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Abstract 10 

A new method that utilises theories of thermally activated deformation and repeated transient 11 

stress-relaxation tests has been proposed and validated in this study for the characterisation and 12 

modelling of the stress-relaxation ageing (SRA) behaviour of aluminium alloys and its 13 

dependence on stress and temperature. Using the new method, key deformation-related 14 

variables, i.e. stress components, activation volume and energy, of the aerospace grade heat-15 

treatable aluminium alloy AA7B04 have been obtained as a function of ageing temperature 16 

(388, 413 and 438 K), stress (both elastic and plastic) and SRA time (up to 4 h). It has been 17 

found that the apparent activation energy Qa of the material remains constant in the elastic 18 

region but decreases with increasing strain in the plastic region, and also decreases with 19 

increasing temperature for all initial loading stresses. These characteristics contribute to a much 20 

higher degree of stress-relaxation in the plastic region and at higher temperatures than in the 21 

elastic region and/or at lower temperatures. The obtained changing activation volume V and Qa 22 

indicate that the deformation rate is controlled by forest dislocation interactions in the elastic 23 

region (V decreases from over 200b3 to less than 100b3), and by a cross-slip mechanism at high 24 

stress levels in the plastic region (V decreases to a few tens of b3). Based on these theories and 25 

results, a novel and simple constitutive model has been proposed, with which the stress-26 

relaxation behaviour of AA7B04 at different ageing temperatures (388 to 448 K), pre-loaded 27 

from elastic to plastic regions for up to 16 h has been successfully predicted. The proposed 28 

model eliminates the limitations of conventional SRA models which mainly deal with elastic 29 

loading and isothermal conditions, and provides a foundation to effectively predict the 30 

springback after advanced non-isothermal SRA forming of aluminium alloy structures in the 31 

aerospace industry. 32 
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1. Introduction 35 

Stress-relaxation age forming (SRAF), also termed creep age forming (CAF), is an advanced 36 

technology for the manufacture of large panels, such as wing structural panels, in the aerospace 37 

industry; it combines thermally activated stress-relaxation (or creep) and artificial ageing to 38 

concurrently form and strengthen heat-treatable aluminium alloy components[1]. The alloys 39 

are loaded at intermediate stress levels to give either purely elastic strains, as in the case of 40 

wing skin panels, or small plastic strains (less than 5% plastic strain for stiffened panels [2]). 41 

During the loading process, the alloys are held at artificial ageing temperatures (usually less 42 

than 473 K), allowing thermally activated stress-relaxation and age strengthening processes to 43 

occur simultaneously, directly affecting the degree of springback and the strength of the formed 44 

components [3-5]. Hence, there is great interest in analysing the mechanisms and predicting 45 

the stress-relaxation ageing (SRA) behaviour in both elastic and plastic strain regimes and at 46 

different ageing temperatures. This is a key task to enable accurate simulation and successful 47 

optimisation of SRAF processes [6, 7]. 48 

In the last few decades, the effects of loading stress on the mechanism and characteristics of 49 

SRA or creep-ageing in aluminium alloys have been extensively investigated. Most of the 50 

studies focus on the SRA behaviour in the elastic region at a single ageing temperature for 51 

SRAF process [8, 9]. It is generally believed that at the ageing temperatures (around 0.5Tm, 52 

where Tm is the absolute melting temperature of the alloys), creep deformation is dominated by 53 

dislocation-related mechanisms rather than, for example, grain boundary sliding, the power-54 

law equation has been well developed to analyse the steady-state creep data under SRAF 55 

conditions, as [10]: 56 

𝜀𝑐̇_𝑠𝑠 = 𝐴 (
𝜎

𝐺
)
𝑛

 (1) 57 

where 𝜀𝑐̇_𝑠𝑠 is the creep strain rate in the steady-state creep stage, A is a temperature dependent 58 

parameter, and σ and G are the applied stress and shear modulus respectively. n is the stress 59 

exponent, whose value is widely reported to indicate the rate-controlling creep mechanisms 60 

[10-12]. By using this creep stress exponent method, the rate-controlling deformation 61 

mechanisms in the elastic regime in Al-Zn-Mg alloys at 393 K [13] and Al-Cu-Mg alloys at 62 

438 K [14, 15] have been determined. More recently, attention has been paid to SRA behaviour 63 

in the plastic region, during which both initial plastic strains and creep strains are generated, 64 

leading to more complicated stress-relaxation behaviour. Recent studies on SRA behaviour in 65 

both elastic and plastic regions consider Al-Cu [15], Al-Zn-Mg [16] and Al-Mg-Si [17] alloys. 66 
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Results for all these alloys show a much higher level of stress-relaxation when specimens are 67 

initially loaded into the plastic region than that into the elastic region. However, when 68 

employing the conventional creep exponent method for the stress-relaxation analysis, a 69 

negative n value is obtained in the plastic region; this result cannot be explained by current 70 

theories. Rong et al. [17] proposed an explanation involving changes in threshold stresses when 71 

the material is initially loaded from the elastic region to the plastic region. Yang et al. [15] and 72 

Rong et al. [18] further developed models to capture the different stress-relaxation behaviour 73 

in the elastic and plastic regions. These results indicated that the conventional creep exponent 74 

method was not an adequate description of the different stress-relaxation behaviour and 75 

mechanisms in the elastic and the plastic regions. 76 

In addition, the stress-relaxation behaviour and mechanisms demonstrate a strong 77 

dependence on temperature, even in the typical ageing temperature range (293 – 573 K) [19-78 

21]. In industrial SRAF of large components, the temperature distribution in the structure 79 

during heating and forming may not be uniform. Moreover, some recent studies have proposed 80 

non-isothermal SRAF processes to improve the forming efficiency by controlling the heating 81 

progress [22, 23]. Some previous studies have qualitatively characterised the effect of ageing 82 

temperatures on SRA/creep-ageing behaviour of aluminium alloys [16, 24]. However, 83 

quantification of temperature effects and corresponding models are still lacking, limiting the 84 

prediction and optimisation of SRAF for advanced aerospace applications under non-85 

isothermal conditions. 86 

Recently, a set of stress-relaxation tests (single and repeated stress-relaxation tests with 87 

transient or long-term holding of load) have been developed to determine the governing 88 

deformation mechanisms of metals [25-27]. Using these tests, thermally activated deformation-89 

related variables, such as activation volumes and activation energies under certain loading and 90 

temperature conditions have been obtained to reveal the detailed thermally activated 91 

dislocation mechanisms [28, 29]. In the present paper, the applicability of these tests in 92 

analysing and characterising the detailed stress-relaxation behaviour and mechanisms at 93 

different temperature and stress levels in both the elastic and the plastic regions is explored. In 94 

addition, the quantified deformation-related variables, including activation volumes and 95 

energies, could also be utilised to facilitate the modelling of the stress-relaxation behaviour of 96 

aluminium alloys and its dependence on stress and temperature. 97 
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Hence, in this study, the above-mentioned stress-relaxation test methods and related 98 

thermally activated deformation theories are utilised to investigate the long-term SRA 99 

behaviour of aluminium alloys for the first time, aiming to provide a new method to 100 

characterise the detailed mechanisms and model the SRA behaviour and its dependence on 101 

elastic or plastic strain and on temperature. New testing methods have been proposed and 102 

applied to characterise the SRA behaviour of an AA7B04 material and obtain deformation-103 

related variables, enabling detailed deformation mechanisms to be determined. Based on the 104 

theories developed and the variables obtained in the present work, a new simple constitutive 105 

model has been proposed to successfully predict the dependence on temperature and stress of 106 

the stress-relaxation behaviour of the alloy, providing a solid tool to support process modelling 107 

of industrial forming processes and applications. 108 

2. Theoretical background 109 

The applied shear stress (𝜏) in a material being plastically deformed, e.g. during stress-110 

relaxation where creep deformation occurs, can be expressed as the sum of two components, 111 

an athermal component 𝜏𝑖 and a thermal component 𝜏∗ [30, 31]: 112 

 𝜏 = 𝜏𝑖(𝛾𝑝) + 𝜏
∗(𝛾̇𝑝, 𝑇), (2) 113 

The athermal stress 𝜏𝑖 represents the long-range internal stress in the material that impedes 114 

plastic deformation, and is mainly related to the plastic shear strain 𝛾𝑝. The thermal component 115 

𝜏∗ is the effective shear stress leading to plastic deformation, which overcomes the short-range 116 

resistance from interactions between dislocations and other dislocations, precipitates and/or 117 

solute atoms [14]. 𝜏∗depends on the absolute temperature 𝑇 and plastic shear strain rate 𝛾̇𝑝. For 118 

SRA of aluminium alloys at artificial ageing temperatures (around 0.5Tm) and under 119 

intermediate stress levels, dislocations are believed to be the main source of plastic deformation 120 

[32]. Hence, the following plastic deformation rate equation can be used [33]: 121 

 𝛾̇𝑝 = 𝜌𝑚𝑏𝑣, (3) 122 

where 𝜌𝑚  is the mobile dislocation density, b is the Burgers vector and 𝑣  is the average 123 

dislocation velocity. An empirical equation describing the power-law dependence of 𝑣 on the 124 

effective shear stress 𝜏∗ proposed in [34] is used here, substituting in Eq. (2) to give:  125 

 𝑣 = 𝛼(𝜏 − 𝜏𝑖)
𝑚, (4) 126 
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where 𝛼 and 𝑚 are material constants. During SRA, the total strain is held constant, and the 127 

stress-relaxation occurs due to that part of the total strain is converted to plastic strain. Hence, 128 

the relationship between plastic shear strain rate 𝛾̇𝑝 and shear stress-relaxation rate 𝜏̇ can be 129 

expressed as:  130 

 𝛾̇𝑝 = −
𝜏̇

𝐸
, (5) 131 

where 𝐸 is the Young’s modulus of the material. By inserting Eqs. (4) and (5) into Eq. (3), one 132 

can obtain: 133 

 −
𝜏̇

𝐸
= 𝛼𝑏𝜌𝑚(𝜏 − 𝜏𝑖)

𝑚. (6) 134 

The rate equation (Eq. (6)) for the stress-relaxation can be integrated directly with the 135 

assumption that 𝜏𝑖 remains constant during a transient stress-relaxation test with a short load 136 

holding time, e.g. 10 to 30 s [35]. Thus, the following equation can be obtained by integrating 137 

Eq. (6): 138 

 𝑡 =
1

𝐵(1−𝑚)
[

1

(𝜏0−𝜏𝑖)
𝑚−1 −

1

(𝜏−𝜏𝑖)
𝑚−1], (7) 139 

where 𝑡 is the stress-relaxation time, 𝜏0 is the initially applied shear stress and B is a constant. 140 

The constants B, m and internal shear stress 𝜏𝑖 can be obtained by fitting Eq. (7) using data 141 

from the stress-relaxation curves obtained during transient stress-relaxation tests. It must be 142 

noted that m is usually larger than 1 [35]. In addition, with the obtained 𝜏𝑖 values, 𝜏∗ can be 143 

obtained using Eq. (2). 144 

The physical activation volume V of a material is a property that is widely used to  145 

characterise the stress sensitivity of dislocation velocity [31]. For the physical activation 146 

volume, repeated stress-relaxation (RSR) tests (Fig. 1) have been invented to characterise the 147 

contribution of dislocation velocity on the strain rate [36]. A single stress-relaxation test is 148 

followed by a fast reload to the initial stress level, enabling a quasi-elastic condition in the 149 

reloading stage, after which, another stress-relaxation stage is performed. As the fast reloading 150 

is under quasi-elastic conditions, the dislocation density in the material can reasonably be 151 

assumed to be constant. According to the definition of the physical activation energy volume 152 

[33], 153 

 𝑉 = 𝑘𝑇
𝜕ln⁡(𝛾̇𝑝)

𝜕𝜏
= 𝑘𝑇

ln(𝛾̇𝑖2/𝛾̇𝑓1)

∆𝜏1
, (8) 154 
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in which 𝛾̇𝑖2 represents the strain rate at the beginning of the second relaxation cycle, 𝛾̇𝑓1 is the 155 

strain rate at the end of the first relaxation cycle and ∆𝜏1 is the total relaxed stress in the first 156 

relaxation cycle. As indicated in Fig. 1, the physical activation volume of the materials can be 157 

determined with RSR tests. In addition, if each stress-relaxation stage in RSR tests lasts a short 158 

time (10 to 30 s), the stress components in Eq. (7) can be obtained from the stress-relaxation 159 

curves from RSR tests. 160 

 161 

Fig. 1. Schematic showing repeated stress-relaxation (RSR) test procedures. 162 

During stress-relaxation, plastic deformation comes from creep strains (𝛾𝑐), and hence 𝛾𝑝 =163 

𝛾𝑐. Considering the stress-relaxation curves are obtained under uniaxial tension conditions, the 164 

applied shear stress and its components can be converted into normal stresses using the 165 

relationship 𝜏 = 𝜎/√3, 𝜏𝑖 = 𝜎𝑖/√3, 𝜏∗ = 𝜎∗/√3; and the strain rates are obtained using 𝛾̇ =166 

√3𝜀̇ according to the von Mises yield criterion.  167 

Based on the theories summarised above, the athermal (internal stress 𝜎𝑖 ) and thermal 168 

(effective stress 𝜎∗) normal stress components characterising the creep deformation and the 169 

physical activation volume V representing the effect of dislocation velocity can be obtained 170 

according to the RSR curves. These data can be used to characterise and analyse the 171 

deformation behaviour and mechanisms during SRA of materials [29].  172 

The creep strain rate (𝜀𝑐̇) of aluminium alloys can be modelled using the following equation 173 

[14]: 174 

 𝜀𝑐̇ = 𝜀0̇sinh(𝑎𝜎)exp (−
𝑄𝑎

𝑅𝑇
) (9) 175 

where 𝜀0̇ is a pre-exponential factor, which can be treated as a material constant. The sinh(𝑎𝜎) 176 

part mainly represents creep strains generated by overcoming the long-range resistance. The 177 

other part exp(−𝑄𝑎/𝑅𝑇) represents the thermally activated effect of overcoming the short-178 
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range resistance. R is the universal gas constant and 𝑄𝑎 is the apparent activation energy of the 179 

materials, which is strongly affected by the temperature and stress conditions and can be 180 

calculated from: 181 

 𝑄𝑎 = (∆𝐺0 − 𝑉𝜎
∗) (10) 182 

where ∆𝐺0 is the Gibbs free energy of activation needed to overcome the short-range resistance 183 

at 0 K. Considering that the 𝑉  and 𝜎∗  values can be calculated by fitting the equations 184 

introduced before (Eqs. (2), (7) and (8)) to the results of RSR tests, Eqs. (9) and (10) then can 185 

be solved for the prediction of creep deformation of a material as a function of stress and 186 

temperature conditions. The next section introduces the experiments performed to obtain the 187 

values of 𝑉, 𝜎∗ and 𝑄𝑎 at different temperatures, stress levels and SRA time conditions. Based 188 

on these results, a model for the accurate prediction of the stress- and temperature-dependence 189 

of SRA behaviour in aluminium alloys is developed and validated. 190 

3. Experiments 191 

3.1 Materials 192 

The heat-treatable 7000 series aluminium alloy AA7B04 (Al-5.97Zn-2.84Mg, wt%), a 193 

candidate material to be used for the structural panels in aircraft, was used in this study. The 194 

as-received material had undergone solution heat treatment (743 K, 1 h), water quenching, pre-195 

stretch (2%) and artificial ageing (388 K, 8 h), which is named as AA7B04-P in the following 196 

sections. The test specimens were machined with the long axis parallel to the rolling direction 197 

of the material. 198 

3.2 Mechanical testing programme 199 

Uniaxial tensile tests with a quasi-static loading condition (strain rate of 5 x 10-4 /s) were 200 

carried out first for the as-received materials at different temperatures (293, 388, 413 and 438 201 

K) to acquire the basic mechanical properties of AA7B04-P; these tests are denoted Group 1 202 

in Table 1. 203 

A set of RSR tests at different stress (or strain) levels and temperatures was designed for the 204 

as-received material, in order to determine the stress-relaxation related variables introduced in 205 

Section 2 (𝜎𝑖 , 𝜎𝑒  and V) for analysis and modelling of the stress-relaxation deformation 206 

mechanisms. The testing procedures are shown in Fig. 2(a); RSR tests are started when a pre-207 

designated initial stress (or strain) level 𝜎0 (or 𝜀0) is attained during tensile loading with a 208 

quasi-static condition (strain rate of 5 x 10-4 /s). The RSR tests consist of three stress-relaxation 209 
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and reloading cycles, with each single stress-relaxation stage lasting 30 s. In each of these 210 

cycles, fast reloading is performed after each stress-relaxation stage, with a strain rate of about 211 

5 x 10-2 /s to ensure a quasi-elastic reloading state. Three temperatures (388, 413 and 438 K) 212 

were used for testing; these cover the main temperatures used for the industrial forming 213 

processes. The RSR tests were performed with various pre-designated initial stress (or strain) 214 

levels in both elastic and plastic regions (𝜎0𝑖 (or 𝜀0𝑖), (i = 1, 2, …, n) shown in Fig. 2 below). 215 

In order to distinguish between elastic and plastic loading conditions in this study, conditions 216 

are specified in terms of stress values when loading remains in the elastic region and in terms 217 

of strain values when loading is in the plastic region in the following sections. The detailed 218 

testing conditions are listed in Table 1, categorised as Group 2, in which σ0.01% and ε0.2% 219 

represent the 0.01% offset yield strength and 0.2% offset strain respectively. 220 

In addition, in order to investigate the evolution of the stress-relaxation related variables in 221 

AA7B04-P during SRA, another set of tests was designed, in which RSR tests were performed 222 

on the samples that had been subjected to SRA (SRAed) for different length of time. The 223 

detailed test procedures are illustrated in Fig. 2(b). A temperature of 438 K and two initial 224 

stress (or strain) levels σa (or εa), i.e. 200 MPa (elastic region) and 2% (plastic region), were 225 

selected for this set of tests. The time of SRA tests (t1) includes 0.5 min, 10 min, 30 min, 2 h 226 

and 4 h. Details of both the SRA tests and the subsequent RSR tests are given in Table 1 as 227 

Group 3. Moreover, stress-free ageing (SFA) tests on the as-received AA7B04-P at 438 K and 228 

for different time (0.5 min, 2 and 4 h) were performed for comparison, listed as test Group 4 in 229 

Table 1. High-temperature tensile tests were carried out directly after SRA or SFA tests without 230 

cooling, so as to determine the evolution of high-temperature yield strength of the materials 231 

during SRA. 232 

All the tests were performed on an Instron 5584 machine equipped with a furnace. The 233 

temperature variations for all tests were controlled within ±3 K, while the strain of the samples 234 

during tests was recorded and controlled by an extensometer (Instron dynamic extensometer 235 

2602-601). 236 

 237 
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 238 

(a)                                                                  (b) 239 

Fig. 2. Schematic of the mechanical testing procedures. (a) Interrupted tensile tests with repeated 240 

stress-relaxation (RSR) and (b) stress-relaxation ageing (SRA) + RSR. 241 

Table 1. Experimental design for the tensile tests, repeated stress-relaxation (RSR) and stress-242 

relaxation ageing (SRA) with subsequent RSR tests. 243 

Procedures Step1: SRA tests Step 2: RSR tests 

Variables 𝜀𝑎 (or 𝜎𝑎) Time (t1) Temperature  RSR stress (σ0) or strain values (ε0) 

Group 1 - - 293, 388, 

413, 438 K 

- (tensile tests) 

Group 2 - - 388, 413, 

438 K 

Elastic: 200 MPa, 300 MPa, 𝜎0.01% 

Plastic: 𝜀0.2% (𝜎0.2%), 2%, 4%, 6% 

Group 3 200 MPa, 

2% 

0.5, 10, 30 min, 

2, 4 h 

438 K Elastic: 200 MPa, 300 MPa, 𝜎0.01% 

Plastic: 𝜀0.2% (𝜎0.2%), 2%, 4%, 6% 

Group 4 - 0.5 min, 2, 4 h 438 K - (stress free ageing tests) 

3.3 Microstructural observations 244 

A JSF-7900F scanning electron microscope (SEM), was used to examine the grain size 245 

distributions before and after SRA. SEM samples were cut from the specimens along the 246 

loading direction, mechanically ground, and electropolished in a mixture of 10% perchloric 247 

acid and 90% methanol at 263 K and 20V. The grain size of the samples was determined using 248 

the material image processing and automatic reconstruction (MIPAR) software according to 249 

ASTM E112 with the same magnification taken from five randomly selected areas on each 250 

sample. 251 

Time

S
tr

e
ss

RSR(σ01,ε01)

(σ0n,ε0n)

(σ02,ε02)

(σ0i,ε0i)

0

SRA

σa

(εa)

Time

S
tr

e
ss

RSR

0
t1

Unloading (σ01,ε01)

(σ0n,ε0n)

(σ02,ε02)

(σ0i,ε0i)



11 

 

Transmission electron microscopy (TEM) using an FEI Tecnai G2 F20 scanning 252 

transmission electron microscope was employed for detailed microstructural examinations in 253 

selected specimens after SRA. These included the as-received material and the specimens that 254 

had been stress-relaxation aged for 2 and 4 h at 438 K with initial strain values of 0 and 2%. 255 

The samples were prepared by cutting to 3 mm diameter discs, mechanically thinning down to 256 

100 μm, and then twin-jet electropolishing with a 20% perchloric acid alcohol solution in 257 

methanol maintained at 293 K and 20 V. An FEI Tecnai G2 F20 scanning transmission electron 258 

microscope was used for microstructural examination. The dimension of precipitates was 259 

quantified by analysing the TEM images of the samples, 4 TEM images from different 260 

locations were used for the analysis of each sample. 261 

4. Experimental results and discussion 262 

4.1 Basic mechanical properties 263 

Table 2 presents the basic mechanical properties of the as-received AA7B04-P material at 264 

different temperatures, i.e. the Young’s modulus (E), 0.2% offset yield strength and 265 

corresponding strain (𝜎0.2%, 𝜀0.2%) and the uniform elongation at which the ultimate tensile 266 

strength occurs. In addition, as reported by Lyu et al. [16], the conventional 𝜎0.2% offset yield 267 

strength is not the best choice to distinguish between elastic and plastic stress-relaxation 268 

behaviour in this alloy. Hence, the recommended 0.01% offset yield strength and 269 

corresponding strain (𝜎0.01%, 𝜀0.01%) are also given in Table 2 and will be used in the following 270 

sections to divide the elastic and plastic regions for the stress-relaxation behaviour analysis in 271 

this study. As shown in Table 2, the yield strength, Young’s modulus and uniform elongation 272 

decrease with increasing temperature. 273 

Table 2. Main mechanical properties of the as-received AA7B04-P material at different temperatures. 274 

Temperature 𝜎0.01%, 𝜀0.01% 𝜎0.2%, 𝜀0.2% 
Uniform 

elongation (%) 

Young’s 

modulus (E) 

293 K 443 MPa, 0.61 % 512 MPa, 0.94 % 13.9 72.5 GPa 

388 K 390 MPa, 0.58 % 461 MPa, 0.94 % 7.7 67.8 GPa 

413 K 367 MPa, 0.56 % 429 MPa, 0.90 % 6.3 66.0 GPa 

438 K 325 MPa, 0.53 % 387 MPa, 0.81 % 3.7 62.5 GPa 
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The evolution of the yield strength during SRA tests (from 0.5 min to 4 h in Groups 3 and 4 275 

in Table 1) at 438 K is presented in Fig. 3. With no applied stress, the yield strength of the 276 

material increases slightly with increasing ageing time. When the material is initially loaded to 277 

give a strain of 𝜀𝑎 = 2%, the yield strength shows an initial increase in the first 10 minutes, and 278 

then decreases with increasing SRA time, indicating over-ageing behaviour. The decrease of 279 

yield strength during SRA is due to the accelerated precipitation effect which will be shown in 280 

the next subsection. 281 

 282 

Fig. 3. Evolution of 0.2% proof stress (𝜎0.2%) and 0.01% proof stress (𝜎0.01%) with SRA time at 438 283 

K under initial strain (𝜀𝑎) of 0 and 2%. 284 

4.2 Microstructural results 285 

Figs. 4(a) and (b) show representative SEM images of the as-received samples and those 286 

subjected to SRA. Elongated grains with an equivalent diameter of 80.1  25.1 μm were 287 

observed in the as-received material, whereas after SRA with εa = 2 % at 438 K for 4 h, similar 288 

grain structures remained with an equivalent diameter of 70.3  17.7 μm. The results show 289 

little change in grain size and morphology as a result of SRA, supporting the hypothesis stated 290 

in Section 2 that grain-related deformation mechanisms (e.g. grain boundary sliding) have a 291 

negligible contribution to deformation behaviour at the ageing temperatures investigated in this 292 

study. Fig. 4 (c) to (e) show TEM bright-field (BF) images along the [110]Al zone axis and 293 

selected area diffraction (SAD) patterns for the as-received, SFAed and SRAed samples. GP 294 

zones and η’ and η precipitates are easily observed according to their distinctive morphologies 295 

and sizes [37]. Homogenously distributed small precipitates, including GP zones and η’, are 296 

observed in the as-received material. After 4 h SFA at 438 K, the predominant precipitates in 297 

the material are η’ and η, the latter is generally larger [37]. For the SRAed specimen under 𝜀𝑎 298 

= 2% at the same temperature and time conditions, much larger rod-shaped η precipitates can 299 
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be observed. The average precipitate sizes in the specimens after SFA and SRA are plotted in 300 

Fig. 4(f), increasing continuously with ageing time in both cases, while a much higher 301 

increasing rate is observed in the SRAed samples. These results show that the external stress 302 

(or strain) applied in SRA significantly accelerates precipitation process, leading to coarser 303 

precipitates. This is consistent with the results reported by Zhu et al. [38]. The much coarser 304 

precipitates in SRAed specimens of AA7B04-P then leads to more significant over-ageing 305 

behaviour, giving a decreasing yield strength, observed in Fig. 3. 306 

      307 

(a)                                                                               (b) 308 

       309 

(c)                                                                            (d) 310 
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       311 

(e)                                                                            (f) 312 

Fig. 4. Microstructure and precipitate size evolution of AA7B04-P. SEM images showing grains in (a) 313 

as-received and (b) 438 K / 4 h SRAed (𝜀𝑎 = 2 %); TEM BF images and SAD pattern along the 314 

[110]Al zone axis showing the distribution of precipitates in (c) the as-received, (d) 438 K / 4 h SFAed 315 

(𝜀𝑎 = 0 %) and (e) 438 K /4 h SRAed (𝜀𝑎 = 2 %); (f) evolution of average precipitate sizes with 316 

ageing time. 317 

4.3 Repeated stress-relaxation behaviour 318 

Fig. 5 shows the three-stage RSR test results of AA7B04-P at 438 K under different stress 319 

(or strain) levels (values of 𝜎0.01% and 𝜀0.2% are listed in Table 2). A normalised relaxed stress, 320 

defined as ∆𝜎/𝜎0, where ∆𝜎 = (𝜎0 − 𝜎) is the relaxed stress at a transient state, is used to 321 

denote the stress-relaxation percentage. Overall, a larger stress-relaxation percentage is 322 

observed with increasing initial stress (or strain). In the elastic region, the effect of the initial 323 

stress on the normalised relaxed stress is small, with 1.39% of the stress relaxed after 30 s with 324 

an initial stress of 200 MPa, compared with 1.73% for an initial stress of 𝜎0.01% (325 MPa). In 325 

the plastic region, the initial stress effect on the normalised relaxed stress becomes more 326 

significant: 4.2% of stress is relaxed with an initial strain of 𝜀0.2%, increasing to 8.0% with an 327 

initial strain of 6%.  328 

In the three-stage RSR period at 438 K, the relaxed stress percentage decreases with 329 

increasing number of cycles except in the case of the initial strains of 2 and 6%. This could be 330 

due to the accumulated dislocations in the material from creep deformation in the previous 331 

stress-relaxation cycles; these would increase the stress needed for further deformation and 332 

lead to the lower degrees of stress-relaxation. When the initial strain is 2%, the relaxed stress 333 

percentage remains almost the same. However, when the initial strain is 6%, the relaxed stress 334 
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percentage increases with increasing cycle number, as shown in Fig. 5(b). As the uniform 335 

elongation of the material at 438 K is 3.7% (Table 2), necking has already occurred at such a 336 

high initial strain level of 6%. The necking-related defects in the material could contribute to 337 

the increase of relaxed stress percentages with increasing relaxation cycles. 338 

 339 

(a)                                                                              (b) 340 

Fig. 5. Normalised RSR behaviour of AA7B04-P under indicated initial stress (or strain) levels at 438 341 

K: (a) in the elastic region (≤ 𝜎0.01%) and (b) in the plastic region. 342 

The normalised RSR curves for selected initial stress and strain levels and different 343 

temperatures are compared in Fig. 6. Under all initial stress and strain conditions, a higher 344 

temperature leads to a larger relaxed stress percentage. No abnormal increase in relaxed stress 345 

percentage with increasing number of relaxation cycles is observed at 388 and 413 K for up to 346 

6% strain at both temperatures, the uniform elongation values are larger than 6%, as given in 347 

Table 2, indicating that hardening resulting from dislocation accumulation is still the dominant 348 

mechanism during initial loading. 349 

 350 

(a)                                                                         (b) 351 
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 352 

(c) 353 

Fig. 6. Normalised RSR behaviour of AA7B04-P at indicated temperatures under initial stress (strain) 354 

of (a) σ0 = 200 MPa (elastic region), (b) ε0 = 𝜀0.2% and (c) ε0 = 6%. 355 

The normalised first-cycle stress-relaxation behaviour of AA7B04-P SRAed under εa = 2% 356 

for various time is compared in Fig. 7. When the material is loaded with an initial stress of σ0 357 

= 200 MPa (elastic region) in the RSR tests, the stress-relaxation behaviour appears almost 358 

independent of SRA time, as shown in Fig. 7(a). With an initial strain of ε0 = 2% (plastic region), 359 

a slight effect can be recognised with the ageing time, namely that the relaxed stress percentage 360 

during RSR decreases slightly after 10 minutes SRA, and then increases with increasing SRA 361 

time. This is similar to the trend observed in the yield strength curve in Fig. 3. These results 362 

thus indicate that in the elastic region, the SRA time in the range studied has almost no effect 363 

on the normalised relaxed stress level, while in the plastic region, a small effect can be observed, 364 

which could be related to the yield strength evolutions of the material during SRA. 365 

 366 

(a)                                                                                   (b) 367 

Fig. 7. Normalised first-cycle stress-relaxation behaviour of SRAed AA7B04-P (εa = 2%) after 368 

indicated time at 438 K: (a) σ0 = 200 MPa (elastic region) and (b) ε0 = 2% (plastic region). 369 
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5. Discussion on variables related to stress-relaxation 370 

Using the RSR curves presented in the above sections, key variables related to the stress-371 

relaxation, i.e. the effective stress (σe) and physical activation volumes (V), can be calculated 372 

by fitting the data to the corresponding equations in Section 2. The results of this fitting are 373 

presented and discussed in the following sections. 374 

5.1 Effective stresses 375 

Fig. 8(a) shows the variations of the calculated effective stress (σe) of AA7B04-P with 376 

normalised initial applied strain ratio which is defined as the ratio of the initial strain (ε0) to the 377 

critical strain at the 0.01% offset condition (ε0.01%) of the material. Using this definition of 378 

initial strain ratio, elastic and plastic regions can be uniformly divided by an initial strain ratio 379 

of 1, independently of the temperature effects on ε0.01% values shown in Table 2. It can be 380 

observed from Fig. 8 that higher effective stresses exist with a larger initial strain ratio and at 381 

a higher temperature. As introduced in Section 2, the effective stress is the stress component 382 

associated with the thermally activated plastic deformation and is directly related to the creep 383 

strains generated during SRA. Hence, increasing σe values shown in Fig. 8(a) are the origin of 384 

the higher stress-relaxation levels observed for larger applied initial strains in Section. 4.3. 385 

 386 

(a)                                                                             (b) 387 

Fig. 8. Variations of effective stress of (a) AA7B04-P with different initial strain ratios at indicated 388 

temperatures and (b) SRAed AA7B04-P (438 K / εa = 2%) with time, obtained from RSR tests in the 389 

elastic region (σ0 = 200 MPa) and the plastic region (ε0 = 2%). 390 

The evolution of the effective stress component of AA7B04-P with SRA time under 438 K 391 

/ εa = 2% are plotted in Fig. 8(b). These results were obtained from RSR tests under initial loads 392 

of σ0 = 200 MPa (elastic) and ε0 = 2% (plastic). The results indicate that when the material is 393 

loaded in the elastic region, effective stresses after SRA show no apparent variations for SRA 394 

time of up to 4 h. This corresponds well with the stress-relaxation behaviour observed in these 395 
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specimens in Fig. 7(a). Some variations of effective stress with SRA time can be observed in 396 

the SRAed alloy when loaded in the plastic region with ε0 = 2%; this contributes to the small 397 

differences of stress-relaxation behaviour shown in Fig. 7(b). 398 

5.2 Physical activation volume 399 

The physical activation volume (V) of AA7B04-P in its as-received state and after SRA for 400 

different times is obtained by fitting Eq. (8) to the RSR curves in Section 4.3. Fig. 9(a) shows 401 

the variations of V under different initial strains at the three tested temperatures. V value 402 

decreases with increasing strain, with a monotonously decreasing speed, and tends to reach a 403 

stable level when the initial strain is high enough (about 0.9% for this alloy) in the plastic 404 

region. As stated in Section 2, V represents the effect of mobile dislocation velocity on 405 

deformation in the loaded alloys. The decreasing V value indicates that enhanced dislocation 406 

velocity could be expected in the alloy loaded at higher strain levels [33], which leads to the 407 

more significant stress-relaxation of the alloy observed in Figs. 5 and 6. Fig. 9(b) compares the 408 

variations of V with initial strains for the materials SRAed with 438 K / εa = 2% for different 409 

time. Again, from 0 to 4 h SRA time, no significant change V can be observed. These results 410 

indicate that the SRA process for up to 4 h investigated in this study has little effect on the 411 

physical activation volume, which mainly depends on the initial stress (or strain). 412 

 413 

(a)                                                                              (b) 414 

Fig. 9. Variations of physical activation volume (V) with initial strains for (a) as-received AA7B04-P 415 

at indicated temperatures and (b) AA7B04-P SRAed (438 K / εa = 2%) with indicated time. 416 

The activation volume has been treated as an effective kinetic signature to indicate the rate-417 

controlling deformation mechanism in thermally activated plastic deformation [31]. For fcc 418 

metals with coarse grains, a V value of the order of several hundred b3 has been reported to 419 

indicate a rate-controlling mechanism of forest dislocation interactions during plastic 420 

deformation [39]. When the V value is between 1b3 and 100b3, it is the cross-slip that controls 421 
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the deformation [29]. The V values obtained for AA7B04-P in Fig. 9 evolve from more than 422 

200b3 at small stress levels in the elastic region to about 10b3 at high stress levels in the plastic 423 

region, indicating that dislocation interaction is the rate-controlling factor for creep of the alloy 424 

at the test temperature range, but the detailed mechanisms may change from forest dislocation 425 

interactions at low stresses to cross-slip at high stresses.  426 

An empirical equation proposed in [40, 41] can be adopted to calculate the Gibbs free energy 427 

of activation ∆𝐺0 of the material through the effective stress σe and activation volume V, as 428 

below: 429 

 𝑉 =
4∆𝐺0

3𝜎𝑒0
[1 − (

𝜎𝑒

𝜎𝑒0
)
1/2

]
1/2

(
𝜎𝑒

𝜎𝑒0
)
−1/2

 (11) 430 

where 𝜎𝑒0 is a constant representing the effective stress at 0 K. Fig. 10 shows the relationship 431 

between V and σe at different strain levels and temperatures for AA7B04-P SRAed for different 432 

combinations of temperature and time. A similar trend is observed for all the test conditions, 433 

and hence, a value of ∆𝐺0 = 148 kJ/mol can be obtained for AA7B04-P by fitting the data in 434 

Fig. 10 with Eq. (11). This is consistent with previously published values for aluminium alloys, 435 

which varies from about 140 to 170 kJ/mol [42, 43].  436 

 437 

Fig. 10. Physical activation volume (V) vs. effective stress (𝜎𝑒) of AA7B04-P SRAed for different 438 

combination of temperature and time. 439 

5.3 Activation energy 440 

Using the σe, V and ∆𝐺0values determined in the previous section, the apparent activation 441 

energy values (𝑄𝑎 = ∆𝐺0 − 𝑉𝜎𝑒) for AA7B04-P with different stress, temperature and SRA 442 

time conditions were calculated and are shown in Figs. 11 and 12. Fig. 11 shows that  𝑄𝑎 443 
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depends strongly on stress and temperature. The variation of 𝑄𝑎 as a function of initial strain 444 

shows a similar trend for all three test temperatures. The 𝑄𝑎 value stays at a nearly constant 445 

level under different strain levels in the elastic region (𝑄𝑎0), but starts to decrease quickly with 446 

increasing strain levels in the plastic region and tends to reach a stable level when the strain 447 

level is high enough. Hence, it can be deduced that the slightly larger stress-relaxation 448 

generated with a higher initial stress level in the elastic region in Fig. 5 is mainly due to the 449 

external stress, i.e. the sinh(𝑎𝜎) term in Eq. (9), while the much more significant stress-450 

relaxation behaviour with increasing strain levels in the plastic region is due to the combined 451 

effect of increasing applied stress (𝜎 in Eq. (9)) and decreasing apparent activation energy (𝑄𝑎 452 

in Eq. (9)).  453 

𝑄𝑎 values also show a temperature dependence in Fig. 11. A higher temperature leads to a 454 

smaller 𝑄𝑎0. The relationship between the constant 𝑄𝑎0 value in the elastic region and the 455 

corresponding temperature is plotted in the insert of Fig. 11, and shows a linear relationship in 456 

the range 388 – 438 K. Smaller 𝑄𝑎 values at higher temperatures are the main reason of the 457 

higher degree of stress-relaxation at higher temperatures observed in Fig. 6.  458 

 459 

Fig. 11. Evolutions of apparent activation energy (Qa) of AA7B04-P with initial strain ratios at 460 

indicated temperatures (top-right corner insert: average apparent activation energy in the elastic 461 

region Qa0 vs. temperature). 462 

Fig. 12 shows the variations of 𝑄𝑎 for AA7B04-P with SRA time under 438 K / εa = 2%, 463 

obtained from RSR tests. Overall, only a slight effect of SRA time on 𝑄𝑎 values is observed. 464 

A more pronounce effect can be observed for higher stress levels, with a slight decrease in 𝑄𝑎 465 

value with increasing SRA time. The changing 𝑄𝑎  values should be related to the 466 

microstructural evolutions in the alloy during SRA. The additional dislocations introduced by 467 
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creep strains in the material during SRA may facilitate further deformation and contribute to a 468 

decreasing 𝑄𝑎 values. In addition, the coarser precipitates in the alloy after longer SRA times 469 

(from 4.5 nm in the as-received state to the maximum 13.2 nm after 4 h SRA with εa = 2% in 470 

Fig. 4(f)) could also facilitate dislocation movement and contribute to the decrease in 𝑄𝑎 values 471 

with increasing SRA time [44].  472 

 473 

Fig. 12. Evolution of apparent activation energy (Qa) of AA7B04-P with SRA time under 438 K / εa = 474 

2%, obtained from RSR tests under indicated initial stress (strain) levels. 475 

6. Modelling and discussion 476 

The calculated creep-related variables in Section 5 help to elucidate the rate-controlling 477 

mechanisms governing deformation of the alloy during SRA and also provide sufficient data 478 

for the modelling of the stress-relaxation behaviour of the alloy and its dependence on 479 

temperature and stress. The modelling strategy and corresponding results and discussion are 480 

introduced in this section. 481 

6.1 Stress and temperature dependent apparent activation energies 482 

According to Eq. (9) in Section 2, the apparent activation energy (𝑄𝑎) is the key variable 483 

needed for the modelling of creep strain rates during creep or stress-relaxation as a function of 484 

temperature. The activation energy Q for dislocation nucleation and propagation in face-485 

centred cubic metals, such as Cu [45], Al and Ni [46] alloys, has been widely investigated 486 

previously. The temperature dependence of Q has been experimentally investigated and the 487 

following equation has been developed [46]:  488 

 𝑄(𝑇) = (1 − 𝑘1
𝑇

𝑇𝑚
)𝑄0 (12) 489 
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where 𝑇𝑚 is the melting temperature of the alloy, 𝑘1 is a material constant and 𝑄0 is the reference 490 

activation energy. The plot of 𝑄𝑎0 versus T obtained in this study (Fig. 12), agrees well with 491 

the linear relationship between the activation energy Q and the temperature T in Eq. (12) and 492 

hence, Eq. (12) is used to model the relationship between 𝑄𝑎0 in the elastic region and T as: 493 

 𝑄𝑎0(𝑇) = (1 − 𝑘1𝑇/𝑇𝑚)𝑄0 (13) 494 

In the plastic region, the effect of strain (ε𝑝) on 𝑄𝑎  can be modelled using the equation 495 

developed by El et al. [47]: 496 

 
𝑄̇𝑎

𝜀̇𝑝
= 𝑘2𝑄𝑎0(𝑇) − 𝑄𝑎 (14) 497 

where 𝑘2 is a material constant. 498 

6.2 Stress-relaxation behaviour under different stresses and temperatures 499 

Using the apparent activation energy, the conventional unified constitutive model proposed 500 

for the stress-relaxation behaviour of aluminium alloys in the elastic region at a single 501 

temperature [48, 49] is modified to include the effect of temperature and stress in both the 502 

elastic and the plastic regions. The new set of constitutive equations is summarised as follows: 503 

 

{
 
 

 
 𝜀𝑐̇ = 𝐴1sinh[𝐵1𝜎(1 − 𝜌̅)]exp (−

𝑄𝑎

𝑅𝑇
) sign(𝜎)

𝜌̇̅ = 𝐴2(1 − 𝜌̅)|𝜀𝑐̇| − 𝐶𝑝𝜌̅
𝑚1 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑄̇𝑎 = (𝑘2𝑄𝑎0(𝑇) − 𝑄𝑎)𝜀𝑐̇⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
𝜎̇ = −𝐸𝜀𝑐̇⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

 (15) 504 

The creep strain rate (𝜀𝑐̇) is modelled by the contributions from applied stress (σ), apparent 505 

activation energy (𝑄𝑎) and normalised dislocation density (𝜌̅). 𝐴1 and 𝐵1 are material constants. 506 

The dislocation density is included in the model in its normalised value (𝜌̅) in this study, with 507 

the same meaning and equation from previous creep-ageing models [48]. 𝐴2  is a constant 508 

related to dislocation storage, 𝐶𝑝 and 𝑚1 are a constant and an exponent, respectively, related 509 

to static recovery. The evolution of the activation energy during stress-relaxation is modelled 510 

with the same form as Eq. (14) by considering the dislocation-related creep strains. The stress-511 

relaxation behaviour is then modelled according to the generated creep strains. 𝐴1 and E are 512 

temperature-dependent, and can be modelled using the following equations: 513 

 𝐴1 = 𝐴10exp (
𝑄𝐴

𝑅𝑇
) (16) 514 

 𝐸 = 𝐸0exp (
𝑄𝐸

𝑅𝑇
) (17) 515 
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6.3 Model calibration and results 516 

The material constants in the constitutive model developed in Eqs. (12) to (17) are calibrated 517 

in this section. The equations developed in this study are mainly based on the basic material 518 

equations for creep and stress-relaxation. For the equations with the original form in references, 519 

related material constants were directly used. Other material constants in the model were 520 

calibrated against corresponding experimental results, including Young’s modulus, activation 521 

energies and stress-relaxation behaviour obtained in this study. A summary of the proposed 522 

model and the calibration procedures used in this study are demonstrated in Fig. 13. 523 

 524 

Fig. 13. A summary of the develop model and calibration process for obtaining material constants. 525 

Firstly, the constants in the equations for activation energy (Eqs. (13) and (14)) were 526 

calibrated using the data in Fig. 11. Using the calculated activation energy values, the constants 527 

in the equations for stress-relaxation behaviour (Eqs. (15) to (17)) were then calibrated. A non-528 

linear least square curve fitting method was employed for the fitting process. The material 529 

constants obtained in the two calibration steps are given in Table 3, and the corresponding 530 

predicted results are plotted in Figs. 14 and 15.  531 

Table 3. Material constants for the stress-relaxation model of AA7B04-P. 532 

Symbol (unit) 𝑇𝑚 (K) 𝑄0 (kJ/mol) 𝑘1 (-) 𝑘2 (-) 𝐶𝑝 (s-1) 𝑚1 (-) 

Value 930 234.70 0.71 0.91 0.02 1.02 

Symbol (unit) 𝐸0 (GPa) 𝑄𝐸 (kJ/mol) 𝐴10 (s-1) 𝑄A (kJ/mol) 𝐵1 (MPa-1) 𝐴2 (s-1) 

Value 33.8 2.26 0.04 120.70 0.028 220 

 533 
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Fig. 14 compares the model results with corresponding experimental results for Qa values at 534 

different temperatures, initial strain levels and SRA times. In Fig. 14(a), the constant Qa value 535 

in the elastic region and decreasing Qa with increasing strain in the plastic region are 536 

reproduced well by the model, as is the temperature effect. The insignificant effect of SRA 537 

time on the variation of Qa has been modelled by a slight decrease of Qa along the SRA time 538 

in Fig. 14(b). The good agreement between the modelling and experimental results indicate 539 

that the model and calibrated material constants show promise for the prediction of apparent 540 

activation energies. 541 

 542 
(a) 543 

 544 
(b) 545 

Fig. 14. Comparison of apparent activation energies (Qa) from experimental (symbols) and 546 

modelling (lines) results of (a) as-received AA7B04-P with different initial strain ratios and 547 

temperatures and (b) AA7B04-P SRAed at 438 K / εa = 2% for different time, from RSR tests with 548 

indicated initial stress levels. 549 

Fig. 15 compares the modelling and experimental results for stress-relaxation at 388, 413 550 

and 438 K for times of up to 5 h, including stresses in the elastic (300 MPa) and the plastic 551 
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(σ2%) regions. The results show that the model reproduced the experimental results accurately 552 

for stress-relaxation behaviour under all the test conditions. In addition, the predicted results 553 

from the conventional modelling strategy, in which the same stress-relaxation mechanism with 554 

a constant Qa value is used in both the elastic and the plastic regions, are plotted in Fig. 15(b). 555 

Comparing the two sets of model results, it can be seen that a significant improvement in 556 

prediction accuracy has been achieved using the new model developed in this study. The 557 

maximum difference between the modelling and experimental results decreases from over 50% 558 

using conventional modelling techniques to only about 6% with the new model, as shown in 559 

Fig. 15(b). It can be concluded that the different stress-relaxation mechanisms and 560 

corresponding changing Qa values in the elastic and the plastic regions must be considered to 561 

give successful prediction of stress-relaxation behaviour. As it is widely accepted that a higher 562 

prediction accuracy for stress-relaxation would lead to a better prediction of springback in 563 

formed components after SRAF [1, 50], it is believed that the new model developed in the 564 

present work can help to improve the prediction accuracy of springback for SRAF of structural 565 

components, especially for stiffened panels preloaded in both the elastic and the plastic regions 566 

[2, 16]. 567 

 568 

(a) 569 
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 570 

(b) 571 

Fig. 15. Comparison of stress-relaxation curves of AA7B04-P from experimental (symbols) and 572 

modelling (lines) results. (a) With selected initial stress and temperature conditions; (b) with 573 

conventional and proposed modelling strategies that use the same stress-relaxation mechanism but 574 

with a constant or varying Qa approach for the stress level of σ2% at 438 K. 575 

6.4 Applications for different temperatures and stresses 576 

In order to further validate the capability of the developed model in predicting SRA 577 

behaviour of AA7B04-P under different conditions of stress and ageing temperature, the model 578 

and corresponding constants in Table 3 have been directly used to predict the stress-relaxation 579 

behaviour of the same material at 428, 438 and 448 K under various stress levels in both the 580 

elastic and the plastic regions. Experimental data reported in a previous publication [16], none 581 

of which was used for calibration of the material constants in the model, was used in this section 582 

for comparison and validation.  583 

The detailed stress-relaxation behaviour at 428, 438 and 448 K and under various stress 584 

conditions in both the elastic (black symbols and lines) and the plastic (red symbols and lines) 585 

regions are compared in Fig. 16. All the modelling results show a very good agreement with 586 

corresponding experimental data under all the temperature and initial stress conditions. In 587 

addition, it should be mentioned that the stress-relaxation data used for validation is from 18 h 588 

SRA tests, which is much longer than the tests carried out in this study (4 h). The model 589 

developed using test data from the first 4 h of SRA has successfully predicted the stress-590 

relaxation behaviour in the full 18 h SRA time. It demonstrates the effectiveness of the new 591 

model for the accurate prediction of stress-relaxation behaviour of AA7B04-P under different 592 

conditions in stress, temperature and SRA time. 593 
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 594 

(a) 595 

 596 

(b) 597 

 598 

(c) 599 

Fig. 16. Comparison of experimental (symbols, [16]) and modelling (lines) results of stress-600 

relaxation of AA7B04-P under different initial stress levels (elastic: symbols and lines in black; 601 

plastic: symbols and lines in red) at (a) 428 K, (b) 438 K and (c) 448 K. 602 

Moreover, in addition to SRA under conventional isothermal conditions, the model 603 

developed in the present work enables, for the first time, the prediction of evolutions of stress-604 
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relaxation behaviour in advanced non-isothermal SRA processes. Fig. 17 compares the stress-605 

relaxation results predicted by the developed model for the isothermal (388, 428 and 448 K) 606 

SRA processes with an applied stress of 300 MPa with non-isothermal SRA processes with the 607 

same applied stress. For the non-isothermal conditions, a linear increase in the temperature 608 

from an initial value of 373, 338 or 428 K to a final 448 K during the 16 h SRA process has 609 

been assumed for demonstration. When the temperature increases from 428 to 448 K during 610 

the 16 h SRA process, a similar trend with decreasing stress-relaxation rate is observed as in 611 

the isothermal case, and the relaxation curve is located between the isothermal 428 and 448 K 612 

conditions, which is reasonable as the temperature during the non-isothermal SRA is always 613 

between 428 to 448 K. When the starting temperature is further decreased, as in the 293 and 614 

338 K conditions shown in Fig. 17, stress-relaxation curves with an increasing rate during SRA 615 

are predicted; this behaviour is different from that under isothermal conditions, and is 616 

associated with the lower stress-relaxation rate at low temperatures, as illustrated by the stress-617 

relaxation curve at isothermal 338 K in Fig. 17. This predicted behaviour under non-isothermal 618 

conditions would definitely affect the final deformation and springback of the components after 619 

forming, but could not be predicted by conventional SRA models considering only the 620 

isothermal condition. 621 

 622 

Fig. 17. Comparison of the stress-relaxation behaviour of AA7B04-P under isothermal (iso) and non-623 

isothermal (non-iso) conditions. For non-iso, “xxx – 448 K” represents a linear increase of 624 

temperature from xxx K to 448 K during the 16 h SRA. 625 

The model developed in this study considers the dependence of activation energies on stress 626 

and temperature, providing a simple and effective way to predict the effects of a wide range of 627 

stress, temperature and time conditions on stress-relaxation behaviour of aluminium alloys 628 

during SRA. The model has the potential for application to the prediction of creep or stress-629 
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relaxation behaviour at temperatures higher than ageing processes. In addition, by combining 630 

the equations for yield strength from the conventional creep-ageing unified constitutive 631 

equations [48], this model can be easily extended to concurrently predict shapes (creep/stress-632 

relaxation) and mechanical properties (yield strength) of aluminium alloys for advanced non-633 

isothermal SRAF processes. Moreover, the equations used in this study are mainly based on 634 

the basic material equations for creep or stress-relaxation of aluminium alloys, whose 635 

applicability in different kinds of heat-treatable aluminium alloys (2xxx, 6xxx and 7xxx) have 636 

been illustrated previously [6, 17, 51]. Hence, the model developed in this study could be used 637 

for other heat-treatable aluminium alloys with similar stress-relaxation and ageing mechanisms. 638 

7. Conclusions 639 

Based on the theories for thermally activated deformation, a new set of tests combining 640 

repeated transient stress-relaxation tests with tensile and long-term stress-relaxation tests have 641 

been proposed and performed in this study. The stress components, activation volumes and 642 

activation energies of AA7B04 have been quantified for different temperatures, stresses and 643 

SRA times, enabling a detailed analysis of deformation mechanisms. Based on the above, a 644 

new constitutive model has been developed to effectively predict the stress- and temperature- 645 

dependence of SRA behaviour. The following conclusions can be drawn: 646 

1) The more pronounced stress-relaxation behaviour in the plastic loading region than that 647 

in the elastic region is caused by the combined effect of higher effective stress and lower 648 

apparent activation energy Qa. The effective stress increases with increasing strain, while 649 

Qa remains constant in the elastic region and decreases with increasing strain in the 650 

plastic region. A lower temperature leads to a larger Qa. In addition, Qa decreases slightly 651 

with increasing time of SRA, especially under higher stresses in the plastic region.  652 

2) The changing physical activation volumes and activation energies indicate a different 653 

rate-controlling deformation mechanism of AA7B04-P at low and high stress levels. At 654 

low stress levels in the elastic region, a decrease in V from more than 200b3 to less than 655 

100b3 indicates that forest dislocation interactions play the dominant role in creep 656 

deformation and higher temperatures lead to lower V values under the same strain 657 

conditions. At high stresses in the plastic region, V values decrease to a few tens of b3 658 

with more dislocations introduced, indicating that the rate-controlling deformation 659 

mechanism turns to cross-slip; the temperature effect on V values then becomes 660 

insignificant (between 338 and 438 K investigated in this study). 661 
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3) By considering the changing Qa values under different stress, temperature and time 662 

conditions, a novel unified constitutive model has been proposed in this study. 663 

Physically-based equations with simple forms have been developed and calibrated, with 664 

which the stress level, temperature and time dependent stress-relaxation behaviour of 665 

AA7B04-P has been successfully predicted with a high degree of accuracy. The 666 

prediction error of stress-relaxation behaviour in the plastic region has been significantly 667 

improved from over 50%, using the conventional modelling strategy, to 6% in the present 668 

work by considering the different Qa values in the elastic and the plastic regions.  669 
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