
ISSN: 2455-2631                                                   May 2023 IJSDR | Volume 8 Issue 5 

 

IJSDR2305231 www.ijsdr.orgJournal of Scientific Development and Research (IJSDR) International  1452 

 

Deformation behavior of AA6061 with 5% by volume 

Al2O3 under hot deformation condition 
 

1Madhur Chandra Dixit, 2Tushar Pandey, 3Avtansh Dixit 
 

1HVAC Engineer, 2System Engineer, 3Student 
1AWACPTS Lucknow, 2Siemens-Energy, 3Department of Plastic Technology (HBTU Kanpur)  

 

Abstract- The hot deformation behavior and constitutive relationship of AA 6061 aluminum alloy with 5% by volume 

Al2O3 was studied after carrying out hot isothermal compression tests using Gleeble 3800  thermo-mechanical simulator, 

range of temperature and strain rate was 573˚K to 773˚K and 0.001 to 1 s-1, respectively and the height reduction was of 

70%. One of the important features observed in the material is Dynamic Strain Aging, which was observed from 

temperature ranging from 573˚K to 673˚K at strain rate of .001, .01, .1, 1 s-1. The modified Arrhenius type constitutive 

equation models based on Zener-Holloman parameter were used. The power law and sine-hyperbolic law were used to 

calculate activation energy. The value of activation energy using sine-hyperbolic law comes out to be 212.205 kj/mol. The 

value of activation energy was found to be much higher than self diffusion activation energy of pure aluminum alloy (144 

kj/mol). The high value of activation energy suggests that DRV or DRX can be a leading softening mechanism.  
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1. INTRODUCTION 

Hot deformation behaviour of materials is dependent on various processing parameters like hydrostatic pressure, temperature, 

strain rate, time, and strain. In engineering calculations strain rate, strain and temperature are considered only [1]. To relate these 

variables constitutive models such as Zerilli and Armstrong model, Johnson-Cook model, Arrhenius model are used. These 

models provide complete mathematical description of the flow stress of material [2]. The phenomenon like work hardening (WH), 

dynamic recovery (DRV), and dynamic recrystallization (DRX) affects the deformation mechanism of materials which makes 

mechanism of materials flow behavior under hot deformation condition is quite complex in nature [3]. Another important 

phenomenon known as dynamic strain aging (DSA) occur under certain temperature and strain rate in some material and alloys. 

In most of the material DSA improves the tensile and fatigue strength, while DSA pre treatment can improve the creep strength of 

material [4, 5]. Serajzadeh et al. [6] discussed the flow behavior of AA2017–10% SiCp under uniaxial compression test. The 

activation energy comes out to be 303 kJ/mole, which is greater than the energy required for bulk diffusion of substitutional atoms 

in Al alloys. At temperature lower than 250˚C, at higher strain (0.3) negative strain rate sensitivity was detected which is 

discussed by the effect of dynamic strain aging and flow localization was also find to be possible. Fan et al. [7] studied hot 

deformation behavior of Armco-type pure iron under isothermal compression test. The modified sine-hyperbolic constitutive 

equation was used for constitutive modeling of material; co-relation coefficient value for experimental and predicted value comes 

out to be 0.9954; under α-Fe co-relation coefficient value is 0.9711. Bo Li et al. [8] conducted hot compression test on Al-Zn-Mg 

alloy containing small amount of Sc and Zr With increasing strain rate and decreasing deformation temperature, the flow stress 

increases. The main dynamic softening mechanism was caused by dynamic recovery and dynamic recrystallization.  

Due to high strength to weight ratio, corrosion resistance, toughness, machinability, AA 6061 is widely used [9-11]. It is an 

important construction material for manufacturing automobiles and aircraft parts. Many studies have been proposed by authors to 

describe the mechanical and microstructural behavior of AA6061. Dorbane et al. [12] carried out uniaxial tensile test on a rolled 

AA6061-T6 alloy at different temperatures (25, 100, 200, 300˚C) and strain rates (10-4, 10-3, 10-2and 10-1s-1). Microstructural 

observations showed the elongation of grains in the loading direction. Between room temperature and 200˚C, activation energy 

equals 52.7 kJ/mol whereas between 200˚C to 300˚C the activation energy was calculated 365 kJ/mol, which have been found 

comparable to activation energy for creep [13]. 

Jafarlou et al. [14] performed equal channel angular processing process (ECAP) to produce ultra fine grain structure of AA6061. 

Finite Element Analysis (FEA) was carried out to check the feasibility of proposed method and deformation mechanism. The 

significant increase in yield strength, ultimate strength under shear for tubular AA 6061 has been reported. But ductility was 

found to be decreased for ECAP-processed alloy. Khamei et al. [15] discussed that hot tensile test results showed shifting of super 

plasticity to higher strain rates with increase in temperature. Recovery of dislocations was reported to be the dominant 

deformation mechanism. Odeshi et al. [16] compare the performance of AA6061-T6 composite with 10% and 20% alumina by 

volume under hot torsion test and hot compression test at high strain rates. The deformation was characterized by extensive 

adiabatic heating and thermal softening of the materials which dominates over strain hardening effect. Xia et al. [17] Carried out 

hot torsion test on particle reinforced AA6061 with 10 vol% Al2O3. The composite shows higher hardening behavior from room 

temperature to 200˚C due to high dislocation density. From room temperature to 200˚C the activation energy was 36 kj/mol and 

from 200 to 500˚C the activation energy was 213 kj/mol. High difference in values of activation energy implies different 

softening mechanism. The softening mechanism at high temperature was considered climb which was cross-slip at low 

temperature. 
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2. MATERIAL AND EXPERIMENTAL SETUP 

Table 1. The chemical composition of AA 6061 

 

Component Al Mg Si Fe Cu Zn Ti Mn Cr 

Amount 97.591 0.88 0.70 0.18 0.29 0.003 0.02 0.33 0.006 

 

The material also contains 5% by volume Al2O3. The hot compression test was performed using computer-controlled, servo-

hydraulic Gleeble 3800 thermo-mechanical simulator on cylindrical specimen of diameter 10 mm and height 12 mm. The 

chemical composition of alloy is given in Table 1. The deformation temperatures were 573˚K, 623˚K, 673˚K, 723˚K and 773˚K 

and strain rates were of 0.001 s-1, 0.01 s-1, 0.1 s-1 and 1 s-1. A K-type thermocouple was spot welded at the centre of the specimen 

to control the temperature during the test on each sample. A graphite foil and a nickel-based lubricant were used between the 

sample and the ISO-T anvil for the reduction of friction and minimization of temperature gradient, specimens were heated with 

the heating rate of 5˚Cs-1 and held for 3 min to obtain uniform heating. The total true strain of 0.7 was applied and in-situ water 

quenching was performed. 

 

3. RESULTS AND DISCUSSION 

Fig.1 shows the microstructure of the received sample. The microstructure reveals the presence of Al2O3. Most of the Al2O3 is 

present near the grain boundaries.  Fig.2 shows flow stress vs. strain curves at different temperatures in strain rates ranging from 

0.001 s-1, 0.01 s-1, 0.1 s-1 and 1 s-1. Curves show that the flow stress behavior of alloy is highly dependent on strain rate and 

temperature. The flow stress curves at each strain rate consist of a peak value at some 

 
Fig. 1. Microstructure of the examined material (as received) with 5% Al2O3 

 

a) 

  

b) 
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c)

 

d) 

 
Fig.2 flow stress–strain curves of AA6061 alloy under the different temperatures with strain rates (a) 0.001 s-1, (b) 0.01 s-1, (c) 0.1 

s-1& (d) 1 s-1. 

low strain level followed by a steady flow region at higher strain values. At initial stage the stress increases to a peak value due to 

work hardening. But at higher temperature values peak values are not clear. With increase in temperature work hardening in alloy 

decreases. As shown in fig.1 at any particular strain rate, with increase in temperature the value of peak stress decreases due to 

growth of work hardening. 

The deformation mechanism can be more deeply understood by calculating activation energy using constitutive equations 

proposed by Sellars and Tegart [19]. During hot deformation of aluminium-based alloy, it has been well accepted that the peak 

stress can be related to strain rate and deformation temperature through Arrhenius equations. The effects of strain rate and 

temperature on deformation behaviour can be represented by Zener–Hollomon parameter (Z) in an exponent type equation. 

                                                                
.

exp( )
Q

Z
RT

=                                                          ….(2) 

Where  is the strain rate, Q is activation energy of hot compression process (J mol-1), R is the gas constant (8.31 J mol-1 K-1), T is 

the absolute temperature (K). The activation energy has been calculated at 0.6 strain. Deformation mechanisms can be deeply 

investigated by calculating activation energy. According to the different hot deformation conditions, the Zener–Hollomon 

parameter Z can be expressed as follows [20]: 

                                                             1

1Z ( ) nf A = =                                                         ….(3) 

                                                        2Z ( ) exp( )f A = =                                                    ….(4) 

                                                        Z ( ) A[sinh( )]nf  = =                                                  …(5) 

Where A, A1, A2, n, n1, β and α are the material constants. Here α is a stress multiplier and can be defined as α = β/n1. Eq. (3) is 

preferred for low strain level ασ< .8 and Eq. (4) is for high strain level ασ> 1.2. Whereas Eq. 4 proposed by Sellars and Tegart is 

universally accepted over a wide range of stresses [19]. Taking natural logarithm of Eq. (1,2), 
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Eq. 5 can be rewritten as following Eq. 7 and 8 
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Eq. 7 and 8 are the type of y = kx + C. Values of n1 can be calculated by plotting lnσ vs ln at constant temperatures as per Eq. 6 

shown in Fig. 3 (a). The value of stress exponent n1 for power law comes out to be 8.78. Plotting lnσ vs 1/T at constant strain rates 

as for Eq. 8 gives slope 
1

Q

n RT  as shown in Fig.3 (b). Using value of n1, value of activation energy can be calculated which 

comes out to be 236.37 KJ/mol. 
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a)  b)  

Fig. 3 Relationships between a) lnσ and 1/T, b) lnσ and ln
.

  

As reference to sine hyperbolic law, taking natural logarithm of Eq.1 and 4 we get Eq. 10. Differential equations [13-14] are used 

to calculate the activation energy. Value of stress multiplier α is taken as 0.052 [20]. 
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Fig. 4 (a) shows the plots of ln
.

  vs ln[sinh(ασ)] and fig. 4 (b) shows ln[sinh(ασ)] vs 1/T, slopes of these plots are represented in 

Eq. 9,10. Here the value of n and Q comes out to be 3.10726 and 212.21 KJ/mol. 

 

 

a) 

 

b) 

 
 

Fig. 4 Relationships between a) ln  and lnsinh(ασ), b) lnsinh(ασ) and 1/T 

The mean activation energy value of the deformed AA6061 (212.21 kJ/mol) is higher than that of the self-diffusion of aluminum 

(144 kJ/mol) [15-17]. The activation energy is also found to be higher than the energy required for bulk diffusion of substitutional 

atoms in aluminum alloys [17, 22-23]. The activation energy is also higher than the grain boundary diffusion energy (84 kJ/mol) 

[24] and that needed for the bulk diffusion of Si or Mg atoms in the matrix which are 136 kJ/mol and 130 kJ/mol [6]. This shows 

that occurrence of Al2O3 may be leading to dynamic restoration process. The activation energy for AA6061 was reported to be 

196 kJ/mol [15], which is somewhat lower than for this material. This could be due to the hampering action of the hardening 

particles on cross slip of mobile dislocation [6, 17]. In such a case, the occurrence of DRV or DRX can lead to high values of Q. 

L. Shi et al. deduced that the higher Q value of the alloy may be associated with an increase in the Si and Mg held in solution by 

the homogenization sequence [25].  
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4. CONCLUSION 

The flow behavior of AA6061 with 5% by vol. Al2O3 was studied under hot deformation condition for uni-axial compression test, 

temperature ranging from 573 to 773˚K at constant strain rates of 0.001 s-1, 0.01 s-1, 0.1 s-1 and 1 s-1.The experimental results 

shows that dynamic strain aging occurring in the material which may  for the temperature ranging from 573 to 673˚K at strain rate 

of all four strain rates. Dynamic recovery is the main softening mechanism. At strain rate of .001 s-1 the main softening 

mechanism may be dynamic recovery but at higher temperatures and strain rate the main softening mechanism is dynamic 

recrystallization. The hot deformation activation energy was calculated to be about 212.21 Kj/mol using sine-hyperbolic law, 

which is very higher than self diffusion activation energy of pure aluminum. 
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