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Abstract: With the aim of improving the fatigue properties of Mg alloy welded joints under cyclic loading, the effects
of laser bionic treatment and ultrasonic impact bionic treatment on the fatigue crack growth (FCG) behavior of AZ31B
Mg alloy TIG-welded joints were studied and compared. The results show that bionic treatment refines the grains on the
joint surface and improves the microhardness. In the crack stable growth stage, both bionic samples exhibit a lower
FCQG rate and a higher FCG resistance. The two bionic treatment methods reduce the probability of crack initiation and
partially promote crack deflection, providing a new approach for improving the FCG behavior of welded joints.
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1 Introduction

Magnesium (Mg) alloys, as the lightest metal-
based structural materials, exhibit high specific
strengths and specific stiffness, and have significant
potential to replace steel and aluminum alloys,
especially considering that their lightweight nature
can promote an increased energy efficiency when
used in vehicles [1-3]. Welding is commonly used
to connect structural materials, with tungsten inert
gas (TIG) welding being widely used for welding
Mg alloys owing to its economic advantages, ease
of use, and convenience [4]. However, the TIG
welding process often leads to microstructural
coarsening in the welded joints after cooling owing
to the large heat input, which often weakens the
welded joints during fatigue failure and limits the
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application of welded Mg alloy components [5]. It
is therefore desirable to improve the fatigue
properties of such Mg alloy welded joints.

The fatigue strength and fatigue crack growth
(FCG) behavior of materials determine their fatigue
properties. To date, extensive research has been
conducted to improve the fatigue strengths of Mg
alloys and their welded joints [6—8]. However, few
studies have focused on improving the FCG
behavior of Mg alloys, particularly in the context of
their welded joints. Thus, it is necessary to study
the FCG behavior of Mg alloy welded joints to
improve their FCG resistance characteristics. The
FCG behavior of a component is closely related
to its strength and toughness. Although an
enhancement in strength can hinder the initiation
of fatigue cracks and reduce the number of crack
nucleation points, a higher toughness can extend
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the FCG path by consuming the FCG energy.
Consequently, the synergistic effect between the
strength and toughness properties can be employed
to significantly improve the fatigue properties of
materials [9,10]. However, the majority of related
research carried out to date has focused on
homogeneous materials, with research into
heterogeneous materials (such as Mg alloy welded
joints) being limited. The feasibility of realizing
synergistic strengthening to improve the FCG
behavior of Mg alloy welded joints using surface
treatment technologies should therefore be
investigated. However, the general trade-off
between strength and toughness presents challenges
in terms of achieving good strength—toughness
combinations in a single material. Therefore,
understanding the relationship between strength and
toughness is of great significance for studying the
FCG behavior of materials.

To break this deadlock, the natural “soft—hard”
alternating structure could provide a novel design
approach, wherein the soft phase exhibits a good
toughness and absorbs a large amount of
deformation, while the hard phase has a high
strength and hinders crack initiation [11]. This
natural alternating structure transcends most
engineering materials, providing good strength—
toughness combinations, and so it can be
considered suitable for application as a bionic
prototype to improve the fatigue properties of
components. Laser surface remelting (LSR) is a
widely recognized surface-processing method
suitable for use in bionic treatment owing to its
rapid heating and cooling characteristics. In this
context, WANG et al [12] used LSR technology
to prepare bionic samples with alternating
distributions of soft (untreated) and hard (laser-
treated) zones on the surface of S355 low carbon
steel, significantly improving the strength and
plasticity due to the stress redistribution and grain
refinement. In another study, SHI et al [13]
prepared a stripe-like bionic structure on the surface
of an AZ31B Mg alloy TIG-welded joint by laser
remelting, resulting in a significant deflection of the
FCG path of the bionic sample, and reducing the
effective stress intensity factor range (AKes) and
FCG rate to improve the FCG resistance of the
bionic sample. It was therefore apparent that the
construction of a bionic structure by laser bionic

treatment (LBT) on the metal surface achieves a
good strength—toughness combination to improve
the FCG behavior.

Ultrasonic impact treatment (UIT) is an
effective technology for improving the fatigue
properties of welded joints. It can significantly
reduce the degree of stress concentration in welded
joints and reconfigure the stress field by introducing
compressive residual stress (CRS), which is
beneficial for improving the FCG behavior of
welded joints [14,15]. In addition, the output energy
of UIT is concentrated, and the processing area is
controllable, allowing the generation of an impact
hardening area of a certain size on the component
surface [16,17]. Due to the ease of realizing the
alternating soft—hard structure using the UIT
technology, it would be desirable to investigate
the FCG behavior of welded joints with bionic
structures introduced by UIT. It is expected that the
combination of UIT and bionic strengthening will
provide new approaches for improving the FCG
behavior of welded joints.

Thus, in the current study, alternating soft and
hard bionic structures are prepared on TIG-welded
joints of the AZ31B Mg alloy using LSR and UIT,
respectively. The changes in the microstructure,
microhardness, FCG behavior, and fatigue fracture
characteristics of the AZ31B Mg alloy TIG-welded
joints enabled by LSR and UIT are compared and
analyzed. Moreover, the strengthening mechanisms
for improving the FCG behavior of the welded
joints processed by the two methods are revealed.

2 Experimental

2.1 Materials

The hot-rolled AZ31B Mg alloy plates with
dimensions of 300 mm (rolling direction, RD) x
100 mm (transverse direction, TD) x 10 mm
(normal direction, ND) were used. The chemical
compositions of the hot-rolled AZ31B Mg alloy
plates are listed in Table 1. Welding wire diameter
was 2 mm, which cut from the AZ31B Mg alloy
plates.

Table 1 Chemical compositions of AZ31B Mg alloy
(wt.%)

Al Zn Mn Si Cu Fe Mg
2.5-35 0.7-13 0.2 0.3 0.05 0.005 Bal.
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2.2 Sample preparation

Prior to welding, the surfaces of the welding
wire and the AZ31B Mg alloy plate (double ‘V’
groove type) were polished with sandpaper to
remove the oxide film formed on the surface. The
surfaces were then cleaned using alcohol. Double-
sided TIG welding was then carried out (see
Fig. 1(a)), wherein the welding direction was
consistent with the RD. The welding parameters
included a welding current of 190 A, a welding
voltage of 22.6 V, a welding speed of 2.5 mm/s, and
Ar (99.90% in purity) as the shielding gas. Prior
to bionic treatment, the weld reinforcement was
removed using sandpaper, and the surface was
cleaned with alcohol. Based on the bionic prototype
(Fig. 1(b)), a double-sided symmetrical bionic
structure (Fig. 1(c)) was prepared on the welded
joint using a pulsed Nd*":YAG laser (laser power of
1900 W, spot diameter of 2.5 mm, scan speed of
20 mm/s, and bionic fringe spacing of 6 mm). The
laser-treated welded joint zone was denoted as
WLZ, while the laser-treated base metal (BM) zone
was denoted as BLZ. UIT was carried out using a
UIT—125 instrument. The bionic prototype was
identical to that used for LBT, and the bionic fringe
spacing was 6 mm (Fig. 1(d)). The UIT processing
parameters were as follows: impact current of 1.6 A,
and impact speed of 40 mm/min. The applied
pressure corresponded to the weight of the
ultrasonic impact equipment. The welded joint zone
subjected to UIT was denoted as WUZ, while the
untreated welded joint was denoted as UWJ. The
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compact tensile (CT) samples used for the fatigue
crack growth tests were cut using wire electrical
discharge machining (EDM), as shown in
Figs. 1(c1, di). For all CT samples, the axial loading
stress was parallel to the bionic treatment stripe,
and perpendicular to the RD direction.

2.3 Properties test

Microhardness measurements were performed
using a rotary microhardness tester (HV—1000Z,
China) with a load of 0.1 kg and a hold time of 10 s.
The final hardness value was reported as the
average of three measurements. A nanoindentation
instrument (Anton Paar NHT2, Austria) was used to
measure the residual stress on the material surface
after the UIT. Fatigue crack growth experiments
were performed according to the international
standard ASTM E647—2015. Sinusoidal waveform
cyclic loading and tensile stress loading modes
were adopted. The stress ratio (R=Pmin/Pmax),
wherein Ppin and Pmax are the minimum and
maximum loads, respectively, was equal to 0.1,
while the loading frequency was 10 Hz. By
gradually reducing the load, a fatigue pre-crack of
2.5 mm was extended from the notch root of the
CT sample. After the pre-crack was successfully
fabricated, the test was continued under a constant
stress amplitude. The crack length was calculated
from the datum plane and measured using the
flexibility method according to national standard
GB/T 6389—2017. During the test, the crack length
was indirectly calculated using the crack opening

__ Weld seam
[

Fig. 1 Structural diagrams of TIG welding process (a), bionic prototype (b), LBT process (c), LBT bionic sample with
notch in WS (c;), UIT process (d), and UIT bionic sample with notch in WS (d;)
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displacement monitored in real-time using an
MTS 623.03 F-20. The relationship between the
flexibility and the crack length is expressed using
the dimensionless flexibility (M):

BEAu
P

M = (N
where E is the Young’s modulus, B is the thickness
of the sample, P is the applied load, and Au is the
crack opening displacement at the crack opening.
The crack length, a, of the sample can be
calculated based on its flexibility as follows:

%:Co +GU, +C2Uf +C3U>§ +C4U: +C5U: (2)
U= )
UM +1

where a/W is the normalized crack size (a is the
crack length, W is the sample width) and C; is the
regression coefficient, which is determined by the

measurement position of the normalized flexibility.
In addition, Co=1.0002, C1=—4.0632, C,=11.242,
C5=—106.04, C4=464.33, and Cs=—650.68.

In addition, the stress intensity factor range
(AK) is calculated as follows:

_ AP (2+oc)'
_B\/W(l—a)m

(0.886 +4.640-13.320% +14.72a° - 5.6a4) (4)

where AP is the applied load range, and a=a/W. The
AK value corresponding to a da/dN value of
107mm/r (N is the cycle number) was defined as
FCG threshold (AKw). According to the standard,
the frequency and stress ratio were maintained
constant with the pre-crack stage, and the AKy was
determined according to the AK-decreasing test.
More specifically, for each 10% decrease in AK, the
crack length increased by 0.2 mm. The test was
terminated when the value of da/dN approached
1077 mm/r. The 10 data pairs with the lowest FCG
rate were selected, and the linear regression method
was used to fit and solve the lg(da/dN)—lg AK
coordinate system to give AKi.

The curve of da/dN—AK was plotted in a
logarithmic coordinate system, and fatigue cracks
in the medium growth rate range underwent a
stable growth process following the standard
Paris formula:

da m

W C (AK ) &)
where C is the material constant, and m is the Paris
index, which represents the fitting slope of the
da/dN—AK curve in the logarithmic coordinates.
When da/dN exceeds 102 mm/r, it increased rapidly,
and the curve tended to be parallel to the y-axis.
Therefore, the AK value corresponding to 1072 mm/r
was defined as the critical stress intensity factor
range (AK.) [18]. When the AK value exceeded
AK.;, the FCG process passed from the stable
growth stage to the high-speed instability stage.

2.4 Microstructure analysis

The polished samples were etched using an
oxalic acid nitric acid solution (1 g oxalic acid +
49 mL distilled water + 1 mL nitric acid). Laser
confocal scanning microscopy (LEXT OLS4000,
Japan) was used to observe the microstructure and
the FCG path. Electron backscatter diffraction
(EBSD) experiments were carried out using a
sample that had been mechanically polished and
placed in a 10 vol.% perchlorate methanol solution
for 20s at 30 V. The EBSD test was performed
using a scanning electron microscope (SEM, Zeiss
Merlin Compact, Germany) equipped with
accessories (Oxford, Nordlys Nano, UK) at an
inclination angle of 70°, an acceleration voltage of
20 kV, and a working distance of 13—14 mm. HKL
Channel 5 software was used to analyze the
microstructure, crystal orientation, and Schmid
factor (SF) distribution in each specified region.
SEM (JSM—7500F, Japan) was used to observe
the fatigue fracture characteristics, while high-
resolution transmission electron microscopy (TEM,
FEI Talos F200X G2, USA) was used to observe
the microstructure of the UIBT sample surface.

3 Results

3.1 Microstructure
3.1.1 LBT sample

Figure 2 shows microstructural characteristics
of the LBT sample cross-section, wherein it can be
seen that the microstructural characteristics of the
different regions differ significantly owing to the
effects of the heat inputs associated with TIG
welding and laser treatment (Fig. 2(a)). As shown
in Figs.2(b,c), the BM is mainly composed
of unevenly sized equiaxed grains and a few twins,
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Fig. 2 Cross-sectional morphology (a), inverse pole figure (IPF) (b), average grain sizes (c) and pole figures (d) of

different zones of LBT sample

wherein the average grain size is 27.4 um. The
average grain size of the heat affected zone (HAZ)
is increased to 32.5 pm, and the average grain size
of the weld seam (WS) is 24.9 um. The average
grain size of the BLZ is 10.2 um, and the
characteristics typical of epitaxial growth are
observed. The equiaxed and columnar grains are
uniformly distributed in the WLZ, and the average
grain size of the WLZ is 7.5 um. Figure 2(d) shows
the pole figures obtained for the different regions,
wherein it is apparent that the BM possesses a
strong {0002} basal texture. Owing to the small
temperature gradient during TIG welding, no
preferential crystal growth is observed in the WS
[19], resulting in a random grain orientation in the
WS, thereby accounting for the weak textural
intensity at the weld. In contrast, the HAZ exhibits
a higher textural intensity than the WS, and deviates
from the {0002} basal texture. This can be
attributed to the fact that the HAZ close to the BM
possesses a large temperature gradient, which
results in selective growth of grains. The grains
in the WLZ are equiaxed without a preferred
orientation, and the textural intensity is low.
However, the textural intensity of the grains in the

BLZ is greater than that in the WLZ owing to
epitaxial growth.
3.1.2 UIT sample

An impact deforming layer with a depth of
~1871 pum is formed on the surface of the WS after
UIT, and the grain size of the WUZ is found to be
finer than that of the WS (Fig.3(a)). With an
increase in depth, the energy input by UIT gradually
decreases until it disappears; thus, the grain
refinement effect of the WUZ gradually weakens
(Fig. 3(b)). The color of inverse pole figure in the
WUZ tends to be red, indicating a preferred
orientation of the grains in the WUZ, which is
verified in the pole figure, forming the (0002) basal
texture. In addition, since some degree of residual
stress exists on the sample surface following UIT,
a number of grains on the top surface are not
displayed because of the low resolution. Figure 3(c)
shows the band contrast (BC) map corresponding to
the IPF given in Fig. 3(b). The grayscale range from
dark to light (from top to bottom) indicates that the
degree of deformation gradually weakens. Thus, the
region with the largest deformation is located at
the top of the WUZ. This can be attributed to the
fact that a larger deformation energy induces the
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Fig. 3 Macrograph of UIT cross-section (a), inverse pole figure (b) of area indicated by yellow box in (a), BC map of
WUZ (c), TEM image of top layer of UIT sample (d), and SAED pattern (e) for yellow region indicated in (d)

recrystallization of the grains and a dense nano-
crystalline layer is formed. To more accurately
analyze the microstructure of the top region of the
WUZ, TEM was employed. As shown in Fig. 3(d),
nanoparticles with an average grain size of ~20 nm
appear in the top region of the WUZ. In addition,
the selected-area electron diffraction (SAED)
pattern is approximately circular, indicating the
presence of a large number of randomly distributed
ultrafine grains, as shown in Fig. 3(e).

3.2 Microhardness

The hardness test results for the LBT and UIT
samples are shown in Fig. 4, wherein it can be seen
that the maximum hardness value of the laser
treated zone reaches HV(,;68.7, which is 19.5%
higher than that of WS. This is attributed to rapid
heating and cooling that occur during laser
processing, which refines the grains of the WLZ.
Following UIT, fine nanograins and high-density
dislocations are generated on the WUZ surface,
with a peak microhardness value of HV,;102.2
being recorded. The interactions among the
dislocations divides the original grains to achieve
refinement, which is accompanied by a strong
work-hardening effect, significantly increasing
the microhardness. However, the hardness value

—o— UIT
100 —o— BT L;H

90
80
70

60

Microhardness (HV,,)

50
0 04 08 12 16 20 24 28 32
Distance from weld center line/mm

Fig. 4 Microhardness for cross-sections of bionic
samples obtained using different treatment methods

gradually decreases with an increasing depth from
the surface, eventually approaching the hardness
value of the WS (HV,.1 57.5).

3.3 FCG behavior
3.3.1 FCG characteristics of different stages

In general, the FCG rate curve can be divided
into three stages, namely the low-rate crack growth
stage, the stable crack growth stage (medium-rate
stage), and the crack instability growth stage
(high-rate stage). Figure 5(a) summarizes the
AK values obtained for the different samples. After
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Fig. 5 AKy values (a) and da/dN—AK curves (b) of
different samples

bionic treatment, the AKy values of the LBT and
UIT samples increase to 3.78 and 3.96 MPa-m'?,
respectively, which are 55.56% and 62.96% higher
than that of UWJ sample. These results indicate that
both bionic treatment methods improve the crack
growth resistance of the WS. However, owing to
the higher strength and hardness of the nanograins
on the UIBT sample surface, the fatigue crack
threshold is larger, and the initiation and growth of
prefabricated cracks become more difficult.

Figure 5(b) shows the relationship between
da/dN and AK for the different AZ31B Mg alloy
joint samples. In general, for traditional materials,
only one slope exists during stable crack growth;
however, it is found that the different samples
demonstrate obvious inflection points during crack
stable growth, indicating the presence of three
obvious sub-stages with three distinguishable Paris
slopes. With an increase in AK, the curves gradually
tend to converge. Notably, many studies have
reported that deformed Mg alloys and their joints
deviate from traditional single-stage crack stable
growth at a stress ratio of 0.1, instead exhibiting
three different sub-stages of crack stable growth.
It is required that at low stress ratios, the FCG
behavior represents an obvious sensitivity toward
the microstructure, which often leads to the
occurrence of transition points [12,20—24]. It is
found that the FCG rate curves of the samples
obtained using different treatment methods exhibit
a common trend. More specifically, crack growth
produces an S-shaped curve, wherein the three
sub-stages of crack stable growth are apparent. Sub-
stage I possesses a larger slope, while Sub-stage II
has a gentle slope, indicating that the FCG rate
increases slowly with an increase in the stress
intensity factor. Furthermore, the slope of Sub-stage
1T increases rapidly, but remains smaller than that
of Sub-stage I. In addition, the da/dN—AK fitting
curves of both bionic samples lie below those of the
UWIJ sample, indicating that the UIT and LBT
samples exhibit lower FCG rates at equivalent AK
values. Notably, both treatment approaches improve
the FCG behavior of the UWJ sample due to the
fact that they change the original grain size and
crystal orientation, thereby enhancing the FCG
resistance [20]. Table 2 summarizes the Paris law
constants and the AK values corresponding to the
inflection points obtained using multiple fitting
equations for the different samples.

Table 2 Summary of calculated Paris constants for different FCG rate results of different samples presented in Fig. 5

(da/dN)/(mm ")

AK/(mPa-m'?)

Sample
Sub-stage 1 Sub-stage 11 Sub-stage 111 AKti AKtn  AKe  AKgn
Uwlj 1.69x107(AK)7>* 2.13x1078(AK)>™! 1.46x1071%(AK)®72 437 10.76 14.84 16.19
LBT 8.97x10712(AK)338 3.37x1075(AK)"18 3.27x1071%(AK)505 7.66 10.76 1631 16.81
UIT 4.51x107°(AK)** 1.66x107%(AK)*8 6.66x10711(AK)S73 581 1198 16.88 16.41

AKri and AKTi are the AK values corresponding to the turning points between Sub-stages I and II, and Sub-stages II and III, respectively;

AKiin is the corresponding AK value at the end of the test
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To further compare the FCG behavior of
the two bionic samples, their crack opening
displacement (COD) were investigated, since the
COD effectively reflects the FCG resistance of a
material. The UIT sample exhibits the largest
CODnin at relatively a low AK value (AK<
7 MPa-m'?), indicating that the UIT sample
exhibits a lower plastic deformation resistance and
cracking resistance than the LBT sample under the
same load conditions, resulting in easier crack
growth. The lower CODyin of the LBT sample
demonstrates a superior FCG resistance and
crack-closure ability. With an increasing value of
AK (AK >10 MPa-m'?), the CODmin—AK curves of
both samples deflect, with the curve of the LBT
sample being more obvious, and matching with
the inflection point of the da/dN—AK curve. This
further indicates that the FCG behavior is sensitive
to the microstructure. In addition, with an
increasing value of AK, the CODmin of the LBT
sample increases rapidly, and gradually tends to be
consistent with that of the UIT sample, indicating
that the FCG resistance of LBT sample decreases
under high AK conditions. This can be explained as
follows: the large enough load becomes sufficient to
act as the main factor determining the crack growth.
Furthermore, the CODmax and CODpin values of the
UIT sample are significantly higher than those of
the LBT sample, indicating that the FCG resistance
of the LBT sample is greater than that of UIT
sample during the entire FCG process. This
phenomenon is caused by the different treatment
zone depths resulting from the two bionic treatment
approaches. More specifically, the WLZ and WUZ
depths are 3135 and 1871 um, respectively, and
based on these results, it is apparent that a
shallower depth leads to limited improvement in
FCG behavior. In Fig. 6(b), it can be seen that the
da/dN—AK.x curve distributions of the two samples
are significantly different. Notably, AK.r is the
actual driving force that determines crack growth,
thereby reflecting the FCG resistance of each
sample. For low values of AK.r no significant
differences are found in the FCG rates between
the two samples, indicating similar crack growth
resistances for the LBT and UIT samples during the
initial crack growth stage. During the overall
process, increasing FCG rate leads to gradual
dispersion of the da/dN—AK.x curves for both
bionic samples due to the sensitivity of the FCG

behavior to the microstructure. The obvious grain
refinement hinders fatigue crack growth, causing
significant fluctuations in the crack growth rate,
which is consistent with the results presented in
Figs. 5(b) and 6(a). When the number of cycles is
equal, the LBT sample possesses the largest AK.,
requiring a greater driving force for rapid crack
growth. With an increasing value of AK., the
da/dN—AK.f curves of the LBT and UIBT samples
gradually begin to overlap, thereby indicating
similar crack growth resistances.
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Fig. 6 COD—AK curves (a) and da/dN—AK.s plots (b) for
LBT and UIT samples

3.3.2 FCG path

As shown in Fig.7(a), in the case of the
LBT sample, the cracks are frequently deflected
throughout the crack growth process. In addition, in
the crack growth region (CGR), secondary cracks
and twins can be seen to appear in the WS
(Fig. 7(b)). Notably, the appearance and deflection
of secondary cracks consume large amounts of
energy and reduce AK.r at the crack tip, thereby
reducing the FCG rate. The appearance of twins
increases the grain boundary density, hindering the
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crack from propagating forward along the twin
boundaries, and resulting in obvious crack
deflection [25]. No obvious twins are found in the
WLZ because the refined grains cannot effectively
meet the energy conditions required for twin
nucleation [25]. When the crack extends from the
coarse-grained zone (WS zone) to the WLZ zone
with finer grains, the crack tip becomes passivated
and deflected (Fig.7(c)), which improves the
toughness of the material [26]. Roughness
measurements along the sample surface reveal
that the WLZ with a higher plastic deformation
resistance exhibits a lower roughness, while the
WS with a lower plastic deformation resistance
possesses a higher roughness, as shown in Fig. 7(d).
This is attributed to the FCG driving force and
plastic deformation zone at the crack tip gradually
increasing during crack growth, thereby resulting in
a higher twin density and the occurrence of
deformation in the WS. At this point, the presence
of microcracks is also more obvious (Fig. 7(e)).

As shown in Fig. 8, the UIT and LBT samples
display similar FCG path characteristics, wherein
the macroscopic path of the FCG is Type I along the

(a) Crack growth direction -

WLZ WLZ WLZ

horizontal direction. Compared to the LBT sample,
the UIT sample exhibits more frequent deflection,
which is beneficial for generating effective crack
closure and reducing the FCG rate (Fig. 8(a)).
Notably, the macroscopic crack growth path of the
UIT sample exhibits a small-angle deflection after
the prefabricated crack. When the crack extends to
the WUZ, owing to the ultrahigh hardness and
highly refined grains present in the WUZ, this
system is more able to resist plastic deformation,
promoting an obvious deflection in the FCG
direction. During the crack growth stage, the
cracks in the WS are severely deflected, resulting
in secondary cracks and twins (Figs. 8(b, ¢)). In
the later stage of crack growth, severe plastic
deformation occurs in the WS and additional
microcracks appear (Fig. 8(d)). Furthermore,
Fig. 8(e) shows the microstructural characteristics
of the UIT sample close to the AK. value, wherein
it can be seen that plastic deformation is more
pronounced in the WS, and the surface becomes
rougher. This is attributed to the fact that the
impact affected zone undergoes obvious plastic
deformation during the ultrasonic impact process,

LZ WLZ WLZ \\
2 mm

A

Fig. 8 FCG path for UIT sample (a), and microstructures of Ul
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forming high-density twins. Moreover, the
microhardness also increases significantly during
this process, resulting in an enhanced plastic
deformation resistance.
3.3.3 Fatigue fracture analysis

Figure 9  shows the fatigue fracture
characteristics of the different regions of the UWJ
sample. As shown in Figs. 9(a, b), the fracture
presents clear cleavage steps and river patterns in
the CGR. In addition, secondary cracks, layered
structures, and voids are observed on the fracture
surface. Notably, similar layered structures have
been observed in the fatigue fracture morphologies
of other Mg alloys [27]. In the final fracture region
(FFR), numerous elongated dimples and tearing
ridges appear along the FCG direction, as shown in
Fig. 9(c).

D : RN

Fig. 9 Micrograph fracture characteristics for CGR (a, b)
and FFR (c) of UWJ sample

Figure 10 shows the fatigue fracture
characteristics of the different regions of the LBT
sample, wherein it can be seen that the CGR and
FFR exhibit significantly different macroscopic
fracture characteristics (Fig. 10(a)). As shown in
Figs. 10(b—e), the fracture characteristics of the
CGR mainly include cleavage steps and river
patterns, with an obvious transgranular cleavage
fracture mode being apparent. In addition, the
direction of the cleavage step is different.
Furthermore, from Fig. 10(b), it can be seen that
as the crack grows from the WS to the WLZ,
the cleavage step decreases, the FCG direction is
deflected, and the rough fracture becomes smooth
due to grain refinement of the WLZ. Moreover, the
LSR exhibits a fine grain structure with a random
orientation, which leads to additional opportunities
for the WLZ microcracks to deflect into grains with
different orientations, resulting in smaller cleavage
steps that run in different directions, along with a
reduction in the FCG rate. The fracture surfaces of
the WS and WLZ also possess typical secondary
cracks (Fig. 10(c)), with a larger number of these
secondary cracks being observed in the WLZ. This
leads to greater energy consumption during crack
growth, reduces the stress concentration at the crack
tip, and lowers the FCG rate. Additionally, many
fine equiaxed dimple edges are present in the WLZ,
which exhibits obvious deformation (Fig. 10(d)).
This indicates that the plastic deformation
resistance is superior in this region, and that crack
growth requires a greater amount of energy.
Moreover, the directions of the dimples and tearing
ridges in the WS are more diverse (Fig. 10(e)),
indicating that the FCG direction changes
significantly.

Figure 11 shows the fracture morphology of
the UIT sample. It can be seen that in the CGR, a
substantial number of river patterns emerge in the
vicinity of the impact zone near the sample surface,
and the orientation of the river pattern changes
(Figs. 11(a, b)), indicating that the crack growth
direction is deflected. In addition, unlike the
fracture characteristics of the LBT sample, cleavage
steps and secondary cracks are less pronounced in
the UIT sample. This is attributed to the fact that
UIT leads to significant grain refinement, forming a
gradient structure and nanocrystals that effectively
improve the plasticity of the material. In the FFR,
the WUZ is found to possess highly concentrated
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Fig. 10 Facture characteristics of LBT sample: (a) Macroscopic fatigue fracture; (b, c) At CGR; (d, e) At FFR

Fig. 11 Facture characteristics of UIT sample at CGR (a, b) and FFR (c, d)

small dimples and numerous evident tearing ridges

(Figs. 11(c, d)). This change in the tearing ridge 4 Discussion

also reflects a change in the crack growth direction.

Due to the severe plastic deformation induced 4.1 Effect of microstructure on FCG behavior
by UIT, grain deformation and refinement occur, Figure 12 shows the distribution of the SF
along with a change in the fatigue fracture pattern. for the {0001} (1120) basal plane slip systems in
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Fig. 12 Schmid factor diagrams for LBT (a) and UIT (b) samples; Schmid factor distribution histograms for LBT (c—g)

and UIT (h) samples

different regions of the LBT and UIT samples,
wherein it is evident that the SF is lower in the BM
and HAZ owing to the presence of a high textural
intensity, as shown by the pole figure in Fig. 2(d).
Therefore, the majority of grains show the “hard
orientation”. In addition, the grain distribution
within the WS is found to be uniform, the grain size
is relatively large, and the grain orientation is
random. According to the Hall-Petch formula, the
grain size is inversely proportional to the strength,
and so the largest SF factor is obtained for the WS
(Fig. 12(g)), easily meeting the critical shear stress
required for slip band operation. Consequently, the
resistance to plastic deformation is poor for this
sample, resulting in a reduced strength. Following
LBT, fine grains are detected in the WLZ and
BLZ regions of the sample, and a fine grain

strengthening effect is induced, which leads to an
increase in the strength of the treated zone and a
decrease in the SF. This increase in strength inhibits
crack initiation, thereby enhancing the overall FCG
resistance. In addition, compared with the WLZ, the
WUZ possesses ultrafine nanocrystals after UIT. As
a result, the WUZ has a larger grain boundary
volume fraction than the WLZ, and the SF of the
WUZ is significantly lower than that of the WLZ
(Fig. 12(h)). Therefore, in the fatigue crack
initiation stage, the greater capability of UIBT to
induce fine grain strengthening leads to the strain in
the grain boundaries and grains within the WUZ
being maintained at the same level, resulting in a
more uniform stress distribution on the surface of
the UIBT sample, thereby rendering surface crack
initiation more difficult [28].
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The kernel average misorientation (KAM)
distributions of the LBT and UIT samples are
shown in Figs. 13(a, b). The results show that the
WUZ exhibits a high KAM value distribution, with
higher KAM values being mainly distributed at the
top of the WUZ. This indicates that severe plastic
deformation occurs at the top of the WUZ. To
explain the different effects of the two treatments
on the FCG behavior of the sample in more detail,
the geometrically necessary dislocation (GND)
densities are determined for the different regions

using following formula:

2KAM 20
pGND — ave = (6)
ub ub

where 6 is the local misorientation, u represents the
scan step size, and b is magnitude of the Burgers
vector. The calculated GND densities are shown in

Fig. 13(e), wherein it can be seen that the highest
dislocation density is observed for the WUZ,
followed by the WLZ, and then other regions. The
high density of dislocations induces dislocation
intersection and entanglement, leading to the
“pinning effect” which hinders the dislocation
movement and renders the initiation of slip systems
more difficult. This impedes the plastic deformation
of the material and increases its strength [29].
Consequently, the UIT sample is stronger than the
LBT sample, which is consistent with SF results.
This greater strength can effectively hinder the
occurrence of deformation and improve the fatigue
crack initiation resistance of materials [30].
Therefore, compared with the LBT sample, the
UIBT sample is more effective in resisting crack
initiation.
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The misorientation angle distributions in the
different regions of the samples are presented in
Fig. 14. A misorientation angle in the range of
2°—15° is defined as a low-angle grain boundary
(LAGB), while misorientation angles >15° are
defined as high-angle grain boundaries (HAGBs).
It is found that LBT leads to an increase in
the proportion of HAGBs in the WLZ (>90%).
Importantly, these HAGBs inhibit crack growth,
leading to crack deflection and branching. They can
also increase the toughness of the material, which is
beneficial in terms of delaying fatigue crack growth
[7]. After UIT, the proportion of HAGBs clearly
decreases in the WUZ, resulting in a lower
toughness than that of the LBT sample. Therefore,
compared with the UIT sample, during the crack
growth stage, the LBT sample more effectively
promotes the branching of fatigue cracks, thereby
extending the fatigue crack growth path, consuming
the energy required for crack growth, and reducing
the fatigue crack growth rate.

Fig. 14 Distribution of misorientation angles of LBT (a)
and UIT (b) samples

However, it is found that the toughness of the
UIT sample remains superior to that of the UWJ
sample due to the “soft (WS)—hard (bionic treated

zone)” alternating heterogeneous structure, which
possesses different microstructures in the ND and
RD directions of the material surface after the
bionic treatment. When deformation occurs, a strain
gradient is formed in the transition zone between
the hard and soft zones to maintain the strain
continuity, resulting in a large number of GNDs in
transition zone. With the accumulation of GNDs,
long-range stress occurs, which is known as
heterogeneous induced deformation (HDI) stress
[31,32]. Notably, HDI stress strengthening is a
potential strengthening mechanism that increases
the strength of heterogeneous materials. The strain
hardening of HDI ensures that the material
maintains a good plasticity [33]. In addition, the
“soft and hard” combination of the WS and the
bionic treated zone, and the large span grains
size distribution, thereby allow the bionic hetero-
structure to effectively develop HDI stress and
realize synergistic improvements in the material
strength and ductility [34,35]. Therefore, compared
with the UWJ sample, both the LBT and UIT
samples exhibit lower FCG rates and superior FCG
resistance during the entire FCG stage.

4.2 Effect of residual stress on FCG behavior
LBT tailors the microstructure of a joint
surface through the high-density heat input of the
laser, whereas UIT is a cold deformation technology
that treats the joint surface via severe plastic
deformation. Therefore, due to these different
processes, the types of residual stress introduced in
the treatment zone differ. However, the direction of
the residual stress remains parallel to the axial load
of the FCG test since the processing direction is
consistent with axial load. Owing to the large heat
input and no deformation of the material, LBT
produces a certain amount of residual tensile stress
in the treatment zone. MENG et al [36] found that
there was a certain amount of residual tensile stress
in the LBT zone when using a laser bionic and
ultrasonic impact composite technology to treat an
AZ31B Mg alloy TIG-welded joint. Notably, the
residual tensile stress supplements the energy lost
during the stable crack growth process, thereby
accelerating crack growth and reducing the FCG
resistance. Therefore, in Sub-stage I of the da/dN—
AK curve (Fig. 5), the higher curve slope of the
LBT sample indicates that it is sensitive to stress.
Furthermore, a transformation is found to occur on
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the sample surface in the stress state following UIT,
and the residual tensile stress after welding is
converted into residual compressive stress.

Nanoindentation is a  nondestructive
measurement technology that is primarily used for
the measurement of residual stress. As shown in
Fig. 15, which presents the nanoindentation curve
of the UIT sample, when a load is applied, the
indenter requires a greater amount of force to
penetrate the top of the WUZ, and this requires
force gradually decreasing with an increasing depth.
During unloading, the maximum indentation depth
(hmax) and the residual indentation depth (%r) of the
unimpacted weld zone are larger than those of the
WUZ, indicating that the WUZ demonstrates a
superior deformation resistance, as shown in
Fig. 15(a). The elastic moduli of the top, middle,
and bottom regions of the WUZ are 49.12, 46.24,
and 45.81 GPa, respectively, while the elastic
modulus of the WS is 42.34 GPa. Figure 15(b)
shows the time—depth curve, including the loading,
loading holding, and unloading stages. After the
unloading stage, the welded joint exhibits elastic
rebound and energy release. The residual stress
values in different zones were calculated using the
Suresh model [37]. Moreover, the residual tensile
stress (Eq. (7)) and residual compressive stress
(Eq. (8)) are calculated as follows:

o=H [1 - Z—g] @)

__H [k
7 sin oc'(h2 ] ®
where H is the nano hardness of the material, ' is
the angle between the pressure head and the surface
deformation at 22°, Ao is the indentation depth of
the material without residual stress, and /4 is the
indentation depth of the test material. Although a
tensile residual stress of (148.4+10) MPa exists at
the WS, this is transformed into compressive
residual stress at the WUZ after UIT, giving a value
of (—323.62+40) MPa at the top of the WUZ.
Notably, a high CRS is important for improving the
fatigue crack life and reducing the sensitivity of the
fatigue crack gap. Previously, it has been reported
that residual compressive stress fields can shift the
initiation position of fatigue cracks from the
material surface to the subsurface [38]. The
existence of CRS inhibits local stress concentration,
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Fig. 15 Nanoindentation test results at different depths of
WUZ: (a) Load—depth curves; (b) Depth—time curves

resulting in a decrease in the local load stress of
fatigue crack initiation, which inhibits the initiation
of surface cracks. In contrast, the CRS significantly
affects the fatigue crack growth, balancing the
partial tensile stress, reducing the fatigue crack
growth rate, and enhancing the fatigue crack closure
effect. The range of stress intensity factor (AKcra)
and the range of effective stress intensity factor
(AKSRS) in the presence of CRS can be expressed as
follows:

AK cr6 =K ax = Kinin TR crs )

AKe%?S:Kmax _Kop+KCRS (10)

where Kmwx and Knin are the maximum and
minimum values of the applied load, respectively,
Kcrs is the residual stress, and Kop is the applied
load when the crack is actually opened. When Kcrs
refers to the compressive residual stress, AKcrg and
AKSRS decrease, leading to a reduction in the crack
growth driving force and the effective stress
intensity factor at the crack tip; ultimately, this
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slows fatigue crack initiation and the subsequent
crack growth rate [39]. The CRS formed during
UIBT is gradually released during fatigue loading,
resulting in a similar crack growth rate between the
LBT and UIBT samples at Sub-stage III stage.

5 Conclusions

(1) LBT generates equiaxed grains with a
random orientation on the joint surface. The grain
size is 7.5 um, and the microhardness is found to be
~19.5% higher than that of the WS. In contrast, UIT
produces a hardened layer with a nano- crystalline
structure and high-density dislocations at the top of
the deformation layer; its microhardness is ~77.7%
higher than that of WS.

(2) In the Sub-stage I, the slope obtained for
the UIT sample is particularly low, while in
Sub-stage II, the LBT sample exhibits the lowest
FCG rate. Both LBT and UIT make the FCG path
become tortuous, but the UIT sample is more
obvious.

(3) LBT sample exhibits a river pattern,
cleavage steps, and typical secondary cracks after
fracture, whereas the UIT sample shows a river
pattern with dimples and tearing ridges, wherein
the cleavage steps and secondary cracks are not
obvious.

(4) Compared with the UWIJ sample, the
samples produced by LBT and UIT exhibits
gradient heterostructures on their surfaces and in
certain depth of the samples, which promotes a
synergistic improvement in strength and toughness,
reduces the probability of crack nucleation and
initiation, and promotes crack deflection.
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