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S1  Experimental materials and methods 

S1.1 Specimen preparation 
The specimens were prepared as illustrated in Fig. S1. In accordance with GB/T228.1-2021 

(GB/T228.1-2021), the design and processing of standard dumbbell-shaped specimens are delineated. The 

geometric dimensions are specified as 3 mm thickness and 25 mm width. The weld seam was to be arranged in 

strict symmetry along the specimen center line. The AA5052 aluminum alloy and its welding wire are utilised 

for the welding process, and their chemical compositions are detailed in  

Table S1. 
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In the equation, ε0.2 represents the yield stress corresponding to the proper offset plastic strain of σ0. 

 
0 0 0

N
Eε σ σ

α
σ σ σ

 
   

 
 (S8) 

In the equation, N=1/n, and is the dimensionless material constant. 
By comparing the plastic part of the strain given in Eq. (S2), and (S8), the true plastic strain can be 

expressed as 
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The transformed Ramberg-Osgood equation was presented as follows: 
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Conventional engineering stress-strain representations were challenging to employ accurately to describe 
the true mechanical behavior of materials during the plastic flow stage, and their limitations primarily stem 
from the continuous evolution of the specimen geometry. As the specimen's cross-sectional area progressively 
reduces during unidirectional stretching, particularly after necking, a substantial three-way stress 
nonuniformity becomes evident within the material. This geometrical hardening effect gives rise to a 
significant deviation in stress calculation, as based on the original cross-sectional area. Consequently, it 
becomes imperative to normalize the mechanical response through the utilization of true stress and true strain 
parameters, thereby facilitating the construction of a stress-strain curve that accurately reflects the intrinsic 
hardening behavior of the material. 

The hardening curve displays a distinct power-law relationship, which was a hallmark of the steady-state 
deformation interval. By intercepting the data within this interval and conducting a thorough analysis, the 
strength factor K and the hardening index n of the material can be ascertained. These two fundamental 
parameters exhibit a strong correlation with the tensile strength of the material. Parameter n is indicative of the 
uniformity of strain distribution during plastic deformation, and it is established that a larger value corresponds 
to higher strain transfer efficiency. This, in turn, facilitates homogeneous deformation through lattice rotation 
and dislocation rearrangement. Parameter K, meanwhile, is associated with the material of resistance to plastic 
deformation, a property that directly influences load distribution during the forming process. 
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The distribution of microhardness in different characteristic areas of welded joints demonstrates 
significant non-uniformity. The WM generally exhibits higher microhardness than the BM, a consequence of 
the melting and solidification processes (Yang et al., 2024). Conversely, the HAZ undergoes a complex phase 
transformation during the welding thermal cycle, resulting in a gradient of microstructural evolution in this 
region. This tissue evolution has been shown to result in abrupt changes in microhardness values and to 
introduce a non-uniform mechanical behavior within the material. According to the results of the surface 
microhardness gradient tests, the average microhardness values of the different characterized zones show 
significant differences, with the weld zone microstructure undergoing rapid solidification, resulting in an 
average microhardness of 63.78 HV0.3. The HAZ, softened by the weld cycle, exhibits a lower average 
microhardness of 60.15 HV0.3. In contrast, the BM, which constitutes the unaffected original material, 
maintains the highest average microhardness value of 70.84 HV0.3. After stretching at varying strain rates, the 
microhardness values of the welded joints were modified. 

As shown in Table S3, at a strain rate of 1×10-4 s-1, the average microhardness in the weld region was 
76.59 HV0.3, with an enhancement rate of 20.08%, while the average microhardness in the HAZ was 72.66 
HV0.3, with an enhancement rate of 20.80%. At a strain rate of 1×10-2 s-1, the average microhardness in the 
weld region was 72.51 HV0.3. Enhancement rate of 13.69%. An average microhardness of 70.61 HV0.3 in the 
HAZ, with an enhancement rate of 17.39%, is reported. At a strain rate of 2×10-2 s-1, an average microhardness 
of 73.93 HV0.3, with an enhancement rate of 15.91% was measured in the weld region. An average 
microhardness of 70.90 HV0.3 was recorded in the HAZ. Enhancement rate of 17.87%. Furthermore, at a 
strain rate of 2×10-2 s-1, the average microhardness of the BM was found to decrease in comparison to the 
average microhardness of the unstretched base material. It was lower than the value at a strain rate of 1×10-4 s-1, 
which also occurred at a strain rate of 1×10-2 s-1. The work-hardening behavior is more pronounced at lower 
strain rates, and the material deforms plastically during specimen stretching, thereby increasing dislocation 
density. The increase in dislocation density hinders subsequent dislocation movement, thereby increasing the 
material of microhardness (Ma et al., 2014). 

 
Table S3 Comparison of microhardness values of the initial specimen and stretched specimens under different 
parameters. 

Strain rate(s-1) WM(%) HAZ(%) BM(%) 

Initial specimen / / / 

110-4  20.08 20.80 -0.41 

110-3  11.86 17.14 -1.85 

110-2  13.69 17.39 -3.49 

210-2  15.91 17.87 -2.70 
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As shown in Fig. S21(a), the experimental data exhibit a gradual increase from the BM to the WM across 

different strain rates, as indicated by the processing n. Specifically, the index attains its minimum in the BM, 
increases progressively towards the WM, and reaches its maximum in the WM. In the BM and HAZ regions, n 
shows a slight downward trend with increasing strain rate. Conversely, within the WM, the strain rate has been 
observed to initially increase the n value, but at elevated strain rates (1×10-2 s-1 and 2×10-2 s-1), a slight 
decrease has been documented. According to the dynamic strain-aging theory, the 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 dislocation, thereby enhancing the material of strain-hardening 
capacity. However, when the strain rate is excessively high, the diffusion of solute atoms is unable to keep 
pace with the movement of dislocation. This leads to weakening of the dynamic strain-aging effect, and a 
subsequent decrease in the n value results. 

As shown in Fig. S21(a), the experimental data indicate that the K of the welded joint exhibits significant 
spatial variations under different strain rates. Specifically, the gradient increase from the BM to the WM is 
presented by the coefficient, with the BM having the lowest value and the WM reaching the peak. It is 
noteworthy that the K in the BM and the HAZ demonstrates sensitivity to strain rate changes, exhibiting a 
slight downward trend as the strain rate increases. This strain rate dependency suggests the involvement of 
time-dependent plastic deformation processes in the deformation mechanism of these regions. In the WM, the 
K value demonstrates an initial increase with the strain rate, subsequently decreasing marginally at elevated 
strain rates (1×10-2 s-1 and 2 × 10-2 s-1). The K, which is indicative of the material of initial strength, is 
associated with the dislocation density and solute atom concentration of the material, as stipulated by the 
Hollomon equation. At low strain rates, the dislocation density is increased by the strong interaction between 
solute atoms and dislocation, and thus, the K value is increased. 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. 

As illustrated in Fig. S21(b), trends in the yield-to-tensile strength ratio across distinct welded joint 
regions at varying strain rates are evident. In the BM, HAZ, and WM, a ratio of an initial increase to a 
subsequent slight decrease is observed with increasing strain rate. The yield-to-tensile strength ratio is 
indicative of the uniform deformation capacity of the material. At low strain rates, the uniform deformation 
capacity of the material is enhanced by the strong interaction between solute atoms and dislocation. However, 
at elevated strain rates, the capacity of the material to undergo uniform deformation is diminished due to 
inadequate solute atom diffusion and localized deformation. 

A combination of Fig. S13 and Fig. S21 demonstrates that the distinct microstructures in the BM, HAZ, 
and WM regions give rise to disparate dislocation motion mechanisms and DSA effects at varying strain rates, 
thereby resulting in varied strain rate sensitivities. The elevated grain boundary density in the WM region has 
been shown to impede dislocation motion more effectively, thereby affording additional time for solute atom 
diffusion and, consequently, amplifying the DSA effect (Chávez et al., 2020). DSA is defined as alterations in 
material mechanical properties that result from the dynamic interaction between solute atoms and dislocation. 
At lower strain rates, dislocation motion is slow, allowing solute atoms sufficient time to diffuse and form 
solute environments with dislocation. This hinders dislocation movement, enhancing the work-hardening 
capacity and strength of the material. However, when strain rates become excessively high, solute atom 
diffusion cannot keep pace with dislocation motion. Consequently, the dynamic strain aging effect weakens, 
leading to decreases in n and K. 

 
S3.5 The influence of different strain rates on the work hardening rate. 

After the yield stage, the plastic deformation of a material must be sustained by stress enhancement, a 
phenomenon known as strain hardening. In this stage, the strain-hardening capability of a material can be 
characterized by the stress at a given strain, and a higher stress indicates a stronger hardening effect. In order 
to investigate the effect of different strain rates on the hardening behavior of the material, the true stress-strain 
curve combined with the K-M model was used to characterize the strain hardening properties of the material 
by calculating the instantaneous hardening rate parameter. This alytical method involves the derivation of the 
true σ-ε curve, and the results are shown in Fig. S22. 
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the HAZ at both strain rates tested. Slower strain rates yielded superior strain hardening capability. 
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