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Abstract:  

A recently developed unified constitutive model for creep-ageing of an Al-Cu-Li alloy 

(AA2050-T34) has been successfully extended to applications of multistep heat treatments of 

aluminium alloys, including natural and artificial ageing with simple and complex hardening 

evolution and creep-ageing with different initial temper conditions. An age hardening model 

for both natural and artificial ageing was proposed based on the unified creep-ageing 

constitutive model and methods to determine the initial and equilibrium values of both micro 

and macro variables of aluminium alloys under general heat-treated conditions were presented. 

By unifying normalised microstructural variables throughout the multistep heat treatments, the 

model was able to predict both the simple and complex strengthening evolution of various 

aluminium alloys during ageing and creep-ageing. A number of case studies were carried out 

for natural ageing, artificial ageing and creep-ageing of some typical heat-treatable aluminium 

alloys, including 2xxx (Al-Cu-Mg and Al-Cu-Li) and 7xxx (Al-Zn-Mg) alloys with as-

quenched, naturally-aged (T3/T4) and peak-aged (T6/T8) initial temper conditions. Excellent 

agreement has been achieved between experimental and simulation results. 

Keywords: Modelling; Ageing; Creep age forming; Aluminium alloy; Multistep heat treatment; 

Complex hardening behaviour 
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Nomenclature 

Variables used in this paper 

Variables Unit Specification 

𝑐, 𝑐𝑎, 𝑐𝑠 wt% Solute concentration in the matrix, its equilibrium values at the 

ageing temperature and SHT temperature respectively 

𝑐̅, 𝑐𝑎̅ - Normalised solute concentration and its equilibrium value at the 

ageing temperature 

H - Creep variable 

𝑟, 𝑟𝑑,  𝑟𝑛1, 𝑟𝑛2 nm Precipitate radius, its value for dissolving precipitates and new 

precipitates during natural ageing and artificial ageing respectively 

𝑟𝑛1_𝑥, 𝑟𝑛2_𝑥 nm Radius of new precipitates of x (GP zones, θ’, δ’ etc.) from natural 

ageing and artificial ageing 

𝑡 h Creep/ageing time 

T K Temperature 

𝛽  - Yield strength contribution coefficient from different precipitates 

( 𝑟𝑑, 𝑟𝑛1 and 𝑟𝑛2) 

𝜀𝑐𝑟 - Creep strain  

𝜌, 𝜌𝑠 m-2 Dislocation density and its saturated value 

𝜎, 𝜎𝑒𝑎 MPa Applied and effective applied stress respectively 

𝜎𝑑𝑖𝑠, 𝜎𝑝, 𝜎𝑠𝑠 MPa Contribution to yield strength from dislocations, precipitates and 

solid solution respectively 

𝜎𝑑, 𝜎𝑛1, 𝜎𝑛2 MPa Contribution to yield strength from dissolving precipitates and new 

precipitates during natural ageing and artificial ageing respectively 

𝜎𝑛1_𝑥, 𝜎𝑛2_𝑥 MPa Contribution to yield strength from new precipitates of x (GP 

zones, θ’, δ’ etc.) during natural ageing and artificial ageing. 

𝜎𝑡ℎ0 MPa Initial creep threshold stress  

𝜎𝑦 MPa Yield strength 

𝑋, 𝑋̅, 𝑋̇  Variable X, normalised X, time derivative of X 

Subscripts Xc, X0  Critical value and initial value of variable X 
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1. Introduction 

Creep age forming (CAF) is a novel and promising forming technology to manufacture extra-

large light weight and high performance panel products in the aerospace industry, in which 

strengthening of aluminium alloys from artificial ageing and plastic deformation from creep 

occur simultaneously at a proper ageing temperature [1]. The aluminium alloys used for the 

CAF process are heat-treated differently according to their particular compositions and 

corresponding specific industrial requirements, which will lead to different creep-ageing 

behaviour during their subsequent CAF process. Dunnwald and El-Magd [2] investigated creep 

behaviour of an Al-Cu-Mg alloys (AA2024) with as-quenched and over-aged initial tempers, 

and showed that the as-quenched material exhibited much stronger creep resistance compared 

with the over-aged one. The effects of initial tempers (including naturally-aged (T4) and peak-

aged (T8)) of another Al-Cu-Mg alloy (AA2219) on springback after the CAF process were 

investigated by Lam et al. [3]. The results indicated that the peak-aged material would lead to 

more sprinbgack after the CAF process than the T4 material despite larger stress relaxation was 

observed in the former one. Different heat treatment histories also contributed to varying 

mechanical properties after creep-ageing of Al-Cu-Mg and Al-Zn-Mg-Cu alloys, as reported 

by Lin et al. [4, 5]. Li et al. [6] compared the creep-ageing behaviour of an Al-Cu-Li alloy 

(AA2050) with as-quenched, naturally-aged (T34) and peak-aged (T84) initial tempers. Both 

creep strain and yield strength variations behaved differently during creep-ageing in these three 

initial temper conditions. 

Much effort has been made to model the heat treatment processes and different models have 

been proposed previously. Shercliff and Ashby [7] proposed a process model for artificial 

ageing of aluminium alloys and successfully predicted age hardening of some typical 

aluminium alloys with as-quenched and pre-aged initial temper conditions. Esmaeili et al. [8] 

developed a mechanism-based model for artificial ageing of AA6111, taking into account the 

evolution of both dissolving and nucleating precipitates. A practical model was proposed by 

Sha [9] to characterise the age hardening of several aluminium alloys (Al-Si-Cu and Al-Zn-

Mg) at the early stage of artificial ageing. Artificial ageing of an over-aged Al-Zn-Mg-Cu alloy 

was also investigated and modelled by Starink and Wang [10]. On the basis of the developed 

models for artificial ageing, Raeisinia et al. [11] proposed a set of constitutive equations to 

predict the yield strength of AA6111 after multistep heat treatments, including both natural and 

artificial ageing. All these age hardening models concentrated on the alloys with comparatively 

simple yield strength evolution curves with the single-peak behaviour. However, some 

aluminium alloys with particular initial tempers, such as some Al-Cu-Mg [12], Al-Zn-Mg [13] 
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and Al-Cu-Li alloys [14], demonstrated more complex evolution of the yield strength, e.g., 

with a shoulder and a peak, but little has been done in modelling this type of behaviour. 

For the CAF process, constitutive models were proposed to predict concurrent creep strain 

and age hardening for specified aluminium alloys with a particular initial temper. Ho et al. [15] 

proposed a model to predict creep-ageing of an as-quenched 7000 aluminium alloy. Part of the 

model was further applied to predict creep of some peak-aged alloys (AA7075-T651 and 

AA2124-T851) by Li et al. [16]. Different modelling methods and constitutive equations were 

used for creep-ageing of AA2024-T3 and AA7B04-T7451 alloys respectively by Lin et al. [17] 

and Li et al. [18]. Zhan et al. [19] developed a constitutive model for the CAF process of an 

as-quenched AA7055, considering strength contributions from dislocations, precipitates and 

solid solutes. The model was successfully applied to creep-ageing of some other aluminium 

alloys , such as AA2219 with T4 and T8 initial tempers [3] and AA7050 with T751 initial 

temper [20]. Recently a comprehensive unified constitutive model, based on some basic 

material models for creep and ageing, was developed to predict asymmetric tension and 

compression creep-ageing behaviour with the new double primary creep feature during creep-

ageing of AA2050-T34 [21]. This model considered the evolution of normalised 

microstructural parameters (precipitate size, solute concentration, dislocation density) and their 

effects on hardening and creep deformation, and the predicted evolution of creep strain and 

yield strength agrees well with the experiments.  

The aim of the study is to extend the application of the unified constitutive model to multistep 

heat treatments of various aluminium alloys, especially those with complex age hardening 

behaviour, as well as creep-ageing with different initial tempers. Methods to determine the 

initial and equilibrium values of material variables and a concept of unifying normalised 

microstructural variables throughout the multistep heat treatments are proposed. A number of 

case studies of the model application to both natural and artificial ageing and creep-ageing of 

various aluminium alloys with different initial tempers have been carried out and discussed. 

2. Constitutive model  

Current model is based on the unified constitutive model which successfully predicted the 

concurrent age hardening and creep of AA2050 during creep-ageing [21]. The whole set of 

constitutive model includes [21]: 
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 𝜀𝑐̇𝑟 = 𝐴4sinh {𝐵1 ((|𝜎| − 𝜎𝑡ℎ0)(1 − 𝐻))} 𝑠𝑖𝑔𝑛(𝜎) (1) 

 𝐻 = 𝑘0𝜌̅ + 𝑘1𝑐̅ + 𝑘2(𝑟̅𝑛 + 𝛽
1/2𝑟̅𝑑) (2) 

 𝑟̇̅𝑛 = 𝐶𝑟(𝑄 − 𝑟̅𝑛)
𝑚3(1 + 𝛾0𝜌̅

𝑚4) (3) 

 𝑟̇̅𝑑 = −
𝐶𝑟1

𝑟̅𝑑
 (4) 

 𝑐̅̇ = −𝐴2(𝑐̅ − 𝑐𝑎̅)(1 + 𝛾0𝜌̅
𝑚4) (5) 

 𝜌̇̅ = 𝐴1(1 − 𝜌̅)|𝜀𝑐̇𝑟|
𝑚1 − 𝐶𝑝𝜌̅

𝑚2 (6) 

 𝜎̇𝑝−𝑛 = 𝐶𝑎 𝑟̇̅𝑛
𝑚5(1 − 𝑟̅𝑛

𝑚6) (7) 

 𝜎̇𝑝−𝑑 = 𝐶𝑎1𝑟̅𝑑
𝑚7 𝑟̇̅𝑑 (8) 

 𝜎̇𝑠𝑠 = −𝐶𝑠𝑠𝑐̅̇
𝑚8(𝑐̅ − 𝑐𝑎̅) (9) 

 𝜎̇𝑑𝑖𝑠 = 𝐴3𝑛𝜌̅
𝑛−1𝜌̇̅ (10) 

 𝜎𝑦 = 𝜎𝑠𝑠 +√𝜎𝑑𝑖𝑠
2 + (𝜎𝑝−𝑑

2 + 𝜎𝑝−𝑛2 ) (11) 

where 𝜀𝑐̇𝑟 is the creep strain rate and 𝐻 is a microstructure-controlled creep variable. 𝑟̅𝑛, 𝑟̅𝑑, 𝑐̅ 

and 𝜌̅ are the normalised microstructural variables representing the new precipitate radius, 

dissolving precipitate radius, solute concentration and dislocation density. The normalised 

dislocation density is defined as: 𝜌̅ = (𝜌 − 𝜌𝑖)/𝜌𝑠  [21], where 𝜌𝑖  is the initial dislocation 

density and 𝜌𝑠 is the saturated dislocation density of the alloy during creep-ageing. 𝜎𝑝−𝑛, 𝜎𝑝−𝑑, 

𝜎𝑠𝑠  and 𝜎𝑑𝑖𝑠  are the strength contributions to the yield strength (𝜎𝑦) of the alloy from new 

precipitates, dissolving precipitates, solutes and dislocations respectively.  

As-quenched, naturally-aged (T3 or T4) and peak-aged (T6 or T8) tempers were all reported 

as suitable initial conditions for CAF of aluminium alloys [3, 6, 19]. An age hardening model 

to predict the evolution of the yield strength and microstructural variables of the alloys during 

these heat treatments, including natural and artificial ageing, can be simplified from the creep-

ageing constitutive model by ignoring the creep related variables. 

The yield strength (𝜎𝑦) of aluminium alloys during pure ageing is mainly determined by the 

contributions from the solid solution (𝜎𝑠𝑠) (including the intrinsic strength of aluminium) and 

precipitation hardening (𝜎𝑝) [7], as:  

 𝜎𝑦 = 𝜎𝑠𝑠 + 𝜎𝑝 (12) 

The growth of the clusters and precipitates of the alloys during pure ageing, including both 

natural and artificial ageing, shares similar trends, where a large growth rate occurs first and 

then the rate decreases with the ageing time [11, 22, 23]. Hence, the evolution of the new 

precipitate radius (𝑟𝑛) during both natural and artificial ageing can be empirically represented 

by Eq. (3) without the dislocation related term, as:  
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 𝑟̇̅𝑛 = 𝐶𝑟(𝑄 − 𝑟̅𝑛)
𝑚1 (13) 

where 𝑟̅𝑛 = 𝑟𝑛/𝑟𝑛𝑐  is the normalised radius of the new precipitates and 𝑟𝑛𝑐  represents the 

corresponding critical value (peak-aged value for artificial ageing and saturate value for natural 

ageing). 𝐶𝑟 is a temperature-dependant material constant.  𝑄 represents the normalised saturate 

radius of the new precipitates during ageing and it is 1 during natural ageing.  

During natural ageing, where the as-quenched alloys are aged to T3 or T4 tempers at room 

temperature, the precipitates (𝑟̅𝑛1) are much less developed than the peak-aged ones in artificial 

ageing, and their contributions to the yield strength of the alloys (σ𝑛1), can be directly modelled 

by the shearing mechanism, as [7]: 

 𝜎̇𝑛1 = 𝐶𝐴𝑟̅𝑛1
𝑚9 𝑟̇̅𝑛1 (14) 

where 𝐶𝐴 and 𝑚9 are material constants and 𝑟̅𝑛1 is the normalised radius of the new naturally-

aged precipitates. 

During artificial ageing, where the as-quenched alloys are aged to T6 or T8 tempers at an 

elevated temperature, the strength contribution (𝜎𝑛2) from the new precipitates (𝑟̅𝑛2) can be 

modelled directly by Eq. (7). Meanwhile, when the alloys being artificially aged is with T3 or 

T4 initial tempers, an initial reversion of yield strength may occur in some alloys because of 

the dissolution of the naturally-aged precipitates [24]. The normalised dissolving precipitate 

radius (𝑟̅𝑑) and its strength contribution (𝜎𝑑) during artificial ageing can be directly modelled 

by Eqs. (4) and (8). 

The evolution of the normalised solute concentration (𝑐̅) during both natural and artificial 

ageing can be modelled according to Eq. (5), as:  

 𝑐̅̇ = −𝐴1(𝑐̅ − 𝑐𝑎̅) (15) 

where 𝐴1 is a temperature-dependant material constant to characterise the speed of the solute 

loss during ageing and is small for natural ageing to represent the slow solute diffusion at room 

temperature [25]. The corresponding strength contribution (𝜎𝑠𝑠) can be modelled by Eq. (9). 

3. Model implementation for multistep heat-treated aluminium alloys  

3.1 Initial and equilibrium internal variables 

The overall yield strength of aluminium alloys before ageing or creep-ageing is determined 

by the strength components from the dislocations (𝜎𝑑𝑖𝑠0), solid solutes (𝜎𝑠𝑠0) and precipitates 

(𝜎𝑝0). These components can be estimated according to the yield strength of the alloys that 

have undergone particular heat treatments. For the as-quenched and naturally-aged (T3/T4) 

alloys, their initial solid solution component (𝜎𝑠𝑠0) can be approximated by the yield strength 

of the corresponding solution heat-treated alloys. While for the peak-aged alloys (T6/T8), in 

which significant solute loss had occurred during artificial ageing, the initial value can be 

estimated according to the equilibrium solute concentration at the age temperature (𝑐𝑎̅), as 
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𝜎𝑠𝑠0 × 𝑐𝑎̅
2/3 [26]. The initial strength contribution from dislocations (𝜎𝑑𝑖𝑠0) can be obtained 

from the yield strength increase of the alloys after pre-stretching. Finally, the initial 

precipitation strength component (𝜎𝑝0) can be estimated according to 𝜎𝑠𝑠0 and 𝜎𝑑𝑖𝑠0 using Eq. 

(11). The detailed estimation processes for these initial strength components of the alloys with 

general temper conditions, including as-quenched, T3/T4 and T6/T8, are illustrated in Fig. 1 

and listed in Table 1. In addition, the initial creep threshold stress (𝜎𝑡ℎ0) of the alloys before 

creep-ageing can be determined by the power-law creep equation [27], which will be shown 

later in Section 4. 

 

Figure 1. Schematics of heat treatments and corresponding yield strength data for the as-quenched, 

T3/T8 and T4/T6 tempers: (a) with pre-stretch and (b) without pre-stretch.  
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Table 1. Determination of initial strength components with various initial tempers. 

Initial temper 
Solid solution strength 

component (𝝈𝒔𝒔𝟎) 

Dislocation strength 

component (𝝈𝒅𝒊𝒔𝟎) 

Precipitation strength 

component (𝝈𝒑𝟎) 

As-quenched 𝜎𝑦1  0 0 

T3 𝜎𝑦1  𝜎𝑦2 − 𝜎𝑦1  √(𝜎𝑦4 − 𝜎𝑠𝑠0)
2 − 𝜎𝑑𝑖𝑠0

2  

T4 𝜎𝑦1  0 𝜎𝑦4
′ − 𝜎𝑠𝑠0  

T6 𝜎𝑦1 × 𝑐̅𝑎
2/3

 0 𝜎𝑦3
′ − 𝜎𝑠𝑠0 

T8 𝜎𝑦1 × 𝑐̅𝑎
2/3

  𝜎𝑦2 − 𝜎𝑦1 √(𝜎𝑦3 − 𝜎𝑠𝑠0)
2 − 𝜎𝑑𝑖𝑠0

2  

 

The equilibrium solute concentration of an aluminium alloy at the ageing temperature 𝑇𝑎 can 

be calculated by the following equation [26]: 

 𝑐𝑎 = 𝐴0exp (−
𝑄𝑠

𝑅𝑇𝑎
) (16) 

where 𝐴0  is a material constant and 𝑄𝑠  is the free energy of solution of the alloy. The 

normalised equilibrium value (𝑐𝑎̅) can be obtained from [21]: 

 𝑐𝑎̅ =
𝑐𝑎

𝑐𝑠
= exp (

𝑄𝑠

𝑅
(
1

𝑇𝑠
−

1

𝑇𝑎
)) (17) 

where 𝑐𝑠 is the equilibrium solute concentration at the SHT temperature 𝑇𝑠. 

The initial value of the normalised solute concentration (𝑐0̅) is 1 for the as-quenched alloy 

and should be less than 1 after natural or artificial ageing. When the alloy is naturally or 

artificially aged, 𝑐0̅  for the subsequent heat treatments can be related to the corresponding 

normalised precipitate radius (𝑟̅) [8]: 

 𝑐0̅ = 1 − 𝛼𝑟̅3 (18) 

where 𝛼 is a coefficient. The coefficient 𝛼 can be calculated according to the critical value of 

𝑟̅𝑛2𝑐=1 and 𝑐𝑎̅ as 𝛼 = 1 − 𝑐𝑎̅. 

The critical values for the normalised precipitate radii 𝑟̅𝑛1, 𝑟̅𝑑  and 𝑟̅𝑛2 are 1, however the 

corresponding normalised solute concentration are different. In order to unify their different 

levels of contributions to the solute loss, the artificially aged new precipitate radius (𝑟̅𝑛2) is 

considered as a standard normalised value throughout the multistep heat treatments, and 𝑟̅𝑛1 or 

𝑟̅𝑑 is adjusted to be equivalent to the standard value by a factor 𝛽1/2, which was also used in 

Eq. (2) to unify the particular contributions to the creep strain rate evolution from 𝑟̅𝑑 and 𝑟̅𝑛2. 

Hence, after natural ageing, the initial normalised solute concentration can be calculated 

according to Eq. (18), as 𝑐0̅ = 1 − 𝛼(𝛽1/2𝑟̅𝑛1)
3. On the other hand, after artificial ageing, the 

initial normalised solute concentration is 𝑐0̅ = 1 − 𝛼(𝑟̅𝑛2 + 𝛽
1/2𝑟̅𝑑)

3. 

The coefficient 𝛽 can be estimated according to the strength contributions from different 

precipitate types at their critical states [21], as: 
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𝜎𝑖𝑚

𝜎𝑛2𝑚
= (

𝛽1/2𝑟̅𝑖𝑐

𝑟̅𝑛2𝑐
)
2

= 𝛽  (19) 

where 𝑟̅𝑖𝑐  represents the critical value of 𝑟̅𝑛1𝑐  or 𝑟̅𝑑𝑐  and both 𝑟̅𝑖𝑐  and 𝑟̅𝑛2𝑐  are 1. The 

corresponding maximum strength contributions, 𝜎𝑖𝑚 and 𝜎𝑛2𝑚, can be obtained by the yield 

strength curve of the alloy during the ageing processes, as depicted in an earlier study [21].  

3.2 Determination of material constants in the model 

As the constitutive model used in this study consists of non-linear ordinary differential 

equations and cannot be solved analytically, a multi-step fitting process as detailed in earlier 

studies [19, 21] was used to determine and optimise the material constants in the models for 

natural ageing, artificial ageing and creep-ageing. In this process, a numerical optimisation 

technique was used so as to achieve the minimum sum of the square of errors between the 

experimental and numerical results. The objective function used in the numerical optimisation 

process is defined as [28]:  

 𝑓(𝑥) = ∑ ∑ 𝑤𝑖𝑗(𝑂𝑖𝑗
𝑐 − 𝑂𝑖𝑗

𝑒 )
2𝑚𝑗

𝑖=1
𝑛1
𝑗=1  (20) 

where 𝑥 = (𝑥1, 𝑥2, … , 𝑥𝑠) represents all material constants need to be optimised and 𝑤𝑖𝑗 is a 

weighting function. 𝑛1 represents the number of experimental curves, 𝑚𝑗 is the number of data 

points for the jth experimental curve. wij is a weighting function. (𝑂𝑖𝑗
𝑐 − 𝑂𝑖𝑗

𝑒 ) is the difference 

between the numerical and experimental data at the same processing time. O represents the 

yield strength data for ageing heat treatments, while for the creep-ageing condition, O is the 

creep strain data. The final error between the experiments and numerical models with the 

determined constants is estimated by their root-mean-square deviation (RMSD) and has been 

provided for each case in Section 4. 

For the creep-ageing condition where multiple sets of experimental data under different 

stress levels were available, only three sets of the data were employed for the determination of 

the material constants, the other sets of experimental data were used to verify the effectiveness 

of the determined material constants. 

4. Model applications and discussion 

In this section, the model presented in Section 2 is applied to some heat treatment processes 

whose data can be obtained from literature. The cases studied include natural ageing with 

simple and complex hardening behaviour, artificial ageing of as-quenched and T3 temper with 

complex precipitation behaviour, creep-ageing with as-quenched, naturally aged and 

artificially aged conditions. 

4.1 Natural ageing 

Natural ageing of two typical aluminium alloys, which demonstrate either simple or complex 

precipitation behaviour, was modelled by the following set of equations summarised from 

Section 2: 
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𝑟̇̅𝑛1 = 𝐶𝑟(1 − 𝑟̅𝑛1)

𝑚1

𝑐̅̇ = −𝐴1(𝑐̅ − 𝑐𝑎̅)

𝜎̇𝑛1 = 𝐶𝐴𝑟̅𝑛1
𝑚9 𝑟̇̅𝑛1

𝜎̇𝑠𝑠 = −𝐶𝑠𝑠|𝑐̅̇|
𝑚5(𝑐̅ − 𝑐𝑎̅)

𝜎𝑦 = 𝜎𝑠𝑠 + 𝜎𝑛1

 (21) 

The first case is for natural ageing of an as-quenched Al-4Cu-0.3Mg-0.4Ag alloy with a 

single-peak hardness curve. The hardness evolution during natural ageing of the alloy was 

reported in [14]. In this case, the initial normalised radius of precipitates of this as-quenched 

alloy (𝑟̅𝑛10) was 0 and the initial solute concentration value (𝑐0̅) was 1 before natural ageing. 

Their initial strength contributions (𝜎𝑛10 and 𝜎𝑠𝑠0) were obtained according to Table 1. The 

most commonly used relationship between the yield strength and hardness, 𝜎 = 3 ∗ 𝐻𝑉 [29], 

was applied in this study to demonstrate the capability of the constitutive model in predicting 

the strengthening of the alloys during ageing heat treatment. Some experiments on true yield 

strength would best be carried out to calibrate the model before it is used for guiding the ageing 

practice. All initial values are listed in Table 2. The equilibrium state of the solute concentration 

(𝑐𝑎̅) was calculated according to Eq. (17) with 𝑄𝑠 = 25 kJ mol-1 [7]. At room temperature 

(𝑇𝑎=293 K), solute diffusion was very slow and therefore the temperature-dependent material 

constant 𝐴1 was small. Other material constants were determined according to Section 3.2 and 

presented in Table 2.  

Table 2. Initial and equilibrium values and material constants for natural ageing of the as-quenched 

Al-4Cu-0.3Mg alloy. 

Initial and 

equilibrium 

values 

𝑟̅𝑛10  

(-) 

𝑐0̅  
(-) 

𝜎𝑛10 

(MPa) 

𝜎𝑠𝑠0  

(MPa) 

𝑐𝑎̅  
(-) 

  

0 1 0 219 0.0132   

Material 

constants 

𝐶𝑟  
(h-1) 

𝑚1  
(-) 

𝐶𝐴  
(MPa) 

𝑚9  
(-) 

𝐴1  
(-) 

𝐶𝑠𝑠  
(MPa) 

𝑚5  
(-) 

5E-2 1.2 90 0.05 1e-6 15 0.7 

 

The predicted results from the determined material constants were compared with 

experimental data [14] in Fig. 2. Good agreement was achieved where the root-mean-square 

deviation (RMSD) between corresponding modelling and experimental hardness data is only 

1.8 VHN, demonstrating the effectiveness of the current model for the application to natural 

ageing with simple hardening behaviour. 
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Figure 2. Hardness evolution during natural ageing of as-quenched Al-4Cu-0.3Mg alloy from 

experiments (symbols) [14] and age hardening model (solid line). 

Some aluminium alloys have a more complex hardening behaviour during natural ageing. 

Ringer et al. [14] reported detailed data for natural ageing of an Al-5.3Cu-1.3Li alloy with or 

without pre-stretch (T3 and T4 temper). Different from the Al-Cu-Mg alloy shown above, more 

complex yield strength evolution curves with a shoulder and a peak were observed for both 

temper conditions because of the different growth progresses of the GP zones and δ’ 

precipitates during natural ageing [14]. The initial values of microstructural variables and 

strength components of the alloy were determined according to Section 3.1 and listed in Table 

3. The equilibrium solute concentration (𝑐𝑎̅) was calculated according to a general format of 

Eq. (17) ( ln 𝐶𝑎  = 4.176-9180/RT) for Al-Li alloys [30]. In this case, the evolution of 

dislocations was ignored during natural ageing and the initial strength contribution from pre-

stretch was treated as part of the initial solution hardening component for simplification. 

For natural ageing to T3 temper, if Eq. (21) was used directly, where all precipitates were 

treated as a general type during natural ageing, the computed results (dashed line in Fig. 3) 

according to the optimised material constants (Table 3) showed apparent discrepancies with 

the experimental data [14], especially in the first 70 hours.  

This is due to the different growth progresses of the GP zones and δ’ precipitates during the 

ageing process [14]. In order to accurately predict the hardening behaviour, microstructural 

evolutions of the GP zones and δ’ precipitates of the alloy were modelled separately during 

natural ageing. Hence, the equations related to precipitates in Eq. (21) were extended to two 

sets: one set represented the evolution of GP zones (𝑟̅𝑛1_𝐺𝑃 and 𝜎𝑛1_𝐺𝑃) and the other was for δ’ 

( 𝑟̅𝑛1_𝛿′  and 𝜎𝑛1_𝛿′ ). Their total strength contribution was determined using 𝜎𝑛1 =

√(𝜎𝑛1_𝐺𝑃)2 + (𝜎𝑛1_𝛿′)2. These two sets of equations were calibrated based on the particular 

properties of the yield strength curve, where the shoulder of the curve was mainly contributed 

by the growth of GP zones and the peak was controlled by δ’ [14]. The related material 

constants for these two precipitates were listed in Table 3. The predicted results from the 

extended model were shown in Fig. 3 with solid line, demonstrating much better agreement 

with the experimental data through the whole natural ageing period (RMSD = 1.2 VHN) than 

the original single precipitate type model (dashed line, RMSD = 5.2 VHN). The results indicate 
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that the current model can be extended to separately model the precipitates which experience 

different evolution progresses during ageing, and predict complex hardening evolution during 

natural ageing. It also emphasises the importance of understanding the microstructural 

evolution and related mechanisms for a good model. 

Table 3.  Initial and equilibrium values and material constants for natural ageing of pre-stretched Al- 

Al-5.3Cu-1.3Li alloy. 

Initial and 

equilibrium values 

𝑟̅𝑛10 

(-) 

𝑐0̅ 
(-) 

𝜎𝑛10 

(MPa) 

𝜎𝑠𝑠0 

(MPa) 

𝑐𝑎̅ 
(-) 

   

0 1 0 342 0.11    

Material constants 

with single 

precipitate type 

𝐶𝑟 
(h-1) 

𝑚1 
(-) 

𝐶𝐴 
(MPa) 

𝑚9 
(-) 

 
𝐴1 
(-) 

𝐶𝑠𝑠 
(MPa) 

𝑚5 

(-) 

2E-2 1.2 95 0.64  2e-7 15 0.7 

Material constants 

with double 

precipitate type 

GP zones 𝛿′ 

𝐶𝑟 
(h-1) 

𝑚1 
(-) 

𝐶𝐴 
(MPa) 

𝑚9 
(-) 

𝐶𝑟 
(h-1) 

𝑚1 
(-) 

𝐶𝐴 
(MPa) 

𝑚9 
(-) 

4E-1 1.2 50 0.45 8E-3 1.2 75 0.56 

 

 

Figure 3. Comparison of hardness evolution during natural ageing of pre-stretched Al-5.3Cu-1.3Li 

alloy from experiments (symbols) [14] and models with single (dashed line) and double (solid line) 

precipitate type. 

During natural ageing, the same Al-5.3Cu-1.3Li alloy without pre-stretch showed a yield 

strength behaviour similar to the one with pre-stretch and hence, the extended model with the 

double precipitate type (GP zones and δ’) were used to simulate the ageing process. The initial 

and equilibrium values of the alloy, as well as the optimised material constants are listed in 

Table 4. The experimental and model simulation results for the hardness evolution are 

compared in Fig. 4. It demonstrates the very good simulation results for the complex hardening 

curve of the material for T4 temper with a RMSD value of 1.3 VHN. Together with the results 
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shown in Fig. 3, the extended model is shown to be effective in predicting natural ageing of 

alloys with complex hardening curves. 

Table 4.  Initial and equilibrium values and material constants for natural ageing of as-quenched Al-

5.3Cu-1.3Li alloy. 

Initial and 

equilibrium values 

𝑟̅𝑛10 

(-) 

𝑐0̅ 
(-) 

𝜎𝑛10 

(MPa) 

𝜎𝑠𝑠0 

(MPa) 

𝑐𝑎̅ 
(-) 

   

0 1 0 258 0.11    

Material constants 

𝐴1 
(-) 

𝐶𝑠𝑠 
(MPa) 

𝑚5 
(-) 

     

1e-6 15 0.7      

GP zones 𝛿′ 

𝐶𝑟 
(h-1) 

𝑚1 
(-) 

𝐶𝐴 
(MPa) 

𝑚9 
(-) 

𝐶𝑟 
(h-1) 

𝑚1 
(-) 

𝐶𝐴 
(MPa) 

𝑚9 
(-) 

4.4E-1 1.2 170 0.51 6E-3 1.2 210 0.69 

 

 

Figure 4. Hardness evolution during natural ageing of as-quenched Al-5.3Cu-1.3Li alloy from 

experiments (symbols) [14] and double precipitate type model (solid line). 

4.2 Artificial ageing 

In this section, the model is extended to artificial ageing of some typical Al-Cu-Li alloys 

with different initial tempers which show complex precipitation progress with more than one 

main strengthening phases. The following set of equations was used in this case study: 
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{
 
 
 
 

 
 
 
 
𝑟̇̅𝑛2 = 𝐶𝑟(𝑄 − 𝑟̅𝑛2)

𝑚1

𝑟̇̅𝑑 = −𝐶𝑟1/𝑟̅𝑑
𝑐̅̇ = −𝐴1(𝑐̅ − 𝑐𝑎̅)

𝜎̇𝑛2 = 𝐶𝑎 𝑟̇̅𝑛2
𝑚2(1 − 𝑟̅𝑛2

𝑚3)

𝜎̇𝑑 = 𝐶𝑎1𝑟̅𝑑
𝑚4 𝑟̇̅𝑑

𝜎̇𝑠𝑠 = −𝐶𝑠𝑠|𝑐̅̇|
𝑚5(𝑐̅ − 𝑐𝑎̅)

𝜎𝑦 = 𝜎𝑠𝑠 +√𝜎𝑛2
2 + 𝜎𝑑

2

 (22) 

Artificial ageing of an as-quenched Al-5.3Cu-1.3Li alloy at 433 K was investigated by 

Ringer et al. [14] and detailed data on hardness evolution were reported, as shown in Fig. 5 

(symbols). During artificial ageing, two types of precipitates (𝜃′ and 𝑇1) appeared in the alloy. 

𝜃′ precipitates were believed to control the strengthening in the early stage and 𝑇1 precipitates 

played a more important role in the later stage. The initial variable values of the as-quenched 

alloy were the same as those listed in Table 3 but 𝑐𝑎̅ was updated as the temperature was 433 

K, which are presented in Table 5. As no naturally-aged precipitates (𝑟̅𝑛1) existed in the alloy 

before artificial ageing, only new precipitates (𝑟̅𝑛2) were considered. Similar with natural 

ageing of the Al-Cu-Li alloys above, the extended model with the double precipitate type (𝜃′ 

and 𝑇1 ) was evaluated. The related material constants are presented in Tables 5. Fig. 5 

compares the predicted results with the experimental data and very good agreement can be 

observed (RMSD = 3.8 VHN), showing the effectiveness of the extended model in predicting 

artificial ageing of aluminium alloys with complex hardening curves.  

Table 5. Initial and equilibrium values and material constants for artificial ageing of as-quenched Al-

5.3Cu-1.3Li alloy. 

Initial and 

equilibrium 

values 

𝑟̅𝑛20 

(-) 

𝑐0̅ 
(-) 

𝜎𝑛20 

(MPa) 

𝜎𝑠𝑠0 

(MPa) 

𝑐𝑎̅ 
(-) 

     

0 1 0 258 0.324      

Material 

constants 

𝐴1 
(-) 

𝐶𝑠𝑠 
(MPa) 

𝑚5 
(-) 

Q 

(-) 
      

0.02 60 0.48 1.03       

𝜃′ 𝑇1 

𝐶𝑟  
(h-1) 

𝑚1  
(-) 

𝐶𝑎  
(MPa) 

𝑚2  
(-) 

𝑚3  
(-) 

𝐶𝑟  
(h-1) 

𝑚1  
(-) 

𝐶𝑎  
(MPa) 

𝑚2  
(-) 

𝑚3 
(-) 

1.2 1.2 200 0.9 1.05 3.4E-2 0.73 56 0.38 1.5 
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Figure 5. Hardness evolution during artificial ageing of as-quenched Al-5.3Cu-1.3Li alloy from 

experiments (symbols) [14] and double precipitate type model (solid line). 

Kumar et al. [24] investigated microstructural evolution and hardness responses during 

artificial ageing of a naturally-aged Al-5.4Cu-1.6Li alloy (T3 temper) at 433 K. T1 precipitates 

were reported to be the main strengthening phase in the alloy during artificial ageing [24]. 

Therefore a general precipitate type was used to represent the new precipitates. For this T3 

material, the initial normalised radius of the new precipitates (𝑟̅𝑛20) was 0 and the initial value 

of the dissolving precipitates (𝑟̅𝑑0) was 1. The normalised equilibrium solute concentration (𝑐𝑎̅) 

was 0.324 at 433 K. The initial solute concentration value (𝑐0̅) was calculated using Eq. (18). 

𝛽 was obtained from Eq. (19), where 𝜎𝑛2 = 86 MPa and 𝜎𝑑 = 16 MPa from the harness curve 

in Fig. 6. As a result, 𝛽 = 0.186 and 𝑐0̅ = 0.95. All the initial values of the internal variables 

and the determined material constants are listed in Table 6. Comparing the predicted hardness 

evolution results with experiments in Fig. 6, it can be seen that good agreement has been 

achieved (RMSD = 2.8 VHN). 

Table 6. Initial and equilibrium values and material constants for artificial ageing of Al-Cu-Li alloy 

with T3 initial temper. 

𝑟̅𝑛20  

(-) 

𝑟̅𝑑0  

(-) 

𝑐0̅  

(-) 

𝜎𝑛20  

(MPa) 

𝜎𝑑0  

(MPa) 

𝜎𝑠𝑠0  

(MPa) 

𝑐𝑎̅  

(-) 

β 

(-) 

0 1 0.95 0 16 184.4 0.324 0.186 

𝐶𝑟  

(h-1) 

Q 

(-) 

𝑚1  

(-) 

𝐶𝑎  

(MPa) 

𝑚2  

(-) 

𝑚3  

(-) 

𝐶𝑟1  

(h-1) 

𝐶𝑎1  

(MPa) 

𝑚4  

(-) 

𝐴1  

(-) 

𝐶𝑠𝑠  

(MPa) 

𝑚5  

(-) 

3.8E-2 1.03 0.8 9.5 0.15 1.0 0.95 23 0.5 0.07 40 0.85 
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Figure 6. Hardness evolution during artificial ageing of T3 tempered Al-Cu-Li alloy from 

experiments (symbols) [24] and age hardening model (solid line)  

In summary, the above results for both Al-Cu-Mg and Al-Cu-Li alloys verify that the age 

hardening model proposed in this study can be used to predict both the simple and complex 

evolutions of microstructures and yield strength during natural and artificial ageing of various 

multistep heat-treated aluminium alloys. It is shown that it is very important to understand the 

microstructural evolution and its effect on strength evolution, and hence to choose a proper 

model that can closely represent the experimental results. 

4.3 Creep-ageing of multistep heat-treated aluminium alloys 

In this section, the constitutive model was applied to CAF of some typical multistep heat-

treated 7xxx and 2xxx aluminium alloys with different initial temper conditions, using the 

following set of equations [21]: 

 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 
𝜀𝑐̇𝑟 = 𝐴4𝑠𝑖𝑛ℎ {𝐵1(𝜎 − 𝜎𝑡ℎ0)(1 − 𝐻)}𝑠𝑖𝑔𝑛(𝜎)

𝐻 = 𝑘1𝜌̅ + 𝑘2𝑐̅ + 𝑘3(𝑟̅𝑛2 + 𝛽
1/2𝑟̅𝑑)

𝑟̇̅𝑛2 = 𝐶𝑟(𝑄 − 𝑟̅𝑛2)
𝑚1(1 + 𝛾0𝜌̅

𝑚8)

𝑟̇̅𝑑 = −𝐶𝑟1/𝑟̅𝑑
𝑐̅̇ = −𝐴1(𝑐̅ − 𝑐𝑎̅)(1 + 𝛾0𝜌̅

𝑚8)

𝜌̇̅ = 𝐴2(1 − 𝜌̅)|𝜀𝑐̇𝑟|
𝑚6 − 𝐶𝑝𝜌̅

𝑚7

𝜎̇𝑛2 = 𝐶𝑎 𝑟̇̅𝑛2
𝑚2(1 − 𝑟̅𝑛2

𝑚3)

𝜎̇𝑑 = 𝐶𝑎1𝑟̅𝑑
𝑚4 𝑟̇̅𝑑

𝜎̇𝑠𝑠 = −𝐶𝑠𝑠|𝑐̅̇|
𝑚5(𝑐̅ − 𝑐𝑎̅)

𝜎̇𝑑𝑖𝑠 = 𝐴3𝑛𝜌̅
𝑛−1𝜌̇̅

𝜎𝑦 = 𝜎𝑠𝑠 +√𝜎n2
2 + 𝜎𝑑

2 + 𝜎𝑑𝑖𝑠
2

 (23) 

(a) Creep-ageing of as-quenched Al-Zn-Mg alloy 

Creep-ageing of an as-quenched AA7055 at 393 K was investigated by Zhan et al. [19]. Only 

new precipitates (𝑟̅𝑛2) could be observed during creep-ageing of the as-quenched alloys. The 
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initial values of the microstructures and strength components are listed in Table 7, where the 

initial normalised dislocation density was negligible and was set as 1E-6. 𝑐𝑎̅ was calculated 

according to Eq. (17), where 𝑄𝑠 = 8.9 KJmol-1 [10]. The initial creep threshold stress of the as-

quenched alloy was assumed insignificant and was set to 0 MPa [27]. The creep curves of the 

alloy exhibited the conventional two-stage behaviour, which was widely explained by 

dislocation and precipitation hardening. Hence, the creep strain rate of the alloy was mainly 

determined by the normalised dislocation density (𝜌̅) and normalised precipitate radius (𝑟̅𝑛2). 

Table 7 lists the material constants optimised according to Section 3.2. 

Table 7. Initial and equilibrium values and material constants for creep-ageing of as-quenched 

AA7055 at 393 K. 

𝜌̅0 

(-) 

𝑐0̅ 

(-) 

𝑟̅𝑛20 

(-) 

𝜎𝑛20 

(MPa) 

𝜎𝑠𝑠0 

(MPa) 

𝜎𝑑𝑖𝑠0 

(MPa) 

𝑐𝑎̅  

(-) 

𝜎𝑡ℎ0  

(MPa) 

𝐶𝑟  

(h-1) 

𝑄  

(-) 

1E-6 1 0 0 387 0 0.27 0 3.1E-2 1.69 

𝑚1  

(-) 

𝐶𝑎  

(MPa) 

𝑚2  

(-) 

𝑚3  

(-) 

𝐴1  

(-) 

𝐶𝑠𝑠  

(MPa) 

𝑚5  

(-) 

𝐴2  

(h-1) 

𝑚6  

(-) 

𝑚7  

(-) 

1.3 124.3 0.45 0.75 0.09 80 0.34 380 0.9 1.3 

𝐶𝑝  

(-) 

𝐴3  

(-) 

𝑛  

(-) 

𝐴4  

(-) 

𝐵1  

(-) 

𝑘1  

(-) 

𝑘2  

(-) 

𝑘3  

(-) 

𝛾0  

(-) 

𝑚8  

(-) 

0.07 181.5 0.8 3E-5 1.9E-2 0.45 0.05 0.25 2.0 1.98 

 

The experimental results under stress levels of 190.0, 252.2 and 308.9 MPa were used for 

material constants determination and the effectiveness of the fitted equations were verified by 

comparing the predicted data and experimental data under other stress levels (dashed lines in 

Fig. 8). The predicted yield strength curves during creep-ageing under different stress levels 

are plotted and compared with the experiments in Fig. 7. The modelling results correspond well 

with experiments and both illustrate an accelerating age hardening behaviour with increasing 

applied stress. The creep strain curves under four applied stress levels are shown in Fig. 8, 

where modelling results show good agreement with the experiments under all stress levels (the 

RMSD values for the strain data under stress levels of 190.0, 252.2, 308.9 and 357.8 MPa are 

respectively 0.015%, 0.02%, 0.015% and 0.033%), demonstrating the effectiveness of the 

constitutive model in predicting creep-ageing behaviour of the as-quenched alloys. 
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Figure 7. Comparison of yield strength evolution under different stress levels during creep-ageing of 

as-quenched AA7055 at 393 K between experiments (symbols) [19] and models (lines). 

 

Figure 8. Comparison of creep strain curves under different stress levels during creep-ageing of as-

quenched AA7055 at 393 K between experiments (symbols) [19] and models (solid lines for material 

constants determination and dashed line for verification). 

(b) Creep-ageing of naturally-aged Al-Cu-Li alloy  

A new double primary creep feature and a yield strength evolution with an initial reversion 

were observed during creep-ageing of AA2050-T34 [6]. For this alloy, both dissolving and 

new precipitates have effects on hardening and creep behaviour and need be considered in the 

creep-ageing model. The procedures to obtain the initial and equilibrium values followed those 

detailed in Section 3, and the resultant values are listed in Table 8 [21]. The material constants 

were determined using the experimental data under stress levels of 150, 162.5 and 175 MPa 

and the optimised material constants are also presented in Table 8. These determined constants 

were used to predict the results under other stress levels (dashed lines in Fig. 10). Figs. 9 and 
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10 compare the modelling and experimental results of the yield strength and creep curves under 

different stress levels, both showing very good agreement between each other (the RMSD 

values for the strain data under stress levels of 100, 150, 162.5, 175 and 187.5 MPa in Fig. 10 

are 0.0022%, 0.0019%, 0.0015%, 0.0026% and 0.0018% respectively), and again indicating 

the effectiveness of the model in predicting the creep-ageing behaviour of the alloys with T3 

temper. 

Table 8. Initial and equilibrium values and material constants for creep-ageing of AA2050-T34 at 

428 K. 

𝜌̅0  

(-) 

𝑐0̅  

(-) 

𝑟̅𝑑0  

(-) 

𝑟̅𝑛20  

(-) 

𝛽  

(-) 

𝜎𝑑0  

(MPa) 

𝜎𝑛20  

(MPa) 

𝜎𝑠𝑠0  

(MPa) 

𝜎𝑑𝑖𝑠0  

(MPa) 

1E-6 0.978 1 0 0.101 110 0 120 100 

𝑐𝑎̅  

(-) 

𝐶𝑟  

(h-1) 

𝑄  

(-) 

𝑚1  

(-) 

𝐶𝑎  

(MPa) 

𝑚2  

(-) 

𝑚3  

(-) 

𝐶𝑟1  

(h-1) 

𝐶𝑎1  

(MPa) 

0.316 0.108 1.1 1.25 180 0.65 6.5 0.108 120 

𝑚4  

(-) 

𝐴1  

(-) 

𝐶𝑠𝑠  

(MPa) 

𝑚5  

(-) 

𝐴2  

(h-1) 

𝑚6  

(-) 

𝑚7  

(-) 

𝐶𝑝  

(-) 

𝐴3  

(-) 

0.10 0.45 40.0 0.02 1.7 0.03 2.1 0.07 12 

𝑛  

(-) 

𝐴4  

(-) 

𝐵1  

(-) 

𝑘1  

(-) 

𝑘2  

(-) 

𝑘3  

(-) 

𝛾0  

(-) 

𝑚8  

(-) 

𝜎𝑡ℎ0  

(MPa) 

0.8 4.5E-4 1.32E-2 0.618 0.622 0.226 0.08 1.28 18 

 

 

Figure 9. Comparison of yield strength evolution under different stress levels during creep-ageing of 

AA2050-T34 at 428 K between experiments (symbols) [6] and models (lines). 
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Figure 10. Comparison of creep strain curves under different stress levels during creep-ageing of 

AA2050-T34 at 428 K between experiments (symbols) [31] and models (solid lines for material 

constants determination and dashed lines for verification). 

(c) Creep-ageing of peak-aged Al-Zn-Mg alloy 

Finally, the constitutive model was applied to creep-ageing of a peak-aged Al-Zn-Mg alloy 

(AA7050). Yang et al. [20] investigated creep-ageing behaviour of the alloy at 447 K. The 

alloy was peak-aged, its solute concentration had already reached an equilibrium state and 

would be stable in the subsequent CAF process. Thus 𝑐0̅ = 𝑐𝑎̅ and the changes in 𝑐̅ and 𝜎𝑠𝑠 are 

negligible. Only the artificially-aged precipitates exist in the alloy during the CAF process, 

which already reached its critical value and hence 𝑟̅𝑛20 = 1. The initial strength components of 

the alloy were referenced from [20]. As mentioned in Section 3.1, 𝜎𝑡ℎ0 can be determined by 

using the power-law creep equation 𝜀𝑐̇𝑟 = 𝐴(𝜎 − 𝜎𝑡ℎ)
𝑛, where 𝐴 can be treated as a constant 

and the index 𝑛 is generally set as 4 for aluminium alloys [27]. Hence, the threshold stress (𝜎𝑡ℎ0) 

of the alloy can be determined from the linear plot of 𝜀𝑐̇𝑟
1/𝑛

 versus 𝜎, where 𝜀𝑐̇𝑟 is the creep 

strain rate at the steady-state creep stage and 𝜎 is the applied stress. 𝜎𝑡ℎ0 = 43 MPa was then 

obtained according to the data from [20]. The ln-ln plot of the creep strain rate (𝜀𝑐̇𝑟) versus the 

applied effective stress (𝜎 − 𝜎𝑡ℎ0 ) is shown in Fig. 11 with 𝜎𝑡ℎ0  = 43 MPa, a good linear 

relationship between them was observed, indicating the validity of the estimation of 𝜎𝑡ℎ0. All 

initial and equilibrium values, as well as the optimised material constants are listed in Table 9.  
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Figure 11. ln-ln plot of creep strain rate (𝜀𝑐̇𝑟) versus the effective applied stress (𝜎 − 𝜎𝑡ℎ0) (𝜎𝑡ℎ0 

= 43 MPa) for CAF of peak-aged AA7050 at 447 K. 

Table 9. Initial and equilibrium values and material constants for creep-ageing of peak-aged AA7050 

at 447 K. 

𝜌̅0  

(-) 

𝑐0̅  

(-) 

𝑟̅𝑛20  

(-) 

𝜎𝑛20  

(MPa) 

𝜎𝑠𝑠0  

(MPa) 

𝜎𝑑𝑖𝑠0  

(MPa) 

𝑐𝑎̅  

(-) 

𝜎𝑡ℎ0  

(MPa) 

𝐶𝑟  

(h-1) 

𝑄  

(-) 

1E-6 0.27 1 273.4 300 0 0.27 43 0.31 2.69 

𝑚1  

(-) 

𝐶𝑎  

(MPa) 

𝑚2  

(-) 

𝑚3  

(-) 

𝐴1  

(-) 

𝐶𝑠𝑠  

(MPa) 

𝑚5  

(-) 

𝐴2  

(h-1) 

𝑚6  

(-) 

𝑚7  

(-) 

1.3 61.5 0.52 0.65 0 0 0 480 0.9 1.3 

𝐶𝑝  

(-) 

𝐴3  

(-) 

𝑛  

(-) 

𝐴4  

(-) 

𝐵1  

(-) 

𝑘1  

(-) 

𝑘2  

(-) 

𝑘3  

(-) 

𝛾0  

(-) 

𝑚8  

(-) 

0.07 21.5 0.8 1.6E-5 4.34E-2 0.6 0 0.005 2.7 1.98 

 

Both computed and experimental results of the yield strength and creep strain curves under 

different stress levels during the CAF process of the alloy are shown in Figs. 12 and 13. The 

material constants were determined by the experimental data under stress levels of 100, 125 

and 150 MPa and the others in Fig. 13 were predicted by the determined model (dashed lines). 

Although slight discrepancies between experiments and models exist in the yield strength 

curves in Fig. 12, the trend of the curves and their accelerating softening phenomena with 

increasing applied stress during creep-ageing were well predicted. Meanwhile, the predicted 

creep strain curves correspond well with experiments under all stress levels (the RMSD values 

for the strain data are 0.0048%, 0.0055%, 0.0046%, 0.0033% and 0.0049% respectively for 

stress levels of 75, 100, 125, 150 and 162.5 MPa). Hence, the model can be effectively applied 

to CAF of aluminium alloys with T6 initial temper. 
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Figure 12. Comparison of yield strength evolution under different stress levels during creep-ageing of 

peak-aged AA7050 at 447 K between experiments (symbols) [20] and models (lines). 

 

Figure 13. Comparison of creep strain curves under different stress levels during creep-ageing of 

peak-aged AA7050 at 447 K between experiments (symbols) [20] and models (solid lines for material 

constants determination and dashed lines for verification). 

5. Conclusions 

A unified constitutive model developed for creep-ageing of AA2050-T34 has been 

successfully extended to applications of multistep heat treatments of various aluminium alloys, 

as well as creep-ageing processes with different initial temper conditions. The internal 

microstructural variables, namely the precipitate radius, solute concentration and dislocation 

density were modelled with a unified normalised standard throughout the multistep heat 

treatments. Together with the methods proposed to determine the initial and equilibrium values 

of the material variables during multistep heat treatments, the extended model successfully 

predicted the simple and complex hardening behaviour during natural ageing and artificial 
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ageing and both strength and creep responses during creep-ageing of aluminium alloys with 

various initial temper conditions. It is important to understand the microstructural evolution 

and its effect on strength evolution so that a proper model can be selected for a specific ageing 

process. 
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