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To systematically investigate the tensile deformation behavior of solid-solution-treated 6061 aluminum alloy under varying tem-
peratures and strain rates and to establish an applicable constitutive model, uniaxial tensile tests were conducted using a
68TM-50 universal tensile testing machine and a Gleeble-3800 thermomechanical simulator. The experiments covered a temper-
ature range of 25–300 °C and strain rates of 0.001–0.1 s–1 to obtain true stress-strain data. The results indicate that, at a constant
strain rate, the peak stress decreases significantly with increasing temperature, whereas at a constant temperature, the peak stress
increases with the strain rate. Temperature exhibits a more pronounced influence on peak stress than strain rate. For room-tem-
perature conditions (25 °C), the Swift model accurately predicts the deformation behavior, achieving an overall correlation coef-
ficient (R) of 0.99846 and an average absolute relative error (AARE) of 1.41 %. For elevated temperatures (150 °C and 300 °C),
a modified Johnson-Cook (J-C) model was developed by incorporating a quadratic polynomial strain-hardening term and a tem-
perature-strain rate coupling factor, effectively integrating the effects of strain hardening, strain rate sensitivity, and thermal
softening. The modified J-C model demonstrates robust predictive capability in the warm temperature regime, with an overall R
of 0.99739 and an overall AARE of 5.29 %.
Keywords: 6061 aluminum alloy, temperature, strain rate, tensile deformation, constitutive model

Avtorji v ~lanku opisujejo sistemati~no raziskavo obna{anja aluminijeve zlitine tipa 6061 pod vplivom natezne obremenitve. Na
vzorcih preiskovane zlitine, ki je bila predhodno raztopno `arjena so izvajali enoosne natezne preskuse z uporabo univerzalnega
nateznega preskusnega stroja 68TM-50 in termomehanskega simulatorja Gleeble-3800. Preizkuse so izvajali pri razli~nih
temperaturah v obmo~ju med 25 °C in 300 °C ter hitrostih natezne deformacije med 0,001 in 0,1 s–1, da bi dobili dejanske
podatke o odvisnostih med napetostjo in deformacijo. Rezultati preizkusov so pokazali, da se pri konstantni hitrosti deformacije
najvi{ja (vr{na) napetost znatno zmanj{a z nara{~ajo~o temperaturo, medtem ko se pri konstantni temperaturi najvi{ja napetost
pove~uje s hitrostjo deformacije. Temperatura ima izrazitej{i vpliv na najvi{jo napetost kot pa na hitrost deformacije. Pri sobni
temperaturi (25 °C) model Swift natan~no napoveduje obna{anje deformacije, pri ~emer se dose`e skupni korelacijski koeficient
(R) 0,99846 in povpre~no absolutno relativno napako (AARE) 1,41 %. Za povi{ane temperature deformacije (150 °C in 300 °C)
so avtorji razvili modificiran Johnson-Cookov (J-C) konstitutivni model z vklju~itvijo ~lena kvadratnega polinoma za
deformacijsko utrjevanje in faktorja sklopitve temperatura-deformacija. S tem so avtorji u~inkovio integrirali vpliv
deformacijskega utrjevanja, ob~utljivost na hitrost deformacije in toplotno meh~anje. Modificiran J-C model ka`e robustno
napovedno sposobnost v re`imu povi{anih temperatur, s skupnim R 0,99739 in skupnim AARE 5,29 %.
Klju~ne besede: aluminijeva zlitina tipa 6061, temperatura, hitrost deformacije, natezna obremenitev in deformacija,
konstitutivni model

1 INTRODUCTION

6061 aluminum alloy is one of the most extensively
used aluminum alloys, valued for its high strength, good
formability, and excellent corrosion resistance.1–3 These
properties make it indispensable in applications within
the aerospace and automotive industries. Solid solution
treatment, a process involving the dissolution of alloying
elements into the aluminum matrix to form a uniform su-
persaturated solid solution, significantly enhances the
material’s plasticity and improves the stability and uni-

formity of its mechanical properties. It is a standard
pre-treatment process employed to improve the
formability of materials subjected to severe plastic defor-
mation.4–7 The solid-solution state is metastable and
characterized by a supersaturated microstructure. During
deformation, simultaneous microstructural evolution pro-
cesses – such as dislocation slip, dynamic recovery, and
dynamic precipitation – occur, leading to flow stress be-
haviors distinct from those of stable states. These con-
current processes lead to flow stress behaviors that differ
significantly from those of stable states.8,9 Specifically,
unlike stable states, the solid-solution matrix is unstable
at elevated temperatures, where precipitates form and
grow during deformation. This makes the flow stress
highly sensitive to temperature and strain rate, limiting
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the applicability of standard constitutive models. Conse-
quently, directly applying constitutive models developed
for stable-state materials can result in considerable devi-
ations. Therefore, the development of a constitutive
model capable of accurately predicting the mechanical
response of solid-solution-treated 6061 aluminum alloy
is crucial, particularly given its excellent plastic forming
capabilities.

Various constitutive models have been extensively
studied. Among them, the Swift model is notable for its
simplicity and the clear physical meaning of its parame-
ters, enabling an accurate description of the stress-strain
relationship during plastic deformation, particularly at
room temperature.10–12 Gao et al. successfully fitted the
room-temperature stress-strain curve of 6063 aluminum
alloy using the Swift model and validated its predictive
accuracy through finite element simulation.13 Zhang et
al. demonstrated that a modified Swift model for 304L
stainless steel exhibited high agreement with experimen-
tal data at low temperatures.14 Zhu et al. found that the
Swift model effectively captures the isotropic strain
hardening behavior of 6061 aluminum alloy prior to
necking at room temperature.15 Collectively, these stud-
ies indicate that the Swift model generally provides high
precision in predicting material deformation behavior at
room temperature.

However, the Swift model has limitations in charac-
terizing the effects of temperature and strain rate, which
are critical under warm forming conditions. In contrast,
the Johnson-Cook (J-C) model incorporates separate
terms for temperature and strain rate sensitivity, enabling
a more comprehensive description of the quantitative re-
lationships among flow stress, plastic strain, tempera-
ture, and strain rate, thereby making it more suitable for
modeling under complex thermo-mechanical condi-
tions.16–19 For example, Ni et al. developed a modified
J-C model for 6061-T6 aluminum alloy that more accu-
rately describes its stress-strain response within the tem-
perature range of 200–300 °C across various strain
rates.20 Similarly, Shen et al. successfully captured the
tensile deformation behavior of 6061 aluminum alloy
sheets under warm conditions using a modified J-C ap-
proach.21 Fan et al. experimentally determined the key
parameters of the J-C model for warm conditions,

achieving accurate predictions of the mechanical
response of 6061 aluminum alloy.22 These studies collec-
tively demonstrate the efficacy of the J-C model for pre-
dicting deformation behavior under warm conditions.

A key limitation of the standard J-C model lies in its
assumption that strain hardening, strain rate sensitivity,
and thermal softening act independently. This assump-
tion is often invalid for materials like solid-solu-
tion-treated 6061 aluminum alloy under warm condi-
tions. Due to its metastable nature, this alloy exhibits
highly nonlinear flow stress behavior, accompanied by
dynamic recovery and even dynamic precipitation during
deformation.23–25 Consequently, its mechanical response
significantly differs from that of stable states (e.g., aged
or annealed) and demonstrates a stronger, more complex
dependence on both temperature and strain rate. There-
fore, a constitutive model that effectively couples these
three interdependent influences is essential for accurately
predicting its mechanical response.

Building upon this background, the present study
aims to develop constitutive models for solid-solu-
tion-treated 6061 aluminum alloy to characterize its ten-
sile deformation behavior under a range of temperatures
(25, 150, and 300) °C and strain rates (0.001, 0.01, and
0.1) s–1. The influence of these parameters on the me-
chanical properties is quantitatively investigated through
uniaxial tensile tests. A segmented modeling strategy is
adopted. For room-temperature deformation, the Swift
model is employed for its demonstrated accuracy in pre-
dicting uniform plastic deformation under these condi-
tions. For elevated temperatures (150–300 °C), a modi-
fied Johnson-Cook model is developed to more reliably
capture the coupled effects of strain hardening, strain
rate sensitivity, and thermal softening. This approach
provides targeted theoretical support for the process de-
sign and performance prediction of this alloy across its
relevant processing temperature ranges.

2 MATERIALS AND METHODS

The material studied was a 6061 aluminum alloy that
underwent solid-solution treatment at 540 °C for 1 h, fol-
lowed by water quenching. The tensile deformation be-
havior of the treated alloy was investigated across a
range of temperatures and strain rates. Uniaxial tensile
tests were performed at room temperature (25 °C) and at
elevated temperatures of 150 °C and 300 °C. For each
temperature, strain rates of (0.001, 0.01, and 0.1) s–1

were applied, resulting in a total of nine experimental
conditions, as summarized in Table 1. The geometry and
dimensions of the tensile specimen are illustrated in Fig-
ure 1a, with a gauge length of 40 mm; a representative
fabricated specimen is shown in Figure 1b.

All room-temperature tests were conducted on a
68TM-50 universal tensile testing machine. Elevated-
temperature tests were performed on a Gleeble-3800
thermomechanical simulator. For the high-temperature
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Figure 1: Tensile specimen: a) dimensions of the specimen; b) pre-
pared tensile specimen



tests, specimens were resistance-heated to the target tem-
perature at a rate of 5 °C/s and held for 180 s to ensure a
uniform thermal distribution prior to tensile loading until
fracture. Following fracture, all specimens tested at ele-
vated temperatures were air-cooled to room temperature.

3 RESULTS AND DISCUSSION

3.1 Room temperature deformation behavior and con-
stitutive modeling

3.1.1 Analysis of room temperature deformation
behavior

The true stress-true strain curves obtained from
room-temperature tensile tests are presented in Figure
2a. These curves indicate that the flow stress level gener-
ally increases with the strain rate over the tested range of
0.001–0.1 s–1. Specifically, at a constant true strain, the
true stress is higher for a higher strain rate. This positive
strain rate sensitivity is further quantified by the peak
stress data plotted in Figure 2b. The peak stress of the

solid-solution-treated 6061 aluminum alloy exhibits a
clear positive correlation with the strain rate. For in-
stance, an increase in the strain rate from 0.001 s–1 to
0.01 s–1 resulted in a rise in the peak stress from
223.26 MPa to 226.83 MPa, corresponding to an in-
crease of 1.60 %. A further increase in the strain rate
from 0.01 s–1 to 0.1 s–1 caused the peak stress to rise to
231.64 MPa, representing a larger incremental change of
3.75 %. This observed mechanical response can be at-
tributed to the influence of strain rate on dislocation dy-
namics. A higher strain rate entails a larger plastic strain
increment per unit time, which activates a greater num-
ber of dislocations and promotes their slip. Conse-
quently, the dislocation density increases at higher strain
rates, leading to more intense interactions between dislo-
cations. These interactions, such as entanglement and
formation of junctions, increase the resistance to disloca-
tion motion, thereby enhancing the material’s flow stress
and its overall resistance to plastic deformation.26,27

3.1.2 Establishment and validation of room temperature
constitutive model

Based on the tensile performance test results in Fig-
ure 2, the true stress-true strain curves of the solid-solu-
tion-treated 6061 aluminum alloy at 25 °C exhibit stable
work-hardening characteristics. The metastable nature of
the material is not significantly activated, and the in-
crease in the peak stress with the strain rate is relatively
small. Thus, its plastic deformation behavior can be ac-
curately described without introducing complex strain
rate correction terms. Accordingly, this study selected
the Swift model for constitutive modeling under room
temperature conditions. Its expression is shown in Equa-
tion (1):10

� � �= +K n( )0 p (1)

Here, K is the strength coefficient, �0 is the initial
yield offset strain, �p is the plastic strain, and n is the
strain hardening exponent.

The fitting process used uniaxial tensile test data at
25 °C and a strain rate of 0.01 s–1. The elastic stage and
the necking unloading stage were removed from the data
to obtain the true stress-true strain curve representing the
tensile plastic deformation stage. Nonlinear parameter
fitting for the Swift model was performed using the least
squares method. The fitting result is shown in Figure 3,
and the resulting Swift model formula is given by Equa-
tion (2):

� �= +323 261 0 022 0 78. ( . ) .
p (2)

The predictive accuracy of the developed constitutive
model was evaluated by comparing model predictions
with experimental data. Two statistical metrics were em-
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Table 1: 6061 aluminum alloy tensile test parameters

Temperature (°C) 25 150 300
Strain rate (s–1) 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1

Figure 2: Room temperature tensile test results: a) true stress-true
strain curves under different strain rates; b) peak stress values under
different strain rates



ployed to quantify the prediction accuracy: the correla-
tion coefficient (R) and the average absolute relative er-
ror (AARE). The formulations for these metrics are
provided in Equations (3) and (4), respectively.
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Here, Ei is the value of the experimental data point, Pi

is the corresponding model predicted value, E is the av-
erage value of all experimental data, P is the average
value of all predicted data, and N is the total number of
data points. The correlation coefficient R measures the
strength of the linear correlation between predicted and
experimental values; the closer its value is to 1, the
stronger the correlation. The AARE quantifies the rela-
tive magnitude of the prediction error. The smaller its
value, the higher the prediction accuracy of the model.

A comparison between the experimental data and
model predictions is presented in Figure 4a, which
shows minor deviations, indicating that the Swift model
accurately predicts the tensile deformation behavior of
the solid-solution-treated 6061 aluminum alloy at room
temperature. This conclusion is further supported by the
linear correlation plot in Figure 4b, where the data
points from all strain rates cluster closely around the
ideal fit line (y = x), demonstrating a strong linear corre-
lation between the predicted and experimental values.
The quantitative prediction accuracy of the model is
summarized in Table 2. The model achieves an overall
correlation coefficient (R) of 0.99846 and an average ab-
solute relative error (AARE) of only 1.41 % across all
tested strain rates, indicating excellent global accuracy.
Analysis of the error variation with strain rate reveals
that the prediction accuracy is highest at a strain rate of
0.01 s–1, with an R value of 0.99788 and an AARE of
0.557 %, representing the smallest error among all test

conditions. This suggests that the model most accurately
captures the strain hardening characteristics of the mate-
rial during uniform plastic deformation at this specific
strain rate. At the lower strain rate of 0.001 s–1, the R
value remains high at 0.99820, while the AARE increases
slightly, to 1.994 %. At the higher strain rate of 0.1 s–1,
the values (R = 0.99726, AARE = 1.529 %) fall between
those observed at the other two strain rates. Despite these
minor variations, the prediction accuracy remains high
across the entire range of strain rates investigated.

These results demonstrate that the Swift model pro-
vides highly accurate predictions for the room-tempera-
ture deformation behavior of solid-solution-treated 6061
aluminum alloy. Although the prediction accuracy exhib-
its a slight dependence on strain rate, it consistently re-
mains within a range that is acceptable for engineering
applications, thereby verifying the reliability of the
model.

Table 2: Prediction accuracy of the Swift model

Model Temperature
(°C)

Strain rate
(s–1) R AARE

(%)

Swift

25 0.001 0.99820 1.994
25 0.01 0.99788 0.557
25 0.1 0.99726 1.529
25 Overall 0.99846 1.410
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Figure 3: Fitting curve of the Swift model

Figure 4: Prediction results and accuracy evaluation of the Swift
model: a) comparison between experimental data and model predicted
data; b) linear fit and accuracy evaluation



3.2 Warm temperature deformation behavior and con-
stitutive modeling

3.2.1 Analysis of warm temperature deformation
behavior

The true stress–true strain curves obtained under
warm conditions are presented in Figure 5a, illustrating
the flow stress behavior of the solid-solution-treated
6061 aluminum alloy. A clear influence of temperature is
evident, as the flow stress levels at 300 °C are signifi-
cantly lower than those at 150 °C. This trend is further
quantified by the peak stress data summarized in Fig-
ure 5b, which demonstrates that the peak stress increases
with increasing strain rate at a constant temperature.
Specifically, at 150 °C, the peak stress increased continu-
ously from 172.37 MPa to 185.35 MPa as the strain rate
was raised from 0.001 s–1 to 0.1 s–1, representing a total
increase of approximately 7.53 %. A more pronounced
strain rate sensitivity was observed at 300 °C, where the
peak stress increased from 99.48 MPa to 115.79 MPa
over the same strain rate range, corresponding to a larger
total increase of 16.39 %. This mechanical response can
be attributed to the competing effects of strain hardening

and thermal activation. An increase in the strain rate
raises the frequency and density of dislocation motion,
thereby accelerating the work hardening rate and leading
to higher flow stresses. Conversely, thermally-activated
softening mechanisms – such as dislocation climb and
cross-slip – require time to operate. At higher strain
rates, the available time for these recovery processes is
reduced, causing them to lag behind the deformation
process. This relative suppression of thermal softening
results in the observed increase in peak stress with strain
rate.28

Conversely, at a fixed strain rate, the peak stress ex-
hibits a strong negative dependence on temperature. This
thermal softening effect is clearly demonstrated by the
data in Figure 5b. For instance, at a constant strain rate
of 0.001 s–1, increasing the temperature from 150 °C to
300 °C resulted in a sharp decline in the peak stress from
172.37 MPa to 99.48 MPa, corresponding to a substan-
tial reduction of 42.29 %. This trend is consistent across
all tested strain rates: at 0.01 s–1, the peak stress de-
creased from 179.51 MPa to 106.94 MPa (a 40.43 % re-
duction), and at 0.1 s–1, it decreased from 185.35 MPa to
115.79 MPa (a 37.53 % reduction). This pronounced
thermal softening behavior is fundamentally governed by
thermally activated processes. An increase in tempera-
ture reduces the activation energy required for atomic
diffusion and dislocation motion. This enhancement of
atomic mobility significantly accelerates key softening
mechanisms, most notably dynamic recovery and dy-
namic recrystallization. These thermally activated pro-
cesses operate more efficiently at elevated temperatures,
thereby more effectively counteracting the competing
work hardening.29,31 Consequently, the flow stress re-
quired to sustain plastic deformation is markedly re-
duced, leading to the observed sharp decrease in peak
stress with increasing temperature.

3.2.2 Establishment and validation of warm temperature
constitutive model

To describe the deformation behavior of the solid-so-
lution-treated 6061 aluminum alloy under warm condi-
tions, a modified Johnson-Cook (J-C) constitutive model
was developed. Unlike the standard J-C model, the pres-
ent modification incorporates a quadratic polynomial
function to represent the strain hardening response. Fur-
thermore, it introduces coupling factors within the strain
rate and temperature softening terms to account for the
synergistic interactions among strain hardening, strain
rate sensitivity, and thermal softening.32 The expression
for the modified constitutive model is given by Equation
(5):

[ ]
� � � ��

��= + + + + −
( )( ln � )

( ln � )( )
A A A B e

C C T T

2
2

1 0 11 1 0 0 (5)

Here, A2, A1, A0, B1, C1 and C0 are material constants
to be determined, � is the flow stress, � is the equivalent
plastic strain, T is the current temperature, T0 is the refer-
ence temperature, and � � �� � � ��


= is the dimensionless
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Figure 5: Warm temperature tensile test results: a) true stress-true
strain curves at different temperatures and strain rates; b) peak stress
values at different temperatures and strain rates



strain rate, where �� is the current strain rate and ��
 is the
reference strain rate. Physically, this coupling term indi-
cates that thermal softening takes time. Microstructural
changes like dynamic precipitation and recovery are not
instantaneous. At high strain rates, deformation happens
too quickly for these processes to fully occur, effectively
suppressing the softening effect. This term captures the
rate-dependent behavior.

Prior to fitting, the reference strain rate ��
 and refer-
ence temperature T0 needed to be set. Based on the cov-
erage of the test conditions and the data points, the refer-
ence strain rate ��
 was selected as 0.001 s–1, thus ��� = 1,
10, 100. The reference temperature T0 was selected as
150 °C, making T – T0 equal to 0 at this temperature. To
determine the strain hardening parameters A0, A1 and A2

data from the uniform plastic deformation stage were
used, where the material undergoes homogeneous defor-
mation prior to necking. In this stage, the material has
not yet undergone significant necking or inhomogeneous
deformation, better reflecting the material’s inherent
hardening characteristics. The hardening term is ex-
pressed by Equation (6):

H A A A(���� � �� ��
2 1 0+ (6)

Under this reference condition, the true stress-true
strain experimental data were fitted using Equation (6).
The fitting result is shown in Figure 6. It can be ob-
served that the overall fitting error is small. The obtained
values are A2 = –5242.832 MPa, A1 = 899.115 MPa, and
A0 = 138.670 MPa.

Following the determination of the strain hardening
parameters A0, A1 and A2 the subsequent step involved
calibrating the parameters for the strain rate sensitivity
term and the thermal softening term. This calibration
was performed using the tensile test data obtained at the
reference temperature across three strain rates (0.001,
0.01, and 0.1) s–1. With the reference temperature fixed at
150 °C, the strain hardening term H(e) in the strain rate
sensitivity model was thus determined by fitting the
model in the form of Equation (7):

�� ���� � ��H B( ln �+ 1 (7)

To determine the strain rate parameter, Equation (7)
was linearized to obtain Equation (8):

� � ���� ��H B( ln �= 1 (8)

By plotting the scatter diagram of � � ����H( versus
ln ��� and performing linear regression fitting, the slope
obtained is the value of B1. The fitting result is shown in
Figure 7. The value of the strain rate parameter B1 was
found to be 0.00872. Therefore, the strain rate modifica-
tion can be expressed as Equation (9):

S B�� ��� � ���
�

��� �� � �� ln � ln �+ 1 (9)

After determining the parameters for the strain rate
modification term and the strain hardening term, the
model formula (5) can be further rearranged into Equa-
tion (10):

[ ]
� � �� �� ��� ��

H S e
C C T T

( �
( ln � )( )0 1 0+ −

(10)

Taking the natural logarithm of both sides of the
equation yields Equation (11):

{ }ln ( � ( ln � )( )� � �� �� � � �� �H S C C T T1 0 0+ − (11)

Letting C C C* ln �= +1 0 �� , it can be seen that
{ }ln ( �� � �� �� ��H S exhibits a linear relationship with T –

T0, and its slope depends on the strain rate ��� . Using the
tensile test data at different temperatures, the corre-
sponding values of { }ln ( �� � �� �� ��H S were calculated.

As shown in Figure 8, to determine the coupling param-
eters under warm conditions, scatter plots of
{ }ln ( �� � �� �� ��H S versus T – T0 were plotted for each

strain rate ��� , and linear fitting was performed. The slope
of the fitted line is the value of °C at that strain rate.
When the value of ��� is 1, C* = –0.0050, and the fitting
result is shown in Figure 8a. When ��� is 10, C* =
–0.00313, and the fitting result is shown in Figure 8b.
When ��� is 100, C* = –0.00294, and the fitting result is
shown in Figure 8c. The obtained three (ln ��� , C*) data
points were subjected to linear fitting. The fitted linear
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Figure 6: Fitting curve of the strain hardening term H(�)

Figure 7: Linear fitting for parameter B1



equation is C C C* ln �= +1 0 �� . By solving this linear re-
gression equation, the values of the coupling coefficients
C0 and C1 could be obtained. The fitting result is shown
in Figure 8d. The values were determined as C1 =
–0.00472 and C0 = 0.00044732. The final constitutive
equation applicable to the warm tensile deformation of
solid-solution-treated 6061 aluminum alloy is shown in
Equation (12):

� � �

�

= − ⋅ + ⋅ + ⋅

⋅ +

( . . . )

( . ln �

5242832 899115 138670

1 0 00872

2

[ ]� ��

)
( . . ln � )( )⋅ − + −

e
T0 00472 0 00044732 150

(12)

The predictive capability of the modified John-
son-Cook model is demonstrated in Figures 9a–c, which
compare the predicted and experimental true stress-true
strain curves at 150 and 300 °C across various strain
rates. A high degree of visual agreement is observed be-
tween the model predictions and the experimental data.
Notably, the model accurately captures the material’s re-
sponse during the uniform plastic deformation stage,
with minimal deviation from the experimental values.
This close agreement confirms the model’s effectiveness
in representing the coupled effects of strain hardening,
strain rate sensitivity, and thermal softening within this
temperature regime. This quantitative agreement is fur-
ther substantiated by the correlation plot in Figure 9d,
where the data points are closely distributed along the
ideal prediction line (y = x), indicating a strong linear

correlation between the predicted and experimental val-
ues. The overall prediction accuracy, quantified by the
statistical metrics from Table 3, is excellent, with an
overall correlation coefficient (R) of 0.99739 and an av-
erage absolute relative error (AARE) of 5.29 %.

A detailed analysis of the prediction accuracy reveals
consistent performance across different test conditions.
At 150 °C, all R values exceed 0.989, and the AARE re-
mains within a narrow range of 1.853–2.340 %. The
highest accuracy at this temperature was achieved at
0.1 s–1, with an R value of 0.99748 and an AARE of
1.963 %. At 300 °C, the model maintains good predic-
tive capability. The accuracy is highest at the lowest
strain rate (0.001 s–1), with an R of 0.97652 and an ex-
ceptionally low AARE of 1.702 %. At higher strain rates
of 0.01 s–1 and 0.1 s–1, the R values are 0.95225 and
0.96239, with AARE values of 3.014 % and 3.402 %, re-
spectively. It is noted that the prediction error increases
slightly at 300 °C. This occurs because significant ther-
mal softening interferes with the strain hardening pro-
cess at higher temperatures. This complex interplay
makes the stress-strain curve shape harder to characterize
mathematically. Despite this, the model maintains good
overall reliability.

In summary, the modified Johnson-Cook model –
through its incorporation of a quadratic strain-hardening
function and coupled temperature-strain rate terms –
demonstrates robust and stable predictive performance
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Figure 8: Determination of coupling term parameters: a) ��� = 1; b) ��� = 10; c) ��� = 100; d) linear fitting of c versus ln ���



across the warm forming temperature range of
150–300 °C. The model provides reliable theoretical
support for the design and optimization of warm forming
processes for solid-solution-treated 6061 aluminum al-
loy.

Table 3: Prediction accuracy of modified J-C model

Model Tempera-
ture (°C)

Strain rate
(s–1) R AARE

(%)

Modified
J-C

150 0.001 0.99110 1.853
150 0.01 0.98953 2.340
150 0.1 0.99748 1.963
300 0.001 0.97652 1.702
300 0.01 0.95225 3.014
300 0.1 0.96239 3.402

Overall Overall 0.99739 5.290

4 CONCLUSIONS

(1) The tensile deformation behavior of solid-solu-
tion-treated 6061 aluminum alloy exhibits significant de-
pendence on both temperature and strain rate. A strong
thermal softening effect is observed, where the peak
stress decreases markedly with increasing temperature at
constant strain rate. Conversely, the material demon-
strates positive strain rate sensitivity, with peak stress in-
creasing with strain rate at constant temperature. Com-

parative analysis reveals that temperature exerts a more
pronounced influence on peak stress than strain rate.

(2) For room-temperature (25 °C) deformation, the
Swift model provides accurate predictions of the tensile
deformation behavior. The model achieves an excellent
overall correlation coefficient (R) of 0.99846 and a low
average absolute relative error (AARE) of 1.41 %, dem-
onstrating its high predictive accuracy for uniform plas-
tic deformation under these conditions.

(3) For elevated temperature conditions (150–300 °C),
a modified Johnson-Cook constitutive model was devel-
oped. This enhanced formulation incorporates a qua-
dratic polynomial strain-hardening term and introduces
coupling factors to account for the synergistic interac-
tions between temperature and strain rate effects. The
model effectively integrates the coupled effects of strain
hardening, strain rate sensitivity, and thermal softening,
exhibiting robust predictive capability across the warm
forming temperature range. This is evidenced by its high
overall correlation coefficient (R = 0.99739) and accept-
able predictive error (AARE = 5.29 %).
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