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Abstract

A new method that utilises theories of thermally activated deformation and repeated transient
stress-relaxation tests has been proposed and validated in this study for the characterisation and
modelling of the stress-relaxation ageing (SRA) behaviour of aluminium alloys and its
dependence on stress and temperature. Using the new method, key deformation-related
variables, i.e. stress components, activation volume and energy, of the aerospace grade heat-
treatable aluminium alloy AA7B04 have been obtained as a function of ageing temperature
(388, 413 and 438 K), stress (both elastic and plastic) and SRA time (up to 4 h). It has been
found that the apparent activation energy Qa of the material remains constant in the elastic
region but decreases with increasing strain in the plastic region, and also decreases with
increasing temperature for all initial loading stresses. These characteristics contribute to a much
higher degree of stress-relaxation in the plastic region and at higher temperatures than in the
elastic region and/or at lower temperatures. The obtained changing activation volume V and Qa
indicate that the deformation rate is controlled by forest dislocation interactions in the elastic
region (V decreases from over 200b® to less than 100b®), and by a cross-slip mechanism at high
stress levels in the plastic region (V decreases to a few tens of b%). Based on these theories and
results, a novel and simple constitutive model has been proposed, with which the stress-
relaxation behaviour of AA7B04 at different ageing temperatures (388 to 448 K), pre-loaded
from elastic to plastic regions for up to 16 h has been successfully predicted. The proposed
model eliminates the limitations of conventional SRA models which mainly deal with elastic
loading and isothermal conditions, and provides a foundation to effectively predict the
springback after advanced non-isothermal SRA forming of aluminium alloy structures in the

aerospace industry.
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1. Introduction

Stress-relaxation age forming (SRAF), also termed creep age forming (CAF), is an advanced
technology for the manufacture of large panels, such as wing structural panels, in the aerospace
industry; it combines thermally activated stress-relaxation (or creep) and artificial ageing to
concurrently form and strengthen heat-treatable aluminium alloy components[1]. The alloys
are loaded at intermediate stress levels to give either purely elastic strains, as in the case of
wing skin panels, or small plastic strains (less than 5% plastic strain for stiffened panels [2]).
During the loading process, the alloys are held at artificial ageing temperatures (usually less
than 473 K), allowing thermally activated stress-relaxation and age strengthening processes to
occur simultaneously, directly affecting the degree of springback and the strength of the formed
components [3-5]. Hence, there is great interest in analysing the mechanisms and predicting
the stress-relaxation ageing (SRA) behaviour in both elastic and plastic strain regimes and at
different ageing temperatures. This is a key task to enable accurate simulation and successful

optimisation of SRAF processes [6, 7].

In the last few decades, the effects of loading stress on the mechanism and characteristics of
SRA or creep-ageing in aluminium alloys have been extensively investigated. Most of the
studies focus on the SRA behaviour in the elastic region at a single ageing temperature for
SRAF process [8, 9]. It is generally believed that at the ageing temperatures (around 0.5Tm,
where T is the absolute melting temperature of the alloys), creep deformation is dominated by
dislocation-related mechanisms rather than, for example, grain boundary sliding, the power-
law equation has been well developed to analyse the steady-state creep data under SRAF
conditions, as [10]:

tess=4(2) M)
where &, g is the creep strain rate in the steady-state creep stage, A is a temperature dependent
parameter, and ¢ and G are the applied stress and shear modulus respectively. n is the stress
exponent, whose value is widely reported to indicate the rate-controlling creep mechanisms
[10-12]. By using this creep stress exponent method, the rate-controlling deformation
mechanisms in the elastic regime in Al-Zn-Mg alloys at 393 K [13] and Al-Cu-Mg alloys at
438 K [14, 15] have been determined. More recently, attention has been paid to SRA behaviour
in the plastic region, during which both initial plastic strains and creep strains are generated,

leading to more complicated stress-relaxation behaviour. Recent studies on SRA behaviour in
both elastic and plastic regions consider Al-Cu [15], Al-Zn-Mg [16] and Al-Mg-Si [17] alloys.
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Results for all these alloys show a much higher level of stress-relaxation when specimens are
initially loaded into the plastic region than that into the elastic region. However, when
employing the conventional creep exponent method for the stress-relaxation analysis, a
negative n value is obtained in the plastic region; this result cannot be explained by current
theories. Rong et al. [17] proposed an explanation involving changes in threshold stresses when
the material is initially loaded from the elastic region to the plastic region. Yang et al. [15] and
Rong et al. [18] further developed models to capture the different stress-relaxation behaviour
in the elastic and plastic regions. These results indicated that the conventional creep exponent
method was not an adequate description of the different stress-relaxation behaviour and

mechanisms in the elastic and the plastic regions.

In addition, the stress-relaxation behaviour and mechanisms demonstrate a strong
dependence on temperature, even in the typical ageing temperature range (293 — 573 K) [19-
21]. In industrial SRAF of large components, the temperature distribution in the structure
during heating and forming may not be uniform. Moreover, some recent studies have proposed
non-isothermal SRAF processes to improve the forming efficiency by controlling the heating
progress [22, 23]. Some previous studies have qualitatively characterised the effect of ageing
temperatures on SRA/creep-ageing behaviour of aluminium alloys [16, 24]. However,
quantification of temperature effects and corresponding models are still lacking, limiting the
prediction and optimisation of SRAF for advanced aerospace applications under non-

isothermal conditions.

Recently, a set of stress-relaxation tests (single and repeated stress-relaxation tests with
transient or long-term holding of load) have been developed to determine the governing
deformation mechanisms of metals [25-27]. Using these tests, thermally activated deformation-
related variables, such as activation volumes and activation energies under certain loading and
temperature conditions have been obtained to reveal the detailed thermally activated
dislocation mechanisms [28, 29]. In the present paper, the applicability of these tests in
analysing and characterising the detailed stress-relaxation behaviour and mechanisms at
different temperature and stress levels in both the elastic and the plastic regions is explored. In
addition, the quantified deformation-related variables, including activation volumes and
energies, could also be utilised to facilitate the modelling of the stress-relaxation behaviour of

aluminium alloys and its dependence on stress and temperature.
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Hence, in this study, the above-mentioned stress-relaxation test methods and related
thermally activated deformation theories are utilised to investigate the long-term SRA
behaviour of aluminium alloys for the first time, aiming to provide a new method to
characterise the detailed mechanisms and model the SRA behaviour and its dependence on
elastic or plastic strain and on temperature. New testing methods have been proposed and
applied to characterise the SRA behaviour of an AA7B04 material and obtain deformation-
related variables, enabling detailed deformation mechanisms to be determined. Based on the
theories developed and the variables obtained in the present work, a new simple constitutive
model has been proposed to successfully predict the dependence on temperature and stress of
the stress-relaxation behaviour of the alloy, providing a solid tool to support process modelling

of industrial forming processes and applications.
2. Theoretical background

The applied shear stress (t) in a material being plastically deformed, e.g. during stress-
relaxation where creep deformation occurs, can be expressed as the sum of two components,

an athermal component ; and a thermal component t* [30, 31]:

T= Ti()/p) + T*()’/p,T), @)

The athermal stress t; represents the long-range internal stress in the material that impedes
plastic deformation, and is mainly related to the plastic shear strain y,,. The thermal component
T* is the effective shear stress leading to plastic deformation, which overcomes the short-range
resistance from interactions between dislocations and other dislocations, precipitates and/or
solute atoms [14]. 7*depends on the absolute temperature T and plastic shear strain rate y,,. For
SRA of aluminium alloys at artificial ageing temperatures (around 0.5Tm) and under
intermediate stress levels, dislocations are believed to be the main source of plastic deformation

[32]. Hence, the following plastic deformation rate equation can be used [33]:
)'/p = pmbv, 3)

where p,,, is the mobile dislocation density, b is the Burgers vector and v is the average
dislocation velocity. An empirical equation describing the power-law dependence of v on the

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

v=a(t—1)™, 4)



127
128
129

130
131

132
133

134

135
136
137
138

139

140
141
142
143
144

145
146
147
148
149
150
151

Fsz

153

154

where a and m are material constants. During SRA, the total strain is held constant, and the
stress-relaxation occurs due to that part of the total strain is converted to plastic strain. Hence,
the relationship between plastic shear strain rate y,, and shear stress-relaxation rate 7 can be

expressed as:

T

)./p = - I (5)

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

can obtain:
— 2 = abpp (T — 7)™ ©)

The rate equation (Eqg. (6)) for the stress-relaxation can be integrated directly with the
assumption that t; remains constant during a transient stress-relaxation test with a short load

holding time, e.g. 10 to 30 s [35]. Thus, the following equation can be obtained by integrating
Eqg. (6):

1 1 1
t= B(1-m) [(ro—‘ri)m—l o (T—ri)m—l]’ ()

where t is the stress-relaxation time, 7, is the initially applied shear stress and B is a constant.
The constants B, m and internal shear stress 7; can be obtained by fitting Eq. (7) using data
from the stress-relaxation curves obtained during transient stress-relaxation tests. It must be
noted that m is usually larger than 1 [35]. In addition, with the obtained t; values, * can be

obtained using Eq. (2).

The physical activation volume V of a material is a property that is widely used to
characterise the stress sensitivity of dislocation velocity [31]. For the physical activation
volume, repeated stress-relaxation (RSR) tests (Fig. 1) have been invented to characterise the
contribution of dislocation velocity on the strain rate [36]. A single stress-relaxation test is
followed by a fast reload to the initial stress level, enabling a quasi-elastic condition in the
reloading stage, after which, another stress-relaxation stage is performed. As the fast reloading
is under quasi-elastic conditions, the dislocation density in the material can reasonably be
assumed to be constant. According to the definition of the physical activation erergy-volume
[33],

v = kr 2200 _ gy liali) (8)

AT1
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in which y;, represents the strain rate at the beginning of the second relaxation cycle, y;, is the
strain rate at the end of the first relaxation cycle and Az, is the total relaxed stress in the first
relaxation cycle. As indicated in Fig. 1, the physical activation volume of the materials can be
determined with RSR tests. In addition, if each stress-relaxation stage in RSR tests lasts a short
time (10 to 30 s), the stress components in Eq. (7) can be obtained from the stress-relaxation
curves from RSR tests.

Fast reload
stage

ATq

T (MPa)

|

I

1

Stress- |

Loading relaxetion |
stage | stage |

At At Time (s)

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

During stress-relaxation, plastic deformation comes from creep strains (y.), and hence y,, =
Y. Considering the stress-relaxation curves are obtained under uniaxial tension conditions, the
applied shear stress and its components can be converted into normal stresses using the
relationship 7 = ¢ /+/3, 7; = 0;/4/3, T* = ¢* //3; and the strain rates are obtained using y =

/3¢ according to the von Mises yield criterion.

Based on the theories summarised above, the athermal (internal stress o;) and thermal
(effective stress ¢*) normal stress components characterising the creep deformation and the
physical activation volume V representing the effect of dislocation velocity can be obtained
according to the RSR curves. These data can be used to characterise and analyse the

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

The creep strain rate (¢.) of aluminium alloys can be modelled using the following equation
[14]:

&. = &ysinh(ao)exp (— 2—;) ©)

where & is a pre-exponential factor, which can be treated as a material constant. The sinh(ao)
part mainly represents creep strains generated by overcoming the long-range resistance. The

other part exp(—Q,/RT) represents the thermally activated effect of overcoming the short-

7
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range resistance. R is the universal gas constant and Q,, is the apparent activation energy of the
materials, which is strongly affected by the temperature and stress conditions and can be

calculated from:
Qa = (AGy —Va7) (10)

where AG,, is the Gibbs free energy of activation needed to overcome the short-range resistance
at 0 K. Considering that the ¥V and ¢* values can be calculated by fitting the equations
introduced before (Egs. (2), (7) and (8)) to the results of RSR tests, Egs. (9) and (10) then can
be solved for the prediction of creep deformation of a material as a function of stress and
temperature conditions. The next section introduces the experiments performed to obtain the
values of V, 6™ and Q,, at different temperatures, stress levels and SRA time conditions. Based
on these results, a model for the accurate prediction of the stress- and temperature-dependence

of SRA behaviour in aluminium alloys is developed and validated.
3. Experiments
3.1 Materials

The heat-treatable 7000 series aluminium alloy AA7B04 (Al-5.97Zn-2.84Mg, wt%), a
candidate material to be used for the structural panels in aircraft, was used in this study. The
as-received material had undergone solution heat treatment (743 K, 1 h), water quenching, pre-
stretch (2%) and artificial ageing (388 K, 8 h), which is named as AA7B04-P in the following
sections. The test specimens were machined with the long axis parallel to the rolling direction

of the material.
3.2 Mechanical testing programme

Uniaxial tensile tests with a quasi-static loading condition (strain rate of 5 x 10 /s) were
carried out first for the as-received materials at different temperatures (293, 388, 413 and 438
K) to acquire the basic mechanical properties of AA7B04-P; these tests are denoted Group 1
in Table 1.

A set of RSR tests at different stress (or strain) levels and temperatures was designed for the
as-received material, in order to determine the stress-relaxation related variables introduced in
Section 2 (o;, o, and V) for analysis and modelling of the stress-relaxation deformation
mechanisms. The testing procedures are shown in Fig. 2(a); RSR tests are started when a pre-
designated initial stress (or strain) level g, (or &;) is attained during tensile loading with a

quasi-static condition (strain rate of 5 x 10 /s). The RSR tests consist of three stress-relaxation

8
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and reloading cycles, with each single stress-relaxation stage lasting 30 s. In each of these
cycles, fast reloading is performed after each stress-relaxation stage, with a strain rate of about
5 x 107 /s to ensure a quasi-elastic reloading state. Three temperatures (388, 413 and 438 K)
were used for testing; these cover the main temperatures used for the industrial forming
processes. The RSR tests were performed with various pre-designated initial stress (or strain)
levels in both elastic and plastic regions (ay; (or &y;), (i=1, 2, ..., n) shown in Fig. 2 below).
In order to distinguish between elastic and plastic loading conditions in this study, conditions
are specified in terms of stress values when loading remains in the elastic region and in terms
of strain values when loading is in the plastic region in the following sections. The detailed
testing conditions are listed in Table 1, categorised as Group 2, in which co.01% and eo.2%

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

In addition, in order to investigate the evolution of the stress-relaxation related variables in
AATBO04-P during SRA, another set of tests was designed, in which RSR tests were performed
on the samples that had been subjected to SRA (SRAed) for different length of time. The
detailed test procedures are illustrated in Fig. 2(b). A temperature of 438 K and two initial
stress (or strain) levels oa (Or €a), i.e. 200 MPa (elastic region) and 2% (plastic region), were
selected for this set of tests. The time of SRA tests (t1) includes 0.5 min, 10 min, 30 min, 2 h
and 4 h. Details of both the SRA tests and the subsequent RSR tests are given in Table 1 as
Group 3. Moreover, stress-free ageing (SFA) tests on the as-received AA7B04-P at 438 K and
for different time (0.5 min, 2 and 4 h) were performed for comparison, listed as test Group 4 in
Table 1. High-temperature tensile tests were carried out directly after SRA or SFA tests without
cooling, so as to determine the evolution of high-temperature yield strength of the materials
during SRA.

All the tests were performed on an Instron 5584 machine equipped with a furnace. The
temperature variations for all tests were controlled within =3 K, while the strain of the samples

during tests was recorded and controlled by an extensometer (Instron dynamic extensometer
2602-601).
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Fig. 2. Schematic of the mechanical testing procedures. (a) Interrupted tensile tests with repeated

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

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

relaxation ageing (SRA) with subsequent RSR tests.

Procedures Stepl: SRA tests Step 2: RSR tests
Variables ¢, (ora,) Time (1) Temperature  RSR stress (ao) or strain values (&o)
Group 1 - - 293, 388, - (tensile tests)
413,438 K
Group 2 - - 388, 413, Elastic: 200 MPa, 300 MPa, 64 919
438K PIaSHic: 0,20, (Go.20), 2%, 4%, 6%
Group 3 200 MPa, 0.5,10,30min, 438K Elastic: 200 MPa, 300 MPa, 04 919,
2% 2,4h Plastic: £ .50, (09.294), 2%, 4%, 6%
Group 4 - 0.5min, 2,4h 438 K - (stress free ageing tests)

3.3 Microstructural observations

A JSF-7900F scanning electron microscope (SEM), was used to examine the grain size
distributions before and after SRA. SEM samples were cut from the specimens along the
loading direction, mechanically ground, and electropolished in a mixture of 10% perchloric
acid and 90% methanol at 263 K and 20V. The grain size of the samples was determined using
the material image processing and automatic reconstruction (MIPAR) software according to

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

sample.
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Transmission electron microscopy (TEM) using an FEI Tecnai G2 F20 scanning
transmission electron microscope was employed for detailed microstructural examinations in
selected specimens after SRA. These included the as-received material and the specimens that
had been stress-relaxation aged for 2 and 4 h at 438 K with initial strain values of 0 and 2%.
The samples were prepared by cutting to 3 mm diameter discs, mechanically thinning down to
100 um, and then twin-jet electropolishing with a 20% perchloric acid alcohol solution in
methanol maintained at 293 K and 20 V. An FEI Tecnai G2 F20 scanning transmission electron
microscope was used for microstructural examination. The dimension of precipitates was
quantified by analysing the TEM images of the samples, 4 TEM images from different

locations were used for the analysis of each sample.
4. Experimental results and discussion
4.1 Basic mechanical properties

Table 2 presents the basic mechanical properties of the as-received AA7B04-P material at
different temperatures, i.e. the Young’s modulus (E), 0.2% offset yield strength and
corresponding strain (ag .9, €0.29,) and the uniform elongation at which the ultimate tensile
strength occurs. In addition, as reported by Lyu et al. [16], the conventional g ,, Offset yield
strength is not the best choice to distinguish between elastic and plastic stress-relaxation
behaviour in this alloy. Hence, the recommended 0.01% offset yield strength and
corresponding strain (0y 910, €0.019%) are also given in Table 2 and will be used in the following
sections to divide the elastic and plastic regions for the stress-relaxation behaviour analysis in
this study. As shown in Table 2, the yield strength, Young’s modulus and uniform elongation

decrease with increasing temperature.

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

Temperature 00.01% €0.01% 00.2% €0.2% Unif-Ofm roune’s
elongation (%)  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 % 1.7 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

11
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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
in Table 1) at 438 K is presented in Fig. 3. With no applied stress, the yield strength of the
material increases slightly with increasing ageing time. When the material is initially loaded to
give a strain of £, = 2%, the yield strength shows an initial increase in the first 10 minutes, and
then decreases with increasing SRA time, indicating over-ageing behaviour. The decrease of
yield strength during SRA is due to the accelerated precipitation effect which will be shown in

the next subsection.

Strength (MPa)

Go.01% (&, = 2%)
300 T T T

0 1 2 3 4 5
Time (h)

Fig. 3. Evolution of 0.2% proof stress (¢ ,9,) and 0.01% proof stress (g g19,) With SRA time at 438

K under initial strain (g,) of 0 and 2%.

4.2 Microstructural results

Figs. 4(a) and (b) show representative SEM images of the as-received samples and those
subjected to SRA. Elongated grains with an equivalent diameter of 80.1 + 25.1 um were
observed in the as-received material, whereas after SRA with ea = 2 % at 438 K for 4 h, similar
grain structures remained with an equivalent diameter of 70.3 + 17.7 um. The results show
little change in grain size and morphology as a result of SRA, supporting the hypothesis stated
in Section 2 that grain-related deformation mechanisms (e.g. grain boundary sliding) have a
negligible contribution to deformation behaviour at the ageing temperatures investigated in this
study. Fig. 4 (c) to (e) show TEM bright-field (BF) images along the [110]al zone axis and
selected area diffraction (SAD) patterns for the as-received, SFAed and SRAed samples. GP
zones and #’ and # precipitates are easily observed according to their distinctive morphologies
and sizes [37]. Homogenously distributed small precipitates, including GP zones and 7’, are
observed in the as-received material. After 4 h SFA at 438 K, the predominant precipitates in
the material are ” and 7, the latter is generally larger [37]. For the SRAed specimen under &,
= 2% at the same temperature and time conditions, much larger rod-shaped # precipitates can

12
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be observed. The average precipitate sizes in the specimens after SFA and SRA are plotted in
Fig. 4(f), increasing continuously with ageing time in both cases, while a much higher
increasing rate is observed in the SRAed samples. These results show that the external stress
(or strain) applied in SRA significantly accelerates precipitation process, leading to coarser
precipitates. This is consistent with the results reported by Zhu et al. [38]. The much coarser
precipitates in SRAed specimens of AA7B04-P then leads to more significant over-ageing

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

(© (d)
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Fig. 4. Microstructure and precipitate size evolution of AA7B04-P. SEM images showing grains in (a)
as-received and (b) 438 K/ 4 h SRAed (e, = 2 %); TEM BF images and SAD pattern along the
[110]ai zone axis showing the distribution of precipitates in (c) the as-received, (d) 438 K/ 4 h SFAed
(¢4 =0%) and (e) 438 K /4 h SRAed (g, = 2 %); (f) evolution of average precipitate sizes with

ageing time.
4.3 Repeated stress-relaxation behaviour

Fig. 5 shows the three-stage RSR test results of AA7B04-P at 438 K under different stress
(or strain) levels (values of gy ¢10, and &, 50, are listed in Table 2). A normalised relaxed stress,
defined as Ao /o,, where Aag = (0, — o) is the relaxed stress at a transient state, is used to
denote the stress-relaxation percentage. Overall, a larger stress-relaxation percentage is
observed with increasing initial stress (or strain). In the elastic region, the effect of the initial
stress on the normalised relaxed stress is small, with 1.39% of the stress relaxed after 30 s with
an initial stress of 200 MPa, compared with 1.73% for an initial stress of g, o104, (325 MPa). In
the plastic region, the initial stress effect on the normalised relaxed stress becomes more
significant: 4.2% of stress is relaxed with an initial strain of & ,,, increasing to 8.0% with an

initial strain of 6%.

In the three-stage RSR period at 438 K, the relaxed stress percentage decreases with
increasing number of cycles except in the case of the initial strains of 2 and 6%. This could be
due to the accumulated dislocations in the material from creep deformation in the previous
stress-relaxation cycles; these would increase the stress needed for further deformation and
lead to the lower degrees of stress-relaxation. When the initial strain is 2%, the relaxed stress

percentage remains almost the same. However, when the initial strain is 6%, the relaxed stress

14
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percentage increases with increasing cycle number, as shown in Fig. 5(b). As the uniform

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

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

the increase of relaxed stress percentages with increasing relaxation cycles.
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Fig. 5. Normalised RSR behaviour of AA7B04-P under indicated initial stress (or strain) levels at 438

K: (a) in the elastic region (< g 919,) and (b) in the plastic region.

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

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

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

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

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

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

mechanism during initial loading.
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Fig. 6. Normalised RSR behaviour of AA7B04-P at indicated temperatures under initial stress (strain)
of (a) oo = 200 MPa (elastic region), (b) €0 = £g.29, and () o = 6%.

The normalised first-cycle stress-relaxation behaviour of AA7B04-P SRAed under 2 = 2%
for various time is compared in Fig. 7. When the material is loaded with an initial stress of oo
= 200 MPa (elastic region) in the RSR tests, the stress-relaxation behaviour appears almost
independent of SRA time, as shown in Fig. 7(a). With an initial strain of eg = 2% (plastic region),
a slight effect can be recognised with the ageing time, namely that the relaxed stress percentage
during RSR decreases slightly after 10 minutes SRA, and then increases with increasing SRA
time. This is similar to the trend observed in the yield strength curve in Fig. 3. These results
thus indicate that in the elastic region, the SRA time in the range studied has almost no effect
on the normalised relaxed stress level, while in the plastic region, a small effect can be observed,

which could be related to the yield strength evolutions of the material during SRA.
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Fig. 7. Normalised first-cycle stress-relaxation behaviour of SRAed AA7B04-P (ca = 2%) after
indicated time at 438 K: (a) oo = 200 MPa (elastic region) and (b) o = 2% (plastic region).
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5. Discussion on variables related to stress-relaxation

Using the RSR curves presented in the above sections, key variables related to the stress-
relaxation, i.e. the effective stress (oe) and physical activation volumes (V), can be calculated
by fitting the data to the corresponding equations in Section 2. The results of this fitting are

presented and discussed in the following sections.
5.1 Effective stresses

Fig. 8(a) shows the variations of the calculated effective stress (oe) of AA7B04-P with
normalised initial applied strain ratio which is defined as the ratio of the initial strain (eo) to the
critical strain at the 0.01% offset condition (c0.01%) Of the material. Using this definition of
initial strain ratio, elastic and plastic regions can be uniformly divided by an initial strain ratio
of 1, independently of the temperature effects on eo.01% values shown in Table 2. It can be
observed from Fig. 8 that higher effective stresses exist with a larger initial strain ratio and at
a higher temperature. As introduced in Section 2, the effective stress is the stress component
associated with the thermally activated plastic deformation and is directly related to the creep
strains generated during SRA. Hence, increasing oe values shown in Fig. 8(a) are the origin of
the higher stress-relaxation levels observed for larger applied initial strains in Section. 4.3.

200 A 120 -
Elastic Plastic
160 A region region 100 ! . o
—_ *3 = 80 - & =2%
z 120 388K . X é 0
A113K = |
N <s 3 2o
© { X438 K .
¢ - 3 4 S 40
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0 #*“xf — — 0 Be.".e'.".'.‘T'.‘.“‘.'ié-.-.'r‘.'.".‘.‘.‘f) .....
0.5 1.5 4.5 13.5 0 1 2 3 4 5
Initial strain ratio Time (h)
(a) (b)

Fig. 8. Variations of effective stress of (a) AA7B04-P with different initial strain ratios at indicated
temperatures and (b) SRAed AA7TB04-P (438 K / ¢a = 2%) with time, obtained from RSR tests in the
elastic region (oo = 200 MPa) and the plastic region (g0 = 2%).

The evolution of the effective stress component of AA7B04-P with SRA time under 438 K
| ea = 2% are plotted in Fig. 8(b). These results were obtained from RSR tests under initial loads
of oo = 200 MPa (elastic) and e = 2% (plastic). The results indicate that when the material is
loaded in the elastic region, effective stresses after SRA show no apparent variations for SRA

time of up to 4 h. This corresponds well with the stress-relaxation behaviour observed in these
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specimens in Fig. 7(a). Some variations of effective stress with SRA time can be observed in
the SRAed alloy when loaded in the plastic region with o = 2%; this contributes to the small

differences of stress-relaxation behaviour shown in Fig. 7(b).
5.2 Physical activation volume

The physical activation volume (V) of AA7B04-P in its as-received state and after SRA for
different times is obtained by fitting Eq. (8) to the RSR curves in Section 4.3. Fig. 9(a) shows
the variations of V under different initial strains at the three tested temperatures. V value
decreases with increasing strain, with a monotonously decreasing speed, and tends to reach a
stable level when the initial strain is high enough (about 0.9% for this alloy) in the plastic
region. As stated in Section 2, V represents the effect of mobile dislocation velocity on
deformation in the loaded alloys. The decreasing V value indicates that enhanced dislocation
velocity could be expected in the alloy loaded at higher strain levels [33], which leads to the
more significant stress-relaxation of the alloy observed in Figs. 5 and 6. Fig. 9(b) compares the
variations of V with initial strains for the materials SRAed with 438 K / ¢a = 2% for different
time. Again, from 0 to 4 h SRA time, no significant change V can be observed. These results
indicate that the SRA process for up to 4 h investigated in this study has little effect on the

physical activation volume, which mainly depends on the initial stress (or strain).
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Fig. 9. Variations of physical activation volume (V) with initial strains for (a) as-received AA7B04-P
at indicated temperatures and (b) AA7B04-P SRAed (438 K / &a = 2%) with indicated time.

The activation volume has been treated as an effective kinetic signature to indicate the rate-
controlling deformation mechanism in thermally activated plastic deformation [31]. For fcc
metals with coarse grains, a V value of the order of several hundred b® has been reported to
indicate a rate-controlling mechanism of forest dislocation interactions during plastic

deformation [39]. When the V value is between 1b*® and 10003, it is the cross-slip that controls
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the deformation [29]. The V values obtained for AA7B04-P in Fig. 9 evolve from more than
200b? at small stress levels in the elastic region to about 10b at high stress levels in the plastic
region, indicating that dislocation interaction is the rate-controlling factor for creep of the alloy
at the test temperature range, but the detailed mechanisms may change from forest dislocation

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

An empirical equation proposed in [40, 41] can be adopted to calculate the Gibbs free energy
of activation AG, of the material through the effective stress e and activation volume V, as
below:

- 4AG, [1 B (2)1/2]1/2 (2)—1/2 (1)

30e0 Oeo Oeo

where g, is a constant representing the effective stress at 0 K. Fig. 10 shows the relationship
between V and oe at different strain levels and temperatures for AA7B04-P SRAed for different
combinations of temperature and time. A similar trend is observed for all the test conditions,
and hence, a value of AG, = 148 kJ/mol can be obtained for AA7B04-P by fitting the data in
Fig. 10 with Eq. (11). This is consistent with previously published values for aluminium alloys,
which varies from about 140 to 170 kJ/mol [42, 43].
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Fig. 10. Physical activation volume (V) vs. effective stress (a,) of AATB04-P SRAed for different

combination of temperature and time.

5.3 Activation energy

Using the ge, V and AGyvalues determined in the previous section, the apparent activation
energy values (Q, = AG, — Vo,) for AA7B04-P with different stress, temperature and SRA

time conditions were calculated and are shown in Figs. 11 and 12. Fig. 11 shows that Q,
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depends strongly on stress and temperature. The variation of Q, as a function of initial strain
shows a similar trend for all three test temperatures. The Q, value stays at a nearly constant
level under different strain levels in the elastic region (Q,), but starts to decrease quickly with
increasing strain levels in the plastic region and tends to reach a stable level when the strain
level is high enough. Hence, it can be deduced that the slightly larger stress-relaxation
generated with a higher initial stress level in the elastic region in Fig. 5 is mainly due to the
external stress, i.e. the sinh(ac) term in Eq. (9), while the much more significant stress-
relaxation behaviour with increasing strain levels in the plastic region is due to the combined
effect of increasing applied stress (o in Eq. (9)) and decreasing apparent activation energy (Q,
in Eq. (9)).

Q, values also show a temperature dependence in Fig. 11. A higher temperature leads to a
smaller Q,,. The relationship between the constant Q,, value in the elastic region and the
corresponding temperature is plotted in the insert of Fig. 11, and shows a linear relationship in
the range 388 — 438 K. Smaller Q, values at higher temperatures are the main reason of the

higher degree of stress-relaxation at higher temperatures observed in Fig. 6.
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Fig. 11. Evolutions of apparent activation energy (Q.) of AA7B04-P with initial strain ratios at
indicated temperatures (top-right corner insert: average apparent activation energy in the elastic

region Qo VS. temperature).

Fig. 12 shows the variations of Q, for AA7B04-P with SRA time under 438 K / ga = 2%,
obtained from RSR tests. Overall, only a slight effect of SRA time on Q,, values is observed.
A more pronounce effect can be observed for higher stress levels, with a slight decrease in Q,
value with increasing SRA time. The changing Q, values should be related to the

microstructural evolutions in the alloy during SRA. The additional dislocations introduced by
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creep strains in the material during SRA may facilitate further deformation and contribute to a
decreasing Q, values. In addition, the coarser precipitates in the alloy after longer SRA times
(from 4.5 nm in the as-received state to the maximum 13.2 nm after 4 h SRA with ea = 2% in
Fig. 4(f)) could also facilitate dislocation movement and contribute to the decrease in Q, values
with increasing SRA time [44].
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Fig. 12. Evolution of apparent activation energy (Qa.) of AA7B04-P with SRA time under 438 K/ ¢a =
2%, obtained from RSR tests under indicated initial stress (strain) levels.

6. Modelling and discussion

The calculated creep-related variables in Section 5 help to elucidate the rate-controlling
mechanisms governing deformation of the alloy during SRA and also provide sufficient data
for the modelling of the stress-relaxation behaviour of the alloy and its dependence on
temperature and stress. The modelling strategy and corresponding results and discussion are

introduced in this section.
6.1 Stress and temperature dependent apparent activation energies

According to Eqg. (9) in Section 2, the apparent activation energy (Q,) is the key variable
needed for the modelling of creep strain rates during creep or stress-relaxation as a function of
temperature. The activation energy Q for dislocation nucleation and propagation in face-
centred cubic metals, such as Cu [45], Al and Ni [46] alloys, has been widely investigated
previously. The temperature dependence of Q has been experimentally investigated and the
following equation has been developed [46]:

oM = (1-ki7-) @ (12)
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where T, is the melting temperature of the alloy, k, is a material constant and Q,, is the reference
activation energy. The plot of Q,, versus T obtained in this study (Fig. 12), agrees well with
the linear relationship between the activation energy Q and the temperature T in Eq. (12) and

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

an(T) =(1- k1T/Tm)Q0 (13)
In the plastic region, the effect of strain (g,) on Q, can be modelled using the equation

developed by El et al. [47]:
o = k2Qao(T) = Qa (14)

where k, is a material constant.
6.2 Stress-relaxation behaviour under different stresses and temperatures

Using the apparent activation energy, the conventional unified constitutive model proposed
for the stress-relaxation behaviour of aluminium alloys in the elastic region at a single
temperature [48, 49] is modified to include the effect of temperature and stress in both the

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

(é. = A;sinh[B;0(1 — p)]exp (— 1(:_;) sign(o)

p=A1-plé| - Cp™ (15)
Qa = (kZQaO(T) - Qa)éc
6 = —E¢,

The creep strain rate (¢,.) is modelled by the contributions from applied stress (o), apparent
activation energy (Q,) and normalised dislocation density (p). A; and B, are material constants.
The dislocation density is included in the model in its normalised value (p) in this study, with
the same meaning and equation from previous creep-ageing models [48]. A, is a constant
related to dislocation storage, C,, and m, are a constant and an exponent, respectively, related
to static recovery. The evolution of the activation energy during stress-relaxation is modelled
with the same form as Eq. (14) by considering the dislocation-related creep strains. The stress-
relaxation behaviour is then modelled according to the generated creep strains. A; and E are

temperature-dependent, and can be modelled using the following equations:
Q
A; = Ajoexp (ﬁ) (16)
Q
E = Eyexp (R—j) (17)
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6.3 Model calibration and results

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

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

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

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

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

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

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

Calibration of activation energy evolution during tensile loading

202 eyun(T) - @
de, zxad “ Curve fitting with

Quo(T) = (1 = ky T/T) Qg Qq datafn Fig 11

' Provide initial O, value for SRA

Calibration of stress relaxation behaviour during SRA tests
o =—E&.
e . Qa .
&. = Aysinh[Byo(1 — g)lexp ~ &7 sign(o)

p=A4(1-p)lé|—Cp™ Curve fitting with stress
relaxation data at 388,

Qa = (k2Qqao(T) — Qu)é, 413 and 438K

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

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

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

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

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

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

predicted results are plotted in Figs. 14 and 15.

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

Symbol (unit) T (K) Qo (kd/mol)  kq (-) ky (-) Cp (sh my (-)
Value 930 234.70 0.71 0.91 0.02 1.02

Symbol (unit) E, (GPa) Qg (kd/mol) Ao (s Qa (kJmol) By (MPal) A, (s?)
Value 33.8 2.26 0.04 120.70 0.028 220
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Fig. 14 compares the model results with corresponding experimental results for Qa values at
different temperatures, initial strain levels and SRA times. In Fig. 14(a), the constant Qa value
in the elastic region and decreasing Qa with increasing strain in the plastic region are
reproduced well by the model, as is the temperature effect. The insignificant effect of SRA
time on the variation of Qa has been modelled by a slight decrease of Qa along the SRA time
in Fig. 14(b). The good agreement between the modelling and experimental results indicate
that the model and calibrated material constants show promise for the prediction of apparent

activation energies.
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Fig. 14. Comparison of apparent activation energies (Qa.) from experimental (symbols) and
modelling (lines) results of (a) as-received AA7B04-P with different initial strain ratios and
temperatures and (b) AA7B04-P SRAed at 438 K / &2 = 2% for different time, from RSR tests with

indicated initial stress levels.

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

and 438 K for times of up to 5 h, including stresses in the elastic (300 MPa) and the plastic
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(02%) regions. The results show that the model reproduced the experimental results accurately
for stress-relaxation behaviour under all the test conditions. In addition, the predicted results
from the conventional modelling strategy, in which the same stress-relaxation mechanism with
a constant Qa value is used in both the elastic and the plastic regions, are plotted in Fig. 15(b).
Comparing the two sets of model results, it can be seen that a significant improvement in
prediction accuracy has been achieved using the new model developed in this study. The
maximum difference between the modelling and experimental results decreases from over 50%
using conventional modelling techniques to only about 6% with the new model, as shown in
Fig. 15(b). It can be concluded that the different stress-relaxation mechanisms and
corresponding changing Qa values in the elastic and the plastic regions must be considered to
give successful prediction of stress-relaxation behaviour. As it is widely accepted that a higher
prediction accuracy for stress-relaxation would lead to a better prediction of springback in
formed components after SRAF [1, 50], it is believed that the new model developed in the
present work can help to improve the prediction accuracy of springback for SRAF of structural
components, especially for stiffened panels preloaded in both the elastic and the plastic regions
[2, 16].
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Fig. 15. Comparison of stress-relaxation curves of AA7B04-P from experimental (symbols) and
modelling (lines) results. (a) With selected initial stress and temperature conditions; (b) with
conventional and proposed modelling strategies that use the same stress-relaxation mechanism but

with a constant or varying Q. approach for the stress level of o2 at 438 K.
6.4 Applications for different temperatures and stresses

In order to further validate the capability of the developed model in predicting SRA
behaviour of AA7B04-P under different conditions of stress and ageing temperature, the model
and corresponding constants in Table 3 have been directly used to predict the stress-relaxation
behaviour of the same material at 428, 438 and 448 K under various stress levels in both the
elastic and the plastic regions. Experimental data reported in a previous publication [16], none
of which was used for calibration of the material constants in the model, was used in this section

for comparison and validation.

The detailed stress-relaxation behaviour at 428, 438 and 448 K and under various stress
conditions in both the elastic (black symbols and lines) and the plastic (red symbols and lines)
regions are compared in Fig. 16. All the modelling results show a very good agreement with
corresponding experimental data under all the temperature and initial stress conditions. In
addition, it should be mentioned that the stress-relaxation data used for validation is from 18 h
SRA tests, which is much longer than the tests carried out in this study (4 h). The model
developed using test data from the first 4 h of SRA has successfully predicted the stress-
relaxation behaviour in the full 18 h SRA time. It demonstrates the effectiveness of the new
model for the accurate prediction of stress-relaxation behaviour of AA7B04-P under different

conditions in stress, temperature and SRA time.
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600 Fig. 16. Comparison of experimental (symbols, [16]) and modelling (lines) results of stress-
601 relaxation of AA7B04-P under different initial stress levels (elastic: symbols and lines in black;
602 plastic: symbols and lines in red) at (a) 428 K, (b) 438 K and (c) 448 K.
603 Moreover, in addition to SRA under conventional isothermal conditions, the model

604  developed in the present work enables, for the first time, the prediction of evolutions of stress-
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relaxation behaviour in advanced non-isothermal SRA processes. Fig. 17 compares the stress-
relaxation results predicted by the developed model for the isothermal (388, 428 and 448 K)
SRA processes with an applied stress of 300 MPa with non-isothermal SRA processes with the
same applied stress. For the non-isothermal conditions, a linear increase in the temperature
from an initial value of 373, 338 or 428 K to a final 448 K during the 16 h SRA process has
been assumed for demonstration. When the temperature increases from 428 to 448 K during
the 16 h SRA process, a similar trend with decreasing stress-relaxation rate is observed as in
the isothermal case, and the relaxation curve is located between the isothermal 428 and 448 K
conditions, which is reasonable as the temperature during the non-isothermal SRA is always
between 428 to 448 K. When the starting temperature is further decreased, as in the 293 and
338 K conditions shown in Fig. 17, stress-relaxation curves with an increasing rate during SRA
are predicted; this behaviour is different from that under isothermal conditions, and is
associated with the lower stress-relaxation rate at low temperatures, as illustrated by the stress-
relaxation curve at isothermal 338 K in Fig. 17. This predicted behaviour under non-isothermal
conditions would definitely affect the final deformation and springback of the components after
forming, but could not be predicted by conventional SRA models considering only the

isothermal condition.

350 1
338 K (is0)
300 f
= N TV 293 -448 K
B ANC T , (non-iso)
S 250 - /
2 — 338 -448 K
£ 2001 N T (non-iso)
ST~ T E
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Fig. 17. Comparison of the stress-relaxation behaviour of AA7B04-P under isothermal (iso) and non-
isothermal (non-iso) conditions. For non-iso, “xxx — 448 K” represents a linear increase of
temperature from xxx K to 448 K during the 16 h SRA.

The model developed in this study considers the dependence of activation energies on stress
and temperature, providing a simple and effective way to predict the effects of a wide range of
stress, temperature and time conditions on stress-relaxation behaviour of aluminium alloys

during SRA. The model has the potential for application to the prediction of creep or stress-
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relaxation behaviour at temperatures higher than ageing processes. In addition, by combining
the equations for yield strength from the conventional creep-ageing unified constitutive
equations [48], this model can be easily extended to concurrently predict shapes (creep/stress-
relaxation) and mechanical properties (yield strength) of aluminium alloys for advanced non-
isothermal SRAF processes. Moreover, the equations used in this study are mainly based on
the basic material equations for creep or stress-relaxation of aluminium alloys, whose
applicability in different kinds of heat-treatable aluminium alloys (2xxx, 6xxx and 7xxx) have
been illustrated previously [6, 17, 51]. Hence, the model developed in this study could be used

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

Based on the theories for thermally activated deformation, a new set of tests combining
repeated transient stress-relaxation tests with tensile and long-term stress-relaxation tests have
been proposed and performed in this study. The stress components, activation volumes and
activation energies of AA7B04 have been quantified for different temperatures, stresses and
SRA times, enabling a detailed analysis of deformation mechanisms. Based on the above, a
new constitutive model has been developed to effectively predict the stress- and temperature-

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

1) The more pronounced stress-relaxation behaviour in the plastic loading region than that
in the elastic region is caused by the combined effect of higher effective stress and lower
apparent activation energy Qa. The effective stress increases with increasing strain, while
Qa remains constant in the elastic region and decreases with increasing strain in the
plastic region. A lower temperature leads to a larger Qa. In addition, Qa decreases slightly
with increasing time of SRA, especially under higher stresses in the plastic region.

2) The changing physical activation volumes and activation energies indicate a different
rate-controlling deformation mechanism of AA7B04-P at low and high stress levels. At
low stress levels in the elastic region, a decrease in V from more than 200b3 to less than
100b® indicates that forest dislocation interactions play the dominant role in creep
deformation and higher temperatures lead to lower V values under the same strain
conditions. At high stresses in the plastic region, V values decrease to a few tens of b®
with more dislocations introduced, indicating that the rate-controlling deformation
mechanism turns to cross-slip; the temperature effect on V values then becomes

insignificant (between 338 and 438 K investigated in this study).
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3) By considering the changing Qa values under different stress, temperature and time
conditions, a novel unified constitutive model has been proposed in this study.
Physically-based equations with simple forms have been developed and calibrated, with
which the stress level, temperature and time dependent stress-relaxation behaviour of
AATBO04-P has been successfully predicted with a high degree of accuracy. The
prediction error of stress-relaxation behaviour in the plastic region has been significantly
improved from over 50%, using the conventional modelling strategy, to 6% in the present
work by considering the different Qa values in the elastic and the plastic regions.

Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time as

the data also forms part of an ongoing study.
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