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ABSTRACT

This study conducts an in-depth analysis of the mechanical property changes of 6005A-T6 aluminum alloy under different fa-
tigue aging states (the process in which the material's performance gradually deteriorates over time under cyclic loading). First,
the evolution of surface displacement fields was analyzed using digital image correlation combined with various levels of fatigue

aging pretreatment. Through single-cycle tests and tensile tests, the displacement field responses of the material in different

degradation states were examined, and changes in ultimate strength, yield strength, elongation, and section shrinkage were

further analyzed. Based on the existing yield strength-tensile strength-fatigue strength (Y-T-F) model, an improved approach,
the Y-T-F-II model, was proposed to account for fatigue aging effects and validated for fatigue strength prediction, achieving
a maximum error of only 0.17%. The results showed that fatigue aging significantly affects the fatigue strength, ductility, and
toughness of 6005A-T6 aluminum alloy, and the improved model provides more accurate fatigue strength predictions under

various degradation states.

1 | Introduction

The 6xxx series aluminum alloys, due to their excellent forging
and plasticity, are widely used in primary load-bearing struc-
tures of bridges and other buildings. This material contains
magnesium (Mg) and silicon (Si), which give it high strength
and excellent corrosion resistance, enabling it to withstand
complex external loads and long-term service [1]. For example,
the renovation of the first contemporary aluminum alloy road
bridge was constructed using extruded profiles of 6082 and 6005
aluminum alloys [2, 3]. As the service life of bridge structures
extends, degradation phenomena such as material fatigue [4]
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and aging gradually emerge, thereby affecting the safety and re-
liability of the bridge. Therefore, in modern bridge engineering
design, it is essential to consider the performance degradation
of aluminum alloy materials due to factors such as fatigue and
aging during long-term service [5-10].

Existing studies have shown that environmental factors such
as temperature [11], vibration, and humidity can lead to fatigue
[12], creep, and aging of aluminum alloy materials, thus affect-
ing their mechanical properties, as manifested in the decrease of
yield strength, tensile strength, elongation, and other indicators.
These changes may lead to the degradation of bridge structural
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Summary

 The evolution of material properties of 6005A-T6 dur-
ing fatigue aging is studied.

o The Y-T-F-II model considering the fatigue aging
function of materials is proposed.

» Fatigue aging effects is considered in the tensile-
fatigue relationship.

« DIC analysis shows that 6005A-T6 aluminum alloy ex-
hibits cyclic hardening.

performance and even pose potential failure risks [13-17].
Although traditional design methods typically use safety factors
to ensure structural safety, for aluminum alloy materials that
have already undergone fatigue aging, the bearing capacity of
the structure may still be overestimated, increasing the risk of
failure [7, 18, 19]. Therefore, considering the degradation behav-
ior of aluminum alloy materials during service, particularly the
effects of fatigue and aging, is crucial to ensuring the long-term
safety of bridge structures.

Alarge body of research has been conducted on the properties of
aluminum alloy materials. Li et al. [20] investigated the effect of
different testing rates on the mechanical properties of 6005A-T6
aluminum alloy, and the results indicated that stress rate does
not have a significant impact on strength performance indica-
tors. Peng et al. [21] studied the mechanical behavior of 6005A-
T6 aluminum alloy under a strain rate range of 1 s to 100 s,
considering dynamic recovery effects. Their results showed that
the strain rate effect on the material was weak at intermediate
strain rates. Sun et al. [22] examined the mechanical behavior
of 6005A-T6 aluminum alloy under strain rates ranging from 1
s to 200 s, and obtained similar results. Regarding the study
of fatigue crack growth behavior in aluminum alloys, Zhou
et al. [23] compared the predictive abilities of four machine
learning methods for the fatigue crack growth rate of 6005A-T6
aluminum alloy. They found that the back propagation neural
network algorithm demonstrated better performance in extrap-
olating crack growth rates. Feng et al. [24] applied a physics-
informed neural network method to predict the fatigue life of
SLM 316L stainless steel. Zhou and Yang [25] used elastoplastic
finite element simulation analysis to investigate the effects of
different stress ratios and specimen thicknesses on crack growth
behavior in 6005A-T6 aluminum alloy. Although these studies
have provided in-depth analysis of the basic mechanical prop-
erties and fracture behavior of 6005A-T6 aluminum alloy in its
unaged state, there is still a lack of research on the effects of
fatigue aging on the material.

In the study of material performance parameters after service,
Wang et al. [7, 18] used a combined finite element analysis
and experimental approach to establish a damage interaction
model linked to the physical mechanisms of microstructural
evolution, offering an effective nondestructive testing method
for aluminum alloys. However, the focus of their discussion
was on the evolution of data, without addressing the under-
lying mechanisms of material performance degradation. Sato
et al. [26] studied the cyclic hardening and softening behavior

of SN490B structural steel under different loading modes, re-
vealing the influence of strain amplitude on these behaviors.
Dinesh et al. [27] investigated the low-cycle fatigue behavior
of nickel-based alloy SU-263 at 1023 K, analyzing the effects of
strain amplitude on cyclic hardening, softening, and fracture
modes. Li et al. [28] studied the dynamic microstructural evo-
lution of GH4169 superalloy under creep-fatigue interaction,
proposing a damage assessment method based on the correla-
tion between microstructural degradation and mechanical
property degradation, and validating the method's universal-
ity. Their research primarily focused on low-cycle fatigue be-
havior, as the higher loads associated with low-cycle fatigue
accelerate material degradation. However, for the aluminum
alloy used in bridges, the degradation is typically associated
with high-cycle fatigue damage evolution.

Furthermore, research on the correlation between material me-
chanical properties and fatigue performance has become one of
the most effective ways to address the high consumption of fa-
tigue testing [29]. Examples include the relationship between fa-
tigue performance and yield strength [30-32], ultimate strength
[32, 33], section shrinkage [34], static toughness [35], as well
as hardness [32, 36, 37] and impact toughness [38]. These new
models have indeed played a significant role in solving specific
problems, but they lack research and analysis on the effects of
material fatigue aging on material properties, which further
leads to various limitations in the application process. Liu et al.
[30] considered both the strength and plasticity limitations of
fatigue strength and established a concise relationship between
yield strength (Y), tensile strength (T), and fatigue strength (F),
which was named the Y-T-F model. Furthermore, in their sub-
sequent study [31], they clarified the direction for improving fa-
tigue strength, which contributes to the optimization of fatigue
resistance in metallic materials. Therefore, in the current study,
the extent of material fatigue aging will be integrated with the
Y-T-F model to enable further analysis.

The literature review indicates that in existing research, compre-
hensive analysis of the changes in monotonic tensile properties
due to material degradation behavior is still lacking, particularly
as traditional models fail to adequately consider the impact of fa-
tigue aging on fatigue strength. Therefore, this study first subjected
6005A-T6 aluminum alloy materials to fatigue aging treatments of
varying degrees. By spraying a speckle field on the specimen sur-
face and combining it with digital image correlation (DIC) technol-
ogy, the evolution of the surface displacement field was analyzed.
Subsequently, single cycle tests and tensile tests were conducted
on 6005A-T6 aluminum alloy specimens in different degradation
states to investigate the displacement field response at varying
degradation levels, followed by a systematic comparative analy-
sis. An improved method considering the effects of fatigue aging
was proposed based on the Y-T-F model, significantly enhancing
the accuracy of fatigue strength predictions and validating the
effectiveness of this method for fatigue strength prediction under
different aging states. Finally, based on the experimental results
and fracture observations, the changes in mechanical properties
such as ultimate strength, yield strength, elongation, and section
shrinkage under different fatigue aging states were analyzed. The
material degradation process was further explored through the
measurement of surface strain responses.
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2 | Experimental Procedure
2.1 | Materials and Specimen Design

The material selected for the experiment is produced 6005A-T6
aluminum alloy, which belongs to the Al-Mg-Si series of heat-
treatable aluminum alloys. The filler material for welding is
ER5356 welding wire with a diameter of 1.2 mm. The chem-
ical composition of the alloy is shown in Table 1. Although
the material selection is for the base material, the welding pa-
rameters are still provided, as shown in Table 2. The chemi-
cal composition is shown in Table 1. It has moderate strength,
as well as excellent extrusion and welding properties, and is
widely used in the manufacturing of key components for high-
speed train bodies. The specimens were taken from the 10 mm
thick base plate region of the welded structure of 6005A-T6
aluminum alloy sheet, as shown in Figure 1. In accordance
with the GB/T 228.1-2021 standard [40], the monotonic tensile
specimens were prepared using a 0.25 mm diameter molyb-
denum wire by wire electrical discharge machining (EDM).
The dimensional diagram and actual photos are shown in
Figure 2c.

To more accurately observe displacement field on the specimen
surface, one side of the specimen was polished with silicon car-
bide sandpaper, while the other side was sprayed with randomly
distributed speckles, as shown in Figure 2a.

2.2 | Pre-fatigue, Single-Cycle, and Tensile Tests

All three experiments in this study were conducted on the MTS
809.25 torsional fatigue testing system, using DIC to capture
speckle images, with a CCD camera aligned vertically to the
specimen. To improve spatial resolution, a macro zoom lens was
used for focusing. The speckle pattern on the specimen surface
was illuminated by an EFIII-200 LED light source, to facilitate
clearer observation of the speckle pattern during image pro-
cessing. The aforementioned equipment is shown in Figure 2b.
Figure 2a shows the clamping method for the specimen, which
was used for pre-fatigue, single cycle, and monotonic tensile
tests. Image processing was carried out using Revealer 2D-DIC
software, with a template size set to 39, grid spacing of 7, and an
average spatial calibration resolution of 25 um/pixel, to achieve
the highest displacement map resolution. The analysis employed

the multi-point overdetermination method proposed by Sanford
and Dally [41], which has been widely used in the analysis of
specimen surface displacement fields in photoelasticity or DIC
images.

2.2.1 | Pre-fatigue Tests

Pre-fatigue treatment was applied to the monotonic tensile
specimens shown in Figure 2c using cyclic loading. Due to
time and budget constraints, a representative stress level of
180 MPa was selected for the study. Performance tests under
different aging conditions at this stress level were repeated
three times to ensure the feasibility of the experiment and the
reliability of the data. To mitigate the influence of the stress
ratio, a stress ratio of 0.1 was set, with a frequency of 15 Hz,
and the load form is shown in Figure 2d. To investigate the
fatigue behavior of the material at different aging levels, pre-
fatigue tests were conducted for four different aging states.
For each aging state, three valid specimens were used to min-
imize errors and enhance the repeatability of the test results.
The corresponding termination load cycles for the four aging
states were: 0 cycles, 0.5%x10° cycles, 1.0x10° cycles, and
1.5x 107 cycles. These pre-fatigue tests effectively evaluate the
material's performance degradation at different fatigue cycle
counts, allowing for the analysis of its behavior during long-
term service.

FIGURE1 |
figure can be viewed at wileyonlinelibrary.com]

Sampling location of 6005A-T6 aluminum alloy. [Colour

TABLE1 | Alloy composition of 6005A-T6 aluminum alloy (mass fraction, %) [39].

Si Fe Cu Mn Mg Cr Zn Ti Al
6005A-T6 0.75 0.35 0.30 0.50 0.60 0.30 0.15 0.10 Balance
ER5356 0.10 0.40 0.10 0.15 4.80 0.10 0.10 0.13 Balance

TABLE 2 | Composite welding process parameters [39].
Welding speed Feeding speed Laser power Gas flow rate Electric current Voltage
8 mm/s 13 m/min 3500 kW 40 L/min 220 A 23V
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FIGURE2 | Pre-fatigue, single cycle, and monotonic tensile testing equipment. (a) Specimen fixture. (b) Testing equipment. (c) Specimen dimen-
sions (unit: mm). (d) Pre-fatigue and single cycle load-displacement curves [Colour figure can be viewed at wileyonlinelibrary.com]

2.2.2 | Single-Cycle Tests

After completing the pre-fatigue tests, single-cycle loading
tests were conducted on specimens with different aging states
to investigate the effect of aging level on the displacement and
strain fields of the specimen surface within the same load
range. Each single-cycle loading was paused at a fixed load po-
sition to manually capture 13 images for subsequent DIC anal-
ysis. In the DIC analysis, the image captured at the minimum
load of the cycle was set as the reference image, and the image
captured at the maximum load was set as the target image.
The DIC analysis allows for the calculation of the strain field
variations, enabling detailed observation of the changes in the
specimen’s surface strain during a single cycle. This process is
crucial for gaining a deeper understanding of the deformation
characteristics of the material in different aging states.

2.2.3 | Tensile Tests

After completing the pre-fatigue treatment and single-cycle
loading tests, monotonic tensile tests were conducted on speci-
mens with different aging states, according to the GB/T 228.1-
2021 standard [40]. The tensile tests were performed using a
displacement control mode with a rate of 1 mm/min. During the
test, the same DIC equipment was used to capture speckle im-
ages at a frequency of 1 Hz. By analyzing the obtained speckle
images, the changes in the surface displacement field of the
specimen during tensile testing can be acquired. Furthermore,
combined with the analysis of the stress-strain curve, the
effect of different aging states on the material's mechanical
properties (such as yield strength, ultimate strength, elonga-
tion) was investigated. This part of the experiment provided
crucial experimental data for the subsequent investigation of

40f 17

Fatigue & Fracture of Engineering Materials & Structures, 2025


https://onlinelibrary.wiley.com/

the material's mechanical performance degradation during
long-term service.

3 | Results and Discussion
3.1 | Microstructure of Materials

Figure 3 shows the microstructure and inverse pole figure
(IPF) of the base material region of 6005A-T6 aluminum alloy.
Figures 3a to 4c present the IPFs in three directions, showing
the grain orientation distribution in the aluminum alloy base
material. In these figures, the color variations of the grains
represent the distribution of different grain orientations, and
this orientation information reflects the texture characteristics
of the material. After rolling, the grain orientation of the base
material significantly aligns with the [001] direction along the
Y-axis, which is characteristic of the rolling process. This indi-
cates that the grain orientation of the material was notably in-
fluenced by external forces during the rolling process. Figure 3d
is a microstructure image showing the microscopic structure of
the 6005A-T6 aluminum alloy matrix. A certain amount of dis-
persed phase particles can be observed in the aluminum alloy,
which are typically precipitates of alloying elements. These
dispersed phases may influence the material's strength and
toughness.

3.2 | Fracture Analysis

The fracture surfaces of the 6005A-T6 aluminum alloy mate-
rial under each aging condition were observed and analyzed
using the SEM5000X field emission scanning electron micro-
scope from CIQTEK Co., Ltd. Figure 4 shows the macro and
micro fracture surfaces of the samples under different aging
states. As seen from the figure, in the newly fabricated (0 cy-
cles) state, the fracture surface is relatively smooth with deep
and uniform ductile dimples in the microstructure, indicating

good material toughness and strong plastic deformation abil-
ity. After 0.5x10° cycles of fatigue loading, larger ductile
dimples appear on the fracture surface, which is the result
of the initial fatigue cycles increasing the dislocation density
within the material and causing plastic hardening effects in
the microstructure.

However, as the fatigue cycles further increase to 1.0x10° cy-
cles, the ductile dimples on the fracture surface gradually be-
come smaller, exhibiting rough and uneven characteristics. This
change in fracture characteristics is consistent with the slight
increase in yield strength, indicating that the strain hardening
effect becomes saturated at this stage and the plastic deforma-
tion capacity within the material is limited.

In the 1.5%10° cycles aging state, the ductile dimples on the frac-
ture surface are noticeably shallower, with penetrating cracks
and numerous micropores, indicating a significant increase in the
material's brittleness. At this point, the expansion of microcracks
causes the ductile dimples to connect and form through-thickness
damage. This change in fracture characteristics indicates that the
material’s ductility and toughness have significantly degraded,
which is consistent with the trend of increasing ultimate strength.
It can be inferred that the increase in the material's tensile
strength is primarily due to the expansion and connection of mi-
crocracks and the local deformation behavior they induce, rather
than a true improvement in the material's plasticity or ductility.

The combined experimental results and fracture surface fea-
tures show that during the early stages of fatigue, the materi-
al's yield strength and ultimate strength increase due to strain
hardening. However, the microstructure gradually degrades,
leading to shallower ductile dimples and increased brittleness.
This change in fracture characteristics reveals the degrada-
tion mechanism of the material's performance under fatigue
cycling, which involves the gradual loss of plasticity, ulti-
mately leading to the deterioration of the material's structural
performance.

FIGURE3 | IPF and microstructure of the 6005A-T6 aluminum alloy base metal (BM) region. (a), (b), and (c) are the IPFs in the X, Y, and Z direc-
tions, respectively [39], and (d) is the microstructure. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE4 | Fracture analysis of the samples under different aging states. [Colour figure can be viewed at wileyonlinelibrary.com]
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3.3 | Monotonic Tensile Properties Under
Different Aging States

Table 3 and Figure 5 present the monotonic tensile performance
parameters, tensile curves, and strain responses of 6005A-T6
aluminum alloy under different aging states, respectively. The
section shrinkage refers to the difference between the cross-
sectional area at the necking region and the original cross-
sectional area, divided by the original cross-sectional area. As
shown in the figures and table, the monotonic tensile curves
of 6005A-T6 aluminum alloy specimens under different aging
states exhibit consistent overall trends. They all display typical
tensile characteristics, starting with a linear elastic phase, fol-
lowed by a yield plateau, and ultimately reaching fracture. These
curves demonstrate high repeatability and consistency, particu-
larly in terms of yield strength and tensile strength. The trends
of curve variations under each aging state are similar, and their
numerical values are closely aligned. Additionally, the tensile
curves of specimens subjected to different fatigue cycle counts
(such as 1.0 x 10° cycles and 1.5 x 10° cycles) exhibit similar mor-
phologies and yield behaviors, indicating consistency in tensile
performance under the experimental conditions. Overall, the
experimental results show high repeatability and good consis-
tency in the morphology of the tensile curves, indicating strong
stability in the experimental design and operational processes.
This provides a reliable foundation for further analysis of the
impact of different fatigue states on the mechanical properties
of the material during long-term service.

The strain responses at points A, B, C, and D in Figure 5 clearly
illustrate the different stages of the tensile deformation process
and correspond to the strain distribution maps. This demon-
strates the stress—strain behavior characteristics of the material
under various aging states. From the initial stage of linear elastic
deformation to the stress concentration in the yield phase, and
finally to the stress release at fracture, the strain distribution in

each stage reflects the influence of aging states on the internal
stress transmission within the material.

Table 4 and Figure 5 present the average tensile properties of
6005A-T6 aluminum alloy under different aging states. For new
materials, the average tensile strength, yield strength, section
shrinkage, and elongation are 222.00 MPa, 270.67 MPa, 34.05%,
and 12.18%, respectively. Figure 6 illustrates the trends and fit-
ted curves of monotonic tensile performance parameters for ef-
fective specimens under different aging states. According to the
data in the figures and table, in Figure 6a, as the degree of aging
increases, the section shrinkage shows a decreasing trend, indi-
cating a gradual weakening of the material's toughness, which
follows the same trend as the experimental results of Ye [42].
This may be due to cumulative damage caused by cyclic load-
ing within the material, such as the formation and propagation
of microcracks [43, 44]. Although the maximum cyclic load is
below the yield strength, repeated cycles lead to an increase
in internal microscopic defects, reducing the material's plas-
tic deformation capability and resulting in a decreased section
shrinkage. Based on the section shrinkage of specimen BM13, it
can be inferred that the specimen is approaching fatigue failure
after aging, exhibiting significantly lower plastic deformation
capability and a marked decrease in section shrinkage.

In Figure 6b, as the aging degree increases, there is a slight
increase in elongation. Combined with the fracture analy-
sis in Figure 4, it can be seen that the increase in elongation
does not indicate an improvement in the material's plasticity
or ductility, but rather reflects the stretching behavior before
crack propagation and localized fracture. This phenomenon
actually indicates that the material tends to embrittle during
the fatigue aging process, with crack propagation paths dom-
inating the fracture process. Therefore, it does not represent
an enhancement of material plasticity, but rather manifests
as brittle fracture characteristics. Moreover, a substantial

TABLE 3 | Monotonic tensile performance parameters under different aging states.

Ultimate
Aging states NP" Yield strength strength Section
Specimen no. /X105 cycles a'y/ MPa o,/ MPa shrinkage ¥ Elongation 6
BM1 0.0 228 277 33.22% 11.92%
BM2 0.0 218 264 37.18% 12.50%
BM3 0.0 220 271 31.76% 12.12%
BM16 0.5 235 280 31.84% 12.69%
BM17 0.5 232 279 32.92% 13.46%
BM18 0.5 237 275 31.05% 13.08%
BM6 1.0 236 279 33.76% 14.42%
BM?7 1.0 241 284 31.68% 14.04%
BMS8 1.0 232 273 29.22% 13.85%
BM11 1.5 233 274 31.01% 14.42%
BM12 1.5 237 280 29.69% 14.62%
BM13 1.5 242 285 18.10% 14.71%
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FIGURES5 | Legend on next page.

amount of literature has reported changes in the elongation of
metal materials after fatigue loading under different loading
conditions [45-438].

In Figure 6c, as the aging degree intensifies, the yield strength
shows a slight increasing trend. During the initial stage of aging,
the yield strength rapidly increases, which may be due to a rapid
rise in dislocation density within the material under cyclic load-
ing, leading to a significant enhancement of the strain hardening
effect. In the early stages of cyclic loading, the increase in dislo-
cations, their interactions, and the formation of slip planes hin-
der dislocation movement, resulting in a noticeable “dislocation
pinning” phenomenon that further elevates the yield strength.
The accumulation of dislocations in this phase is relatively rapid,

resulting in a rapid rise in yield strength. However, as the degree of
aging further intensifies, dislocations gradually reach a saturation
state, and the incremental interactions between dislocations slow
down, causing the rate of increase in yield strength to decelerate.
In other materials, different trends may be observed. For example,
the yield stress of AISI 4140 T steel significantly decreases after
experiencing fatigue loading [49].

In Figure 6d, as the aging degree intensifies, the tensile strength
also increases with aging, indicating that the material exhibits
stronger tensile performance after being subjected to cyclic load-
ing. The accumulation of dislocations and the strain hardening
effect induced by cyclic loading enhance the material's tensile
strength.
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TABLE 4 | Mean values of monotonic tensile properties under different aging states.

Aging states NP"® Yield strength Ultimate strength Elongation
/X105 cycle o,/MPa o,/ MPa Section shrinkage ¥ )

0.0 222.00 270.67 34.05 % 12.18 %
0.5 234.67 278.00 31.94 % 13.08 %
1.0 236.33 278.67 31.55% 14.10 %
1.5 237.33 279.67 26.27 % 14.58 %
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The trend of the monotonic tensile performance parameters
for the effective specimens under different fatigue aging states
in Figure 6 was fitted using the least squares method, yielding
Equations (1)~(4):

¥ = —0.0236 X 1075 - NP + 0.3370 @

6 =0.0165x 107> - NP™ 4 0.1225 ®)

o, = 236.3396 x (107°- NP +0.0100) "% ®3)
oy = 278.9133 X (1075 NP 40.0100) > @)

where W represents the section shrinkage; d represents the elon-
gation; o, represents the yield strength; o}, represents the ulti-
mate tensile strength; and NP represents the number of fatigue
cycles experienced in the given aging state.

3.4 | Fatigue Strength Calculation Model
Considering Aging States

Since Wohler [50] proposed the proportional relationship be-
tween fatigue strength and yield strength/tensile strength
around 1870, the relationship between the tensile properties and
fatigue performance of materials has gradually been revealed.
Fan et al. [51], through the study of Pearson correlation coef-
ficients between five input features and fatigue strength, also
observed a strong correlation between tensile strength, yield
strength, and fatigue strength, as shown in Figure 7. Therefore,
this correlation can be used to establish a relationship between
the degree of fatigue aging and fatigue strength, and further ex-
plore the impact of fatigue aging on fatigue strength.

Traditional fatigue prediction models are typically based on
the relationship between fatigue strength and tensile strength
or hardness [29]. The relationship between the tensile strength
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and fatigue strength of aluminum alloys also follows the W&hler
criterion as shown in Equation (5) [50]:

o A ©)

where o, represents fatigue strength at a specific stress ratio
and failure cycle count (in this study, the stress ratio is 0.1, and
the number of cycles to failure is 107); o}, represents the ultimate
tensile strength; and A is the material constant. As shown in
Figure 8, the constant A for aluminum alloys ranges from 0.3 to
0.5, with a value of 0.5 adopted in this study [51].

Li et al. [34] presented another relationship between ulti-
mate strength and fatigue strength, as shown in Equation (6).

08
06
04

- 02

- 00

FIGURE 7 | Pearson correlation coefficients between input features
and fatigue strength [51]. [Colour figure can be viewed at wileyonlineli-
brary.com]
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Recently, the Y-T-F model proposed by Liu et al. [30, 31] rep-
resents a notable study, as shown in Equation (7):

oy, =113-0)° 6)
Oy Oy
=2(c-=2

w=2(c-2) )

where C and w are the fitted material parameters.

In Equations (5)~(7), it is clear that the purpose of these for-
mulas is to calculate the fatigue strength, which is difficult to
obtain, by using material properties such as yield strength and
tensile strength, which are easier to measure. The focus of our
study is to incorporate the consideration of different material
fatigue aging degrees into this process. Analysis indicates that,
as shown in Figure 6, with the increase in fatigue aging, both
the yield strength and ultimate strength of the material un-
dergo significant nonlinear changes. These changes directly af-
fect the accuracy of fatigue strength predicted by Equation (7).
Particularly, when the material undergoes prolonged fatigue cy-
cles, its mechanical properties may change, resulting in simple
models being unable to accurately reflect the actual situation.
Therefore, relying solely on existing fatigue strength predic-
tion models (such as Equation (7)) may not fully account for the
impact of aging effects on fatigue strength. To improve predic-
tion accuracy, the degree of material aging needs to be further
considered.

By substituting Equations (3) and (4) into Equations (5)~(7),
Equations (8)~(10) can be derived, resulting in Wohler's law, Li's
model, and the Y-T-F model that consider the impact of fatigue
aging on material performance. This allows for more accurate
prediction of the fatigue strength of 6005A-T6 material in dif-
ferent aging states. Through this improved method, the fatigue
life of the material can be better assessed during its design and
use, particularly under long-term service or high-cycle fatigue
conditions.

400 5§00 600 700 800 | 900
o,(MPa)

1000

FIGURE 8 | Relationship between ultimate strength and fatigue strength of aluminum alloys [30, 52-54]. [Colour figure can be viewed at wi-

leyonlinelibrary.com]
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where ob° represents the fatigue strength considering material
fatigue aging, defined as the Y-T-F-I model.

Based on the data from different aging states in Table 3, the
parameters of Equation (10) were fitted using the least squares

method to obtain the constants C and w for different aging
degrees.

To further verify the accuracy of the three improved models,
the fatigue strengths of different aging states in Table 3 were
predicted using the three methods from Equations (8)~(10),
with the results shown in Figure 9. It is evident from the figure
that the predictions of the improved Li's model are generally
higher than the experimental results, while the predictions of
the improved Wohler's law are generally lower than the exper-
imental results. This discrepancy may be due to the fixed cal-
culation parameters in both models, which still lead to some
deviation even after considering the effect of material fatigue
aging. In contrast, the predictions of the Y-T-F-I model are
closer to the experimental results, indicating that this model

170

z b 0
£1601 e

= L

9

 —

£ 150

performs better in fatigue strength prediction. Therefore, the
improved Li's model and improved Wohler's law will not be
considered in subsequent studies. It should be noted that for
the calculation of experimental fatigue strength of 6005A-T6
aluminum alloy under different aging states, it is sufficient to
add the aging cycle count to 107 cycles, and then the experi-
mental fatigue strength for different aging levels can be ob-
tained through the SN curve.

However, there is a significant inconsistency in the Y-T-F-I
model's predictions. As the material aging degree increases,
it is well known that the material's fatigue strength decreases,
which is also reflected in the experimental results. However,
the predictions of the Y-T-F-I model show an increasing trend.
This is because the original Y-T-F model was built based on
the positive correlation between the mechanical and fatigue
properties of newly produced materials considering different
alloy contents (e.g., aluminum content in aluminum alloys).
However, under cyclic loading, 6005A-T6 aluminum alloy
undergoes cyclic hardening, which improves its mechanical
properties. This results in a fatigue strength evolution trend
under different aging states that does not align with the ac-
tual behavior. Therefore, by introducing an aging function, as
shown in Equation (11), the predicted fatigue strength trend

under different aging states can be made to align with the ex-
perimental trend.

re 236.3396 X (10—5 .]\]Pre_’_o.0100)0.0135

w-aging

-Ala, p)-
w

an
(c-0:8474- (107 -N""*+0.0100) """ )

Test results

Improved
[ Y-T-F model
‘ Eq. (10)

Improved
Waohler's law
Eq. (8)

Improved
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FIGUREY9 | Comparison of the predicted fatigue strength results between the Y-T-F-I model (Equation 10), improved Li's model (Equation 9), and

improved Wahler's law (Equation 8). [Colour figure can be viewed at wileyonlinelibrary.com]
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where ¢ represents the fatigue strength predicted by the
w-aging

improved Y-T-F model with the introduction of the aging func-

tion, defined as the Y-T-F-II model; A(a, f) is the fatigue aging

correction function, obtained through fitting.

Based on this, the experimental results were compared with
the predicted fatigue strength results of the Y-T-F-I model
(Equation 10) and Y-T-F-II model (Equation 11), as shown in
Figure 10. It can be observed that the predictions of the im-
proved Y-T-F-II model, which incorporates the aging correction
function, align well with the experimental results.

To further analyze the predictive performance of the models, we
compared the prediction errors of the two improved models, as
shown in Figure 11. From the error comparison, it is evident
that the maximum prediction errors obtained using the Y-T-F-I
model and Y-T-F-II model are 2.91% and 0.17%, respectively.
This indicates that the Y-T-F-II model predicts fatigue strength
more accurately and fully accounts for the impact of material
aging. Therefore, for the 6005A-T6 aluminum alloy, the fatigue
strength predictions using the Y-T-F-II model, which incorpo-
rates the aging function, are more reliable.

3.5 | Single-Cycle Strain Response Under Different
Aging States

Figure 12 shows the changes in the displacement field and the
Y-direction (loading direction) strain field at maximum load
relative to zero load under different fatigue aging states during
a single cycle. As the fatigue cycles increase, from newly fabri-
cated (0 cycles) to aged (1.5x10° cycles), the displacement and
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FIGURE10 |

[Colour figure can be viewed at wileyonlinelibrary.com]

strain responses gradually weaken, with the color changing
from warm tones to cool tones. This indicates a decrease in the
material's deformation amplitude, exhibiting characteristics
of cyclic hardening. Combined with the fracture analysis in
Figure 4, it is shown that as fatigue accumulates, the dislocation
density within the material increases, and the entanglement
and interaction between dislocations intensify, limiting the ma-
terial's plastic deformation ability and gradually increasing its

5%
™™ Y-T-F-I model (Eq. 10)
™™ Y-T-F-I1 model (Eq. 11)
4% A
3% 1
Tt
=
=
=
2% A
1% +
0% —L _— —L —L
0.0x10° 0.5x10° 1.0x10° 1.5x10°
Aging degree (cycles)
FIGURE 11 | Comparison of the prediction errors between the Y-T-

F-1 model (Equation 10) and the Y-T-F-II model (Equation 11). [Colour
figure can be viewed at wileyonlinelibrary.com]
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Comparison of the predicted fatigue strength results between the Y-T-F-I model (Equation 10) and the Y-T-F-II model (Equation 11).
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FIGURE12 | Trend of single-cycle strain response on the sample surface under different aging states. (a) Total displacement. (b) Y-direction strain

[Colour figure can be viewed at wileyonlinelibrary.com]

stiffness. In this case, the material exhibits a stronger resistance
to deformation under the same load, leading to weakened dis-
placement and strain responses.

4 | Conclusions

This study, using digital image correlation technology, pro-
vides an in-depth analysis of the evolution of the surface
displacement field of 6005A-T6 aluminum alloy under dif-
ferent fatigue aging states and systematically investigates the

changes in the material's mechanical properties. Based on
this, a novel method is proposed to account for the influence
of fatigue aging on material properties. We can draw the fol-
lowing conclusions:

1. As the number of fatigue cycles increases, the ultimate
strength and yield strength of 6005A-T6 aluminum alloy
slightly increase, while the reduction in area and elonga-
tion show a decreasing trend, indicating that the material's
toughness and plasticity gradually weaken. The inten-
sification of fatigue aging leads to the accumulation of
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dislocation and defects within the material, which in turn
affects its deformation ability and fatigue strength.

2. This study considers the influence of fatigue aging on the
relationship between tensile and fatigue properties and
proposes the Y-T-F-II model incorporating the aging func-
tion. Through comparative analysis, it was found that the
Y-T-F-II model provides the best prediction of the fatigue
strength of newly fabricated 6005A-T6 material, with a
maximum error of 0.17%.

3. The surface strain responses of the samples under different
aging (fatigue) states show that 6005A-T6 material gradu-
ally undergoes cyclic hardening, exhibiting a stronger re-
sistance to deformation under the same load.

Nomenclature

oy Yield strength

o Ultimate strength

v Section shrinkage

Oy Fatigue strength

A Material constant

é Elongation

NPe Aging (fatigue) state

C,w Fitted material parameters

61\,7: ¢ Fatigue strength considering material fatigue aging
wr_Zging Fatigue strength predicted by the Y-T-F-II model

Aa, p) Fatigue aging correction function

IPF Inverse pole figure

BM Base metal

Y-T-F model Yield strength-tensile strength-fatigue

strength model

Y-T-F-I/II model Yield strength-tensile strength-fatigue strength-I/

1T model
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