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Abstract. Materials modelling plays an important role for sprinback compensation and tool 
surface design in creep age forming (CAF). This review aims to provide perspective on the 
development and trend of materials modelling for CAF of aluminium alloys. Recently proposed 
unified constitutive equations for creep-ageing behaviour of aluminium alloys during CAF by 
integrating microstructural evolution and hardening effects are reviewed. The modelling 
methods and developing trend to quantitively reflect the relationship between the microstructural 
evolutions and macro creep-ageing behaviour of materials during CAF are discussed. 

1. Introduction  
Creep age forming (CAF) was developed in the mid of 1980s and was initially used for fabricating of 
extra-large aircraft wing panel [1]. The upper-wing panel is normally formed with 7xxx aluminium 
alloys, due to the high strength and stiffness of the materials [2, 3]. For the lower wing panels, 2xxx 
aluminium alloys are chosen for their excellent fatigue and corrosion resistance performances, good 
balance of strength and toughness [3, 4]. 

It is of significance to establish proper constitutive models in predicting creep behaviour of materials 
in the forming and unloading stages during CAF process. By implementing the model in numerical 
simulation for springback compensation and surface die design, reduction of tooling cost and 
enhancement of forming efficiency can be achieved. In the early stage of studies, mathematically based 
material models were proposed to describe macro creep deformation, without linking microstructural 
evolution in CAF [4–6]. With further understanding of the effects of microstructural evolutions on macro 
creep deformation behaviour, unified mechanism based constitutive models were proposed, which 
revealed microstructure evolution features and their effects on creep deformation and age hardening in 
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CAF. In this study, developments and trend of materials modelling for aluminium alloys in CAF are 
reviewed in a general perspective and its trend and challenge for future investigations are discussed.  

2. Development of constitutive models for CAF 
In 1991, Sallah et al. [5] proposed a constitutive equation by adopting Maxwell model to predict 
material’s viscoelastic behaviour in CAF and was given in the form as: 

𝜎̇𝜎 + 𝐹𝐹(𝜎𝜎, 𝜀𝜀) = 𝐸𝐸𝜀𝜀̇, 
where  𝜎𝜎, 𝜀𝜀,𝐸𝐸  stands for the stress, creep strain and Young’s modulus of the material respectively. 
𝐹𝐹(𝜎𝜎, 𝜀𝜀) = 𝜎𝜎/𝜏𝜏(𝜀𝜀) is the function to express stress relaxation in corresponding stress levels.  
  Later simplified power-law, exponential-law, sinh-law constitutive equations were widely adopted to 
describe creep behaviour in primary and secondary stages [4, 6–9]. The forms of these equations are 
listed in Table 1.  

Table 1. Generation of constitutive equation forms 
Power-law equation form Exponential-law equation form Sinh-law equation form 

𝜀𝜀̇ = 𝐴𝐴1𝜎𝜎𝑛𝑛 
 

𝜀𝜀̇ = 𝐴𝐴2 exp�
𝜎𝜎𝑛𝑛

𝐵𝐵1
� 

 

𝜀𝜀̇ = 𝐴𝐴3sinh �
𝜎𝜎𝑛𝑛

𝐵𝐵2
� 

 In 2004, Ho et al. [10] proposed a mechanism based constitutive model which focused on predicting 
the creep deformation and age hardening behaviour of the material during CAF as shown in Table 2. 

Table 2. Unified mechanism based constitutive model proposed by Ho et al. [10]. 

Microstructure variables Strength evolution model Creep strain-stress relationship 

𝑟̇𝑟 = 𝐶𝐶0𝜀𝜀𝑐̇𝑐0.2(𝑄𝑄 − 𝑟𝑟)1/3 
 

𝜎𝜎𝐴𝐴 = 𝐶𝐶A𝑟𝑟𝑚𝑚0

𝜎𝜎SS = 𝐶𝐶SS(1 + 𝑟𝑟)−𝑚𝑚1

𝜎𝜎y = 𝜎𝜎SS + 𝜎𝜎𝑝𝑝
 𝜀𝜀ċ = 𝐴𝐴sinh �𝐵𝐵(𝜎𝜎 − 𝜎𝜎A)(1 − 𝐻𝐻) �

𝐶𝐶SS
𝜎𝜎SS

�
𝑛𝑛
� 

𝐻̇𝐻 =
ℎ
𝜎𝜎0.1 �1 −

𝐻𝐻
𝐻𝐻∗� 𝜀𝜀ċ 

 The model can well predict creep strain under different stress levels, as illustrated in Fig. 1(a). The 
model may be divided into three sub-models. In microstructure variables sub-model, the precipitate 
radius r is expressed in a rate form to reflect its growth during CAF. In strength evolution sub-model, 
yield strength (σy) is composed of precipitation hardening (σA) and solid solution hardening (σss) of the 
material, as shown schematically in Fig. 1(b), which are related to the radius. A sinh law equation is 
adopted in the creep strain-stress relationship sub model. The variable H is introduced to represent the 
effect of dislocation hardening which is not directly considered in the microstructure sub-model.  

 

Fig. 1. Evolution of creep strain and strength during CAF: (a) Creep strains from modelling (lines) and experiment (symbols) ; 

(b) Schematic of yield strength evolution and contributors [10]. 
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With further understanding of microstructural evolution during CAF, more microstructural variables 
are incorporated into material models. In 2010, Zhan et al. [11] proposed a constitutive model for CAF 
of AA7055 which can also be separated into three sub models as shown in Table 3. In this model, 
dislocation density ρ is modelled, considering its accumulation due to creep and reduction due to 
recovery. Its contribution to strength σdis is incorporated into the strength sub model, and its effect on 
creep strain is also considered. Fig. 2 shows a comparison of modelled results with experimental results 
for the evolution of creep strain and yield strength, showing good agreement.  

Table 3. Unified mechanism based constitutive model proposed by Zhan et al [11]. 
Microstructure variables Strength evolution model Creep strain-stress relationship 

𝑟̇̅𝑟 = 𝐶𝐶𝑟𝑟(𝑄𝑄 − 𝑟̅𝑟)𝑚𝑚3(1 + 𝛾𝛾0𝜌̅𝜌𝑚𝑚4) 
𝜌̇̅𝜌 = 𝐴𝐴3(1 − 𝜌̅𝜌)|𝜀𝜀𝑐̇𝑐𝑐𝑐|− 𝐶𝐶𝑝𝑝𝜌̅𝜌𝑚𝑚5 

 

𝜎̇𝜎𝐴𝐴 = 𝐶𝐶𝐴𝐴𝑟̇̅𝑟𝑚𝑚1(1 − 𝑟̅𝑟)           
𝜎̇𝜎𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑠𝑠𝑠𝑠𝑟̇̅𝑟𝑚𝑚2(𝑟̅𝑟 − 1) 
𝜎̇𝜎dis = 𝐴𝐴2 ⋅ 𝑛𝑛 ⋅ 𝜌̅𝜌𝑛𝑛−1𝜌̇̅𝜌 

 𝜎𝜎𝑦𝑦 = 𝜎𝜎𝑠𝑠𝑠𝑠 + �𝜎𝜎𝐴𝐴2 + 𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑2  

𝜀𝜀𝑐̇𝑐𝑐𝑐 = 𝐴𝐴1sinh �𝐵𝐵1�|𝜎𝜎|(1 − 𝜌̅𝜌) − 𝑘𝑘0𝜎𝜎𝑦𝑦�sign {𝜎𝜎} 

 
Fig. 2. Evolution of creep strain and strength during CAF of AA7055. (a) Creep strain curves from experiments (symbols) and 

modelling (lines). (b) Predicted evolution of yield strength and its components under 0 MPa (solid lines) and 250 MPa (dash 

lines), and corresponding experimental data (symbols) [11]. 

Considering the precipitate morphology, Zhang et al. [12] proposed a new constitutive model for 
creep-ageing of aluminium alloys containing rod or plate shape precipitates in 2013, as listed in Table 
4. The volume fraction fv, morphology parameter l (diameter for plate and length for rod) and aspect 
ratio q of the precipitates were employed to describe the evolution of plate- and rod-shaped precipitates 
during CAF. The effect of ageing temperature on creep deformation are expressed with the term 
𝑒𝑒𝑒𝑒𝑒𝑒(−𝑄𝑄/𝑅𝑅𝑅𝑅) in the creep strain-stress relationship.  

Table 4. Unified mechanism based constitutive model proposed by Zhang et al [12]. 

Microstructure variables Strength evolution model Creep strain-stress relationship 

𝑓𝑓̅𝑣̇𝑣 =
𝐶𝐶1𝑙𝑙𝑛𝑛1𝑙𝑙
𝑞𝑞𝑛𝑛2 �1 − 𝑓𝑓𝑣̅𝑣�

𝑚𝑚1 

𝑙𝑙 ̇ = 𝐶𝐶2(𝑄𝑄1 − 𝑙𝑙)𝑚𝑚2�1 + 𝑘𝑘1𝜌̅𝜌𝑚𝑚
𝑛𝑛3𝜌̇̅𝜌𝑚𝑚�exp �

−𝑄𝑄2
𝑅𝑅𝑅𝑅 � 

𝜌̇̅𝜌𝑚𝑚 = 𝐶𝐶3(𝑄𝑄3 − 𝜌̅𝜌𝑚𝑚)𝜀𝜀𝑐̇𝑐 

𝑞𝑞 =
𝐶𝐶4

exp[𝑘𝑘2(𝑇𝑇 − 𝑇𝑇∗)2 + 𝑘𝑘3(𝑡𝑡 − 𝑡𝑡∗)2] 

 

𝜎𝜎𝑝𝑝 = 𝐶𝐶ppt�𝑞𝑞𝑓𝑓𝑣̅𝑣�
𝑛𝑛4𝑙𝑙𝑛𝑛5

𝜎𝜎ss = 𝐶𝐶ss�1 − 𝑓𝑓𝑣̅𝑣�
𝑚𝑚3

𝜎𝜎dis = 𝐶𝐶dis𝜌̅𝜌𝑚𝑚
1/2

𝜎𝜎y = 𝜎𝜎0 + 𝜎𝜎ss + 𝜎𝜎p + 𝜎𝜎dis

 
𝜀𝜀𝑐̇𝑐 = 𝐴𝐴sinh �

𝐵𝐵𝐵𝐵
𝜎𝜎𝑦𝑦
�
𝑛𝑛

exp �−
𝑄𝑄
𝑅𝑅𝑅𝑅� 

More recently, Li et al. [13] investigated the creep-ageing behaviour of Al-Cu-Li alloy AA2050 and 
revealed the characteristics of asymmetric creep behaviour under tension and compression, double 
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primary creep feature, and initial reversion in age hardening. They proposed an advanced constitutive 
model to describe the creep-ageing behaviour with above characteristics, as shown in Table 5 [13]. This 
model has disassociated creep strain rate at ageing temperature with room temperature yield strength, 
both of which are related to microstructural variables. 

Table 5. Unified mechanism based constitutive model proposed by Li et al [13]. 

Microstructure variables Strength evolution model Creep strain-stress relationship 
𝜌̇̅𝜌 = 𝐴𝐴1(1 − 𝜌̅𝜌)|𝜀𝜀𝑐̇𝑐𝑐𝑐|𝑚𝑚1 − 𝐶𝐶𝑝𝑝𝜌̅𝜌𝑚𝑚2

𝑟̇̅𝑟𝑛𝑛 = 𝐶𝐶𝑟𝑟(𝑄𝑄 − 𝑟̅𝑟𝑛𝑛)𝑚𝑚3(1 + 𝛾𝛾0𝜌̅𝜌𝑚𝑚4)

𝑟̇̅𝑟𝑑𝑑 = −
𝐶𝐶𝑟𝑟1
𝑟̅𝑟𝑑𝑑

𝑐𝑐̅̇ = −𝐴𝐴2(𝑐𝑐̅ − 𝑐𝑐𝑎̅𝑎)(1 + 𝛾𝛾0𝜌̅𝜌𝑚𝑚4)

 

𝜎̇𝜎𝑝𝑝−𝑛𝑛 = 𝐶𝐶𝑎𝑎𝑟̇̅𝑟𝑛𝑛𝑚𝑚5�1 − 𝑟̅𝑟𝑛𝑛
𝑚𝑚6�

𝜎̇𝜎𝑝𝑝−𝑑𝑑 = 𝐶𝐶𝑎𝑎1𝑟̅𝑟𝑑𝑑𝑚𝑚𝑟̇̅𝑟𝑑𝑑
𝜎̇𝜎𝑠𝑠𝑠𝑠 = −𝐶𝐶𝑆𝑆𝑆𝑆|𝑐𝑐̅̇|𝑚𝑚8(𝑐𝑐̅ − 𝑐𝑐𝑎̅𝑎)
𝜎̇𝜎𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐴𝐴3𝑛𝑛𝜌̅𝜌𝑛𝑛−1𝜌̇̅𝜌

𝜎𝜎𝑦𝑦 = 𝜎𝜎𝑠𝑠𝑠𝑠 + �𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑2 + �𝜎𝜎𝑝𝑝−𝑑𝑑2 + 𝜎𝜎𝑝𝑝−𝑛𝑛2 �

 

𝜀𝜀𝑐̇𝑐𝑐𝑐 = 𝐴𝐴4sinh �𝐵𝐵1��|𝜎𝜎| − 𝜎𝜎𝑡𝑡ℎ0�(1 −𝐻𝐻)��sign (𝜎𝜎)
𝐻𝐻 = 𝑘𝑘1𝜌̅𝜌 + 𝑘𝑘2𝑐𝑐̅ + 𝑘𝑘3�𝑟̅𝑟𝑛𝑛 + 𝛽𝛽1/2𝑟̅𝑟𝑑𝑑�

 

In microstructure variables sub model, two types of precipitates were considered, new precipitates (rn) 
and pre-existing (or dissolving) precipitates (rd). The latter dissolves at the initial stage, leading to the 
reversion in age hardening Other microstructural variables include dislocation density (ρ) and solute 
concentration (c) in the normalised forms which evolves with ageing progress.  

This model is characterised for adequate prediction of asymmetric creep behaviour under tension and 
compression and double primary creep feature exhibited in AA2050. A sinh law equation is used for the 
strain rate-stress relationship. By introducing the variable H in the equation, the asymmetric creep 
behaviour is well captured after calibrating constants k1, k2, and k3 with experimental data, as shown in 
Fig. 3. The modelled results agree well with the experimental data and have the double primary creep 
feature. This model is versatile and has been shown to be adoptable to natural ageing and artificial ageing 
as well as CAF of other aluminium alloys [14].    
(a)                                        (b) 

 
Fig. 3. Comparison of experimental (symbols) and modelled (lines) creep strain curves for AA2050 under (a) tension and (b) 

compression during creep-ageing [13].  

Material model has also been be developed for creep-ageing with stress large than the initial yield the 
stress. In 2018, Ma et al. [15] proposed a unified model to describe the creep deformation in stress levels 
under and beyond its initial yield stress. In this model, a bi-precipitates model was created to represent 
the evolution of plate shaped 𝜃𝜃′′  and 𝜃𝜃′  precipitates having different diameter and thickness. 
Correspondingly, the strength contribution of precipitation hardening σp was divided into contribution 
of shearable precipitates 𝜎𝜎𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and non-shearable precipitates 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛−𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. The creep strain-
stress relationship is given as 

𝜺̇𝜺𝒄𝒄 = 𝒄𝒄𝟏𝟏𝟏𝟏( 𝝈𝝈+𝒄𝒄𝟏𝟏𝟏𝟏(𝝈𝝈−𝝈𝝈𝑰𝑰𝑰𝑰)
(𝝈𝝈𝝆𝝆+𝒌𝒌𝟏𝟏𝝈𝝈𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔+𝒌𝒌𝟐𝟐𝝈𝝈𝒏𝒏𝒏𝒏𝒏𝒏−𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔)𝒏𝒏𝟒𝟒

)     ( 1 ) 
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where 𝜎𝜎𝐼𝐼𝐼𝐼 is the yield strength in initial state. This equation can describe the creep strain evolution 
under the stress beyond the yield strength of the material.   

3. Derivation of unified mechanism based constitutive models  
CAF is a heat treatment and time dependent forming method in which the states of microstructure 
features are varying with different treatment parameters. These microstructure features, including size 
and volume fraction of precipitation and dislocation density, are found to affect the material strength 
evolution and creep deformation. 

3.1 Microstructure variables 
Studies have shown that dislocations influence growth and density increase of precipitates [16–18]. 

For heterogenous nucleation, dislocations provide crystallographic defects which lower the total free 
energy required for the nucleation of precipitates.  

Kocks-Mecking-Estrin (KME) [19, 20] equation is widely adopted in characterising the relationship 
between evolution of statistically stored dislocation density ρs (i.e. excluding geometric necessary 
dislocation density induced by Orowan loops) and plastic strain εp . This equation is given as  

𝝏𝝏𝝆𝝆𝒔𝒔
𝝏𝝏𝜺̇𝜺𝒑𝒑

= 𝑴𝑴(𝒌𝒌𝟏𝟏�𝝆𝝆𝒔𝒔 − 𝒌𝒌𝟐𝟐𝝆𝝆𝒔𝒔)      ( 2 ) 

where M is the Taylor factor, k1 is the constant related to the rate of dislocation storage, and k2 is the 
constant associated with dynamic recovery.  

Several other equations were proposed based on the modification of KME model such as [21]  
𝝆̇𝝆 = 𝑲𝑲𝟏𝟏�𝝆𝝆𝜺̇𝜺𝒄𝒄𝒄𝒄 − 𝑲𝑲𝟐𝟐𝝆𝝆(𝜺̇𝜺𝒄𝒄𝒄𝒄)𝑵𝑵         ( 3 ) 

and [11, 13] 
                   𝝆𝝆�̇ = 𝑨𝑨𝟏𝟏(𝟏𝟏 − 𝝆𝝆�)|𝜺̇𝜺𝒄𝒄𝒄𝒄|𝒎𝒎𝟏𝟏 − 𝑪𝑪𝒑𝒑𝝆𝝆�𝒎𝒎𝟐𝟐           ( 4 ) 

where  is the normalised dislocation density, 𝜀𝜀𝑐̇𝑐𝑐𝑐 is the strain rate in creep aging, and the additional 
term −𝐶𝐶𝑃𝑃𝜌̅𝜌𝑚𝑚2 stands for the effect of dislocation recovery.  

A cubic coarsening law to approximate the evolution kinetics was proposed by Ashby [22] based on 
the assumption that the precipitate growth in respect of ageing time is a single peak curve:  

                   𝒓𝒓(𝒕𝒕)𝟑𝟑 − 𝒓𝒓𝟎𝟎𝟑𝟑 = 𝒄𝒄𝟏𝟏𝒕𝒕
𝑻𝑻
𝐞𝐞𝐞𝐞𝐞𝐞 (−𝑸𝑸𝑨𝑨

𝑹𝑹𝑹𝑹
)                 ( 5 )                  

where r(t) is the average precipitates radius at ageing time t, r0 refers to the radius at the beginning time 
t=0. QA is the activation energy and c1 is material constant depending on the matrix composition. 

Based on the above equation, a normalised precipitate radius 𝑟𝑟𝑛𝑛� = 𝑟𝑟𝑛𝑛/𝑟𝑟𝑐𝑐 was introduced [11, 13]. rn 
is the average precipitate radius at current ageing time, rc is the critical radius at peak-ageing state. With 
corresponding mathematical transformation, the general modified equation can be derived as  

   𝒓𝒓�𝒏̇𝒏 = 𝑪𝑪𝒓𝒓(𝑸𝑸− 𝒓𝒓�𝒏𝒏)𝒎𝒎𝟑𝟑(𝟏𝟏 + 𝜸𝜸𝟎𝟎𝝆𝝆�𝒎𝒎𝟒𝟒)       ( 6 )  
where Q is the factor representing the saturation state of precipitate growth; Cr, 𝛾𝛾0, m3 and m4 are 
material constants. The term (1 + 𝛾𝛾0𝜌̅𝜌𝑚𝑚4) represents the effect of dislocation density.  

Two parameters are required to quantify the morphology of the precipitates. For rod/needle shaped 
precipitate, an aspect ratio q is defined with length l and section diameter d as 𝑞𝑞 = 𝑙𝑙/𝑑𝑑 [12]. Similarly, 
Ma et al. [15] adopted d and t as two morphology parameters to describe the diameter and thickness of 
plate shape precipitates respectively. 

Precipitate volume fraction has effects on precipitation hardening and solid solution hardening in 
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ageing. Some models treat this effect as a function of precipitate radius and therefore do not express it 
explicitly [13]. Others introduce explicit equations for precipitate volume fraction [12, 15]. 

As a basic form to express volume fraction evolution, Kolmogorov-Johnson-Mehl-Avrami (JMAK) 
equation has been adopted as a continuous process to fit the evolution of precipitate volume fraction 
with experimental data [23]. The form of the JMAK equation is given as 

𝒇𝒇𝒗𝒗 = 𝟏𝟏 − 𝒆𝒆𝒆𝒆𝒆𝒆 (−𝑲𝑲𝒕𝒕𝒏𝒏)         ( 7 ) 
where fv is the relative transformed precipitate volume fraction, t is the ageing time, K and n are constants.  

3.2 Strength evolution model 
Shercliff and Ashby [24] proposed a precipitation hardening model, considering the interactions between 
dislocations and precipitates:  

𝝈𝝈𝑨𝑨 = 𝒄𝒄𝟑𝟑𝒇𝒇𝒎𝒎𝒓𝒓𝒏𝒏; 𝝈𝝈𝑩𝑩 = 𝒄𝒄𝟒𝟒
𝒇𝒇𝟏𝟏/𝟐𝟐

𝒓𝒓
        ( 8 ) 

where 𝜎𝜎𝐴𝐴 stands for the strengthening effect caused by dislocation interaction with weak precipitate 
and 𝜎𝜎𝐵𝐵 is for the strong precipitate. The equations show that the strengthening effect will increase with 
volume fraction, while the effect of precipitate radius depends on shearing and bypassing interaction 
mechanisms. A harmonic equation in the form of 𝜎𝜎𝑝𝑝 = (𝜎𝜎𝐴𝐴−1 + 𝜎𝜎𝐵𝐵−1)−1 can be adopted to combine 
the two interaction effects, as shown by [13].  
In solid solution hardening, the strength of the material is enhanced with the obstructing of dislocation 

motion by solute atoms [25]. The yield strength contribution from dislocation glide resistance caused 
by solutes at normalised concentration 𝑐𝑐̅ can be expressed as [24]:  

𝝈𝝈𝒔𝒔𝒔𝒔 = 𝜶𝜶𝒄𝒄�𝟐𝟐/𝟑𝟑          ( 9 ) 
where α is a material constant related to precipitate size and modulus of the solute. 

By substituting 𝑐𝑐̅ with the relationship with relative volume fraction fv proposed by Shercliff and 
Ashby [24] , a general form can be derived as:  

𝝈𝝈𝒔𝒔𝒔𝒔 = 𝑪𝑪𝒔𝒔𝒔𝒔(𝟏𝟏 − 𝒇𝒇𝒗𝒗)𝟐𝟐/𝟑𝟑        ( 10 ) 
where Css is material constant. This form of equation was widely adopted in investigations of strength 
contribution of solid solution hardening [18, 21, 26, 27] and was proved to be an adequate approximation. 

The dislocation hardening is generally modelled as a function of the dislocation density [15, 28]: 
 𝝈𝝈𝒅𝒅𝒅𝒅𝒅𝒅 = 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝝆𝝆𝟏𝟏/𝟐𝟐             ( 11 ) 

A simplified general version is given as in Eq. (12), where n is a constant: 
    𝝈𝝈𝒅𝒅𝒅𝒅𝒅𝒅 = 𝑨𝑨𝟑𝟑𝝆𝝆�𝒏𝒏                                 ( 12 ) 

All the above strength components, i.e., 𝜎𝜎𝑝𝑝,𝜎𝜎𝑠𝑠𝑠𝑠,𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑, contribute to the yield strength of the material. 
Their contributions, however, may be represented in different ways. Some researchers use linear 
summation model for the overall macroscopic yield strength 𝜎𝜎𝑦𝑦 as follows [26, 29–31]:  

                  𝝈𝝈𝒚𝒚 = 𝝈𝝈𝒊𝒊 + 𝝈𝝈𝒔𝒔𝒔𝒔 + 𝝈𝝈𝒑𝒑 + 𝝈𝝈𝒅𝒅𝒅𝒅𝒅𝒅                           ( 13 ) 
However, the linear summation equation can lead to double counting of precipitation hardening and 

dislocation hardening [31, 32]. Hence, the addition law strength model is used by some other 
researchers with variable n varying between 1 and 2 [11, 13, 21]:  

  𝝈𝝈𝒚𝒚 = 𝝈𝝈𝒊𝒊 + 𝝈𝝈𝒔𝒔𝒔𝒔 + (𝝈𝝈𝒑𝒑
𝒏𝒏 + 𝝈𝝈𝒅𝒅𝒅𝒅𝒅𝒅𝒏𝒏)𝟏𝟏/𝒏𝒏                   ( 14 ) 

4. Discussion 
By referencing a basic constitutive model structure, more comprehensive models in aspects of micro 
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and macro have been proposed. Initially, precipitation hardening and solid solution hardening were 
considered in the model proposed by Ho et al. [10]. Later, Zhan et al. [11] incorporated the effect of 
dislocation density on evolution of strength and creep strain during CAF.  

In more recent modelling of CAF, more features in microstructural evolution have been considered, 
e.g. the dissolution of pre-existing precipitates or clusters, and both shearing and bypassing interaction 
mechanisms between precipitates and dislocations [13]. The former leads to the prediction of the 
strength reversion at the initial stage. Also, new variables were introduced in the model to reflect the 
material’s macro asymmetric creep deformation under tension and compression [13]. These advanced 
models had proved their usability and significance in predicting the material behaviour in CAF and 
springback compensation in forming process. It was also shown that such material model may be used 
for CAF of other alloys or other heat treatments by adopting related mechanisms [14]. 

In recent years, advanced aluminium alloys which exhibit superior performances in material strength, 
weight reduction, and corrosion resistance are continually invented and introduced into the market. The 
3rd generation Al-Li series alloys such as AA2050, AA2060, AA2090 can be viewed as good examples 
of newly invented alloys. 

New requirements have been raised for the constitutive equations to reflect characteristics which have 
not been considered in predecessors and recently invented alloys. For Al-Cu and Al-Li alloys, anisotropy 
is an unfavoured issue existed in each generation of the alloys [33–35]. The dependency of anisotropy 
in creep-ageing of textured Al-Cu-Mg alloy was studied [35], which finds obvious anisotropic behaviour 
in creep strain. Anisotropic creep deformation of AA2050 in longitudinal and transvers directions was 
observed, and modelled using the same constitutive equation but with different values for some material 
constants [36]. The effect of anisotropic creep strains on the springback during CAF was also 
numerically investigated in the study. It is of significance to study the effect of anisotropy in CAF 
fabrication and a unified model to illustrate its effect is needed. In addition, double ageing treatment is 
also being proposed to be applied in Al-Li alloys to enhance the formability and meet the component 
contour requirements [33]. Constitutive models adequate to describe this double ageing treatment for 
Al-Li alloys also needs to be further studied.  

5. Conclusions  
1. Based on a basic constitutive model structure, more comprehensive material responses in aspects of  
microstructural evolution and macro behaviour in CAF have been taken into consideration. Some 
equations describing evolution of microstructural variables and material strength are originated from 
earlier studies of ageing behaviour of materials.  
2. With advanced alloys being introduced into the market and rapid developments of FEM in recent  
years, proposing constitutive models which can reflect anisotropic characteristics and responses in 
innovative CAF process becomes future needs and development trends.  
3. More internal variables are employed in new material models in order to capture the mechanisms 
and predict material behaviours in CAF more accurately. It is of significance to develop and adopt proper 
algorithms to meet the requirements of calibrating material constants for more complexed models. 
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