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Abstract: In order to study on tensile and fatigue fracture mechanism of friction stir welded (FSW)
joints, the tensile and fatigue behavior of FSW joints are studied based on the microstructure and
strain distribution. The large plastic deformation and fracture occurred in the thermo-mechanically
affected zone (TMAZ) on retreating side in tension tests. High contents of shear texture and small
angle grain boundary reduce the tensile mechanical property of TMAZ material. The fatigue weak
area for FSW joints is affected by the loading condition. The strain concentration in the welded nugget
zone (WNZ) and base material makes the fatigue fracture liable to happen in these areas for the FSW
joints under the stress ratios of 0.1 and −0.3. When the fracture occurred in WNZ, the crack initiation
mainly occurred in clusters of hardened particles, while when the fracture happened in base material,
the crack initiation mainly occurred near the pit. The crack in WNZ propagated in an intergranular
pattern and the crack in the other areas extended in a transgranular mode, leading to a higher crack
growth rate of WNZ than of other regions.

Keywords: friction stir welding; microstructure; strain concentration; fracture location; crack
propagation

1. Introduction

Friction stir welding (FSW) is widely used in aerospace, shipbuilding, automotive, and other
industries. Fatigue fracture is the primary failure mode for FSW joints under variable load. The study
of the fatigue characteristics of FSW joints is of great significance to understand its failure process
and mechanism [1–5]. The material microstructure has an influence on its mechanical property,
crack initiation, and propagation of welded joints. It is considered that the content and type of textures
have an effect on the mechanical property of welded joints. The shear texture decreases the property of
materials [6]. Fatigue crack mainly initiated around hardening particles, inclusion or intermetallic
compounds [7–13]. Sun et al. [14] found that the initiation and propagation of small cracks are affected
mainly by strengthening particles, grain boundaries, and rough pits for 7075 aluminum alloy FSW
joints. Shou et al. noted that the grain size has a certain effect on fatigue crack growth rate of aluminum
alloy [15]. Zheng et al. [16] studied the fatigue crack growth behavior of AA2524-T34 aluminum alloy.
The crack tends to propagate along the grain boundary with low angular misorientation and deflect
when it meets the grains with large-angle misorientation.
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The hardness distribution of FSW joints generally presents the shape of “W” and the
minimum hardness value is basically located in the thermo-mechanically affected zone (TMAZ) [17].
The distribution of hardness has an influence on tensile and fatigue fracture [17–21]. Rajakumar
et al. [18] considered that tensile strength of aluminum alloy FSW joints exhibited a linear relationship
with the hardness distribution of joint. A higher hardness of material generally obtains a higher tensile
strength. However, the fatigue failure of FSW joint does not necessarily correspond to the hardness [22].
It also relates to the welding defects and applied load. The initiation and propagation of fatigue cracks
are influenced by the evolution of microstructures, hardness distribution, and local strain [23]. A single
factor might not accurately predict the fatigue fracture behavior of welded joints.

Tensile and fatigue fracture are prone to occur in the location with considerable strain. Digital
image correlation (DIC) technology has been used to the strain measurement in tensile and fatigue tests
for the welded joints [24–26]. The strain concentration area is prone to be the crack initiation position
under fatigue load [27]. Peng et al. [28] verified the accuracy of DIC technique in strain characterization
of welded joints by comparing with tensional strain data. Corigliano et al. [29] found that the changes
of strain in different regions during the elastic stage are comparable. Malitckii et al. [30] revealed a
cumulative deformation field at a subgrain level during small fatigue crack growth based on situ DIC
image recording.

To further explore the influence of microstructure and strain distribution on tensile and fatigue
properties of FSW joints, the tensile and fatigue behavior for 7075 aluminum FSW joints were studied
using electron backscatter diffraction(EBSD) and DIC techniques. The effects of texture, hardness
distribution, and strain variation on tensile and fatigue behavior of FSW joints were studied, and the
difference of fracture mechanism was revealed.

2. Experiment

2.1. Specimen Preparation

The rolled 7075-T651 aluminum alloy plate with thickness of 3 mm was used in this study.
The chemical composition and mechanical properties are presented in Tables 1 and 2. Elongation is the
ratio of total deformation of the gage section to the original gage length after tensile fracture. The plates
with dimension of 3 mm × 30 mm × 15 mm were cut and welded with a rotation speed of 800 rpm,
a welding speed of 80 mm/min, and a tool titling angle of 2◦ along the direction perpendicular to the
rolling direction. The FSW tool consists of a shoulder with a diameter of 10 mm and a stirring pin of
2.9 mm in length and 3.9 mm in diameter. Then, the specimens for tension and fatigue were wire cut
and their axis direction was perpendicular to the welding line. The shapes and sizes of tensile and
fatigue specimens were the same and referenced the Chinese national standard of GBT 228.1-2010,
as shown in Figure 1. In order to observe the strain variation with DIC strain measurement device and
crack propagation with metallographic microscope, the top and bottom surfaces of specimens were
grinded with the sandpapers from 240 to 4000 grit and polished with the diamond pastes from w2.5 to
w1 before tests. The smooth specimen after being grinded and polished is shown in Figure 2.

Table 1. Chemical compositions of 7075-T6 (wt %).

Zn Mg Cu Mn Ti Cr Fe Si

5.59 2.40 1.49 0.10 0.072 0.23 0.20 0.225

Table 2. Mechanical property of 7075-T6 aluminum alloy.

Material Ultimate Strength/MPa Yield Strength/MPa Elongation (%)

7075-T6 543 444 6
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Figure 2. Smooth specimen after being grinded and polished.

2.2. Cross-Sectional Morphology

Figure 3 shows the cross-sectional morphology of 7075-T6 aluminum alloy FSW joint. The sample
was taken from a welding plate centered on the weld and polished on the cross section of the sample.
The welded joint is divided into different regions according to different microstructures due to different
heat input and stirring action of stirring pin during the welding process. The regions of the welded
joint are the weld nugget zone (WNZ), the thermo-mechanically affected zone (TMAZ), and the heat
affected zone (HAZ). In addition, the welded joint is divided into advancing side (AS) where the
direction of rotation linear speed is that of the welding advance and retreating side (RS) where the
direction of rotation speed is opposite to the welding direction.
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Figure 3. Cross-sectional morphology of the friction stir welded (FSW) joint.

2.3. Electron Backscatter Diffraction Analysis

The microstructure and the characteristics of cracks for FSW joint were observed with JEOLJSM
6500F electron backscatter diffraction (EBSD) microscope. Samples that contained different regions
of welded joint were prepared, ground, mechanically polished, and electropolished before EBSD
measurement. The electropolishing parameters with a solution of 30% nitric acid and 70% methanol
are voltage of 12 V and polishing time of 60 s in a liquid nitrogen environment. The grain
size, grain orientation, and texture distribution in each region of the joint were obtained with
EBSD measurement.

2.3.1. Grain Size of Each Region

The grain size has an effect on the tensile property and fatigue crack growth of joints. According
to the statistics, the average grain sizes of WNZ, TMAZ, HAZ, and base material (BM) are 2, 21, 71,
and 68 microns, respectively. The grain size in WNZ is about one-thirtieth of that of BM. It rapidly
increases 10-fold from WNZ to TMAZ. It was mentioned in [30] that the rapid change of grain size
between WNZ and TMAZ caused the tensile failure at the junction of WNZ and TMAZ. The great
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change of grain size between WNZ and TMAZ leads to the degradation of performance at the junction
of the two regions.

2.3.2. Grain Boundary Angle Distribution

The grain boundaries are divided into large angle and small angle grain boundaries according
to the size of dislocation angle between adjacent grains. Generally, grain boundaries with small
orientations (θ < 15◦) are called small angle grain boundaries and the grain boundaries with large
orientations (θ > 15◦) are called large angle grain boundaries. Too much small angle grain boundary
will decrease the material resistance to deformation. The grain boundary orientation angle distribution
of each region of FSW joints is shown in Figure 4. The different colors denote different ranges of
grain boundary orientation angle. The red lines represent large angle grain boundaries, the blue
lines denote small angle grain boundaries, and the green lines in the grain are subgrain boundaries.
The content of subgrain boundary in TMAZ is obviously higher than that in other regions [31]. The large
number of subgrain boundaries decreased the proportion of large angle grain boundary in TMAZ,
which indicated that the microstructure of TMAZ was seriously deformed. The proportion of large
angle grain boundary in TMAZ is only 30%, which is much lower than that in BM, WNZ, and HAZ.
Large angle grain boundary can hinder the slip deformation of crystals and promote the material
strength at the grain boundary. The tensile strength will decrease if the number of small angle grain
boundaries in TMAZ is too high.
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2.3.3. Orientation Distributions

The orientation distribution functions (ODFs) of different regions of welded joints are shown in
Figure 5. The type and proportion of texture are listed in Table 3. Texture Cube {001} <100>, S {123}
<634> texture, Brass {011} <211>, and Copper {112} <111>, all exist in each region of welded joint,
as shown in Figure 5. The cubic texture Cube {001} <100> in BM and HAZ is strong and the contents
reach 15% and 12.6%, respectively. High contents of texture Cube {001} <100> make the extreme
densities of texture up to 26 and 19 in BM and HAZ. The high extreme density increases the strength of
BM and HAZ and the preferred orientation distribution in BM and HAZ is obvious. The content of Goss
texture {110} <001> in BM is higher than that of other regions. Goss texture improves the threshold
value of fatigue crack growth, enhances the resistance of fatigue crack growth and effectively inhibits
the initiation and propagation of cracks. The maximum extreme density of texture in TMAZ is reduced
to 3.9. The content of shear texture {112} <110> in TMAZ is more than that of other textures. The texture
{001} <110> is included in the shear texture also. Thus, the content of total shear texture in TMAZ
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reaches 2.4%. Excessive content of shear structure in TMAZ decreases the yield strength of material and
a large plastic deformation is prone to happen in this region during the tensile process [32]. The type
and content of texture are also related to the distribution of hardness. Excessive content of shear texture
in TMAZ led to a hardness decrease to some degree [33]. The dynamic recrystallization occurred in
WNZ during the welding process and the maximum extreme density in WNZ was decreased to 2.4.
The strongest texture in WNZ is shear texture {112} <110>. The content of other textures is small and
there is no obvious preferred orientation.
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Table 3. Texture type and proportion of different regions in FSW joint.

Type Component
Base

Material
(BM)

Heat Affected
Zone

(HAZ)

Thermo-Mechanically
Affected Zone

(TMAZ)

Welded
Nugget Zone

(WNZ)

Deformation

Shear1 {001} <110> 0.1 0.1 0.5 0.1
Shear3 {112} <110> 0.4 0.3 1.9 1.3
Copper {112} <111> 1.1 0.1 0.4 0.2
Brass {011} <211> 0.2 2.2 0.6 0.8
Goss {110} <001> 1.7 0.1 0.8 0.5

S {123} <634> 2 0.2 0.7 0.9

Recrystallization Cube {001} <100> 15 12.6 0.4 1
R {124} <211> 0.5 0.6 0.6 0.8
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2.4. Hardness Distribution

The mechanical properties of the FSW joint are related to the hardness distribution. The hardness
measurement was carried out with DHV-1000Z Vickers hardness tester. The hardness values were
measured from the center of welding line to both sides with a 0.5 mm spacing at the distance from
upper surface of 0.12 and 2.00 mm. The hardness distribution of FSW joint presents a “W” shape,
as shown in Figure 6. Blue color represents low hardness region and red color denotes high hardness
region. The hardness value decreases gradually from WNZ to TMAZ and then increases from TMAZ
to BM. The hardness of BM is the largest and that of TMAZ is the smallest. The minimum hardness
in TMAZ decreases by 40% compared with that of BM. Hardness distribution of WNZ is uniform,
which suggests that the distribution of microstructure in this region is uniform. Previous studies have
shown that there is a certain relationship between the hardness distribution of aluminum alloy FSW
joint and the tensile fracture location [18,19]. The joints are prone to fracture in the region of low
hardness. Therefore, the specimens are prone to fracture in TMAZ in tensile tests.
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3. Tensile Results Analysis Based on DIC Technique

The tensile tests were carried out with MTS-858 electro-hydraulic servo tester and the speed
of axial displacement movement was 1 mm/min. VIC-3D DIC (Digital Image Correlation) strain
measurement device was used to detect the strain at different regions of welded joint during tension
test. The frequency of strain detection was set to twice per second. The strain maps of a joint specimen
at different times were obtained after post processing. The strain curve of each region can be obtained
by taking a point in each region of the FSW joint and the mechanical properties of the joint can
be analyzed.

The relationship between strain concentration and tensile fracture of FSW joint was analyzed.
Figure 7 shows the strain variation of the FSW joint under different stress levels during the tensile test
process. Red color represents larger strain value and purple color expresses smaller strain value. In the
stage of elastic loading, when the tensile stress was 140 MPa, the overall strain of the joint was smaller,
as shown in Figure 7a. It can be considered that the performance of each region of welded joint is near
uniform [29]. When the tensile stress achieved 470 MPa, the strain concentration region was located in
TMAZ on both sides, which had been in a plastic stage. The strain in TMAZ increases with the increase
of tensile stress. When the stress reached 530 MPa, the specimen fractured in TMAZ of RS. The TMAZ
is softer than other regions in the joint, which is easier to produce a larger deformation than others.
The largest strain happened in TMAZ and led to tensile fracture at TMAZ of the FSW joint, which was
consistent with that of the description in [29].
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Figure 8 shows the stress–strain curves of each region in the FSW joint. The stress–strain curves in
the elastic stage have little difference by comparison with that of BM. When the tensile stress reached
about 420 MPa, the stress–strain curves of these regions changed greatly when the material entered the
elastic-plastic stage. The strain in BM on both sides is small, followed by high hardness heat affect zone
(HHAZ). The performance of these two regions is better than that of other regions from the analysis of
stress–strain curves, which is consistent with the hardness distribution of FSW joint. The strain values
in TMAZ and WNZ are larger during the plastic stage. The strain value of WNZ is 0.096, which is
about 12 times of BM. Additionally, the maximum strain value in TMAZ on RS is 0.14, which is 18 times
of BM. The material of TMAZ on RS had a large deformation during the tension process. Therefore,
the tensile specimen fractured at TMAZ on RS.
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4. Fatigue Experimental Analysis

4.1. Fatigue Experimental Results

In order to study the effect of loading parameters on fatigue life and fracture location of FSW
joints, continuous fatigue tests with the stress ratios of 0.1 and −0.3 and frequency of 10 Hz were
carried out on MTS-858 electro-hydraulic servo tester. The applied stress amplitude ranged from 90 to
157.5 MPa with the stress ratio of 0.1 and the applied stress is 99~171 MPa with the stress ratio of −0.3.
The results of fatigue test for welded joints are listed in Table 4 [14]. It shows that the fatigue property
decreases by comparison with the fatigue data of base material [34].
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Table 4. Continuous and interrupted fatigue test data for FSW joints.

No.
Stress

Amplitude
/MPa

Stress
Ratio

Frequency
/Hz

Fatigue Life
/Cycle

Fracture
Location

Whether
Test

Interrupted

B3 157.5 0.1 10 21,766 WNZ Continuous
B2 144 0.1 10 34,446 HAZ Continuous
B1 126 0.1 10 45,447 BM Continuous
B7 112.5 0.1 10 56,901 BM Continuous
B8 99 0.1 10 61,618 WNZ Continuous
B9 90 0.1 10 12,4278 TMAZ Continuous

B5 * 157.5 0.1 10 28,453 WNZ Interrupted
B7 * 157.5 0.1 10 18,808 WNZ Interrupted
B6 * 144 0.1 10 25,053 WNZ Interrupted

B13 * 126 0.1 10 37,508 WNZ Interrupted
C18 171 −0.3 10 43,664 BM Continuous
C2 157.5 −0.3 10 44,005 BM Continuous
C7 144 −0.3 10 74,252 BM Continuous
C3 126 −0.3 10 101,671 BM Continuous

C10 112.5 −0.3 10 613,454 BM Continuous
C18 99 −0.3 10 895,225 BM Continuous

C17 * 171 −0.3 10 102,749 HAZ Interrupted
C12 * 157.5 −0.3 10 26,787 WNZ Interrupted
C16 * 144 −0.3 10 93,741 BM Interrupted
D1 ** 157.5 0.1 10 41,880 TMAZ Interrupted
D2 ** 144 0.1 10 22,010 TMAZ Interrupted
D3 ** 126 0.1 10 56,969 TMAZ Interrupted

Note. The specimens marked * and ** are for the interrupted tests and the specimens marked ** are designed with
the finest parts in HAZ and TMAZ. The detailed introduction are in Section 4.3.1.

The fatigue lives of FSW joints are greatly affected by loading stress and stress ratio. Figure 9 is
the S-N curve obtained from the continuous fatigue experiments. It can be seen that the fatigue life
decreases with the increase of loading stress. Under the same loading stress amplitude, the fatigue life
under a stress ratio of −0.3 is generally higher than that under a stress ratio of 0.1.

The fatigue fracture location of joints is also affected by loading stress and stress ratio. Six of
10 specimens under the stress ratio of 0.1 fractured in WNZ. Seven of nine specimens under the stress
ratio of −0.3 ruptured in BM. The statistical results of fracture location under different stress ratios are
obtained from continuous and interrupted fatigue tests, as shown in Table 4. The fracture position
of fatigue specimen under the stress ratio of −0.3 tends to move away from WNZ and most of them
fracture in BM. Under the same stress amplitude, the applied maximum stress under the stress ratio of
0.1 is greater than that under the stress ratio of −0.3. It is considered that the loading stress has a great
influence on the fracture position of FSW joint and the fracture location of the specimen tends to move
toward WNZ with an increase of loading stress.
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4.2. Strain Analysis

DIC technology was used to measure the strain of FSW joint in fatigue process, and the influence
of strain on fatigue fracture was analyzed. The fatigue loading parameters are shown in Table 5.

Table 5. Fatigue test data of FSW joints based on strain analysis.

Specimen Stress Amplitude
(MPa)

Maximum
Stress (MPa)

Stress
Ratio

Frequency
(Hz)

Fatigue Life
(Cycles)

Fracture
Position

E1 144 320 0.1 10 3574 WNZ
E2 126 193.8 −0.3 10 218,624 BM

The region of strain concentration tends to be the location of crack initiation under fatigue loading.
Therefore, the location of fatigue crack initiation can be predicted by observing the region of strain
concentration in fatigue tests [27]. The strains of FSW joints in the fatigue process are measured by
the DIC technique for two specimens. The loading parameters of two samples are the maximum
stress of 320 MPa with a stress ratio of 0.1 and the maximum stress of 193.8 MPa with a stress ratio of
−0.3. Figures 10 and 11 show the strain distribution of specimens before fracture. Figure 10 shows
the strain maps of specimen No. E1 under applied stress of 320 MPa with the stress ratio of 0.1 while
the fatigue cycles reach 1500 and 3500. The red region is the position of maximum strain for the FSW
joints. The location of maximum strain is at WNZ and the strain value at point P is 0.0079. The strain
concentration remained in the WNZ until the specimen broke there.

The strain maps of specimen No. E2 under applied stress of 193.8 MPa with the stress ratio of
−0.3 are shown in Figure 11. Figure 11a is the strain profile of the joint while the fatigue cycles are
120,000 and the cycle ratio is 0.55. The large strains appeared at multiple regions and were mainly
distributed in the TMAZ and HAZ on both sides. Figure 11b is the strain distribution diagram of the
joint when the fatigue cycles are 218,000 and the cycle ratio is 0.99. The maximum strain appeared in
the BM of RS, which was consistent with the fracture location. The strain value of point Q is 0.00112.
The failure location corresponds to the strain concentration area in the final fatigue stage.
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The strain variation of specimen No. E1 under the maximum stress of 320 MPa with the stress
ratio of 0.1 in fatigue process was analyzed. The strain data of point P in strain concentration were
extracted and plotted a strain–cycle ratio curve. The strain–cycle ratio curve is shown in Figure 12.
In the process of fatigue damage, the strain value has an original increase in the initial stage. It can be
interpreted that it is the initial cyclic softening behavior of material. Then, before about 60% of total life,
the strain increases slowly as the fatigue cycle increases. The phenomenon corresponds to the stable
cyclic stage of the fatigue process and is related to the crack initiation and small crack growth in the
early stage. When the fatigue cycle number reaches about 60–80% of total life, the strain of FSW joint
has a little fast rise. Then, the rate of strain growth grows faster in the final stage. The phenomenon is
basically consistent with the trend of fatigue crack growth rate for the FSW specimens.
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4.3. Crack Initiation and Propagation

4.3.1. Interrupted Fatigue Tests

In order to obtain the rule of small crack growth, the interrupted fatigue tests under stress control
with the stress ratios of 0.1 and −0.3 and test frequency of 10 Hz were carried out with MTS-858
electro-hydraulic servo system. The experiment was interrupted by every certain cycle number and a
static tensile load of 80% of the maximum stress applied to the specimen to ensure the fatigue crack
being in a fully open state. Cellulose acetate film was utilized to duplicate the morphologies of cracks.
About 20–30 membranes were obtained for one interrupted fatigue test. The morphologies of the
cracks were also observed with a metallographic microscope. The fatigue loading conditions and
results of these specimens that marked * are shown in Table 4.

For trying to obtain the rule of fatigue crack propagation in HAZ and TMAZ, other plate specimens
with the finest parts in HAZ and TMAZ were designed and manufactured for interrupted fatigue tests.
The diameter of the finest part of the specimens is 8 mm. The fatigue loading conditions and results of
these specimens that marked ** are listed in Table 4. Among them, the finest parts of specimens D1**
and D2** are HAZ and that of D3** is TMAZ. However, they all fractured at TMAZ.

4.3.2. Statics of Crack Initiation

The fatigue crack initiation and propagation characteristics in WNZ and BM were analyzed,
respectively. Some hardening particles and pits in WNZ and BM became the sources of crack initiation.
Most of the fatigue cracks that fractured in WNZ initiated at the hardening particle clusters, as shown in
Figure 13a. Most of the fatigue cracks that fractured in BM initiated at the pits, as shown in Figures 13b
and 14a. The diameter and depth of a pit in Figure 14a are about 100 and 15 µm, which is measured by
laser scanning confocal microscope. The dimension of the pit is shown in Figure 14b. The cracks usually
initiate at these stress or strain concentration locations and propagate perpendicular to the loading
direction to both sides of the specimen [35]. From the experimental results analysis, the hardening
particle cluster in WNZ has a great influence on the initiation of small cracks when the stress ratio is
0.1 and the pits in BM play an important role in the crack initiation when the stress ratio is −0.3.

4.3.3. Main Crack Growth Morphology

The main crack growth morphology in the WNZ region is shown in Figure 15a. The main crack
is formed by the combination of two cracks. Two cracks initiated at point A and B, respectively.
The enlarged views of crack initiation sources A and B are shown in Figure 15b,c. The initiation source
of crack A is a metal streamline caused by stir welding and that of crack B is a cluster of hardening
particles. Then, they propagated approximately along the direction perpendicular to the load and
finally converged at point C. When a crack is hindered by the hardening particles or some defects,
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the path of crack propagation with least resistance will be searched, which will result in a direction
transfer for the crack propagation. As shown in Figure 15, the crack propagation was hindered when
the crack A encountered the hardening particle 1. A small angle deviation appeared along the crack
propagation path. After that, the crack continued to propagate along the boundary of hardening
particle 1. The crack morphology around hardening particle 1 is shown in Figure 15d when the fatigue
cycle number is 48,000 cycles. The hardening particle 1 has dropped off and a pit is left when the
fatigue cycle number reaches 54,000 cycles.Metals 2020, 10, x FOR PEER REVIEW 12 of 17 
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Based on the morphology of the crack growth in WNZ, the reason for the fluctuation of the crack
growth rate was analyzed. The curve of crack growth rate vs. stress intensity range is shown in
Figure 16. The calculation of stress intensity factor range is based on the formula proposed by Newman
and Raju [36], as listed in Equation (1).

∆K = ∆S
√
π

a
Q

F
(a

t
,

a
c

,
a
b

,∅
)

(1)

where ∆S is the applied stress range, Q is a shape factor, F is a boundary-correction factor, a is the
crack depth, c is the half-length of the crack, b is the half-width of the plate and t is the plate thickness,
and ∅ is an parametric angle of the ellipse. The calculation of Q and F for the specimens follows the
work of [36].
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Figure 15. Crack morphology in WNZ: (a) main crack propagation morphology, enlarged views of
(b) crack initiation sources B, (c) crack initiation sources A, (d) hardening particle 1 at 48,000 cycles,
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cracks, which is shown in Figure 16. Point c in Figure 16 showed a retardation of crack growth when
crack encountered hardened particle 1. The crack growth rate increased after the crack propagated
through hardening particle 1.

The metallographic morphology of the main crack growth in the BM region is shown in Figure 17.
It can be seen that the crack propagation mode of BM is transgranular and the hardening particles in
BM are larger than that in WNZ. Cracks initiated in a small pit on the left side of frame and extended to
the right almost perpendicular to the direction of the load. Other four small cracks also initiated in the
small pit apart from the main crack, as shown in Figure 17b. Five cracks propagated along their own
paths in the initial stage. The four small cracks stopped in the process of propagation. Only the main
crack continued to extend and ultimately caused the fracture. The direction of crack propagation had a
turn when the crack encountered hardening particles 1 and 2, as shown in Figure 17c. The branching
phenomenon occurred when the crack extended to the area of frame B in Figure 17a. Figure 17d is the
enlarged view of the frame B. The grain boundary hindered the growth of one of the cracks.
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4.3.4. Crack Growth Rate of Different Regions

The crack growth rate in different regions of FSW joints under loading stress ratio of 0.1 is shown
in Figure 18. The rate of crack propagation is relatively dispersed in the early stage. Higher stress
obtains higher rate of fatigue crack growth. The crack growth rate in the late stage tended to close the
same under different stress levels. The crack growth rate of WNZ is significantly higher than that of
TMAZ under the same stress level. It is considered that it is related to the different grain size and crack
propagation mode. The cracks in WNZ propagate in an intergranular pattern and the cracks in TMAZ
extend in a transgranular mode. Moreover, the Gauss texture of TMAZ is higher than that of WNZ,
which also hinders the crack propagation.
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5. Conclusions

The main conclusions are as follows:

1. In the tensile tests, the FSW joints broke at TMAZ, where the hardness was the lowest and
deformation was large. The high contents of small angle grain boundary and shear texture in
TMAZ reduces the strength of material.

2. It is found that in continuous fatigue tests, most of the FSW joints did not fracture at TMAZ,
which is the weak area for tensile tests. The fatigue failure mainly occurred at WNZ when
the loading stress ratio was 0.1. Most specimens broke at BM when the stress ratio was −0.3.
The weak area of FSW joint will change under different loading stress conditions. The fracture
occurs at a concentration of strain.

3. Most fatigue cracks in WNZ initiated at the cluster of hardening particles. However, the cracks in
BM mostly initiated at the pits. The influence of hardening particle cluster and pits on the fatigue
crack initiation is different in different regions.

4. The crack growth rate of WNZ is faster than that of TMAZ. It should be related to the different
propagation modes of WNZ and TMAZ.
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Nomenclature

FSW Friction stir welding
DIC Digital image correlation
WNZ Weld nugget zone
TMAZ Thermo-mechanically affected zone
HAZ Heat affected zone
HHAZ High hardness heat affected zone
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AS Advancing side
RS Retreating side
EBSD Electron backscatter diffraction
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