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Abstract: The initiation of ductile fracture in medium-strength AW5754 and high-strength AW6082 

aluminum alloys at different quasi-static strain rates and under multiaxial stress states is investigated 

through a series of tensile tests using various specimen geometries. The sensitivity of the stress 

triaxiality locus to variations in loading rate is examined for these two aluminum alloy families. 

Numerical simulations based on the finite element method (FEM) are performed using 

ABAQUS/Standard to determine the actual stress triaxialities and equivalent plastic strains at 

fracture. The numerical approach is validated by comparing the simulation results with experimental 

findings. These simulations facilitate the generation of a stress triaxiality locus through a curve-fitting 

process. An exponential fitting function is employed to accurately relate the equivalent plastic strain 

at fracture to the corresponding stress state across different strain rates. The results reveal different 

strain-rate dependencies for the two alloys within a very low strain rate range. The resulting stress 

triaxiality loci provide a valuable tool for predicting fracture strains and for more accurately 

evaluating stress states. Overall, the findings of this study significantly advance the understanding 

of the fracture initiation behavior of aluminum alloys under multiaxial loading conditions and their 

sensitivity to various quasi-static loading rates. 

Keywords: Triaxiality locus; strain rate sensitivity; AW5754; AW6082; Multiaxial loading; Tensile 

tests; Fracture behavior; Finite element model 

 

1. Introduction 

Medium- and high-strength aluminum alloys are widely used in various engineering 

applications, depending on specific requirements and desired material behaviors [1,2]. These 

materials are often subjected to complex multiaxial loading conditions, which can potentially lead to 

ductile fracture [3]. Accurately detecting initiation of the fracture within complex structures and 

estimating the corresponding failure loads are crucial for designers and engineers [4]. The 

mathematical models developed for these purposes should be simulated using accurate material 

properties. The determination of relevant material properties and the observation of ductile fracture 

behavior are typically conducted using standard tensile tests, which are the most commonly 

employed classical engineering experiments. 

While determining uniaxial fracture strain through standard tensile tests using simple 

specimens is relatively straightforward, predicting multiaxial fracture behavior based on these tests 

presents considerable challenges. This complexity arises due to the intricate interactions between 

multiple stress components, material heterogeneity, and the varying deformation mechanisms under 

multiaxial loading conditions [5]. Additionally, the sensitivity and high cost of the experiments, the 

selection of appropriate specimen geome-tries, and especially the post-processing of results further 

increase the complexity of such problems [6]. However, solving this issue is of critical importance for 

accurately deter-mining the fracture behavior of structures operating under multiaxial loading 

conditions, particularly when considering the effect of strain rates. 
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The influence of strain rate on the fracture behavior of engineering structures is also a critical 

topic that researchers must consider [7]. Numerous studies have investigated the significant effects 

of varying strain rates on fracture behavior, particularly when comparing very high and very low 

strain rates (e.g., [8-13]). Notably, even slight variations at very low loading rates can lead to 

pronounced differences in certain materials. In this context, the need to understand how the 

multiaxial fracture behavior of medium- and high-strength aluminum alloys changes with slight 

variations in loading rate, particularly at very low strain rates, constitutes the primary motivation for 

this study. 

The fracture strain obtained from standard tensile test specimens at a given loading rate may 

not accurately reflect the behavior under multiaxial loading conditions [14]. Therefore, establishing a 

stress triaxiality locus [15] is crucial to provide comprehensive insights into the fracture strain as a 

function of the material’s multiaxial stress state. To construct this locus, fracture points corresponding 

to different specimen geometries and loading conditions are identified, and fitting curves are derived 

through these points. De-pending on the specific case, the fracture points are typically determined 

from uniaxial or biaxial tensile or compressive test measurements [16,17]. 

To obtain a comprehensive triaxiality locus, experiments covering a range of stress states [15] at 

a constant strain rate are required. However, conducting tests for all data points within the locus can 

be an expensive process. Therefore, existing literature suggests performing a minimum of four tests—

such as uniaxial tension, pure shear, combined shear-tension, and notched specimens—and fitting 

the results to derive the locus curve [18]. Similar analyses for different materials, including steels and 

aluminum alloys, are discussed in [15,16, 19-25]. Additionally, Hong et al. [26] investigate the 

deformation and fracture behavior of 6061 aluminum alloy under varying stress triaxialities and 

examine the fracture mechanisms of tensile specimens. The influence of various stress states on the 

forming process and strength of Clinch Rivet joints made from AW5754 and AW6082 is studied in 

[27]. Ductile damage prediction for aluminum during cold forming is evaluated and compared with 

different damage models in [28]. Arslan and Haskul analyzed the stress triaxiality of the AW5754 

aluminum alloy through quasi-static tensile tests without considering variations in the strain rate 

[25]. The stress-strain behaviors of 6xxx and 7xxx series aluminum alloys are examined over a broad 

strain rate range in [29], where no significant rate sensitivity is observed in 6xxx alloys, while 

moderate rate sensitivity is found in 7xxx alloys. The mechanical properties of 6082 and 7108 

aluminum alloys at high strain rates are analyzed in [8], showing precipitation hardening and low 

strain rate sensitivity. Further studies on stress state effects on plastic behavior and ductile fracture 

of aluminum 5083 alloy are presented in [30], while the mechanical behavior of two variants of 5754 

is examined using modified shear tests in [31]. The dynamic and fracture behavior of 6005 aluminum 

alloy under various stress rates and states is investigated in [19]. Finally, the sensitivity of Al6082-T6 

aluminum alloy to factors like strain rate, heat treatment, and notch profiles is explored in [32], with 

findings showing increased yield stress and tensile strength at higher strain rates. While triaxiality 

analyses have been conducted for these two material families across various strain rates, their 

sensitivity to strain rate variations at quasi-steady-state strain rates still requires further investigation. 

This study investigates the stress triaxiality of medium-strength AW5754 and high-strength 

AW6082 aluminum alloys to assess fracture strain under multi-axial loading conditions. The primary 

focus is on generating the triaxiality locus and examining the effect of strain rate on the onset of 

fracture. Specifically, this study targets low strain rates, particularly within the quasi-static loading 

range, and focuses exclusively on the tensile region of the triaxiality locus. The study aims to explore 

the sensitivity of the stress triaxiality locus to variations in loading rate for these two types of 

aluminum alloys. 

To achieve the objectives of this study, uniaxial tensile tests at two distinct strain rates are 

performed using five different types of test specimens with varying geometries. The experimental 

data obtained are used to identify the initial fracture locations, establish correlations with the 

corresponding loads, and validate the finite element (FE) simulation results. Based on these test 

results, FE models are developed to determine data points for fracture strain and the stress triaxiality 

factor [33]. Subsequently, these data points are used in a curve-fitting process to generate stress 

triaxiality loci for the materials. An exponential curve-fitting function is applied to establish the 
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relationship between equivalent plastic strain at fracture and the stress state for both AW5754 and 

AW6082 alloys. 

2. Stress Triaxiality Locus  

The triaxiality locus provides detailed insights into how the initation of material's fracture 

changes under different stress conditions. This locus, which graphically corre-lates the equivalent 

plastic strain to fracture with the stress triaxiality factor, is a valuable tool for understanding material 

fracture behavior across a wide range of stress states [34]. The stress triaxiality factor (η) is defined as 

[18]: 

𝜂 =
𝜎𝑚

𝜎𝑒𝑞
. (1) 

𝜎𝑚 and 𝜎𝑒𝑞 denote the mean and Von Mises equivalent stresses, respectively, and are given by: 

𝜎𝑚 =
𝜎1 + 𝜎2 + 𝜎3

3
, (2) 

𝜎𝑒𝑞 = √
(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2

2
 (3) 

where 𝜎1− 𝜎3 are the principal stresses. On the other hand, the equivalent plastic strain to fracture 

for the corresponding stress triaxiality factor can be determined through experimental results and the 

use of the developed FE modeling. 

A sample of the stress fracture locus is given in Figure 1. The figure illustrates different regions 

on the locus, each corresponding to a unique stress state. Within these regions, fracture points for 

various specimen geometries and loading conditions are identified, and curves are fitted through 

these points. The fracture points are determined based on uniaxial, biaxial tensile or compressive test 

measurements specific to each case. 

 

Figure 1. A sample of the stress triaxiality locus for a ductile material [25]. 

3. Experiment and Simulations Methods 

3.1. Experiment 

Experiments using various specimen geometries were conducted to collect essential data for 

analysis and to support the development of the Finite Element (FE) model. The chemical 

compositions of the AW5754 and AW6082 aluminum alloys investigated in this study are presented 

in Table 1. Their elastic and hardening behaviors, particularly on fracture strain values, were 
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evaluated through tensile tests performed at different strain rates. Two or three repeated tests were 

carried out under identical loading conditions to ensure the reliability of the results. The specimens 

with rectangular cross-sections were prepared with similar dimensions, featuring a total length of 

122 mm, a width of 34 mm, and thicknesses of 3 mm (for AW5754) and 1.5 mm (for AW6082). Figure 

2 presents a representative sample of the test specimens prepared for the experiments. These 

specimens were specifically designed to capture the tensile region of the stress triaxiality locus. 

Specimen I was used for uniaxial tension testing, Specimen II for identifying pure shear behavior, 

and Specimen III for representing combined tension-shear loading. Specimen IV, a V-notch specimen, 

was used to determine the fracture strain value in the high triaxiality region (see Figure 1), while 

Specimen V was designed as a central-hole specimen. The geometries and dimensions of all 

specimens are illustrated in Figure 3. 

Table 1. The chemical composition of AW5754 and AW6082 Al alloy. 

Chemical  

element 
Fe Si Mn Cr Ti Cu Mg Zn Al 

AW5754 Wt. % 0.35 0.22 0.3421 0.0772 0.0133 0.0129 3.0539 0.001 Balanced 

AW6082 Wt. % 0.4 1.0 0.44 0.02 0.03 0.09 0.8 0.08 Balanced 

 

     

Specimen I      

 (uniaxial tension) 

Specimen II 

(pure shear, 0°) 

Specimen III   

(shear-tension 45°) 

Specimen IV       

(V notch) 

Specimen V     

(central hole) 

Figure 2. Aluminum test specimen types prepared for the experiments. 
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Specimen I         

(uniaxial tension) 

Specimen II       

 (pure shear, 0°) 

Specimen III       

 (shear-tension 45°) 

Specimen IV        

(V notch) 

Specimen V        

(central hole) 

Figure 3. Geometry and dimensions of the specimen types used in the experiments. 

The tests were performed on two or three specimens for each specimen type, and the 

measurements were recorded. These tensile tests were conducted at two very low loading speeds. 

The gauge length was adjusted to ensure identical strain rates for all specimens, resulting in applied 

strain rates of 2×10⁻⁴ s⁻¹ and 4×10⁻⁴ s⁻¹ for each specimen. These load-ing speeds are considered 

representative of quasi-static loading conditions [35]. A Shi-madzu testing machine (see Figure 4) 

was used to apply an axial tensile load, and defor-mations at critical points on each specimen were 

measured using extensometers. During the tests, loading was applied until the complete fracture of 

each specimen, as the analysis specifically focuses on the fracture strain and the corresponding stress 

state. The fractured AW5754 specimens (tested at a strain rate of 2×10⁻⁴ s⁻¹) and AW6082 specimens 

(tested at a strain rate of 4×10⁻⁴ s⁻¹) are shown in Figures 5 and 6, respectively, as a sample. 

 

Figure 4. Tensile testing machine. 
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Specimen I      

(uniaxial tension) 

Specimen II     

(pure shear, 0°) 

  Specimen III 

(shear-tension 45°) 

Specimen IV       

(V notch) 

Specimen V      

(central hole) 

Figure 5. AW5754 specimens after testing at a strain rate of 2×10⁻⁴ s⁻¹. 

     

Specimen I      

(uniaxial tension) 

Specimen II      

(pure shear, 0°) 

   Specimen III  

(shear-tension 45°) 

Specimen IV       

(V notch) 

Specimen V       

(central hole) 

Figure 6. AW6082 specimens after testing at a strain rate of 4×10⁻⁴ s⁻¹. 
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True stress and logarithmic strain values are calculated only for Specimen Type I, corresponding 

to the standard tensile test specimen, and are shown in Figures 7. Figure 7a presents the results for 

AW5754 at two different loading rates, with two repeated tests conducted for each rate. Figure 7b 

shows the results for AW6082 with three repeated tests for each of the two loading rates. For ease of 

comparison, the same axis scale is used in both figures. These plots also enable the determination of 

the modulus of elasticity and yield stress for each case. Additionally, the fracture point can be 

identified at the end of the loading phase in these figures. The test results further contribute to 

defining the stress–plastic strain relationship by capturing the hardening behavior of the alloys. The 

material data derived from the plastic regions of these tests are used in all FE simulations, including 

those for other specimen types. It is important to note that, while a true stress–strain curve can be 

obtained for Specimen I, calculating stresses and strains for the deformed geometries of other 

specimen types without FE modeling is challenging. Therefore, force–displacement curves 

(measured between extensometers) are plotted for Specimens II–V in Figures 10–12. These data are 

employed to validate the FE models and to identify fracture points in the respective specimens. To 

avoid repetition, these data are presented in Section 3.2 as part of the comparison with the FE 

simulation results. 

 

 

Figure 7. True stress-strain curves for Specimen I of (a) AW5754 and (b) AW6082 at different loading speeds . 

3.2. Finite Element Models 
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It is essential to determine the equivalent plastic strain at fracture and the evolution of the stress 

triaxiality factor in order to define the triaxiality locus of the material. Alt-hough initial values for 

these parameters can be theoretically estimated for simple speci-men types using certain assumptions 

[19], a more accurate and realistic representation re-quires finite element (FE) analysis due to the 

highly nonlinear deformation behavior of the material under multiaxial loading, particularly beyond 

the onset of necking. FE models for each specimen type and loading scenario were developed in 

ABAQUS [36]. The accuracy of these models was first validated by comparison with corresponding 

test results. Once validated, the models were used to compute the equivalent plastic strain at fracture 

and the associated stress triaxiality factor at the regions where fracture initiates. 

Figures 8a–e presents the FE models for Specimen Types I–V, respectively. The refer-ence points 

shown in the figures represent the control nodes of the models, through which a monotonically 

increasing axial displacement is applied along the x-direction. These points are kinematically coupled 

to the loading surfaces, which simulate the contact in-terface between the specimen and the grips of 

the tensile testing machine used in the ex-periments. This coupling ensures a uniform distribution of 

the applied displacement across the surface. Additionally, identifying the fracture measurement 

point—which in-dicates the location where fracture initiates—is critical for each specimen type. The 

triaxi-ality factor and equivalent plastic strain at fracture are calculated at these measurement regions 

in the FE analysis. 

For all specimens, the FE models were constructed using a three-dimensional, 8-node linear 

brick element with reduced integration and hourglass control (C3D8R) in ABAQUS. This element 

type provides a good balance between computational efficiency and numer-ical accuracy, 

particularly for problems involving large deformations. The reduced inte-gration scheme minimizes 

computational cost, while the hourglass control helps prevent numerical instabilities typically 

associated with under-integrated elements [37]. 

For Specimen types I, IV, and V (Figures 8a, 8d, and 8e, respectively), symmetric models were 

used to improve computational efficiency, as these specimens exhibit one or two planes of symmetry, 

which are indicated in the figures. For the remaining specimens (II and III), the surfaces on which 

displacement constraints were applied are also high-lighted. 

The elastic modulus, yield stress, and nonlinear hardening behavior of the materials were 

defined for all specimen types based on the data shown in Figures 7a and 7b, which were originally 

obtained from tests on Specimen Type I. It should be noted that the devel-oped FE models do not 

incorporate a damage model and, as such, are unable to predict the onset of fracture. Consequently, 

fracture initiation points are determined through ex-periment data and are used as termination 

criteria for the simulations. 

(a) 
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(b) 

   

(c) 

      

(d) 

         

(e) 

 

Figure 8. FE Models for Specimens (a) I, (b) II, (c) III, (d) IV, and (e) V. 

Various output parameters were extracted during the simulations, as will be discussed in the 

following section. As an illustrative example, Figures 9a–e shows the distributions of equivalent 

plastic strain at the time of fracture, determined based on the corresponding experimental results. 
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(a)

 

(b)

 

(c)

 

(d)

 

(e)

 

Figure 9. Equivalent plastic strain distribution in FE models at the estimated damage (for AW6082 at 2×10⁻⁴ s⁻¹). 

3.3. FE Simulation Validation and Fracture Initiation 

Finite element (FE) simulations were performed, and the resulting force–displacement curves 

were compared with the experimental data, as shown in Figures 10–12. These figures correspond to 

the material AW5754 tested at 2×10⁻⁴ s⁻¹, AW6082 tested at 2×10⁻⁴ s⁻¹ and 4×10⁻⁴ s⁻¹, respectively. A 

similar comparison for AW5754 at 4×10⁻⁴ s⁻¹ has already been presented in [25]; therefore, it is not 

repeated here. In each figure, dashed lines represent the experimental data, while solid lines 

correspond to the FE simulation results. It should also be noted that for AW6082 tested at 4×10⁻⁴ s⁻¹, 

the test results for Specimen III were excluded from the analysis due to significant experimental 

errors. 
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The experimental force–displacement data reflect the force applied and the axial de-formation 

measured by the extensometer. In the FE models, displacements were extracted from the same 

locations as those used in the experiments to ensure a direct and meaning-ful comparison. These 

simulation results are plotted alongside the experimental data in the figures. 

Overall, the FE simulations show good agreement with the experimental results, confirming the 

validity of the models. It is important to emphasize that the current FE models do not incorporate 

any damage formulation; therefore, they are incapable of predicting the onset of fracture. Instead, 

fracture initiation points were identified experimentally, and these locations were used as 

termination criteria in the simulations. Following this validation, the FE models were utilized to 

establish the relationship between the equivalent plastic strain at fracture and the corresponding 

stress triaxiality factor. 

(a)

 

(b)

 
(c)

 

(d)

 

 

(e)

 

Figure 10. Comparison of test data and FE Simulations at defined fracture points for (a) Specimen I, (b) Specimen 

II, (c) Specimen III, (d) Specimen IV, and (e) Specimen V for AW5754 at 2×10⁻⁴ s⁻¹. 
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(a)

 

(b)

 
(c)

 

(d)

 

 

(e)

 

Figure 11. Comparison of test data and FE Simulations at defined fracture points for (a) Specimen I, (b) Specimen 

II, (c) Specimen III, (d) Specimen IV, and (e) Specimen V for AW6082 at 2×10⁻⁴ s⁻¹. 
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Figure 12. Comparison of test data and FE Simulations at defined fracture points for (a) Specimen I, (b) Specimen 

II, (c) Specimen IV, and (d) Specimen V for AW6082 at 4×10⁻⁴ s⁻¹. 

4. Determination of Triaxiality Loci 

The evolutions of equivalent plastic strains and stress triaxiality factors for each specimen type 

are determined in the FE models up to the fracture points, which are determined by comparing the 

simulation results with the experimental data presented in Figures 10-12. Based on this, the calculated 

simulation results, including the equivalent plastic strains and stress triaxiality factors, are presented 

in Figure 13(a-c) for AW5754 (at 2×10⁻⁴ s⁻¹), AW6082 (at 2×10⁻⁴ s⁻¹ and 4×10⁻⁴ s⁻¹), respectively. In 

Addition, this relationship for AW5754 at 4×10⁻⁴ s⁻¹ was provided in [25]. 

To develop a continuous curve representing the triaxiality locus, the fracture points for each 

specimen, shown in Figures 13a-c, are subjected to a curve-fitting procedure. Numerous 

mathematical functions for curve fitting to obtain the triaxiality locus have been proposed in the 

literature [18]. However, it is essential to emphasize that the selection of these functions is influenced 

by the material properties and its characteristic response under various loading conditions. In this 

study, an exponential curve-fitting function is adopted, as it effectively captures the relationship 

between the equivalent plastic strain at fracture and the stress state for the AW5754 and AW6082 

alloys. The fracture points depicted in Figures 13a-c are used together with the following exponential 

function for the fitting procedure [18,24,38] to determine the equivalent plastic strain at fracture 𝜀𝑝
𝑓

 as 

a function of stress triaxiality factor η: 

𝜀𝑝
𝑓

= 𝐷1 + 𝐷2 𝑒𝐷3 𝜂  (4) 

where 𝐷𝑖  are constants to be determined. The values of these constants are computed by 

minimizing the total error between the fitted curve and the fracture data points. The resulting curve, 

representing the triaxiality locus, is illustrated in Figures 13a-c as a red solid line. 
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Figure 13. Change of equivalent plastic strain with stress triaxiality factor and curve fitting for the triaxiality 

locus for (a) AW5754 at 2×10⁻⁴ s⁻¹ (b) AW6082 at 2×10⁻⁴ s⁻¹ and (c) AW6082 at 4×10⁻⁴ s⁻¹. 
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Finally, the stress triaxiality loci obtained for different strain rates of AW5754 (dashed lines) and 

AW6082 (solid lines) are compared in Figure 14. This figure clearly illustrates the relationship 

between strain rate and fracture behavior of the two materials under mul-tiaxial loading conditions. 

Comparing the stress triaxiality loci of both aluminum alloys indicates that AW5754 generally 

exhibits higher equivalent plastic strain values at frac-ture compared to AW6082 across most of the 

stress triaxiality range. For both materials, an increase in strain rate leads to a higher equivalent 

plastic strain required for fracture initiation. However, this increase is more pronounced for AW5754, 

indicating a higher strain rate sensitivity compared to AW6082. It should be emphasized that all tests 

and simulations were conducted within the quasi-static strain rate regime. 

 

Figure 14. Comparison of stress triaxiality locus for AW5754 and AW6082 at different strain rates. 

5. Conclusions 

This study aims to develop stress triaxiality loci to investigate fracture initiation behavior under 

multiaxial loading for medium-strength (AW5754) and high-strength (AW6082) aluminum alloys, 

using experimental data and finite element (FE) simulations. The resulting loci are used to examine 

the strain rate sensitivity of fracture behavior in these two types of aluminum alloys under very low 

loading rate conditions. To achieve this, uniaxial tensile tests were conducted on five distinct 

specimen geometries at two quasi-static loading rates. The experimental results were used to 

determine the critical load at fracture initiation, extract the necessary material parameters, and 

validate the corresponding FE simulations. Following validation, the equivalent plastic strain and 

stress triaxiality factor at fracture were extracted from the simulations. An exponential fitting function 

was applied to construct continuous triaxiality curves, which were subsequently compared across 

different strain rates to assess the influence of loading rate on fracture behavior. 

The exponential fitting function provides a good representation of the relationship between 

equivalent plastic strain at fracture and stress triaxiality factor for both materials. In the region of low 

stress triaxiality factor (𝜂 < 0.33), which corresponds to shear-dominated loading conditions, both 

alloys show relatively high equivalent plastic strain values at fracture. As the triaxiality factor 

increases toward tension-dominated conditions (𝜂 > 0.33 ), the equivalent plastic strain decreases 

exponentially, which aligns with established theories of ductile fracture. 

The comparison of the stress triaxiality loci for both aluminum alloys reveals that AW5754 

generally exhibits higher equivalent plastic strain at fracture than AW6082 across most of the stress 

triaxiality range. Even under quasi-steady-state loading conditions, slight variations in strain rate can 

influence the fracture behavior of these materials to varying degrees. Both medium- and high-

strength aluminum alloys can demonstrate increased resistance to fracture with rising loading rates. 
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However, under loading conditions near the quasi-static regime, high-strength aluminum alloys 

exhibit very low strain rate sensitivity in the variation of equivalent plastic strain at fracture under 

multiaxial stress states. In contrast, medium-strength alloys show a more pronounced strain rate 

sensitivity in their fracture initiation behavior. 

The stress triaxiality loci developed in this study serve as valuable tools for predicting fracture 

in structures made of AW5754 and AW6082 aluminum alloys subjected to complex loading 

conditions. These findings enhance the understanding of fracture behavior in aluminum alloys under 

multiaxial loading at quasi-steady-state strain rates and provide essential data for the development 

and calibration of damage models for these materials. 
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