (b) © (d) ©

Figure 13. Shape of the plastic zone at the crack tip under plane stress: (a) grain gradient of 0.5; (b)
grain gradient of 0.4; (c) grain gradient of 0.3; (d) grain gradient of 0.2; (e) grain gradient of 0.1.
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(b) © (d) (©)

Figure 14. Shape of the plastic zone at the crack tip under plane strain: (a) grain gradient of 0.5; (b)
grain gradient of 0.4; (c) grain gradient of 0.3; (d) grain gradient of 0.2; (e) grain gradient of 0.1.

In order to obtain the MSC initiation life in different areas of the weld toe, the RVE
calculation data of the HAZ and FZ were normalized; we divided the crack length and life
of HAZ and FZ by three, using the data in the BM zone as the standard. The relationship
between crack length and life in different areas of the weld toe was obtained, as shown in
Figure 15.
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Figure 15. Crack length and life in different areas of the weld toe.

It can be seen from Figure 15 that the abscissa is the accumulation of the crack length
a of each step, and the ordinate is the accumulation of life. The first point of each broken
line was the crack nucleation life, the last point was the MSC initiation life, and the middle
point represents the sum of the MSC’s early expansion life and the crack nucleation life. It
can be found that the MSC initiation life in different areas of the weld toe is quite different;
the MSC initiation life in the BM zone is the smallest. It was concluded that in different
areas of the weld toe, MSC initiation first occurred in the BM zone, and the MSC initiation
life in the same area of the weld toe was relatively close, indicating that during the MSC
initiation stage, the MSC initiation life was mainly affected by the grain microstructure.
Generally, the experiment shows overall fatigue life of the same cross-welded joint. As the
research object in this article was about 1.218 million cycles [23], the overall fatigue life
includes the MSC initiation life. The MSC initiation life in the BM zone of the weld toe
calculated by simulation was hundreds of thousands of cycles, while MSC in the HAZ and
FZ had a larger initiation life, and some exceeded the overall fatigue life. Therefore, MSC
initiation life in the BM zone was more consistent with the experiment, which also proves
the rationality of the simulation method in this paper. This also indicates that MSCs were
first initiated in the BM zone, rather than in the HAZ and FZ.

Figure 16 is a graph of crack nucleation and its early expansion rate in different areas
of the weld toe. The abscissa represents the cumulative life of crack nucleation and early
expansion, and the ordinate represents the expansion rate of each grain. From the main
data in Figure 16a, there are obvious differences in the expansion rate of MSC in different
areas of the weld toe. Among them, the MSC expansion rate in the BM zone is larger
than that in the HAZ and FZ. Through numerical average calculation, the MSC expansion
rate in the BM zone is about eight times that of the other zones. The lower left corner
of Figure 16a is partially enlarged to obtain Figure 16b, and it is found that the MSC
expansion rate in the FZ is similar to the MSC expansion rate in the HAZ. Therefore, in the
study of weld toe fatigue, the local BM zone of the weld toe is more susceptible to fatigue
damage, and MSC initiation is likely to occur first. Usually, the hardness of HAZ is higher
compared to other zones. This will cause its plasticity to decrease, so that cracks are easily
formed or cracks are easily propagated. However, according to the FIP model, the fatigue
performance was comprehensively considered from the stress peak value and the plastic
shear strain range; therefore, FIP was more reasonable for life prediction. Some previous
studies simply predicted fatigue life from stress or strain [51,52] and did not consider the
local microstructure of the weld toe, so the prediction accuracy of fatigue life was not high.

The BM zone average expansion rate was about 2.5 x 10~ um/cycle, and the MSC
expansion rate in FZ and HAZ was about 3.1 x 10~* pum/cycle. The crack expansion rate
calculated by the simulation was close to the result of Yuan'’s research [38]. There were only
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15 calculation models in this paper, and the calculation cost was low. The size of this data
volume has limitations for the search for laws. Yuan calculated 150 models. The research
team will increase the number of models in follow-up research.
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Figure 16. (a) MSC expansion rate and life in different areas of the weld toe. (b) Partial enlarged view.

6. Conclusions

This paper studies the shape and boundary size of the plastic zone at the tip of the
weld toe MSC and the initiation life. Combining the theoretical calculation method and
simulation method of the crack tip plastic zone in the two-dimensional RVE model under
different crack tip shapes, the theoretical results and simulation results of the crack tip
plastic zone shape and boundary size under plane stress and plane strain are compared.
The two-dimensional RVE model with cracks was used for further simulation, and the
effects of crack length and grain gradient on the shape and boundary size of the plastic
zone at the crack tip were studied. Using the methods of RVE and FIP, the Voronoi polygon
was established for finite element simulation, and the process of MSC initiation in different
areas of the weld toe was simulated. MSC initiation life in the three areas of the weld toe
was calculated and analyzed, and the following conclusions were drawn:

(1) The finite element simulation results of the plastic zone at the tip of the weld toe
MSC show that with the increase of the crack length, the plastic zone at the crack tip under
plane stress presents a “bone” shape, and the plastic zone at the crack tip under plane strain
presents a “butterfly” shape. When the crack length increased from 2 pm to 30 um, the
boundary size of the plastic zone at the MSC tip increased by 15 um and 2 um under the
action of plane stress and plane strain in the X-axis direction, respectively.

(2) After considering the microscopic characteristics of the grains, the boundary of
the shaping zone no longer has geometric smoothness. In addition, as the grain gradient
decreased from 0.5 to 0.1, the boundary size of the plastic zone at the tip of the MSC
increased about 50%.

(3) According to the FIP theory, the two stages of MSC initiation were simulated in
the RVE model. Using the method of grain-by-grain expansion, it was concluded that
the initiation lives of MSC in the three zones of the weld toe were quite different. MSC
initiation occurs first in BM zone, and the life of initiation was about several hundred
thousand cycles, which was consistent with the experimental result.

(4) Comparing the expansion rate of the MSC in different areas of the weld toe, it
can be seen that the expansion rate of the MSC in the BM zone was faster than that in the
HAZ and FZ; through numerical average calculation, the average expansion rate was about
25 x%x 1073 um/cycle, and the MSC expansion rate in FZ and HAZ was about 3.1 x 104
um/cycle.
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