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ABSTRACT 

The traditional and most common aluminum magnesium (Al-Mg) alloys are series 5000 and 6000 which have up to a maximum 
value of 4.5% Mg. The presence of magnesium elements in these alloys increases the strength and hardness, but, on the other hand, 
intensifies the intergranular corrosion. Recently, high-strength Al-Mg alloys have been developed with the addition of > 6% Mg, 
resulting in higher strength and softness. The weakness of these alloys due to higher sensitivity to intergranular corrosion can be 
decreased by thermomechanical treatment or hot forming. The present research aims to investigate the behavior of AlMg6 alloy 
and provide a constitutive model based on the plane strain compression test. For this purpose, a special fixture is designed and built 
with proper dimensional and geometrical tolerance. The experiments are carried out at temperatures of 30-140°C and strain rates 
of 0.002-0.006 s-1. From the obtained flow curves, the maximum stresses are determined and used in Arrhenius expression to extract 
the constants of the constitutive equation. The results of this model are in good agreement with the experimental ones and therefore 
it can be used in the modeling and simulation of deformation processes that require the constitutive equation of this alloy. 
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1. Introduction 

Nowadays, the thermomechanical process is used as an effective technology to control the microstructure and 
mechanical properties in various alloys. This process refers to various metal forming processes that involve careful 
control of thermal and deformation conditions (by means of temperature, strain rate, and strain) to achieve products 
with required shape specifications and good properties. Constitutive equations can give us information about the 
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behavior of material during deformation processes. In these equations, the relationship between measurable parameters 
such as stress, strain, temperature and strain rate are expressed in the framework of mathematical functions [1, 2].  

Aluminum magnesium alloys of 5000 and 6000 series are known as common Al-Mg alloys. The presence of 
magnesium increases the strength, but on the other hand, aggravates the intergranular corrosion [3]. In these alloys, 
due to the strong reaction of magnesium with atmosphere and oxidation, the addition of >4.5% magnesium has been 
very difficult, however, recently Choi et al. [4] have developed a Mg+Al2Ca master alloy by making a stable CaO/MgO 
mixed layer on which no significant oxidation occurred, and therefore, they could cast alloys with magnesium up to 
9%. These newly developed Al-Mg alloys with enhanced strength and ductility would be promised alloys, especially 
for aerospace industry.  

Different constitutive equations have been proposed so far by various researchers. Some of them can be seen in 
Table 1. Since these equations correlate the flow stress with temperature, strain, and strain rate, finding the proper 
equation and then related parameters is tedious, difficult and time-consuming. 

Among these equations, the sine hyperbolic Arrhenius type equation was used extensively for the modeling of the 
characteristic stresses as a function of the Zener–Hollomon parameter (Z) [9-12, 17, 18]. 
 

𝑍 = 𝜀̇ exp(𝑄ୢୣ୤ 𝑅𝑇⁄ ) = 𝐴 ൫sinh(𝛼𝜎)൯
௡

  or         (1) 

 𝜀̇ = 𝐴 ൫sinh(𝛼𝜎)൯
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exp(−𝑄ୢୣ୤ 𝑅𝑇⁄ ) 
 
Where 𝜀̇ is the strain rate (s–1), A, α and n are constants independent of temperature, σ is the characteristic stress 

(MPa), 𝑄ୢୣ୤ is the hot deformation activation energy (J mol–1), R is the gas constant and T is the absolute temperature 
(K) of deformation. By mathematical manipulation, the flow stress may be rewritten as a function of Z as follows: 

 
Table 1. Different constitutive equations for the modelling of flow curves. 

Field Backofen (FB)  [1] 𝜎 = 𝐾𝜀௡𝜀̇௠               𝐾 = 𝑓(𝑇, 𝜀̇), 𝑛 = 𝑔(𝑇, 𝜀̇), 𝑚 = ℎ(𝑇) 

Modified FB [2,5] 𝜎 = 𝐾𝜀௡𝜀̇௠ exp(b𝑇 + s𝜀)            𝑛 = 𝑓(𝑇, 𝜀̇), 𝑚 = 𝑔(𝑇), 𝐾, 𝑏, 𝑠 = const. 
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Arrhenius (Arr) [9-12] 𝑍 = 𝜀 ̇ exp(𝑄ୢୣ୤ 𝑅𝑇⁄ ) = ቐ
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Zerilli Armstrong (ZA) 
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Modified ZA [14] 

𝜎 = (𝐴଴ + 𝐴ଵ𝜀 + 𝐴ଶ𝜀ଶ + 𝐴ଷ𝜀ଷ) × 

exp ൤−(𝐵଴ + 𝐵ଵ𝜀 + 𝐵ଶ𝜀ଶ + 𝐵ଷ𝜀ଷ)(𝑇 − 𝑇௥)

+ (𝐶଴ + 𝐶ଵ(𝑇 − 𝑇௥) + 𝐶ଶ(𝑇 − 𝑇௥)ଶ + 𝐶ଷ(𝑇 − 𝑇௥)ଷ) ln ൬
𝜀̇

𝜀଴̇

൰൨ 

Hansel Spittle (HS) [15] 𝜎 = 𝐴 exp (𝑚ଵ𝑇)𝜀௠మ𝜀̇௠యexp (𝑚ସ/𝜀)(1 + 𝜀)௠ఱ்exp (𝑚଺𝜀)𝜀̇௠ళ்𝑇௠ఴ 

Voyiadjis Abed (VA) [16] 𝜎 = (𝑐ଵ + 𝑐ଶ𝜀௖య) + 𝑐ସ ቈ1 − ൤−𝑐ହ𝑇 ln ൬
𝜀̇

𝜀଴̇

൰൨
ଵ ௤భ⁄

቉

ଵ ௤మ⁄

+ 𝑐଺𝜀௖ళ ቈ1 − ൤−𝑐ହ𝑇 ln ൬
𝜀̇

𝜀଴̇

൰൨
ଵ ௤భ⁄

቉

ଵ ௤మ⁄

 

 
 



117 J. Rasti and M. Abolghasemi/Advanced Structural Mechanics 1 (2023) 115–121 

𝜎 =
ଵ

ఈ
ln ቊቀ

௓

஺
ቁ

ଵ ௡⁄

+ ൤ቀ
௓

஺
ቁ

ଶ ௡⁄

+ 1൨
ଵ ଶ⁄

ቋ          (2) 

Various tests are used in the evaluation of material constitutive behavior: uniaxial and biaxial tensile tests, blow 
forming tests, torsion tests and compression tests (ring compression, plane strain compression). The type of a test 
should generally correspond to the stress strain mode realized in the simulated forming process. The plane strain 
compression test (PSCT) is generally adopted for studies of a material flow behavior during flat rolling due to the fact 
that the stress-strain mode corresponding to flat rolling is very similar to the ideal plane strain compression 
 [19, 20]. 

2. Materials and Method 

In order to determine the constitutive equation of Al-Mg6 alloy with the plane strain compression test, an apparatus 
is made by the configuration shown in Fig. 1, and set between the anvils of the 25-ton uniaxial tensile test (model of 
STM250 belongs to Santam Company). 

The following inequalities must be satisfied for the PSCT.  

 2 ≤
௕

௧
≤ 4    ,    5 ≤

௪

௕
≤ 12          (3) 

Chemical composition of the alloy AlMg6 used in this study is as follows: 
 

Samples with the length and width of 20 and 40 mm were cut from the rolled sheet of AlMg6 alloy with the 
thickness of 2 mm. All samples were annealed before test at temperature of 400C for 30 minutes.  During the test, 
the thickness of the material reduced up to 1 mm, which is equal to strain of about 0.69. Tests were performed at 
temperatures of 30, 70, and 140C and strain rates of 0.002, 0.004, and 0.006 s-1. The method subscribed in Ref. [21] 
was used for extracting the equivalent stress–equivalent strain curve (𝜎ത 𝑣𝑠. 𝜀)̅ from load-displacement curve. The 
width of the planes is 6 mm. The Arrhenius constitutive equation of Eqs. (1) and (2) are then used for the modeling of 
experimental flow stresses. 

 
Table 2. Chemical composition of AlMg6 alloy used in this research. 

Ti Zn Cr Mg Mn Cu Fe Si Alloying element 
0.02-0.05 <0.25 0.05-0.08 5.8-6.2 0.15-0.2 <0.1 <0.4 <0.4 Nominal value 

AlMg6 
0.04 0.001 0.06 5.87 0.17 0.001 0.12 0.055 Real value 

 

 
 

 

 
 
 
 
 
 
 
 
 
 

    

Fig. 1. An apparatus made for plane strain compression test. 
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Although the tensile test apparatus is equipped with the electrical furnace, a new heating tool must be applied to 
heat the samples due to the large dimension of the fixture. Therefore, two ideas are examined; the first is the use of 
industrial drier and the second is the surveying of combustion gasses from oxyacetylene flame (Fig. 2). In this study, 
the second idea is employed. 

3. Results and Discussion 

The flow curves obtained from experimental load-displacement diagrams based on the method of Ref. [21] at 
different conditions are shown in Fig. 3.  

 
 

  

 

Fig. 2. Two conceptual design for heating of samples (a) heating by industrial drier; (b) heating by Oxy-acetylene torch; (c) 

Welded pipes for transferring hot combustion gases to the sample. 

 

 

Fig. 3. Flow stress of Al-Mg6 by the plane strain compression test at different conditions. 

a b c 
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As can be seen in Fig. 1, the flow curves at 140 undergo DRX, i.e., they reach the peak stress after an initial work 
hardening and then rapid work softening has occurred. Deformation at lower temperatures could result in no evidence 
of DRX. Thus, a high strain hardening effect was observed. 

To model the stress strain curves, peak stresses were selected. Therefore, 9 stress values were obtained at different 
temperatures and strain rates (Table 3). 

The sine hyperbolic Arrhenius type Eq. (1) was used for modeling of these stresses, on the other word, the 
parameters A, n, α, and Qdef must be determined.  

The sine hyperbolic Eq. (1) is fitted for the peak stresses as follows: 

 ln(𝜀̇) = ln(𝐴) + 𝑛. ln [sinh(𝛼𝜎)] −𝑄ୢୣ୤ 𝑅𝑇⁄         (4) 

Supposing the sinh(𝛼𝜎) exp(𝛼𝜎)/2   for 𝛼𝜎 > 1.2 gives: 

 ln(𝜀̇) = ln(𝐴′) + 𝛽𝜎 −𝑄ୢୣ୤ 𝑅𝑇⁄   ,   𝛽 = 𝑛𝛼        (5) 

Furthermore, by regarding the sinh(𝛼𝜎) 𝛼𝜎  for 𝛼𝜎 < 0.8  

 ln(𝜀̇) = ln(𝐴′′) + 𝑛ᇱln (𝜎) −𝑄ୢୣ୤ 𝑅𝑇⁄             (6) 

First, by supposing the value of 𝛼 = 0.001, we can obtain n from Eq. (4) using plot of ln(𝜀̇)  𝑣𝑠.  ln[𝑠𝑖𝑛ℎ(𝛼𝜎)] at 
constant temperatures. Then, using the Eq. (5) and plotting ln(𝜀̇)  𝑣𝑠.  𝜎, we can obtain 𝛽 = 𝑛𝛼 , which may be used to 
recalculate 𝛼 for substitution in Eq. (4) to obtain again n, and continue this cycle to acquire correct n and 𝛼. 

To identify the activation energy of deformation 𝑄ௗ௘௙ , we can use the following relation: 

 ln[sinh(𝛼𝜎)] = − ln(𝐴′′′) + ln(𝜀̇)/𝑛 +𝑄ୢୣ୤ 𝑛𝑅𝑇⁄        (7) 

Now, with plotting ln[sinh(𝛼𝜎)] vs. 1 𝑇⁄ , The slope of the graph is equal to 𝑄ୢୣ୤ 𝑛𝑅⁄  (𝑅 = 8.314 J/mol). Finally, 
the Eq. (1) can be rewritten as follows: 

 
 ln(𝑍) = ln(𝐴) + 𝑛 ln[sinh(𝛼𝜎)]         (8) 

The value of ln(𝐴) would be y-intercept of ln(𝑍) vs. ln[sinh(𝛼𝜎)]. This trend can be seen in Fig. 4. Regarding the 
plots of Fig. 4, the values of n, α, Q and A are obtained respectively as n=3.5, α=0.0075, Q=84300  J/mol, and 
A=5.71014.  

The comparison of the experimental stresses with the stresses obtained from the Arrhenius relationship is shown in 
Fig. 5. As can be seen the Arrhenius equation agrees well with the experimental results, and therefore it can be used 
to predict the peak stresses in the other temperature and strain rate conditions. 

 
Table 3. Peak stresses at different temperatures and strain rates. 

Peak stress 
(MPa) 

 Strain 
rate (s-1) 

Temperature 
(C) 

Test No. 

161.7 3-102 30 1 
145.9 3-102  70 2 
135.3 3-102  140 3 
162.6 3-104  30 4 
146.6 3-104  70 5 
136.5 3-104  140 6 
163.8 3-106  30 7 
148.5 3-106  70 8 
137.3 3-106  140 9 
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Fig. 4. Determination of Arrhenius constitutive equation parameters at peak stress (a) Determining n from the slope of the diagram according 

to Eq. (4) ; (b) Determining 𝑄ୢୣ୤/𝑛𝑅 from the slope of the diagram according to Eq. (7) ; (c) Determining ln(𝐴) from the slope of the diagram 

according to Eq. (8). 

 
 

 
Fig. 5. Comparison between the experimental peak stresses and those obtained via Arrhenius model. 

4. Conclusions 

In this work, the flow behavior of new extruded aluminum magnesium alloy AlMg6 was studied at temperature 
ranges of 30-140 C and strain rates of 0.002-0.006 s-1 and the following results were obtained: 

1- To resemble the rolling situation, a plane strain compression test was carried out at different conditions. 

a b 

c 



121 J. Rasti and M. Abolghasemi/Advanced Structural Mechanics 1 (2023) 115–121 

2- A special fixture was designed and built with proper dimensional and geometrical tolerance so that the plane 
strain compression test can be accomplished with the universal uniaxial tension/compression test. 

3- The combustion gases from oxyacetylene flame were used for heating samples. 
4- The peak stresses were determined from the experimental flow curves and used into Arrhenius equation to 

calculate the constants of the Zener-Hollomon equation.  
5- The values of n=3.5, α=0.0075, Q=84300 J/mol, and A=5.7+E14 were obtained. 
6- The model could satisfactorily coincide with the experimental results and therefore can be employed for 

predicting flow stress of this alloy during forming processes. 
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