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Abstract: Synchronized stretching in conjunction with digital image correlation (DIC) was employed to obtain stress–strain 
curves for multiple local regions of welded joints at varying strain rates. The material intrinsic damage model for each region 
was then fitted using the Ramberg–Osgood equation. As such, we investigated the effects of loads with different strain rates on 
welded members. The microstructural distribution laws in the local regions were elucidated using scanning electron microscopy 
(SEM) and optical metallurgical microscopy. Moreover, residual stress concentrations were revealed by employing multi-physics 
field simulations during the welding process, as well as by using the DIC method for full-field strain measurements. The results 
demonstrated that tensile specimens with varying strain rates exhibited ductile fracturing and differed in strength and microhardness. 
The minimum strain-rate tensile strength recorded was 209.727 MPa, with an average microhardness of 72.66 HV0.3. Through 
simulations, it was further demonstrated that residual stresses and the softening zone cooperate during dynamic loading, resulting 
in preferential strain concentration. This study elucidates the mechanism by which the strain rate influences the mechanical properties 
of welded joints and the evolution of local mechanical behavior. It provides theoretical support and technical assurance for safe 
design and performance enhancement of aluminum alloy welded structures.
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1 Introduction 

Aluminum alloys are renowned for their high 
specific strength, ductility, and fracture toughness 
(Xing et al., 2025). These properties have led to their 
widespread use in domains such as ocean engineer‐
ing, aerospace, and the automotive industry. Overall, 
they have emerged as pivotal materials for lightweight 

structural design (Hosseinabadi and Khedmati, 2021; 
Li et al., 2024; Tian et al., 2024; Koko et al., 2025). 
The current welding methods for aluminum alloys 
mainly include cold metal transition (CMT) welding 
(Sun et al., 2025; Wang et al., 2025), metal inert gas 
(MIG) welding (Li XY et al., 2025; Yang JH et al., 
2025), and tungsten inert gas (TIG) welding (Elamin 
et al., 2025; Liao et al., 2025). Compared with tradi‐
tional MIG, TIG, and their ultrasonic-assisted pro‐
cesses (Yang et al., 2024), CMT technology—with 
its alternating “hot‒cold‒hot” cycle and precise arc-
length control—has been shown to effectively re‐
duce welding heat input. This results in a narrower 
heat-affected zone (HAZ) and superior original me‐
chanical properties of the welded joint (Wei et al., 
2025).
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In practical applications, such as offshore engineer‐
ing, welded joints are often subjected to loads with 
varying strain rates. Such exposure may arise from a 
range of external forces, including wave impacts, col‐
lisions, and sudden accidents. The strain rate is a piv‐
otal factor in determining the mechanical properties of 
welded joints; variations in strain rate can induce al‐
terations in the deformation behavior and stress distri‐
bution of the material. Consequently, these changes can 
affect the strength and toughness of the welded joint 
(Das et al., 2020). Furthermore, it has been demonstrated 
that residual tensile stresses commonly arise during the 
welding of aluminum alloys. In conjunction with the 
softening phenomenon that frequently occurs in the 
HAZ of welded joints, this has the capacity to degrade 
the mechanical properties and reliability of welded 
joints under different strain rates (Sillapasa et al., 2014; 
Chen et al., 2022a, 2022b; Yang et al., 2023; Ye et al., 
2024; Yue et al., 2025). It is therefore essential to com‐
prehensively investigate the impact of strain rate on the 
mechanical properties of aluminum alloy welded joints. 
This is necessary to optimize the welding process and 
enhance the reliability and durability of welded joints 
(Li ZZ et al., 2022; Xu et al., 2024).

In recent years, scholars have conducted exten‐
sive studies of the mechanical properties of aluminum 
alloys at different strain rates (Lademo et al., 2012; 
Yan et al., 2016; Çavuşoğlu et al., 2017; Li N et al., 
2022). As demonstrated by Getter et al. (2015), ship 
collision events can induce substantial structural stresses 
in structures exposed to the sea. The response patterns 
of these structures exhibit significant variability, and 
are dependent on the dynamic interactions between the 
ship and the components of the impacted structure. 
Therefore, it is imperative to quantify the impact of 
loads on ships and marine structures and investigate the 
material failure behavior at varying strain rates. Liu YQ 
et al. (2024) found that aluminum/steel welded joints 
exhibit HAZ failure at lower strain rates, and interface 
failure at higher strain rates. Moreover, Fang et al. 
(2021) demonstrated that the yield strength and ultimate 
tensile strength of aluminum alloys—as measured by 
uniaxial tensile tests at quasi-static, medium, and high 
strain rates—increase with increasing strain rate. Ad‐
ditionally, the molding characteristics remain similar 
across different strain rates, with dislocation slip being 
the plastic deformation mechanism and ductile fracture 
being the fracturing mechanism. In summary, the failure 

of welded joints at low strain rates predominantly man‐
ifests as either ductile fracturing or steady-state fatigue 
crack extension. Both of these phenomena are strongly 
correlated with microscopic defects and localized stress 
concentrations. Observations of welded joints subjected 
to elevated strain rates have revealed a tendency toward 
brittle fracturing, accelerated crack extension, and in‐
creased life dispersion. This phenomenon poses a signifi‐
cant challenge to the safety of lightweight structures.

There have been recent advancements in alumi‐
num alloy welded joints, particularly in terms of me‐
chanical characterization and failure mechanisms. How‐
ever, existing studies continue to exhibit methodolog‑
ical limitations (Yan et al., 2022). For example, current 
methods are unable to capture localized strain distribu‐
tion in different areas of the welded joint (welded metal 
(WM), HAZ, and base metal (BM)). Scholars have also 
conducted mechanical property testing and analysis of 
various grades of aluminum alloys over a broad spec‐
trum of strain rates. This has been achieved by employ‐
ing experimental equipment such as electronic universal 
testing machines and separate Hopkinson press bars 
(SHPB), in conjunction with numerical simulations and 
other approaches (Bragov and Lomunov, 1995; Kumar 
and Bhattacharya, 2021; Zhao and Kitazono, 2025).

Moreover, digital image correlation (DIC) meth‐
ods have become an essential research tool for analyz‐
ing welded joint deformation (Ren et al., 2025). This 
technique is predicated on the principle of full-field 
deformation measurement; by comparing the displace‐
ment field distributions across different regions of the 
component surface, local areas in welded joints with 
weakened mechanical properties and their spatial dis‐
tribution characteristics can be identified. Meanwhile, 
Leitão et al. (2012) used DIC to obtain the local strain 
field of transverse weld stretching in stir friction weld‐
ing of aluminum alloy base material. By accounting for 
local strain data and thickness variations in the speci‐
men, the stress distribution is calculated. Moreover, 
Hector Jr et al. (2007) measured the yield strength in 
different regions of aluminum alloy stir friction weld‐
ing specimens using DIC. This method employs the 
DIC system to collect local deformation field data, 
which are then converted into authentic stress–strain 
relationships via geometric reconstruction algorithms; 
the parameters are fitted using a nonlinear visco-plas‐
tic constitutive model. Moreover, Wu et al. (2020) in‐
vestigated the local mechanical properties of X80 and 
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Q235 ring-welded joints, using DIC to conduct tensile 
tests. The results of these tests allow them to obtain 
strain distributions for the specimens and identify ap‐
propriate stress–strain curves in different regions. In 
summary, related studies have conducted full-field 
measurement of the deformation behavior of welded 
HAZ materials through mechanical experiments on 
standard tensile specimens and DIC technology; they 
have also constructed intrinsic relationship models re‐
flecting the associated mechanical responses. Howev‐
er, experimental studies on the mechanisms by which 
strain rate influences the performance of aluminum 
alloy welded joints and their local mechanical prop‐
erties remain insufficient.

This study explores the impact of strain rate on the 
localized mechanical properties of welded joints. We 
use DIC technology to capture full-field strain data, in‐
tegrating this with microhardness testing, fracture mor‐
phology analysis, and multiphysics simulations. More‐
over, to address the deviation in conversions between 
real and engineering stress under the complex stress 
state of the material, a calibration method for correc‐
tion coefficients leveraging finite element analysis is 
adopted; this method is used to study the effect of strain 
rate on the mechanical properties of welded joints using 
DIC technology. DIC provides insights into the defor‐
mation and fracture mechanisms of welded joints under 
different strain rates. The main objective is to elucidate 
the failure mechanism of AA5052 aluminum alloy 
welded joints, and reveal the micro-mechanism by 
which strain rate influences the tensile properties of 
aluminum alloys. This study provides theoretical sup‐
port and technical assurance for the safe design and 
performance optimization of non-ferrous metal welded 
structures under complex dynamic loading conditions. 
As such, reliable safety design and life prediction can 
be achieved.

2 Methods 

2.1 Experimental materials and methods

The experimental specimen was AA5052 alumi‐
num alloy, which is categorized as an Mg-Al alloy. This 
alloy possesses advantageous properties, including good 
corrosion resistance, high formability, excellent weld‐
ability, and moderate strength. The CMT method (Selvi 
et al., 2018) was employed for the welding process, and 

the specimens were prepared as illustrated in Fig. S1 
of the electronic supplementary materials (ESM). The 
AA5052 aluminum alloy and its welding wire were 
used for the welding process—their chemical compo‐
sitions are listed in Table S1 of the ESM. The residual 
stress test using the hole-drilling method, as well as the 
characterization methods, tensile test, and DIC method, 
is detailed in the ESM.

2.2 Simulation of aluminum alloy welding

The modeling, meshing, and initialization condi‐
tions, as well as the results of the AA5052 aluminum 
alloy welding simulations, can be found in the ESM. 
The finite element simulation results indicate that dur‐
ing the welding of AA5052 aluminum alloy, the HAZ 
experiences significant abnormal grain growth at tem‐
peratures of 300–400 ℃, resulting in reduced micro‐
hardness compared to the BM. Concurrently, thermo-
mechanical coupling simulations reveal pronounced re‐
sidual tensile stress concentrations at the edges of the 
HAZ. The dual effect of microstructural weakening and 
stress concentration provides a theoretical foundation 
for predicting subsequent mechanical property test out‐
comes. In accordance with the Hall–Petch relationship 
and the coupled effect of stress concentration, it is rea‐
sonable to infer that the HAZ will become the pre‐
ferred fracture zone under tensile loading. The rele‐
vant analysis of results is provided in the ESM.

3 Results 

3.1 Microstructural analysis

As shown in Fig. S13 of the ESM, the microstruc‐
ture of the WM, HAZ, and BM in the CMT welded 
joint of AA5052 aluminum alloy is clearly delineated. 
Moreover, we can see that the WM microstructure is 
predominantly composed of α-Al and Al-Si eutectic, 
with the molten pool metal within the weld zone un‐
dergoing a eutectic reaction; this generates fine Al-Si 
eutectic at the α-Al boundary once the eutectic tem‐
perature is attained during solidification process. The 
Al-Si eutectic is distributed along the grain boundaries 
and adheres to the aluminum matrix (Liu S et al., 2024).

A microstructural scanning electron microscopy 
(SEM) image of the side weld region of a welded joint 
of AA5052 aluminum alloy is compared with an X-ray 
diffraction (XRD) diagram of the welded joint in Fig. 1. 
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The microstructure of the welded joint primarily con‐
sists of α-Al, AlyFex, Al-Si, and AlyMgx (Kang and Kim, 
2015; Liu et al., 2023). The second phase is uniformly 
dispersed in the matrix α-Al and takes the form of 
granular, fishbone, and short rods of black color, while 
the α-Al matrix is grey. Regarding the HAZ, its micro‐
structural characteristics are significantly affected by the 
welding thermal cycle, leading to partial dissolution and 
coarsening of the reinforcing phase particles. This se‐
quence of microstructural transformations—particularly 
the substantial grain coarsening and decline in effec‐
tive reinforcing phases—directly contributes to the re‐
duction of macroscopic microhardness and strength in 
the HAZ; this phenomenon is termed “softening.” As 
shown in Fig. S13d of the ESM and Fig. 1b, BM pre‐
serves the initial processing condition of AA5052 alu‐
minum alloy. The microstructure of the material ex‐
hibits characteristic rolled fibers, with fine and diffuse 
second-phase particles.

Fig. S14 of the ESM illustrates the microhardness 
distribution of AA5052 aluminum alloy welded joints 
in various regions. One can observe that in the HAZ, 
as the distance from the fusion line increases, the mi‐
crohardness of the material exhibits a characteristic gra‐
dient distribution. The microhardness value is the lowest 
in the region near the fusion line; it gradually increases 
as it extends towards the BM, finally reaching a level 
comparable to that of the BM in the transition zone 
away from the weld (Yang et al., 2023). Further analy‐
sis of the microhardness can be found in the ESM. As 
shown in Table 1, the microhardness values of the WM 
and HAZ increased by different magnitudes relative 
to the unstretched state, with more details again pro‐
vided in the ESM.

To examine the effect of different strain rates on 
the tensile plasticity of aluminum alloy welded joints, 
SEM was used to determine fracture modes and char‐
acterize the microfracture features of tensile specimens 
at different strain rates. As illustrated in Fig. S15 of the 
ESM, the fracture surface morphology of a rectangu‐
lar tensile specimen typically exhibits three distinctive 
regions: the fibrous region, the radiation region, and 
the shearing-lip region (Long et al., 2023; Li PF et al., 
2025). More details on the morphology of macroscopic 
fractures are delineated in the ESM.

From Fig. 2, we can see that the fracture surface 
of the original welded joint is characterized by a high 
density of micro-pores and dimples. This fracture mor‐
phology suggests that the joint follows a micro-pore 

aggregation-type ductile fracturing mechanism (Zhang 
et al., 2018).

As demonstrated in Figs. 2a, 2d, 2g, and 2j, in the 
fibrous region, the tensile fracture surface in the HAZ ex‐
hibits a larger crater at the slow strain rate of 1×10−4 s−1 
compared to the fast strain rate of 2×10−2 s−1. More‐
over, the ductility of the aluminum alloy welded joints 

Fig. 1  SEM image of the microstructure of the side of an 
experimental specimen of AA5052 aluminum alloy: (a) 
microstructure of the welded joint (30×); (b) microstructure 
of the BM (3000×); (c) microstructure of the HAZ (3000×); 
(d) microstructure of the WM (3000×); (e) welded joint XRD 
diagram

Table 1  Microhardness test on the initial specimen with 

different parameters relative to the unstretched state

Strain rate (s−1)

Unstretched

1×10−4

1×10−3

1×10−2

2×10−2

Microhardness (HV0.3)

WM

63.78

76.59

71.34

72.51

73.93

HAZ

60.15

72.66

70.46

70.61

70.90

BM

70.84

70.55

69.53

68.37

68.93
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decreases as the strain rate increases from 1×10−4 to 
2×10−2 s−1. Fracturing can initiate from minor surface 
abrasions or stress concentrations, subsequently prop‐
agating across the surface with minimal resistance to 
shear. Consequently, elongation of the specimen causes 
a corresponding increase in the diameter and depth of 
the resulting holes, aligning with the larger dimensions 

of the dimples. As illustrated in Figs. 2b, 2e, 2h, and 2k, 
in the radiation region at low strain rates, the aluminum 
alloy welded joints generally exhibit larger dimples, 
which is a typical feature of ductile fracture. The greater 
number of dimples indicates that the material undergoes 
greater plastic deformation before fracture, as shown 
in Figs. 2c, 2f, 2i, and 2l. The area of the shearing-lip 

Fig. 2  Microscopic fracture morphology under different conditions in different regions: (a–c) strain rate of 1×10−4 s−1; 
(d–f) strain rate of 1×10−3 s−1; (g–i) strain rate of 1×10−2 s−1; (j–l) strain rate of 2×10−2 s−1
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region (SLR) decreases in proportion to the increasing 
strain rate, which is proximal to the fracture surface and 
exhibits a narrower configuration. Furthermore, an in‐
crease in the number of dimples at the fracture site, 
along with an augmentation in their dimensions, is ob‐
served as the strain rate diminishes. This is because at 
lower strain rates, the material has more time to de‐
form plastically, and dislocation motion is more effec‐
tive. Consequently, this results in the formation of more 
micropores and the aggregation of the material into long 
dimples.

3.2 Influence of strain rate on the PLC effect

The spatial distribution of the Portevin–Le Chatelier 
(PLC) effect exhibits self-organizing characteristics, 
as depicted in Fig. S16 of the ESM. To facilitate ob‐
servation of the PLC effect, the sampling point is lo‐
cated at the fracture. The experimental results show 
that the stress drop amplitude decreases with an in‐
crease in strain rate. Increasing the strain rate causes 
the solute diffusion rate to reach a dynamic equilibrium 
with the dislocation motion rate. Furthermore, the wait‐
ing time for dislocation in barriers—such as in solute 
air pockets and forest dislocation—is reduced, thereby 

facilitating fuller development of the age-hardening ef‐
fect induced by dynamic strain aging (DSA) (Samanta 
et al., 2024; Yang HF et al., 2025). This strengthening 
of the aging mechanism reduces the magnitude of the 
jagged fluctuations of the macroscopic stress–strain 
curve. It has therefore been demonstrated that the man‐
ifestation of the PLC effect is prone to attenuation.

When the strain rate is excessively high, the in‐
teraction time between solute atoms and dislocation 
is significantly reduced, thereby suppressing the DSA 
effect and eliminating the PLC phenomenon. Concur‐
rently, the dislocation mobility increases, while the work-
hardening capacity declines substantially. The material 
strength parameters exhibit negative strain-rate sensi‐
tivity, which is directly associated with the failure of 
the dislocation-density proliferation mechanism.

3.3 Local strain distribution in welded joints at 
different strain rates

The mechanical behavior of the welded joint in dif‐
ferent characteristic areas is analyzed in Fig. 3. Across 
varying strain rates, the stress–strain behavior of each 
characteristic region of the welded joint differs sig‐
nificantly. Specifically, the integrity of the stress–strain 

Fig. 3  Stress–strain curves of welded joints at different strain rates: (a) 1×10−4 s−1; (b) 1×10−3 s−1; (c) 1×10−2 s−1; (d) 2×10−2 s−1. 
(e) Welded joint strain distribution map
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curve in the HAZ near the fracture is good, whereas the 
range of responses in the WM and BM is constrained. 
This is directly related to the high-strength character‐
istics of the WM and no necking occurred during ten‐
sile processes. Following the melt-solidification process 
in the WM, a significant microstructural reconstruc‐
tion occurs, resulting in a mixed equiaxial and columnar 
crystal structure and the precipitation of second-phase 
particles. This microstructural evolution enhances the 
local strength but results in a limited range of stress-
strain curves in the WM. As the weakest link in the 
joint, the HAZ microstructure is significantly degraded 
by the welding thermal cycle. The original deforma‐
tion microstructure is replaced by a recrystallized mi‐
crostructure, the reinforcing phase particles coarsen, and 
the grains grow abnormally. These phenomena together 
lead to a decrease in microhardness in this region and 
to the disappearance of the deformation strengthening 
effect. While the BM is less affected by the welding 
heat, the microstructure and mechanical properties of 
the neighboring WM are still altered to a certain degree.

Tensile results for each parameter demonstrate that 
the material exhibits relatively high strength at low 
strain rates. This phenomenon can be attributed to the 
capacity of the material to undergo the DSA process 
at lower strain rates. At these lower strain rates, the 
dislocation exhibits reduced mobility, thereby allow‐
ing sufficient time for solute atoms to diffuse away 
from the immediate vicinity of the dislocation and form 
solute atmospheric clusters. The pinning effect of these 
solute atoms on the dislocation becomes augmented, 
leading to impeded dislocation and enhanced material 
strength. In contrast, at elevated strain rates, the mate‐
rial strain hardens more rapidly and to a greater extent. 
Here, the DSA effect is relatively weak, and disloca‐
tion motion relies primarily on its own stress field to 
overcome obstacles. This enables the material to con‐
tinue to deform plastically over a relatively large strain 
range at high strain rates, which leads to a substantial 
maximum strain. Concurrently, the strength of the ma‐
terial is diminished at elevated strain rates due to ac‐
celerated dislocation motion. This motion makes the 
solute atoms unable to diffuse adequately, and estab‐
lishs an effective pinning action. Consequently, the dis‐
location exhibits relative mobility, leading to a dimin‐
ished strengthening effect compared to low strain rates.

As the strain rate increases from 1×10−4 to 1×10−2 s−1, 
the strength of each region of the joint exhibits a 

stepwise decrease. When the strain rate increases to 
2×10−2 s−1, the magnitude of the strength change de‐
creases, indicating a shift in the dynamic response mech‐
anism of the material in this strain rate interval. This 
strength degradation is primarily attributed to the DSA 
effect and the strain rate sensitivity (SRS) of the alu‐
minum alloy, with the HAZ exhibiting the most sig‐
nificant decay in strength due to tissue degradation.

3.4 Influence of different strain rates on the local 
properties of welded joints

To construct the intrinsic relationship model, the 
experimental curves were characterized using the afore‐
mentioned data-fitting method. Key material parame‐
ters, including tensile strength (σt), hardening index (n), 
and strength coefficient (K), were obtained. Young’s 
modulus (E) was determined by fitting the initial lin‐
ear segment of the stress–strain curve. The yield strength 
σs was determined from the stress–strain curve using 
the 0.2% offset criterion. K and n were solved for by 
an iterative optimization algorithm based on the modi‐
fied Holloman formula. The tensile strength σt was ex‐
tracted at the peak point of the stress–strain curve. σ*

t  
represents the ultimate tensile strength. EXT stands for 
extension. The results of the parameter calculations 
under different strain-rate conditions are summarized 
in Table 2.

Fig. 4 presents the fitted stress–strain curves for 
tensile specimens under four distinct process parame‐
ters, which demonstrate close alignment with the DIC 
curves. As shown in Fig. 4 and Fig. S19 of the ESM and 
Table 2, as the strain rate diminishes, both σt and the 
average σs in the BM, HAZ, and WM become aug‐
mented. In comparison to the condition with a strain rate 
of 2×10−2 s−1, the most significant effect is achieved 
under the parameters of 1×10−4 s−1, as shown in Figs. S19a 
and S19c of the ESM. The WM improvement is the 
most notable, with an improvement rate of 31.54%. 
Overall the order is WM>HAZ>BM. As for the im‐
provement effect of σt in each region under various pa‐
rameters, these results are shown in Figs. S19b and S19d 
of the ESM. Here, the slowest strain rate also leads to 
the best improvement effect, with BM showing the 
most significant enhancement; this corresponds to an 
improvement rate of 8.46%, and the order is BM>
HAZ>WM.

A comparison of the strength enhancement effect 
in the local area of the welded joints reveals that the 
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σs enhancement effect is more pronounced than the 
tensile strength enhancement effect. The n, a pivotal pa‐
rameter in the material constitutive relationship, quanti‐
tatively describes the average evolution law of material 
strain hardening during the stage of homogeneous plas‐
tic deformation. Additionally, it reflects the capacity 

of a material to resist sustained plastic deformation. 
From a physical perspective, the n value indicates the 
efficiency of dislocation structural evolution during 
material deformation. A higher n value signifies accel‐
erated dislocation accumulation, more comprehensive 
grain orientation adjustment, and a more pronounced 

Table 2  Effect of different process parameters on the intrinsic properties of the welded joints

Strain rate (s−1)

1×10−4

1×10−3

1×10−2

2×10−2

Area

BM

HAZ

WM

BM

HAZ

WM

BM

HAZ

WM

BM

HAZ

WM

σs (MPa)

161.957

103.917

104.453

156.579

101.297

88.604

153.200

97.786

80.290

149.310

87.037

79.405

n

0.172

0.287

0.296

0.162

0.266

0.316

0.159

0.276

0.320

0.161

0.259

0.295

K (MPa)

364.038

399.956

433.549

343.664

382.842

437.202

334.477

380.775

437.297

329.119

369.830

419.887

σt
* (MPa)

268.935

279.536

302.319

255.919

269.086

303.684

249.648

266.799

303.911

245.206

260.618

292.999

σt (MPa)

226.409

209.727

224.927

217.563

206.165

221.325

212.814

202.386

220.569

208.743

201.084

218.029

σs/σt

0.715

0.495

0.464

0.720

0.491

0.400

0.720

0.483

0.364

0.715

0.433

0.364

Fig. 4  Fitted stress–strain curves with different parameters: (a) strain rate of 1×10−4 s−1; (b) strain rate of 1×10−3 s−1; (c) 
strain rate of 1×10−2 s−1; (d) strain rate of 2×10−2 s−1
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hardening effect. Work hardening results from increased 
dislocation density and its interaction with barriers—
such as grain boundaries—leading to a continuous in‐
crease in deformation resistance. Materials with high 
n values can undergo uniform deformation over ex‐
tended periods, thereby enhancing their formation lim‐
its and energy absorption capacity.

The experimental data in Fig. S21a of the ESM 
show that n increases gradually from BM to WM across 
different strain-rate conditions. According to dynamic 
strain-aging theory, variation in n is influenced by the 
interaction between solute atoms and dislocation. At low 
strain rates, sufficient time is provided for solute atoms 
to diffuse and interact with the dislocation, thereby en‐
hancing the work-hardening capacity of the material. 
However, when the strain rate is excessively high, the 
diffusion of solute atoms is unable to keep pace with 
the movement of the dislocation; this leads to a weak‐
ening of the dynamic strain-aging effect and a subse‐
quent decrease in the n value.

From Fig. S21a of the ESM we can observe a di‐
rectional increase in the strength coefficient K, going 
from the BM to the WM location. The lowest value is 
observed at BM, while the peak occurs at WM. Ac‐
cording to the Hollomon equation, K is associated with 
the dislocation density of the material and the solute 
atom concentration. At low strain rates, the dislocation 
density is increased by the strong interaction between 
solute atoms and dislocation, and thus the K value in‐
creases. However, when the strain rate is excessively 
high, the dislocation density is reduced by insufficient 
solute atom diffusion and relatively free dislocation 
movement, thereby diminishing the K value.

The yield-to-tensile strength ratio is indicative of 
the uniform deformation capacity of the material. As 
illustrated in Fig. S21b of the ESM, at low strain rates, 
the interaction between solute atoms and dislocation is 
relatively strong, and the material exhibits good uni‐
form deformation capability. However, at elevated 
strain rates, the capacity of the material to undergo uni‐
form deformation is diminished because of inadequate 
solute atom diffusion and localized deformation.

Figs. S13 and S21 of the ESM demonstrate that 
the distinct microstructures in the BM, HAZ, and WM 
regions give rise to different dislocation motion mech‐
anisms and DSA effects across varying strain rates, 
thereby resulting in different strain-rate sensitivities. 
The elevated grain-boundary density in the WM region 
has been shown to more effectively impede dislocation 

motion, accordingly providing more time for solute-
atom diffusion and amplifying the DSA effect (Samanta 
et al., 2024). When strain rates become too high, solute 
atom diffusion cannot keep up with the dislocation mo‐
tion; as a result, the dynamic strain aging effect weak‐
ens, leading to decreases in n and K.

3.5 Influence of different strain rates on the work 
hardening rate

The strain hardening characteristics of the mate‐
rial were characterized by calculating the instantaneous 
strain hardening rate parameter, using the true stress–
strain curve in conjunction with the K–M model (Kocks 
and Mecking, 2003). The results of this are presented 
in Fig. S22 of the ESM.

Among the WM, HAZ, and BM, the strain rate 
exerts the most significant influence on the strain-
hardening rate in the HAZ. Moreover, the WM and 
BM regions of the AA5052 aluminum alloy welded 
joint exhibit greater hardening capacity than the HAZ, 
at both of the tested strain rates. Slower strain rates 
yield superior strain hardening capability.

4 Discussion 

As shown in the finite element simulation results 
of Section 2, the welding process introduces signifi‐
cant residual tensile stress to the HAZ. This stress field 
shows spatial coupling with the HAZ microstructure 
evolution discussed in Section 3.1. This dual mecha‐
nism of “microstructural softening–stress concentra‐
tion” provides a key basis for understanding the frac‐
ture behavior of the joint under quasi-static tensile load‐
ing. Under tensile loading, the external load superim‐
poses on the inherent residual tensile stress in the HAZ, 
causing the local equivalent stress in this area to reach 
the material’s yield and fracture-critical values more 
quickly. All tensile specimens fracture preferentially in 
the HAZ. Furthermore, the strain concentration observed 
in the HAZ through DIC provides experimental confir‐
mation that this region represents a weak link in me‐
chanical properties. Consequently, residual stresses and 
microstructural softening synergistically dominate the 
fracture path selection, ultimately determining the over‐
all mechanical performance and reliability of the welded 
joint. As demonstrated in the preceding analysis, a sub‐
stantial correlation exists between the residual stress 
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distribution in the HAZ and the fracture mechanism 
for aluminum alloy welded joints. In Sections 2 and 
3.4, we discussed how the fracture position in the ten‐
sile experiment is highly consistent with the high-stress 
zone of the HAZ as predicted by the simulation. An 
analysis of the fracture surface using SEM reveals that 
the fracture initiation point is in the transition zone be‐
tween the HAZ and weld interface. This area exhibits 
typical ductile fracture characteristics. The finite ele‐
ment simulation of thermal-force coupling indicates 
that during welding, the HAZ undergoes a nonuniform 
thermal cycle; this results in an obvious residual ten‐
sile stress field in this area. The disparity in cooling rate 
during the solidification stage of the molten pool gen‐
erates a plastic strain gradient, leading to the forma‐
tion of stress concentration zones on both sides of the 
WM. Such a stress distribution is closely related to the 
microstructural evolution of the material. The thermal 
cycling effect causes the HAZ to undergo grain coars‐
ening and dissolution during the strengthening phase, 
leading to local softening. The simulation results dem‐
onstrate that the cumulative equivalent plastic strain in 
this area significantly increases compared to the BM, 
thereby confirming the synergistic effect of microstruc‐
tural weakening and stress concentration.

In addition, using DIC technology to monitor the 
strain distribution during the tensile process enables 
confirmation of an abnormal strain concentration at 
the elastic stage of the HAZ. When the applied load 
is superimposed with the residual tensile stress, this 
area reaches the critical fracture strain threshold more 
quickly. This experimental phenomenon can be ex‐
plained by the dual mechanism of “microstructural 
softening–stress concentration.” The residual tensile 
stress has been shown to reduce the effective local bear‐
ing section while accelerating fracturing by promoting 
micropore nucleation. This in turn causes preferential 
expansion of the fracture path along the HAZ.

The reduction of the SRS coefficient even shows 
a negative phenomenon (Samanta et al., 2024). Based 
on the classical DSA theoretical framework (Nowak 
et al., 2024), this phenomenon arises from the dynamic 
interaction between solute atoms and dislocation, and 
is typically prominent at lower strain rates. Under high 
strain rate conditions, the material exhibits a significant 
strain rate strengthening effect. At this time, the influ‐
ence of DSA is relatively limited, resulting in a con‐
tinuously increasing stress level with larger strain rates.

As demonstrated in Fig. 5 (Zhou, 2023), at the 
point where the strain rate reaches its maximum, 
dislocation-initiated dynamic precipitation occurs, 
prompting the rearrangement of the saturated solute 
atoms that have initially precipitated. This process leads 
to a decline in the concentration of solute atoms. Cur‐
rently, the number of dynamic precipitated phases is 
limited, and the dilution effect of the solute atoms re‐
duces the stress increment; this is primarily because 
plastic deformation introduces a substantial number of 
dislocations. The dislocation lines and the strain fields 
around them are highly effective nucleation sites for 
the precipitating phase, thereby reducing the barrier to 
nucleation (Pieranski et al., 2023; Chen et al., 2025). 
The solute atoms (predominantly magnesium) subse‐
quently diffuse to the potential nucleation sites, form‐
ing new precipitation phases.

As the strain rate decreases to a specific thresh‐
old, the DSA effect gradually intensifies and becomes 
the dominant factor, thereby exhibiting a negative sen‐
sitivity to strain rate. As the strain rate decreases into 
the medium range, the stress–strain curve again shows 
an upward trend. Further reduction of the strain rate into 

Fig. 5  Schematic diagram of the micro-mechanism of the 
variation of stress with strain rate: (a) strain rate curve; 
(b) mechanistic diagram
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the low-speed region leads to the re-emergence of neg‐
ative SRS in the material.

When the strain rate is reduced, the concentra‐
tion of solute atoms surrounding the Lin dislocation 
reaches saturation, which induces the precipitation of a 
second phase around the dislocation—this phenomenon 
is known as a dynamic precipitation process. Despite 
the low strain rate, the continuous deformation process 
will still generate and accumulate dislocation. It has 
been demonstrated that lower strain rates can permit dis‐
location to interact for longer, for instance, through 
entanglement and the formation of cellular structures. 
These complex dislocation structures offer a broader 
array of potential nucleation sites. It has also been es‐
tablished that during dynamic precipitation, the newly 
formed precipitated phase acts as an additional obsta‐
cle to dislocation motion. This phase can effectively 
reduce the average free path for dislocation movement. 
Furthermore, it can increase the energy required to ac‐
tivate the sliding system, thereby triggering the redis‐
tribution of saturated solute atoms on the forest dislo‐
cation. As a result, the concentration of solute atoms in 
the vicinity of the dislocation decreases, attenuating the 
dynamic strain-aging effect as the strain rate declines; 
consequently, the stress levels are reduced. Therefore 
in this region, the stress increases with strain rate.

When the strain rate is reduced, the continuous 
increase in the volume fraction of the precipitated phase 
becomes the dominant factor. The amount of precipi‐
tated phase then continues to increase, resulting in a 
smaller distance between the precipitated phases. Cer‐
tain studies have demonstrated that the probability of 
the dislocation-encircling phenomenon (Orowan type) 
depends on the proximity between second-phase parti‐
cles (Samanta et al., 2024). Concurrently, the reduc‐
tion in spacing increases the stress required for dislo‐
cation to bypass second-phase particles, thereby en‐
hancing their tensile strength (Guo et al., 2025). More‐
over, the stress increment generated by the precipita‐
tion strengthening effect exceeds the stress loss caused 
by the redistribution of solute atoms. The Orowan mech‐
anism intensifies if the quantity of dynamically pre‐
cipitated phases is sufficient to increase the stress more 
than the reduction caused by solute atom redistribution; 
consequently, the total stress rises again as the strain rate 
decreases. Linn dislocation readily impedes the motion 
of mobile dislocation in aluminum alloys. The com‐
bined effect of solute atom diffusion, aggregation, and 

precipitation further intensifies the pinning of stacking 
faults. At the same time, solute atoms gradually diffuse, 
and as the strain rate decreases, the dwelling time of 
dislocation at obstacles increases. This intensifies the 
DSA effect and exacerbates dislocation pinning. Mean‐
while, the accumulation of solute atoms reduces inter‐
atomic distances, enhancing dislocation stacking and 
making slip systems more resistant to activation. This 
results in higher stress values at lower strain rates than 
at higher strain rates.

5 Conclusions 

The present study explores the effect of strain 
rate on the macroscopic and microscopic mechanisms 
governing the tensile properties of an aluminum alloy. 
Specifically, we examine the impact of varying strain 
rate parameters on the microstructural and mechanical 
properties of AA5052 aluminum alloy welded joints.

A combination of welding simulations and exper‐
iments is employed to reveal the development of re‐
sidual tensile stresses and stress concentrations in the 
HAZ during welding. These stresses are attributed to 
the uneven heating and cooling of the material. Con‐
currently, microstructural softening occurs in this re‐
gion and interacts with the stress, collectively influ‐
encing the mechanical behavior of the welded joint.

A microstructural examination reveals that the 
weld zone features refined grains and a uniform micro‐
structure, which is predominantly comprised of equiaxed 
α-Al grains and eutectic Al-Si phases. The HAZ exhibits 
softening due to recrystallization and has the lowest 
microhardness. Moreover, the hardness test results in‐
dicate that the BM exhibits the highest microhardness 
(70.84 HV0.3), followed by the WM (63.78 HV0.3), 
and finally the HAZ (60.15 HV0.3). Through tensile 
testing, an enhancement in the microhardness of the 
specimens is observed, which is attributed to the in‐
crease in dislocation density.

The tensile fracture of the initial welded joint mani‐
fest due to the aggregation of many micropores and 
dimples, indicating that the aluminum alloy joint spec‐
imen undergoes micropore aggregation-type fracturing. 
We also find that tensile specimens at different strain 
rates exhibit ductile fractures, and that the fracture 
morphology is strongly affected by the strain rate; as 
the strain rate decreases, the dimple size at the fracture 
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surface increases. This is because at a lower strain 
rate, the material has more time to undergo plastic 
deformation—the dislocation movement is thus more 
thorough, forming a greater amount of micropores and 
aggregating longer dimples.

Compared to the scenario at a strain rate of 1×
10−4 s−1, the strength of each area of the welded joint at 
1×10−3 s−1 is lower. This is due to dynamic strain aging 
and strain-rate effects in the aluminum alloy, which lead 
to reductions in σs and tensile strength across the welded 
joint. When the strain rate is 1×10−2 s−1, the strength 
of each area of the joint continues to decrease; the in‐
fluence of the increasing strain rate on the strength is 
relatively strong. However, when the strain rate is 2×
10−2 s−1, the strength of each area of the welded joint 
does not differ significantly from the previous three 
groups. Among the three regions, the strain rate has the 
greatest influence on the work hardening rate in the 
HAZ.

The experimental results show that as the strain 
rate decreases, the average ultimate strength and aver‐
age σs in the WM, HAZ, and BM all improve. At a strain 
rate of 1×10−4 s−1, the average σs of the WM, HAZ, and 
BM of the specimens are increased by 25.0, 16.9, 
and 12.6 MPa, respectively, compared with those at 
2×10−2 s−1; meanwhile, the average tensile strength 
values are increased by 6.9, 8.6, and 17.7 MPa, respec‐
tively, compared with those at 2×10−2 s−1. Furthermore, 
as the strain rate decreases, the improvement in the 
tensile properties of the welded joint becomes greater. 
The experimental findings demonstrate that within the 
quasi-static strain rate range (1×10−4 – 2×10−2 s−1), de‐
creasing the strain rate enhances the strength and hard‐
ening capacity of the AA5052 joints; this is because of 
the DSA effect. However, further investigation is nec‐
essary to elucidate the specific mechanisms behind this 
sensitivity to varying strain rates.
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