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Abstract High-temperature tensile deformation of 6082-

T4 Al alloy was conducted in the range of 623–773 K at

various strain rates in the range of 5 9 10-5 to 2 9 10-2 s-1.

Stress dependence of the strain rate revealed a stress expo-

nent, n of 7 throughout the ranges of temperatures and strain

rates tested. This stress exponent is higher than what is usu-

ally observed in Al–Mg alloys under similar experimental

conditions, which implies the presence of threshold stress.

This behavior results from dislocation interaction with second

phase particles (Mg2Si). The experimental threshold stress

values were calculated, based on the finding that creep rate is

viscous glide controlled, based on creep tests conducted on

binary Al–1Mg at 673 K, that gave n a value of 3. The

threshold stress (ro) values were seen to decrease exponen-

tially with temperature. The apparent activation energy for

6082-T4 was calculated to be about 245 kJ mol-1, which is

higher than the activation energy for self-diffusion in Al

(Qd = 143 kJ mol-1) and for the diffusion of Mg in Al (115–

130 kJ mol-1). By incorporating the threshold stress in the

analysis, the true activation energy was calculated to be about

107 kJ mol-1. Analysis of strain rate dependence in terms of

the effective stress (r - ro) using normalized parameters,

revealed a single type of deformation behavior. A plot of

normalized strain rate (_ekT=DGb) versus normalized effec-

tive stress (r - ro)/G, on a double logarithmic scale, gave an

n value of 3.

Introduction

The hot workability of aluminum and its alloys has been of

both technical and scientific interest in the last decade [1–

11]. The 6xxx-group contains magnesium and silicon as

major alloying elements. These multiphase alloys belong to

the group of commercial aluminum alloys, in which relative

volume; chemical composition and morphology of struc-

tural constituents exert significant influence on their useful

properties [12–14]. Al–Mg–Si alloys have recently been

used for automotive body sheet panel for weight saving.

However, this is partially limited by poor press formability

in these alloys, though both specific stiffness and strength

are sufficiently high. Several studies [6–14] demonstrated

the fact that high-temperature deformation of aluminum

alloys is controlled by dynamic recovery; the flow curves in

general exhibit strain hardening to a steady state, even

though in some conditions a moderate peak is observed. The

formation of solute atom atmosphere hinder dislocation

glide raising the flow stress, but precipitation of fine particles

is a more effective source of strengthening. 6xxx aluminum

alloys are known to be heat treatable to form precipitates, but

since precipitation hardening assume various forms (under-

aged, peak-aged, and over-aged), thus not in all conditions it

would be beneficial to the high-temperature characteristics

of the alloy, as for over aging due to the large particle size

and spacing precipitates have a minor strengthening effect

and the solute level is low [15, 16].
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Creep (strain rate _e\10�4 s�1) and hot working

(_e ¼ 10�2to 10þ2 s�1) of pure metals and metallic solid-

solution alloys, occur at high temperature (T [ 0.5 Tm,

where Tm is the absolute melting point), are equivalent

during the steady state. The stress dependence of _e is

usually described by a power function; in the so-called

power law regime, such as Eq. 1 [17]:

_e ¼ Arn exp
�Qa

RT

� �
ð1Þ

where r is the stress, n is the stress exponent, Qa is the

apparent activation energy, R is the universal gas constant,

T is the absolute temperature, and A is a constant. The

value of n and other characteristics were used to classify

metals and alloys [17, 18]. For Al–Mg alloys [19–23] and

Al–Cu alloys [24–26] which exhibit large solid solution

hardening (high atomic-misfit parameter), the measured

values of n are close to 3, and are characterized by solute

drag mechanism resulting from elastic interaction between

dislocations and solute atoms due to the size effect. This

type of behavior has been termed as class I or alloy class

[17, 18]. On the other hand, for pure metals and some solid

solution alloys, usually with low atomic-misfit parameter,

the values of n are close to 5 and the strain rate is a function

of stacking fault energy. This behavior is termed as class II

or pure metal class [17, 18]. It is believed that some form

of dislocation climb is the rate controlling process. It was

suggested that dislocation climb and viscous glide are two

sequential processes in solid solution alloys and that the

slower process controls the deformation mechanism under

the imposed experimental conditions [27]. It was also

suggested that other viscous drag processes can operate

sequentially with the solute drag mechanism, but the con-

tribution of these processes to the total drag force depend

on the alloy system [28].

Comparing the hot formability of aluminum binary

solid-solution alloys with that of aluminum alloys pro-

duced by ingot metallurgy (IM), powder metallurgy (PM),

and of aluminum-based metal–matrix composites [29, 30]

suggests that the latter materials are characterized by the

presence of the threshold stress ro, resulting from the

interaction of the fine dispersed particles in these alloys

with the moving lattice dislocations. Under this condition,

the deformation process is not driven by the applied stress

but rather by an effective stress re (=r - ro). Hypereu-

tectic Al–17Si was investigated by Spigarelli et al. [31],

and found a stress exponent close to 4–5. Although the

magnitude of the stress exponent observed was equivalent

to that observed in pure Al, the apparent activation energy

for creep was higher (Q = 210 kJ mol-1) than the activa-

tion energy for self-diffusion in Al (Qd = 143 kJ mol-1)

[17]. This observation indicated that creep response should

be addressed by taking into account more articulated

models than the one given by the constitutive Eq. 1 shown

above. They rationalized both the magnitude of the stress

exponent and the apparent activation energy for creep,

based on threshold-stress concept which arises due to

interaction between fine particles and dislocation [9, 29–

31]. They calculated the true activation energy, taking into

account the threshold stress value, to be 160 kJ mol-1,

which is comparable for that of pure Al.

The objective of the present study is to examine in detail

the high-temperature deformation of a 6082 Al alloy natu-

rally aged (T4 condition) over a wide range of stresses, strain

rates, and temperatures to examine the presence of the

threshold stress and find out the rate controlling mechanisms

in the deformation of the alloy. This alloy is characterized by

the presence of second phase particles Mg2Si. The silicon

will be in solid solution only above 530 �C [13].

Experimental procedure

High-temperature tensile tests were carried out on as

received 6082 aluminum alloy (T4 condition), whose

composition in wt.% is as follows: 0.99 Mg, 1.46 Si, 0.58

Mn, 0.36 Fe, and rest is Al. The alloy was supplied as rods

with an average grain size of about 58 lm as calculated by

the line intercept method. The room-temperature mechan-

ical properties are yield strength of 250 MPa, ultimate

strength of 300 MPa, and ductility of 10%. Flat tensile

specimens of 12 mm gage length and 5 9 3 mm2 cross-

sectional area were machined such that the tensile axis was

parallel to the drawing direction. The tension tests were

carried out using an Instron machine, model 1197 with a

resistance furnace containing three heating zones. All

specimens were tested in air and soaked in the furnace at

the testing temperature for 30 min before testing to estab-

lish thermal equilibrium. Four temperatures were used in

the range 623–773 K with an interval of 50 K; these

temperatures were selected as they simulate the real

industrial forming conditions of this alloy. The temperature

was controlled using a thermocouple connected to the

middle of the gauge section. At each temperature different

constant speeds were used to impose initial strain rates in

the range of 5 9 10-5 s-1 to 2 9 10-2 s-1. The strain

rates quoted thereafter represent the initial strain rates

calculated from the initial gage length of the specimens.

True stress–strain curves were plotted and the steady-state

stress, and in some conditions peak flow stress, when

steady state do not prevail specially at high strain rates,

were depicted. In addition, a few creep experiments were

conducted on Al–1 wt.% Mg, which has almost similar Mg

content as the 6082 Al alloy tested here, at 673 K in the

solid solution range at similar strain rates to investigate the

creep rate controlling mechanism.
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Results

True stress–strain curves

Figure 1a–d shows the true stress–true strain curves at 623,

673, 723, and 773 K for different initial strain rates. The

results show the high strain rate sensitivity exhibited by the

alloy at these temperatures. The true stress–strain response

can be divided into three regions. In region I, strain hard-

ening region where the stress increases with strain until it

reaches almost constant value in region II that represents

the steady-state stress at the applied strain rate. In region

III, necking and/or cracking occurs leading to a decrease in

the flow stress and thereafter fracture.

Stress dependence of strain rate

The stress dependence of the strain rate under steady-state

condition at constant temperature is determined by plotting

the strain rate, _e as a function of the steady-state stress, r on

a double logarithmic scale. Figure 2 shows this form of

plot for four different temperatures 623, 673, 723, and

773 K. Examination of the data of this figure reveals that

for the range of strain rates and temperatures tested the data

points fall on line segments with stress exponent of 7 and

that power law break down is not evident as the curves are

linear to high strain rates.

Ductility

Figure 3 shows the results of ductility measurements in

which the elongation at fracture ef % (=DLf/Lo, where DLf is

the increase in length at fracture and Lo is the initial length

of the specimen), is plotted as a function of initial strain rate

_e at various testing temperatures. As seen in the figure, the

ductility curves for temperatures of 773, 723, and 673 K

display a maxima profile with a peak in the strain-rate range

of 6 9 10-4 to 3 9 10-3 s-1; the peak value of ductility

increases with increasing temperature. The ef % values

exhibit a marked increase at 773 K compared to the other

temperatures; a maximum of 93% is obtained at this tem-

perature compared to a maximum value of 30% at 673 K.

On the other hand, at 623 K the ductility continuously

decreases with strain rate. This behavior is similar to that

previously reported for aluminum alloys [4, 5].

Apparent activation energy

Using Eq. 1, the apparent activation energy Qa can be

calculated at constant strain rate as

Qa ¼ nR
o ln r

o 1=Tð Þ

� �
_e

ð2Þ
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Fig. 1 True stress–strain curves at; (a) 623 K, (b) 673 K, (c) 723 K,

and (d) 773 K at various initial strain rates
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Figure 4 shows a plot of log r versus (1=T) at three dif-

ferent strain rates. The data points at constant strain rate

fall on a segment of straight line whose slope is equal to

(Qa=2:3nR), which gives Qa a value of 245 kJ mol-1. In

calculating Qa, the value of n was taken as 7 as inferred

from Fig. 2.

Discussion

Threshold stress

The threshold-stress behavior is characterized by two

points [29, 30]: (i) a high value of stress exponent, n that

continuously increases with decreasing stress and (ii) a

high value of activation energy above that reported for self-

diffusion. While the second point is clearly obvious in the

results of the present investigation, point one is not. Fig-

ure 2 shows that the value of n is independent of stress and

temperature and has a constant value of &7. This lack of

agreement with point one may be attributed to the limited

range of strain rate applied in the present investigation.

This behavior is similar to that recently reported for Al–17

Si alloy [31]; constant n value *5 and high activation

energy (Q = 210 kJ mol-1). This high value of n for the

present alloy is higher than what is usually reported for

binary Al–Mg alloys (n = 3) at similar temperatures and

strain rates [19–23]. In addition, the creep data at 673 K for

a binary Al–1 Mg investigated in the present study (n * 3)

is compared to the results of 6082 Al alloy at the same

temperature, as shown in Fig. 5. The reason for this dif-

ference in values of n may arise from the presence of

threshold stress, due to the interaction of dislocation with

second phase particles (Mg2Si) present in 6082 Al alloy.

This possibility is explored by plotting _e1=3 versus r using a

double linear scale as shown in Fig. 6. The data points for

each temperature fall on a segment of straight line and the

extrapolation of these lines to zero strain rate gives the

value of ro at each temperature. The values of ro are 8.8,

13, 17.9, and 33 MPa at 773, 723, 673, and 623 K,

respectively. The present results along with previous

studies [7–9, 29] suggest that ro is a function of tempera-

ture and it decreases with increasing temperature. The

temperature dependence of the normalized threshold stress

(ro/G) is shown in Fig. 7 where log (ro/G) is plotted versus

(1/T). The value of the shear modulus, G for the alloy as a
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function of temperature is taken as that for pure Al,

G = 3.022 9 104 - 16 T (MPa) [17]. This dependence

can be expressed as

ro

G

� �
¼ Bo exp

Qo

RT

� �
ð3Þ

where Bo and Qo are constants having the values of

4 9 10-6 and 31 kJ mol-1, respectively. This behavior is

similar to that observed in a number of PM Al alloys and Al

metal–matrix composites [29, 30]. The results of a previous

work [14] is also presented in Fig. 7. While the results

showed agreement at 673 K, there was a large discrepancy

at lower and higher temperatures. This inconsistency in

both results may be due to the different heat treatment

adopted in [14] (over aging the samples at the respective

testing temperature for 24 h), different mode of testing

(torsion) and the different procedure used for calculating the

threshold stress values. When the strain rates are plotted as a

function of the effective stress (r - ro), the stress exponent

n inferred is close to 3 as shown in Fig. 8.

True activation energy

Under the presence of threshold stress, Eq. 1 can be

modified such that the applied stress is replaced by an

effective stress, (r - ro). This equation when written in

the normalized form is given by:

_ekT

DGb
¼ Ao

r� ro

G

� �n

ð4aÞ

with

D ¼ Do exp
�Q

RT

� �
ð4bÞ

where k is Boltzmann’s constant, b is the magnitude of

Burgers vector, Ao is a dimensionless constant, Q is the true

activation energy for the diffusion process that controls the

deformation mechanism, and Do is a frequency factor.

Equation 4, at constant strain rate, can be rearranged in the

form

exp
Q

RT

� �
¼ C

G

T

� �
r� ro

G

� �n

ð5Þ

where C is a constant. Taking the natural logarithm of

Eq. 4 and differentiating with respect to ð1=TÞ, the value of

Q can be written as

Q ¼ R
o ln G

T
r�ro

G

� �n	 

o 1

T

� � ð6Þ

Equation 6 is used to calculate the true activation energy

by plotting log G
T

r�ro

G

� �3
h i

versus ð1=TÞ as shown in Fig. 9.

The value of Q was determined at three various strain rates in

the temperature range of 623–773 K. As shown in the figure,

the data points fall on segments of parallel straight lines

giving Q a constant value independent of strain rate. The

average value of Q was calculated as 107 kJ mol-1. This

value is very close to that reported for diffusion of Mg in Al

(115–130 kJ mol-1) [32, 33]. A value of Q = 100 kJ mol-1
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was reported for creep in Al–3wt.% Mg at a temperature of

673 K when n is equal to 3 [34].

Normalized strain rates

Because of the similarity between the value of Q and that

for the diffusivity of Mg in Al, the diffusion coefficient of

Mg in Al, DMg ¼ Do exp �107�103

RT

� �
m2 s�1, where

Do = 0.0632 9 10-4 m2 s-1 [31], was used in normaliz-

ing the data of the 6082 Al alloy. Figure 10 gives the

normalized creep rate _ekT=DGbð Þ versus the normalized

effective stress ððr� roÞ=GÞ. As shown in the figure, the

data points coalesce on one segment of straight line with a

slope of 3. For the purpose of comparison, the data of the

binary Al–1 Mg alloy are also included in Fig. 10. In

normalizing the data for Al–1 Mg, the shear modulus and

self-diffusivity of Al were used [17]. A constitutive equa-

tion of the deformation behavior of the alloy at present

experimental conditions can be written as:

_ekT

DGb

� �
¼ 0:2

r� ro

G

� �3

ð7Þ

This equation can be used in modeling the forming

process of this alloy under similar hot working conditions.

Conclusions

1. The deformation behavior of the AA6082-T4 Al alloy

was examined at temperatures ranging from 623 to

773 K in the strain rate range from 10-5 to 10-2 s-1.

The value of n and Qa were *7 and 245 kJ mol-1,

respectively.

2. Analysis of experimental data of the alloy revealed the

presence of a threshold stress that decreases with

temperature with an energy term, Qo, 31 kJ mol-1.

3. By incorporating the threshold stress into the analysis,

a plot of the normalized strain rate, _ekT=DGb versus

normalized effective stress yielded a stress exponent, n

of 3.

4. The calculated true activation energy was close to that

for diffusion of Mg in Al and the n value being 3

suggested that viscous glide of dislocations is the rate

controlling mechanism.

5. Enhanced ductility was observed in the middle of the

strain rate range at high temperatures and decreased

with decreasing/increasing strain rate.
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