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The tensile properties and work hardening behaviour of naturally aged and pre-aged  alloy 6016 were 
investigated using tensile testing, and the work hardening behaviour of the materials was modelled 
using the Kocks-Mecking-Estrin approach. Pre-aged samples were given a stablising heat treatment 
of 20 s at 150, 200 or 250 ºC, and aged naturally for 24 h prior to testing. The results show that natural 
ageing causes an increase in strength and a decrease in the strain-hardening exponent (n) of the 
material, but has little effect on the elongation. Increasing the pre-ageing temperature increases the 
strength very slightly, but decreases both the n-value and the K-value. Naturally aged samples show a 
higher work hardening rate than as-quenched samples. Increased pre-ageing temperatures slightly 
decrease the work hardening rate of the alloy. The differences in work hardening rate between 
naturally aged and pre-aged  alloy 6016 are discussed in relation to microstructural characteristics 
resulting from different heat treatments. 
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1. Introduction 
Forming of 6xxx series sheet alloys is typically carried out in the naturally-aged or pre-aged 
conditions. Pre-ageing is carried out before final ageing to stabilise the material and improve the final 
age hardening response [1]. It is unclear, however, how such a pre-ageing treatment may affect the 
formability before ageing. Natural ageing and pre-ageing heat treatments are thought to produce 
some microstructural changes in the materials, such as formation of clusters [2-3] and/or coherent 
zones [4], which in turn can influence not only the subsequent age hardening response [4], but also 
the work hardening behaviour [5-6]. Since the formability is related to both the tensile properties and 
the work hardening behaviour, an investigation of these properties can aid the development of heat 
treatments for improved formability. This information is potentially useful for developing heat 
treatments with suitable combinations of both formability and age hardening response.  

In the present study, the tensile flow behaviour of alloy 6016 in naturally-aged and pre-aged 
conditions is examined, and the work hardening behaviour of the alloy is modelled. This study is 
intended to supply information for further work aimed at establishing relationships between 
microstructure, work hardening behaviour and formability of 6xxx sheet alloys. 

2. Experimental Procedures 
A 6016-based alloy, of composition 0.95% Si, 0.42% Mg, 0.13% Cu, 0.21% Fe and 0.07% Mn (wt.%) 
was cold rolled to 0.9 mm thick sheet and then subjected to a solution treatment at 550 ºC for 0.5 h 
followed by a rapid quench into water. Two sets of heat treatments were employed on as-quenched 
samples. One set of samples was naturally aged for 3 h (NA3h), 24 h (NA24h) or 168 h (NA168h), 
while the other set of  samples was pre-aged immediately after quenching at 150, 200 or 250 ºC for 20 
s, and then naturally aged for 24 h. No subsequent artificial ageing was performed. 

Tensile testing was conducted on heat treated specimens at a constant strain rate of 1×10-3s-1. 
True stress (σ)-true strain (ε) curves of the specimens were computed assuming the conservation of 
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volume in the uniform elongation regime. The strain-hardening exponent, n, and the strength 
coefficient, K, were determined according to ASTM E646-00, and the true plastic strain (εp) was 
determined from εp=ε-σ/E, where E is the Young’s modulus. The work-hardening rate was 
determined by numerically differentiating the plastic portions of the true stress-true plastic strain data 
using a moving regression analysis. Each data point on the σ-εp curve, and the six adjacent data points 
(three on each side), were used to obtain a best-fit linear regression line, and the slope of this line was 
treated as the work-hardening rate at that point. The resulting derivative was then smoothed to reduce 
the noise in the data. 

3. Results 
3.1 Mechanical Properties 
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Fig. 1: Effect of natural ageing on (a) strength, (b) elongation and (c) values of n and  K, and 
pre-ageing temp. on (d) strength, (e) elongation and (f) values of n and  K 

K
 (M

Pa
) 

(c) 

n 
va

lu
e 

Natural ageing time (h) 

2204



 

volume in the uniform elongation regime. The strain-hardening exponent, n, and the strength 
coefficient, K, were determined according to ASTM E646-00, and the true plastic strain (εp) was 
determined from εp=ε-σ/E, where E is the Young’s modulus. The work-hardening rate was 
determined by numerically differentiating the plastic portions of the true stress-true plastic strain data 
using a moving regression analysis. Each data point on the σ-εp curve, and the six adjacent data points 
(three on each side), were used to obtain a best-fit linear regression line, and the slope of this line was 
treated as the work-hardening rate at that point. The resulting derivative was then smoothed to reduce 
the noise in the data. 

3. Results 
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Fig. 1: Effect of natural ageing on (a) strength, (b) elongation and (c) values of n and  K, and 
pre-ageing temp. on (d) strength, (e) elongation and (f) values of n and  K 
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The essential mechanical properties produced after the various ageing treatments are given in Fig. 1. 
As shown in Fig. 1(a, b), the strength of the material increases significantly with natural ageing but 
the elongation remains relatively constant. On the other hand, the strain-hardening exponent, n, 
decreases with increasing natural ageing time. A higher n-value is normally beneficial in forming 
processes as it increases the amount of uniform plastic strain, which enlarges the process window and 
facilitates the forming of complex geometries [7]. This result would then suggest that as-quenched 
samples have a better formability than those naturally aged. However, Campbell [5] found the 
formability of the 6xxx alloys in the naturally aged condition was superior to that in the as-quenched 
condition due to an ability to maintain a high work hardening rate to much larger strains/stresses. 

Furthermore, the pre-ageing treatments employed in this study influence the properties of  alloy 
6016 as shown in Fig. 1 (d-f). With increasing pre-ageing temperature, the n-value decreases 
significantly, while the strength and elongation exhibit only small changes. 

3.2 Work Hardening Behaviour 
The plastic portions of the true stress - true strain curves for alloy 6016 with different heat treatments 
are shown in Fig. 2. In Fig. 2(a), it can be observed that the as-quenched sample shows substantial 
evidence of serrated flow. This diminishes as natural ageing proceeds. The most striking feature that 
can be observed from Fig. 2(a) is a slight increase in the level of work hardening as natural ageing 
proceeds from the as-quenched condition to the 168 h natural ageing condition. In contrast, Fig. 2(b) 
shows data for pre-aged samples, where the level of work hardening decreases with increasing 
pre-ageing temperature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is conventional to examine work hardening behaviour by plotting the instantaneous work 
hardening rate (θ) vs the increase in plastic flow stress (σ-σY). This is known as a Kocks-Mecking plot 
[6]. As shown in Fig. 3, the evolution of work-hardening rate with stress exhibits a section with a 
linear decrease of θ with σ-σY (as found by Kocks and Mecking). The work hardening rate evolution 
of naturally aged samples and pre-aged samples are quite similar. Work hardening rates increase with 
increasing natural ageing time and decreasing pre-ageing time. It should be noted that as-quenched 
samples show different work hardening evolution characteristics than naturally aged samples. 

 
 
 
 
 
 

Plastic strain  

σ-
σ Y

 (M
Pa

) 

(a) 

Plastic strain 

(b) 

σ-
σ Y

 (M
Pa

) 

Fig. 2: Plastic stress-strain curves for (a) as-quenched and naturally aged and (b) pre-aged samples  
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3.3 Modelling of Work Hardening Behaviour 
The theoretical framework for the development of constitutive laws for alloys containing shearable 
and nonshearable precipitates has been reviewed by Estrin [8]. The formulation for the evolution of 
dislocation density with plastic strain can be written as a generalisation of the Kocks-Mecking-Estrin 
approach [9]: 

                                                           ρρ
ε
ρ

2
2/1

1 kfk sp −=
∂
∂ .                                                                        (1)  

where ρ is the dislocation density, εp is the true plastic strain, and k1, k2 and fs are model parameters. 
The first term on the right-hand side of Eq. (1) represents the dislocation storage rate due to trapping 
of dislocations by other dislocations, and the second term is a dynamic recovery term, where fs 
represents a modifying factor due to the effect of dislocation/precipitate interactions on dynamic 
recovery. The form of Eq. (1) implies that clusters and coherent zones do not contribute to the 
dislocation storage rate directly, but rather influence the dynamic recovery rate. However, 
Zolotorevsky et al [10] found that k1 can be influenced by the presence of zones in the microstructure. 
The flow stress contribution from dislocation hardening, ⊥σ , can be written as 

                                                            ρασ GbM⊥⊥ = .                                                                          (2) 

where ⊥α  is a constant of the order of 0.3, b is the magnitude of the Burgers vector, G is the shear 
modulus, and M is the Taylor factor. Furthermore, Cheng et al [9] suggested that the flow stress can 
be modelled as follows: 

                                                           hh
ppt

h
ss

/1)( σσσσ ++= ⊥ .                                                                (3) 

where h can vary between 1 and 2, and σss is the flow stress contribution from the solid solution (i.e. 
the ’friction stress’). When there is a high density of weak obstacles and a low density of strong 
obstacles (i.e. mainly shearable obstacles, as in this study), then h = 1 is an appropriate choice.  

Values for the model parameters k1, fs and k2 were determined by fitting to experimental data. The 
sum of the terms σss and σppt in Eq. (3) for different conditions was determined from the yield strength 
for each condition. It was further assumed that these quantities did not vary during straining. As 
shown in Fig. 4, the model fits the experimental data quite well. With increasing natural ageing time, 
k1 increases and the fsk2 term decreases slightly. On the other hand, with increasing pre-ageing 
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Fig. 3: The instantaneous work-hardening rate vs plastic flow stress for (a) as-quenched and naturally 
aged and (b) pre-aged 6016 samples 

2206



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

3.3 Modelling of Work Hardening Behaviour 
The theoretical framework for the development of constitutive laws for alloys containing shearable 
and nonshearable precipitates has been reviewed by Estrin [8]. The formulation for the evolution of 
dislocation density with plastic strain can be written as a generalisation of the Kocks-Mecking-Estrin 
approach [9]: 

                                                           ρρ
ε
ρ

2
2/1

1 kfk sp −=
∂
∂ .                                                                        (1)  

where ρ is the dislocation density, εp is the true plastic strain, and k1, k2 and fs are model parameters. 
The first term on the right-hand side of Eq. (1) represents the dislocation storage rate due to trapping 
of dislocations by other dislocations, and the second term is a dynamic recovery term, where fs 
represents a modifying factor due to the effect of dislocation/precipitate interactions on dynamic 
recovery. The form of Eq. (1) implies that clusters and coherent zones do not contribute to the 
dislocation storage rate directly, but rather influence the dynamic recovery rate. However, 
Zolotorevsky et al [10] found that k1 can be influenced by the presence of zones in the microstructure. 
The flow stress contribution from dislocation hardening, ⊥σ , can be written as 

                                                            ρασ GbM⊥⊥ = .                                                                          (2) 

where ⊥α  is a constant of the order of 0.3, b is the magnitude of the Burgers vector, G is the shear 
modulus, and M is the Taylor factor. Furthermore, Cheng et al [9] suggested that the flow stress can 
be modelled as follows: 

                                                           hh
ppt

h
ss

/1)( σσσσ ++= ⊥ .                                                                (3) 

where h can vary between 1 and 2, and σss is the flow stress contribution from the solid solution (i.e. 
the ’friction stress’). When there is a high density of weak obstacles and a low density of strong 
obstacles (i.e. mainly shearable obstacles, as in this study), then h = 1 is an appropriate choice.  

Values for the model parameters k1, fs and k2 were determined by fitting to experimental data. The 
sum of the terms σss and σppt in Eq. (3) for different conditions was determined from the yield strength 
for each condition. It was further assumed that these quantities did not vary during straining. As 
shown in Fig. 4, the model fits the experimental data quite well. With increasing natural ageing time, 
k1 increases and the fsk2 term decreases slightly. On the other hand, with increasing pre-ageing 

W
or

k 
ha

rd
en

in
g 

ra
te

, θ
 (M

Pa
) (a) 

σ-σY (MPa) 

W
or

k 
ha

rd
en

in
g 

ra
te

, θ
 (M

Pa
) (b) 

σ-σY (MPa) 
Fig. 3: The instantaneous work-hardening rate vs plastic flow stress for (a) as-quenched and naturally 
aged and (b) pre-aged 6016 samples 

 

temperature, k1 remains relatively constant but the fsk2 term shows an increase. A higher k1 and a 
lower fs k2 suggest a higher work hardening capability [9]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4. Discussion 
During natural ageing, the formation of clusters and/or coherent zones causes an increase in strength 
[11-12], as shown in Fig. 1(a). Furthermore, weak dislocation obstacles (i.e. clusters and/or zones) are 
thought to be easily sheared by dislocations, which would cause a decrease in the work hardening 
capability of the alloy compared to alloys with harder obstacles. In this study, the naturally aged 
samples maintain a higher work hardening rate at larger stresses (see Fig. 3(a)), a higher dislocation 
storage rate (k1) and a slightly lower dynamic recovery rate (fsk2) compared to as-quenched specimens 
(Fig. 4(b)). This means that naturally aged samples have a better work hardening capability than 
as-quenched samples. Futhermore, increasing the number density and volume fraction of weak 
obstacles by natural ageing may also increase the work hardening rate of the alloy slightly. There are 
many factors that may lead to this result. For example, Deschamps et al [6] found a higher work 
hardening rate in the T4 condition as compared to the as-quenched material in a 6111 alloy, and 
attributed it to the presence of zones and dynamic precipitation. On the other hand, Hutchinson et al 
[13] found, in an Al-Cu-Sn system, that GP zones dissolve into the matrix during straining, thereby 
increasing the Cu solute content of the matrix, which in turn causes a higher work hardening rate at 
large strains.  

For those samples subjected to short-time (20 s) pre-ageing treatments at high temperatures (as in 
this study), only small clusters are believed to exist [11]. Increased pre-ageing temperatures may 
decrease the number of such clusters and thus cause a decrease in the work hardening rate. This is 
seen in the behaviour of the parameters k1 and fsk2 in Fig. 4(d). Further work is needed to clarify the 
current experimental results. 
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Fig. 4: Stress-strain curves and model parameters for (a, b) naturally aged and (c, d) pre-aged conditions 
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This study suggests that the nature of the obstacles to dislocation motion makes a significant 
difference to the work-hardening rate. It seems that the presence of clusters and/or zones in naturally 
aged samples results in a higher work hardening rate compared to that of a supersaturated solid 
solution, whilst the absence of zones in pre-aged samples perhaps slightly reduces the work hardening 
rate of the alloy. The nature of the obstacles and the microstructural evolution during straining should 
be investigated further to provide more information for understanding the work hardening behaviour 
for the purpose of enhancing the formability of pre-aged 6xxx alloys. 

5. Summary
The tensile properties and work hardening behaviour of alloy 6016 were investigated in various 
naturally aged and pre-aged conditions. The results obtained are as follows: 
(1) Natural ageing (0-168 h) causes an increase in strength but relatively little change in the 

elongation. As for the strain hardening parameters, n decreases and K increases with increasing 
natural ageing time. 

(2) Increasing the pre-ageing temperature from 150 to 250 ºC increases the strength marginally but 
reduces the values of both n and K.  

(3) Naturally aged samples containing both clusters and zones show a higher work hardening rate 
than as-quenched samples. 

(4) Increasing the pre-ageing temperature from 150 to 250 ºC decreases the work hardening rate of 
the alloy. 
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