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Abstract

:

In this study, a unified constitutive model has been developed for both yield strength and work hardening behaviour prediction of aluminium alloys with different types of precipitates during and after artificial ageing. The different type and dimensions of general precipitate shapes (sphere, plate, rod) have been classified and modelled by a primary dimension and aspect ratio, with which a general set of equations has been utilised to model the precipitates evolutions during ageing of various aluminium alloys. In addition, the effects of main microstructures on not only yield strength but also work-hardening behaviour of artificially aged aluminium alloys have been considered and modelled, based on which, a whole set of unified constitutive model considering both micro- and macro-properties for long-term artificial ageing of aluminium alloys has been proposed. Artificial ageing of two representative aluminium alloys (an Al-Mg-Si alloy AA6063 and an Al-Cu-Li alloy AA2198) has been adopted to show the capability and effectiveness of the developed model. The results show that the model can successfully predict the microstructures, yield strength and work hardening behaviour of various aluminium alloys with different precipitate types after long-term artificial ageing process, e.g., from 0 h to 500 h. It is believed that the model can be used for ageing of other aluminium alloys with dominant sphere, plate or rod-shaped precipitates.
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1. Introduction


Artificial ageing is essential for heat treatable aluminium alloys to achieve the high strength performance for industrial applications [1,2]. The microstructures, such as solid solutes and second phased precipitates, evolves during artificial ageing process. The complex changes of these microstructures, including their levels and dimensions, with different ageing temperatures and time then leads to the complicated evolutions of main mechanical properties of the aged alloys, such as the yield strength and work hardening behaviour, which are key factors need to be considered in the subsequent forming processes or applications [3,4,5]. Hence, how to model and predict their evolutions during artificial ageing process is of great importance for the potential applications of heat treatable aluminium alloys.



Various studies have been published on the ageing behaviour of commonly used heat treatable aluminium alloys. Marceau et al. [6] investigated the precipitation sequence of an Al-Cu-Mg alloy at early stage of artificial ageing at 150 °C, during which thin clusters have been observed for strengthening. The precipitation behaviour of an Al-Cu-Mg alloy was also investigated by Wang et al. [7], and a precipitation sequence of GP zones → θ’ → θ/S phases was reported. Alexopoulos et al. [8] reported the precipitation kinetics, yield strength and work hardening behaviour of an Al-Cu-Mg alloy, and found that both yield strength and work hardening behaviour were directly affected by the evolving precipitation kinetics during artificial ageing. The precipitation sequence and corresponding yield strength behaviour of 7xxx series Al-Zn-Mg alloys from under-ageing to over-ageing states have also been widely reported, and a precipitation sequence of GP zones → η’ → η phases of the alloys during artificial ageing has been generally accepted [9,10,11]. The 6xxx series Al-Mg-Si alloys also attracts extensive attention due to their high demand in the automobile industry, and the corresponding precipitation sequence has been summarized as GP zones → β’ → β phases from under-ageing to over-ageing [12,13]. Most of the current studies concentrated on the yield strength properties of the artificially aged alloys, while the other main properties, such as work hardening behaviour, attracted fewer attention.



Constitutive modelling is an efficient way for modelling and predicting the artificial ageing process, so as to direct the process design and optimization for particular purposes. Dislocation based models, considering the shearing and bypassing deformation mechanism in the artificially aged alloys, have been widely adopted for modelling of the yield strength evolutions, in which internal variables, such as precipitate radius and solute concentrations have been considered [14,15,16]. These models have further been updated by the increasing understanding of the detailed evolutions and properties of precipitates during ageing and their contributions to yield strength, and extended to predict aluminium alloys with more complex heat treatable histories [17,18,19]. As introduced before, different aluminium alloys have their particular precipitates during ageing, which show different geometric properties, e.g., rod-shape for β’ precipitates, sphere-shape for η’ precipitates and plate-shape for θ’ precipitates. However, currently, different models were used for different aluminium alloys due to their varying dimensions and evolution progresses of precipitation. In addition, most of the models developed before only considered the microstructures and yield strength properties, while for the other key mechanical properties of the material, such as work hardening behaviour, has not been included. The work hardening behaviour has been widely investigated, and the most common way for modelling is proposed by Kocks [20] with an internal variable approach. The internal variable model has been further modified to include the different effect of microstructures in the alloys, such as precipitation and solid solution [21,22]. Li et al. [23] proposed a unified constitutive model for the microstructures, yield strength and work hardening of an Al-Cu-Li alloy during artificial ageing, and obtained a fair good prediction result. However, the models were particularly developed for Al-Cu-Li alloys with plate-shaped precipitates, and their capability on the prediction of ageing behaviour of other aluminium alloys needs to be further improved.



Hence, this study tries to develop a general form of unified constitutive model for prediction of both microstructures and key mechanical properties (including yield strength and work hardening behaviour) of various aluminium alloys with different precipitate types and with artificial ageing states ranging from under-ageing to over-ageing. The key dimensions affecting the strengthening of different precipitate types in different aluminium alloys have been summarised and converted to a general form of primary dimension and aspect ratio, with which, various aluminium alloys with different precipitate types can be modelled by the same set of equations. The evolutions of microstructures and their different contributions to not only the yield strength but also the work hardening behaviour at different ageing states have been considered and modelled. The model then has been applied to predict the ageing performances of two typical aluminium alloys, an Al-Mg-Si AA6063 and an Al-Cu-Li AA2198, and their calibration procedures and predicting effectiveness have been discussed.




2. Constitutive Model


A unified constitutive model considering both micro- and macro-properties of aluminium alloys during and after artificial ageing process has been developed in this study, including the models for the microstructures and yield strengths of the alloys during ageing, and for the work hardening behaviour of artificially aged alloys. The details of the models are given in this section.



2.1. Artificial Ageing Process


The key microstructures, including precipitation, solid solution, and their corresponding contributions to yield strength properties of aluminium alloys during artificial ageing process are discussed and modelled.



2.1.1. Microstructures


(a) Precipitates



Precipitates are the key factors for the strengthening of aluminium alloys during artificial ageing, whose contributions are mainly affected by their dimensions and volume fractions [24,25].



Figure 1 summarises the general type of precipitates in commercial aluminium alloys, such as spherical particles in Al-Zn-Mg alloys [9], plate-shaped ones in Al-Cu-Mg or Al-Cu-Li alloys [26] and rod-shaped precipitates in Al-Mg-Si alloys [16]. In this study, the primary dimension of the precipitates and corresponding aspect ratio values are utilised to consider their effects on strengthening. In order to propose a general modelling way for different type of precipitates (sphere, plate and rod), their primary dimensions and corresponding aspect ratio are defined in Figure 1.



In order to simplify the modelling process, all microstructural variables were modelled by their normalised values [27,28] in this study. During artificial ageing, the nucleation, growth and coarsening of precipitates can be modelled by the primary dimension, defined as radius rn in this study (representing r for sphere, D/2 for plate and l/2 for rod in Figure 1 and aspect ratio of q.



The evolution of primary dimension of radius during artificial ageing can be modelled by [27]:


      r ¯  ˙   n  =  C n     (  Q −   r ¯  n   )     m 1     



(1)




in which,     r ¯  n  =  r n  /  r  n c     is the normalised precipitate radius, where    r  n c     is the critical precipitate radius at the peak-ageing states. Q, Cn and m1 are material constants for precipitate growth and coarsening.



For spherical precipitates, the aspect ratio q = 1 during ageing, while for plate- and rod-shaped precipitates, q evolves along ageing states and can be modelled by [29]:


  q =    C q    e x p  [   k 1     (  t −  t *   )   2   ]     



(2)




where t is the ageing time, t* is the critical time for the highest aspect ratio, which generally can be treated as peak-ageing time, Cq and k1 are material constants.



In addition to the nucleation and growth of new precipitates, there are some conditions that existing clusters or small precipitates existing in the naturally aged alloys may dissolve at the early stages of artificial ageing, which have been widely reported previously [28]. As these are small precipitates, only the primary dimension rd is considered in this study to simplify the model, and its evolution can be modelled by its normalised value, as [23]:


      r ¯  ˙   d  = −    C d      r ¯  d     



(3)




in which     r ¯  d  =  r d  /  r  d 0    , where rd0 is the initial radius value of dissolving precipitates, and Cd is a material constant.



Due to the small size of dissolving precipitates, the evolution of their volume fraction     f ¯  d    can be modelled by the cell-assumption, as [18]:


    f ¯  d  =   f ¯    d 0       (      r ¯  d      r ¯    d 0       )   3   



(4)




where     f ¯    d 0      is the initial value of volume fraction. The total volume fraction   f ¯   of the precipitates then is a combination of nucleated (    f ¯  n   ) and dissolved (    f ¯  d   ) precipitates, as:


   f ¯  =   f ¯  d  +   f ¯  n   



(5)







(b) Solute concentration



Solid solute is the other key microstructure affecting the strength of aluminium alloys during artificial ageing, and its evolution can be modelled by the solid solution (c), as [30]:


    c ¯  ˙  = −  A 1   (   c ¯  −   c ¯  a   )   



(6)




where    c ¯  = c /  c 0    (c0 is the initial solid solution of the alloys), and     c ¯  a    is the normalised equivalent solute concentration at the ageing temperature. In addition, if there are dissolution of precipitates during ageing, the dissolved precipitates may also have a contribution to the solute concentration, and have been considered by the following equation [23]:


    c ¯  ˙  = −  A 1   (   c ¯  −   c ¯  a   )  +  A 2    r ¯  d   



(7)







The total volume fraction of precipitate then can be modelled by the solid solution values, as:


   f ¯  =   1 −  c ¯    1 −   c ¯  a     



(8)








2.1.2. Yield Strength


The key microstructural variables modelled in the previous section all contribute to the final yield strength of aluminium alloys during artificial ageing, and their contributions are modelled in this section.



(a) Precipitation hardening



The strengthening effect from the newly nucleated precipitates has been considered and modelled in many studies [16,17], a simple form of the model considering both under-ageing (shearing) and over-ageing (bypass) conditions with the normalised precipitate dimensions has been utilised in this study for modelling, as [31]:


   σ  p − n   =  σ r     (  q  f n   )     m 2     



(9)




in which σr represents the contribution of strengthening from primary radius, and can be modelled as:


    σ ˙  r  =  C  p r       r ¯  ˙   n   m 3     (  1 −   r ¯  n   m 4     )   



(10)







For the possible dissolving precipitates during artificial ageing, as their dimensions are generally small and will be sheared through during plastic deformation, their contributions to yield strength can be simply modelled by the strengthening equation with shearing mechanism, as [15,28]:


   σ  p − d   =  C  p d     r ¯  d   m 5     



(11)







Cpr, Cpd, m2 to m5 in Equations (10) and (11) are material constants.



(b) Solution hardening



The strengthening effects from solid solutes have also been widely reported, and the classic equation is used for modelling in this study, as [30]:


   σ  s s   =  C  S S     c ¯    m 6     



(12)




where CSS and m6 are material constant, and m6 is generally set as 2/3.



(c) Yield strength



The final yield strength of the artificially aged aluminium alloys then is composed of the strengthening from solid solutes and precipitates, whose contributions can be modelled by a classic mixture law, as:


   σ y  =  σ  s s   +  σ p  =  σ  s s   +    σ  p − d  2  +  σ  p − n  2     



(13)









2.2. Work Hardening Behaviour


The work hardening behaviour of the artificially aged alloys directly determine their performance in applications, and will be discussed and modelled in this section.



The work hardening behaviour has been widely investigated and modelled before. In this study, the conventional internal variable models proposed by Kocks and Mecking [32] is utilised and updated by considering the effects from the varying microstructural variables modelled in previous sections.



Work-hardening behaviour is believed to be caused by the dislocation hardening from dislocation-obstacle interactions, and it has been divided into two types of dislocation for the work hardening behaviour considering different obstacles, including statistically stored dislocations from dislocation-weak obstacles interaction and geometrically necessary dislocations from dislocation-hard obstacle interactions [32].



The evolution of static storage dislocations density ρss has been modelled by Kock [20], and later, updated by Li et al. [28] by its normalised form (    ρ ¯   s s    ) as:


      ρ ¯  ˙    s s   =  k 2   (  1 −   ρ ¯   s s    )    ε ˙  p   



(14)




in which     ρ ¯   s s   =  ρ  s s   /  ρ  s s m    ,    ρ  s s m     represents the maximum value of    ρ  s s     during plastic deformation, and     ε ˙  p    is the plastic strain rate. Considering the solute concentration effect on the evolution of    ρ  s s    , Equation (14) has been updated as [23]:


      ρ ¯  ˙    s s   =  k 2  *   c ¯    n 1    *  (  1 −   ρ ¯   s s    )    ε ˙  p   



(15)




where k2 and n1 are material constants.



As geometrically necessary dislocations come from dislocation-hard obstacle interactions, during under-ageing conditions, where shearable precipitates play the dominant role in aluminium alloys, few geometrically necessary dislocations would be expected, hence its normalised dislocation density is approximately treated as     ρ ¯   g n     = 0 in this study. When the alloy reaches the peak-ageing states, geometrically necessary dislocations started to be generated during plastic deformation, whose evolution has been modelled with the effects from dimensions of precipitates, as [23]:


     ρ ¯   g n   =  k 3   q    r ¯  n     [  1 − exp  (  −  ε p   )   ]            (   r ¯  n  ≥ 1 )   



(16)







With the obtained densities of statistically stored dislocations and geometrically necessary dislocations, the work hardening stress can be modelled by the dislocation hardening equations, as:


   σ w  =  C w      ρ ¯   s s   +   ρ ¯   g n      



(17)







The flow stress during quasi-static tensile tests of the alloys after artificial ageing then can be modelled as:


   σ f  =  σ y  +  σ w  =  σ  s s   +  σ p  +  σ w   



(18)









3. Detailed Data and Model Calibration for Artificial Ageing of Aluminium Alloys


In order to analyse and discuss the effectiveness of the developed model in this study, it has been applied to predict the evolutions of microstructures and macro-properties of two commonly used aluminium alloys during artificial ageing with various times, including an Al-0.46Mg-0.44Si (wt%) alloy AA6063 and an Al-(2.9-3.5)Cu-(0.8-11)Li alloy (wt%) AA2198. The detailed data from selected published papers [33,34,35], which are highly cited with abundant validated microstructures and macro-properties, was utilised for calibration and validation of the proposed model in this study.



The AA6063 alloy was prepared to as-quenched state, and then artificially aged at 185 °C for 5 h to reach a T6 state and 2 weeks to a T7 state, the details of the tests can be referred to [33], and the results have been utilised for application in this study. As the alloy was aged with the as-quenched state, only new precipitates are considered for modelling, and the related equations used are summarised in Table 1. As precipitates in the as-quenched alloy can be neglected, the initial value of normalized precipitate radius     r ¯   n 0     is set as 0 for modelling, and corresponding strengthening component    σ  p − n 0     is treated as 0 as well. While the normalized solute concentration     c ¯  0    is set as 1 to represent the supersaturate state of the as-quenched alloy, and the yield strength of the as-quenched material is due to solid solution hardening, which can be directly obtained from tensile testing results. All the initial values of the variables are listed in Table 3.



While the AA2198 was with a naturally aged initial temper of T351, and then artificially aged at 155 °C for up to 500 h. The details of the tests and results are referred to [34]. As the alloy has been naturally aged before artificial ageing, the existing clusters and precipitates have been reported to be dissolved during the initial stages of ageing [35], and hence, all the equations described in Section 2 have been used for modelling, as summarised in Table 2. The initial values of the key variables were determined with the same method mentioned above for those in Table 1, in which     r ¯   n 0     is set as 0 and     r ¯   d 0     is set as 1, due to existing precipitates were all from natural ageing and will experience dissolving in subsequent artificial ageing [34], corresponding strengthening components were obtained from the tensile testing results of as-quenched alloy and T351 alloy according to Equation (13). All the initial values are listed in Table 2, and more details can be referred to [28].



The model for ageing of both alloys, as listed in Table 1 and Table 2, include a series of non-linear differential equations, and hence, cannot be solved analytically. In order to determine the material constants in the model, a two-step (numerical + manual) method has been utilised for fitting and calibration [28]. Firstly, an optimisation method based on evolutionary algorithm, as reported before [18] has been used to determine the initial set of material constants. Then a manual adjustment method has been used to fine tune the constants for a proper fitting and calibration. The obtained material constants for AA6063 and AA2198 are listed in Table 3 and Table 4 respectively.




4. Modelling Results and Discussion


4.1. AA6063


Figure 2 show the results of main microstructures of AA6063 during long-term artificial ageing process at 185 °C from both experiments and modelling results with calibrated material constants in Table 3. The experimental results of microstructures, such as normalized precipitate radius, were quantified by transmission electron microscopy (TEM) observations and nanostructure analysis from [33]. Normalised precipitate radius     r ¯  n    increases along the ageing time, and reaches to 1 at around 5 h, which corresponds well with the time to achieve the peak-aged T6 state from experimental results in [33]. After which,     r ¯  n    > 1 and coarsening of precipitates occurs with increasing     r ¯  n    until reaching a saturate level eventually. The aspect ratio q is predicted to remain a similar level at the first couple of hours during artificial ageing, and tends to decrease after long-term ageing, which could be due to the coarsening occurs more on the diameter sides of the rod-shaped precipitates in the Al-Mg-Si alloy. The normalized solute concentration   c ¯   and volume fraction f have been predicted with an opposite trend, corresponding well with Equation (8). All the predicting results agree well with corresponding experimental results in normalized radius, volume fraction of precipitates and solute concentration, indicating the effectiveness of the developed microstructural model.



With the predicted microstructures, the resultant strengthening components and final yield strength have been modelled and compared with corresponding experimental results in Figure 3. A good agreement between the experiments and models in yield strength has been achieved for AA6063 at long-term artificial ageing, again indicating the effectiveness of the developed strengthening model. Solution hardening component    σ  s s     experiences the same trend with the solute concentration according to Equation (12). Precipitation hardening component    σ  p − n     increases firstly due to the nucleation and growth of precipitates and reaches the peak state at around 5 h, where peak-ageing occurs. After that,    σ  p − n     shows a decreasing trend due to the subsequent coarsening of precipitates with further increasing radius and decreasing aspect ratio shown in Figure 2. Both hardening components contribute to the final yield strength of the alloy.



In addition, based on the detailed microstructural values at different artificial ageing states, the work hardening behaviour of AA6063 at the as-received state, peak-aged T6 state and over-aged T7 state can be predicted by the developed model as well, and the modelling results are compared with corresponding experimental results in Figure 4. The significant decreasing level of work hardening from as-quenched to T6 state has been successfully predicted, mainly due to the loss of solutes during artificial ageing [33]. While after peak-ageing, the work-hardening level experience only minor decrease from T6 to T7 states, which comes from the competitive of the decreasing statically stored dislocation density and increasing geometrically necessary dislocation from more coarsened precipitates, as predicted in Figure 2. All these results help to demonstrate the effectiveness of the proposed model for both microstructures and macro properties prediction of AA6063 during long-term artificial ageing.




4.2. AA2198


Figure 5 compares the evolutions of key microstructural variables of AA2198 during ageing at 155 °C for up to 500 h from both experiments and models listed in Table 2, in which the quantified experimental data of precipitates were obtained from TEM analysis in [35]. For the newly nucleated precipitates, the normalised value of newly nucleated precipitates     r ¯  n    increases to about 1 at around 16 h, agrees well with the experimental results in [35], in which peak-ageing occurs at 16 h. It has been reported that the radius of T1 precipitates in AA2198 tends to stay a constant level after peak-ageing, while thickness thickening starts for coarsening [23]. This behaviour has been predicted by the decreasing of aspect ratio q value in Figure 5a after peak-ageing. While for the dissolving naturally-aged precipitate, both their radius (    r ¯  d   ) and volume fraction (   f d   ) are decreased to 0 at around 2 h. It also agrees well with corresponding experiments from [34]. While the solute concentration   c ¯   experiences a slight increase at the first 2 h of ageing, due to the dissolution of naturally aged clusters and weak precipitates, and then decreases due to the nucleation and growth of new precipitates until reaching the equivalent level after peak-ageing.



The strengthening components and final yield strength values predicted by the model have been plotted and compared with experimental results in Figure 6. The strengthening components evolves at a same trend with their corresponding microstructural variables in Figure 5. The initial decrease of yield strength (   σ y   ) has been predicted due to the dissolution of precipitates, which leads to a decreasing    σ  p − d     value at the first 2 h of ageing, and then reached to a near peak-state at around 10 to 20 h, due to the significant strengthening effect from new precipitates, which demonstrates a fast and continuous increasing strengthening effect of    σ  p − n     before 20 h. It has been reported that the high yield strength at the peak-ageing state of AA2198 will be remained for a long time at the over-ageing states [34], which has been successfully predicted in Figure 6 due to the competition between the remained radius, slightly increasing volume fraction and decreasing aspect ratio, as predicted in Figure 5. The final predicted yield strength shows an excellent agreement with corresponding experimental results, showing the effectiveness of the developed model.



With the developed model in this study, the work hardening behaviour of AA2198 after artificial ageing with various time durations from 0 to 500 h has been predicted based on the obtained microstructural variables, and some selected results are shown in Figure 7. A very good agreement between the experiments and models of the alloys after various ageing time for up to 500 h has been achieved. The work hardening level of AA2198 is affected by both the precipitates and solute concentrations in the alloy, which have been modelled by Equations (15) and (16). A higher level of solute concentration could enhance the work hardening level of the alloys, which has been well modelled in Figure 7. A slightly higher work hardening level is observed after 1 h ageing when compared with the as-received material, due to the increase of   c ¯   from the dissolving precipitates in Figure 5. While with the subsequent ageing, the depletion of solid solutes and the nucleation and growth of precipitates leads to a decreasing level of work hardening in Figure 7.



Hence, all these application results indicate that the proposed model in Section 2 can be successfully applied to predict both the yield strength and work hardening behaviour of aluminium alloys during and after artificial ageing with various time durations from both sides of microstructures and macro-properties. Although the applications have only been demonstrated for AA6063 and AA2198, it has the capability to be used for ageing of other aluminium alloys containing sphere, plate or rod-shaped precipitates.





5. Conclusions


A unified constitutive model has been developed in this study to predict not only yield strength but also work hardening behaviour of various aluminium alloys during and after artificial ageing process considering different types of precipitates. Related microstructural data and mechanical properties during ageing of two representative aluminium alloys were utilised for calibration and validation. The following conclusions can be drawn:




	(1)

	
The dimensions of all the main types of precipitates (sphere, plate, rod) in various aluminium alloys have been generated by a primary dimension and aspect ratio, with which, a general form of equation has been developed for modelling of different precipitate types during ageing of heat treatable aluminium alloys.




	(2)

	
The effects of key microstructural variables, including precipitates (radius, aspect ratio, volume fraction) and solid solutes, on the yield strength during artificial ageing has been modelled, based on which, a set of equations has been further proposed to consider and include the effect of these microstructural variables on the work-hardening behaviour of the aged alloys. A whole set of unified constitutive model by combining these two sets of equations then has been developed, which can be used to concurrently predict both microstructures and macro-properties (yield strength and work hardening) for long-term aged aluminium alloys.




	(3)

	
The model has been successfully applied to predict the microstructures, yield strength and work hardening behaviour of two representative aluminium alloys (AA6063 and AA2198) after artificial ageing process from 0 h to up to 500 h. The highly interacted effects among microstructures, yield strength and work hardening levels have been well predicted. It is believed that the model has the capability to be used for ageing of other heat treatable aluminium alloys with sphere, plate or rod-shaped precipitates.
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Figure 1. Summary of key dimensions of general precipitates. 
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Figure 2. Comparison of evolutions of indicated microstructural variables during artificial ageing of AA6063 at 185 °C from experiments (symbols [33]) and modelling results from Table 1 (lines). 
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Figure 3. Comparison of evolutions of yield strength and corresponding strengthening components during artificial ageing of AA6063 at 185 °C from experiments (symbols [33]) and modelling results from Table 1 (lines). 
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Figure 4. Comparison of the work hardening behaviour of AA6063 with different artificially aged states (time) at 185 °C from experiments (symbols [33]) and modelling results from Table 1 (lines). 
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Figure 5. Comparison of evolutions of indicated microstructural variables during artificial ageing of AA2198 at 155 °C from experiments (symbols [35]) and modelling results from Table 3 (lines). (a) Variables of dimensions of precipitates; (b) Variables of volume fractions and solid solution. 
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Figure 6. Comparison of evolutions of yield strength and corresponding strengthening components during artificial ageing of AA2198 at 155 °C from experiments (symbols [34]) and modelling results from Table 3 (lines). 
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Figure 7. Comparison of the work hardening behaviour of AA2198 with different artificially aged states (time) at 155 °C from experiments (symbols [34]) and modelling results from Table 3 (lines): (a) not-aged; (b) 1h aged; (c) 8h aged; (d) 10h aged; (e) 50h aged and (f) 500h aged. 
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[image: Metals 10 01094 g007a][image: Metals 10 01094 g007b]







[image: Table] 





Table 1. Summary of the constitutive model for ageing of AA6063.
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	Microstructural Models
	Yield Strength Models
	Work Hardening Models





	       r ¯  ˙   n  =  C n     (  Q −   r ¯  n   )     m 1      

   q =  C q  / e x p  [   k 1     (  t −  t *   )   2   ]    

     c ¯  ˙  = −  A 1   (   c ¯  −   c ¯  a   )    

    f ¯  =  (  1 −  c ¯   )  /  (  1 −   c ¯  a   )    
	    σ  p − n   =  σ r     (  q  f n   )     m 2      

     σ ˙  r  =  C  p r       r ¯  ˙   n   m 3     (  1 −   r ¯  n   m 4     )    

    σ  s s   =  C  s s     c ¯    m 6      

    σ y  =  σ  s s   +  σ  p − n     
	       ρ ¯  ˙    s s   =  k 2  *   c ¯    n 1    *  (  1 −   ρ ¯   s s    )    ε ˙  p    

     ρ ¯   g n   =  k 3   (  q /   r ¯  n   )   [  1 − exp  (  −  ε p   )   ]    

    σ f  =  σ y  +  C w      ρ ¯   s s   +   ρ ¯   g n       
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Table 2. Summary of the constitutive model for ageing of AA6063.
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	Microstructural Models
	Yield Strength Models
	Work Hardening Models





	       r ¯  ˙   n  =  C n     (  Q −   r ¯  n   )     m 1      

   q =  C q  / e x p  [   k 1     (  t −  t *   )   2   ]    

     f ¯  n  =  f ¯  −   f ¯  d    

       r ¯  ˙   d  = −  C d  /   r ¯  d    

     f ¯  d  =   f ¯    d 0       (    r ¯  d  /   r ¯    d 0     )   3    

     c ¯  ˙  = −  A 1   (   c ¯  −   c ¯  a   )  +  A 2    r ¯  d    

    f ¯  =  (  1 −  c ¯   )  /  (  1 −   c ¯  a   )    
	    σ  p − n   =  σ r     (  q  f n   )     m 2      

     σ ˙  r  =  C  p r       r ¯  ˙   n   m 3     (  1 −   r ¯  n   m 4     )    

    σ  p − d   =  C  p d     r ¯  d   m 5      

    σ  s s   =  C  s s     c ¯    m 6      

    σ y  =  σ  s s   +    σ  p − d  2  +  σ  p − n  2      
	       ρ ¯  ˙    s s   =  k 2  *   c ¯    n 1    *  (  1 −   ρ ¯   s s    )    ε ˙  p    

     ρ ¯   g n   =  k 3   (  q /   r ¯  n   )   [  1 − exp  (  −  ε p   )   ]    

    σ f  =  σ y  +  C w      ρ ¯   s s   +   ρ ¯   g n       
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Table 3. Initial values and calibrated materials constants for the model listed in Table 1 for AA6063.
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	     r ¯   n 0     
	     c ¯  0    
	    σ  p − n 0     
	    σ  s s 0     
	    C n    
	  Q  
	    m 1    
	    C q    
	    k 1    
	    t *    
	    A 1    



	0
	1
	0
	57
	0.12
	2
	1.6
	0.9
	1e-5
	5
	0.55



	     c ¯  a    
	    m 2    
	    C  p r     
	    m 3    
	    m 4    
	    m 6    
	    C  s s     
	    k 2    
	    n 1    
	    k 3    
	    C w    



	0.28
	0.3
	1400
	1.2
	0.21
	0.67
	57
	6.8
	1.17
	0.46
	115
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Table 4. Initial values and calibrated materials constants for the model listed in Table 1 for AA2198.






Table 4. Initial values and calibrated materials constants for the model listed in Table 1 for AA2198.





	     r ¯   n 0     
	     r ¯   d 0     
	     c ¯  0    
	    σ  p − n 0     
	    σ  p − d 0     
	    σ  s s 0     
	    C n    
	  Q  
	    m 1    
	    C q    



	0
	1
	0.91
	0
	52
	205
	0.138
	1.0
	0.45
	0.9



	    k 1    
	    t *    
	    C d    
	    A 1    
	    A 2    
	     c ¯  a    
	    m 2    
	    C  p r     
	    m 3    
	    m 4    



	1e-6
	16
	0.2355
	0.05
	0.045
	0.32
	0.35
	72.3
	0.2
	8.21



	    C  p d     
	    m 5    
	    m 6    
	    C  s s     
	    k 2    
	    n 1    
	    k 3    
	    C w    
	-
	-



	52
	2
	0.67
	205
	1.75
	2.6
	0.35
	425
	-
	-
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