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Abstract - The main purpose of this study is to analyse and predict the strain hardening behaviour of a 2024-T3 aluminum 

alloy from experimental simple test, in several directions relative to the rolling direction. First, an experimental device of 

simple tensile tests and the studied material are described. Second, the experimental results in terms of hardening curves are 

presented on three loading directions and three strain levels using several hardening laws. The stress-strain relationship was 

well described by the Ludwick equation at low strain level while, the Voce law was valid for middle and high strain one. In 

order to further refine the modelling part of this work, the Kocks curve is well identified at the macroscopic scale by 

smoothing the experimental hardening curves at different strains and directions. A good analyse of the strain hardening 

ability affected by anisotropic behaviour is obtained using calculated and identified limit strains in which the instability 

points were deduced on σ–ε and θ–ε curves intersection. 
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I. INTRODUCTION 

 

Aluminum alloys are extensively used in aerospace 

industries and technological applications, they 

promote higherspecific strength due to the 

strengthening obtained through precipitation 

hardening. Highest strength among all the heat-

treatable alloys is exhibited by 7XXX (Al-Zn-Mg-

Cu) series, and the same is preferred when strength is 

the overriding criterion [1]. In the 2XXX (Al-Cu and 

Al-Cu-Mg) series of aluminum alloys, and when 

damage tolerance is a primary requirement, the alloy 

2024 and its advanced versions are the overwhelming 

choice for the fuselage, wing, and supporting 

structure of commercial airliners and military cargo 

and transport [2]. Accordingly, many works have 

analyzed their heat-treatable, showing that the 

significant mechanical properties of its high strength 

and ductility did not greatly decrease during the 

strengthening heat treatment [3]-[4].  

 

Furthermore, the addition of Mg into the Al-Cu 

system contributed to a faster and significantly 

different precipitation and recrystallization kinetics in 

the 2024 aluminum alloy, compared to the 

conventional Al-Cu alloys [5]. 

 

On the other hand, tensile flow and work-hardening 

behavior are of great interest both to experimentalist 

and theorist, as they promise in view of 

understanding and improving the appropriate 

conditions for material processing and for ensuring 

safe performance during service. Among the several 

flow relationships [6]-[10] proposed to describe 

tensile stress-strain and work-hardening behavior of 

metals and alloys, the Voce relation [10]-[11] has 

attracted more attention in view of the sound 

interpretation provided by Kocks-Mecking [12]-[14]. 

The strain-hardening law interrelating true stress σ 

and true plastic strain ε proposed by Voce [10]-[11] is 

expressed as: 

 

σ=σs – (σs– σI) exp [–(ε–εI)/εc] (1) 

Whereσs is the saturation stress (mentioned also in 

literature by σV),σI and εI are the true stress and true 

plastic strain at the onset of plastic deformation, 

respectively; and εc is a constant. Equation (1) 

reduces to  

 

σ=σs – (σs – σI) exp [nV ε] (2) 

For initial plastic strain εI=0, with three constants 

σs,σI and nV = –1/ εc. According to Voce [10] the 

saturation stress σs is the asymptotic stress value 

attained after large deformation. Therefore, σs is 

expected to be close to the value of ultimate tensile 

strength. The nV parameter defines the rate at which 

the stress from its initial value tends to reach steady 

state value or saturation value [10]. The applicability 

of the Voce relationship for describing stress-strain 

behavior has been demonstrated for ferritic, pearlitic-

ferritic, and austenitic stainless steels useful for 

engineering applications [15]-[16]. Further, the 
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important gain from the applicability of the Voce 

equation is derived from the prediction of Voce 

parameters such as initial and saturation stresses and 

their good correlation with respective strength values 

obtained from a tensile test. 

 

Up to date, a considerable amount of literature has 

been published on work-hardening evolutions of 

polycrystals [17]-[22], it is common to distinguish 

between stages II, III, and IV. Stage II has, under 

idealconditions, a high and constant work-hardening 

rate of the order G/200, where G is the shear 

modulus. The stage is associated with an 

accumulation of dislocations, but eventually dynamic 

recovery reactions start taking place. This leads us 

into stage III, where the hardening rate decreases and 

the stress–strain curve becomes parabolic. In most 

commercial alloys, distinguishing stage II from III is 

difficult because the distribution of grain sizes and 

the presence of particles contribute to a parabolic 

hardening also in stage II. 

 

The stage IV work-hardening rate is often found to be 

of the order of 2. 10–4 G, considerably lower than the 

rate of stage II. While the behavior of AlMg alloys in 

stage II and III is well described in literature, such as 

in the ref. [19].  

 

Although most of the earlier quoted studies which 

have been devoted to improving the modelling 

concept, were presented by Kocks et al [12]-[21]. 

This commonly is a one parameter description with 

an overall dislocation density as the only internal 

variable. The model predicts a Voce behavior of the 

stress–strain, more refinement by Rollet et al [17]. A 

different modeling concept includes a more precisely 

specified refinement of the cell/subgrain structure 

[22]-[23]. Experimental support for this can be found 

in the works of Castro-Fernandez et al [27] and 

Langford and Cohen [18]. On the other hand, Argon 

and Haasen [28] suggested that the hardening is 

caused by misfit stresses in the cells, giving rise to 

the rate-independent hardening in stage IV. The topic 

is still a matter of discussion. 

 

The aim of this study is to understand, examine and 

predict a plastic behavior and strain work hardening 

rate under anisotropy effect. A modified point of 

view will be presented and discussed at different 

strains and directions from both experimental and 

modelling. An effort is made here to make this aspect 

of work hardening somewhat clearer in this alloy. 

 

II. MATERIAL AND EXPERIMENTAL 

PROCEDURE 

 

The chemical composition of AA2024-T3 aluminum 

considered in this study is given in TABLE I The 

alloy supplied by Aircraft Manufacturing Industry 

Algeria to build the Zlin-142 planes wings was used 

in the as-received cold rolled state and form of plates 

around 0.6 mm thickness. The equivalent von Mises 

strain at this state is εV.M~65%. 

 

The determination of stress-strain curves, plastic 

anisotropy R- values was carried out with MTS 100 

KN electronic tensile testing machine. The specimens 

were prepared for various test directions (0, 45 and 90 

degrees towards the RD) using NF EN 10002-1 

standard. In order to analyse the effect of strain on 

work hardening behavior under several directions, all 

specimens were performed using three nominal 

plastic strain of 4, 8, and 10%. Furthermore, three 

tests were realized to check the reproducibility of the 

experimental result and all these tests were conducted 

with an average strain rate of 5.10-4 s-1.  

 

III. DATA ANALYSIS AND GENERAL CURVE 

FITTING PROGRAM 

 

A simple computer program was written to analyse 

the experimental data obtained in the uniaxial tensile 

tests. Here, an offset method was used to determine 

the yield stress. After removal of the initial linear 

portion. For a better optimization of isotropic strain 

hardening constitutive parameters, each curve was 

fitted and smoothed using a least square method with 

the Solver- Excel Software. Furthermore, all Stress–

Strain digital curves were refitted using the MatlabTM 

Software, with polynomial order (n=7) under 

different strain hardening models. Such smoothing 

eliminated the fluctuations in the curves and thus 

permitted it possible the differentiations describing 

below the work hardening behavior under the 

anisotropic effect. 

 

IV. EXPERIMENTAL RESULTS and 

DISCUSSION 

 

Fig. 1 displays typical ‘Uniaxial stress – strain 

curves’ for alloy AA2024. The general curve fitting 

program uses, as its input, digital stress-plastic strain 

data and a series of strain ranges to be analyzed. The 

following strain levels were used for the experimental 

tensile data of 4, 8 and 10% and different directions. 

In each of the specified strain ranges, four types of 

curve fits are made: a Hollomon power law [4], 

Ludwick law [5], law Swift [6], and Voce [7]-type 

three-parameter saturation model. The method 

employed here consists of analyzing the characteristic 

points of each curve, as determined empirically. A 

numerical procedure was then employed to derive the 

values of strain hardening parameters giving the best 

fit of the experimental data. In all examined cases, 

and with increasing of strain, an agreement between 

the experimental data and the transition behavior 

between the Voce and Ludwick laws was good (Fig. 

1).  
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TABLE I Chemical Composition (Weight Percent) of 2024-T3 Aluminum 

 

 

 
Fig. 1 Representative comparison of the fit between one set of tensile stress-strain data and usual work-hardening laws of 2024-T3 

alloy at (a–b–c) lower strain and different directions and (d–e–f) higher strain and different directions. The corresponding 

parameters of the Voce – Ludwick equations and anisotropy parameters are given. 

 

As indicated in these figures, at large strains, the 

Ludwick–Voce law transition curves tend to deviate 

from the experimental data without showing any 

saturation, but at intermediate and lower strains, and 

for several directions, a Voce-type empirical work 

hardening law represents the data well. Of the three-

parameter fits, the Voce-type equation frequently 

yielded lower standard deviations than the Ludwick-

type equation. This result is similar in comparison 

with the work of R.H. Wagoner et al [20], in which 

the authors used the Swift and Voce equation to 

compare the stress-strain curves for 2036-T4 

aluminum alloy deformed in the same conditions. 

 

The reduction in work-hardening rate with increasing 

strain is in qualitative agreement with the two-stage 

power law fits employed by Sherby et al [19], 

Laukonis and Ghosh [21] (2036-T4), and with the 

observations of Kocks et al [12] of saturation 

behavior of pure aluminum. There are indications 

[20]-[22] however, that at higher strains (above the 

normal tensile range) the saturationmodel may 

underestimate the work-hardening capacity of 

aluminum alloys. Aghaie-Khafri [24] which has 

found the same behavior for AA8011 and AA 3105 

alloys using power and Voce laws. 

This is in contrast to the Voce fit, which has a better 

agreement with the experimental points by showing a 

saturation behavior at high strain levels. This is 

because the Voce equation is physically more 

realistic at it can be derived from the consideration of 

dislocation dynamic [12]-[13]. 

 

In addition, the variation of R- plastic anisotropy 

parameter with strain is also mentioned in the same 

set of figures, the data parameter are the averages of 

data from three directions in the sheet (rolling 

direction, transverse direction, and at 45 deg to the 

rolling direction). The scatter between tests in the 

three sheet directions is as large as the scatter within 

one test, indicating that 2024-T3 is anisotropic in the 

sheet plane. The non-uniformity of R- values with 

strain indicates that a sheet material has undergone 

more through-thickness than in-plane deformation. 

This is often taken that the material will have not 

good formability and confirm generally that the 

average R-values characterization aluminum sheet, 

are rarely greater than one and often substantially 

less. 
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V. STRAIN LOCALIZATION and 

INSTABILITY in UNIAXIAL TENSILE 

TESTING 

 

The formability of sheet metal has most frequently 

been expressed by the n-and R-values determined 

from uniaxial tensile tests. The results of anisotropic 

behavior can be compared using the effective stress 

and strain, which assuming planar isotropy, are in 

uniaxial tensile 

 

σe=(3/2)1/2 [(R+1) /(R+2)]1/2 σx (3) 

εe=(2/3)1/2 [(R+2) /(R+1)]1/2 εx (4) 

 

R is the anisotropy parameter and σx and εx are the 

true stress and true strain in the x-direction. The 

general instability condition is 

 

dσe/dεe= σe /Z (5) 

 

Where Z, is defined as a critical subtangent 

depending of the stress ratio, α, the anisotropy 

parameter, R, and the of instability [20–24]. 

Applying the instability condition of Eq. 5 to Eq. 2 

the effective strain at instability, εe*, is obtained: 

 

εe*=(-1/ nV)ln[(σs – σI)(Z+1)/ σs)]             (6) 

.  

Fig. 2 shows that the strain localization and instability 

is well affected by the effect of strain with regards to 

the direction one. Several fluctuations of strain 

hardening are presented at different critical strain and 

for all directions, whereas the εe* values are predicted 

using Eq. 6 and deduced from calculated σ–ε and 

dσ/dε– ε curves of the Voce data of Fig. 1 The strain 

at the intersection of theses curves is the diffuse 

instability strain and is illustrated in Fig. 2. 
 

 
 

 

 

 
 

Fig. 2 Strain Hardening rate as function of strains at different 

directions 

 

(a) Ψ=0°, (b) Ψ=45°, (c) Ψ=90°. 

 

Fig. 2also displays that the strain-hardening ability of 

2024-T3 aluminum increases with straining, from the 

intersection σ–ε and dσ/dε– ε curves, it’s well 

observed several strain localization, considered as 

instabilities points at critical stress of σ*, the lower 

and upper lines of strain hardening in semi 

logarithmic presentation moves up for all directions 

and with increasing of plastic strain. Before σ has 

reached a flow stress value, substantial regions are 

under fluctuations total stress (called as the ‘cell 

interiors’ in literature). As strain hardening moves 

into lower values, the region in which the total stress 

is lower becomes larger with the effect of direction: 

its borders climb up the sides of the walls. In the 

entire region of lower total stresses, all dislocations 

that are present and free, must move backward, 

causing reverse flow–long before the flow stress has 

been reached in the reverse direction (Fig. 2). 

According to similar results and analyzed in the work 

of the authors [25]. It can be deduced from these first 

results that the fluctuations of the strain hardening as 

function of strain are high and advanced in the hard 

regions, and lower in the soft ones, in which the 

precipitates- dislocations loops effects are strongly 

interdependent. Using this modified numerical 

method, it can be predicted the instability regions in 

which the localization strain is more and more 

heterogeneous during strain hardening mechanism of 

cold deformed 2024-T3 aluminum alloy.  

 

VI. RELATIONSHIPS for FLOW STRESS and 

WORK HARDENING 

 

Fig. 3 and 4 display the evolution of θ–σ curves 

obtained from the stress–strain curves in Fig. 1 after 

numerical smoothing of Voce data. These curves are 

presented as function of directions for constant strain 

(Fig. 3a–b–c) and as function of strains for constant 

direction. 

 

An alternative procedure, which we have repeatedly 

employed in the literature, is to approximate each θ–σ 

curve by a tangent to the rather straight middle part 

with a fixed value for the intercept on the ordinate (or 
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at the yield stress), at θ0. The intercept on the σ-axis 

is then used as the scaling stress. Inasmuch as the 

straight line–if it held true for the entire regime–

would correspond to the Voce law: 

 

θ= θ0(1– σ/ σV) (7) 

 

It was identified this particular scaling as σV indicated 

in Fig. 3c as example according to Kocks et al [25]. 

θ–σ curves should be the same as that obtained from 

different directions if the stress-state does not 

influence the strain hardening. In contrast to these 

analyses, essential features of work hardening are 

sketched for different deformation conditions, the 

rapidly decreasing low-stress end is affected by 

strains and directions. In most cases, the deformed 

material, the behaviour behaves quite differently. 

They start out with very scattered hardening with 

direction in stage III in similar way as with strains, 

the continuous decrease of hardening in stage III 

follow Voce-type behaviour, in the sense that in this 

regime each curve develops an approximately straight 

portion for every direction, it suggests a steady-state 

limit of the flow stress σV (or σs) characterized by 

θ=0 and this is plotted in Fig. 3 for some examples. In 

turns out that this, the Figures. 3–4 show some 

differences in the general level of σV with increasing 

strain, here, it is a transient effect (Fig. 3): the strain 

hardening behavior is affected only for all loading 

strains of about 4 – 12%. That the behaviour then 

returns to normal can best be seen on the θ-σ diagram 

in Fig. 4, this effect was founded earlier by [25]. 

 

With respect to polycrystal hardening, we conclude 

from these observations that in polycrystals variations 

in microstructure (distribution of grain orientations 

i.e. the texture, grain size, precipitates fraction and 

orientations) can affect σV and the hardening rate 

much more at low strains than at high strain, since 

they influence the stage II processes much more than 

the stage III processes. It should be also interest to 

note that the deviations from linearity in θ versus σ at 

larger stress are follow by the appearance of a more-

or-less sharp kink for all different directions from 

which we define the beginning of a domination by 

stage IV processes as it was found earlier in some 

polycrystals [26]. 

 

 

 

 

 
Fig. 3 θ–σ curves corresponding with the stress–strain curves 

in Fig. 1 as function of directions at different strains 

(a) ε=4%, (b) ε=8%, (c) ε=10%. 
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Fig. 4 θ–σ curves corresponding with the stress–strain curves 

in Fig. 1 as function of strains at different directions 

(a) ψ=0°, (b) ψ=45°, (c) ψ=90°. 

 

VII. CONCLUSION 

 

The main conclusions of this study can be 

summarized as follows: 

(i) The best form of strain work-hardening law 

for 2024-T3 aluminum alloy is well described from 

numerical analysis based generally on the Voce 

model data. 

(ii) The results indicate that for all deformation 

conditions, the material exhibits a significant change 

in texture as described by the R-values with respect to 

testing direction and different strains, signifying 

strong anisotropic. In addition, the degree of normal 

anisotropy correlated with work-hardening rate is 

identified in several localizations of instability and 

heterogeneous strains. 

(iii) The variation of work-hardening rate of 

2024-T3 deformed with different strains and under 

several directions at macroscopic scale confirm the 

texture variations in this material which may be 

interact in complicated way with microstructure 

parameters such as precipitates distribution and 

nature, grain boundaries, size and distributions at 

microscopic scale.  
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