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ARTICLE INFO ABSTRACT

Keywords: The creep deformation of 3™ generation 2xxx Al-Li alloys in creep age forming (CAF) is unsat-
Creep age forming isfactorily low due to its high strength and required low ageing temperature, especially for the
Al-Li alloy

commonly used T8 temper. Promoting creep deformation in such process will significantly reduce
springback in CAF, making easier the springback compensation in tool design. In this study, two
possible process routes of inducing increased creep deformation were explored, one by employing
high applied stress to introduce small plastic strain in loading stage; and the other by conducting
pre-deformation prior to creep-ageing. The creep behaviour with and without pre-deformation
was investigated through creep-ageing tests under stresses ranging from 300 to 430 MPa at the
ageing temperature of 143°C. Due to the decrease of threshold stress with introduced plastic
strain in the loading stage and/or pre-stretching, a faster increase of creep strain with applied
stress was observed for both methods when the applied stress surpassed 400 MPa. The strain
promotion of the former was higher than the latter when above 415 MPa. A mechanism-based
constitutive model was proposed, with additional work hardening equations to describe the
relationship between threshold stress and dislocation density induced by plastic strain in the
loading stage and pre-stretching, to model the microstructural evolution and reflect the nonlinear
increase of creep strain with stress in both methods. The adequacy of this proposed unified model
was demonstrated with good agreement with experimental data utilising both methods. The
adaptability of the model in multiaxial case was verified using four-point bending CAF tests with
the same Al-Li alloy.

Threshold stress
Pre-stretching
Constitutive modelling

1. Introduction

The fabrication of large panels has always been one of the focuses in aerospace industry, due to high demands in adopting these
panels for outer skin such as wing and fuselage panels of aircrafts. Creep age forming (CAF) was particularly invented for integral
fabrication of large scale skin panels (Holman, 1989). In traditional CAF process, creep deformation is utilised to deform the panel into
target curvature at an elevated temperature. The panels are allowed to be deformed within the elastic region of the material, with low
loading deflection and residual stress. However, the recent requirements of large and complex curvature for low cost and high fuel
efficiency have significantly raised the difficulty in fabricating these panels (Rong et al., 2021). As a result, development of accurate
constitutive relation of stress and creep strain in CAF further stands out as one of the primary challenges and keys to guarantee the
successful and efficient fabrication through better springback compensation, in the way of reducing tooling and manufacturing costs.
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Creep is a time-dependent inelastic deformation behaviour under loading which has long been observed (Andrade, 1910; Krempl
and Khan, 2003; Kassner, 2017), the rate of which is closely related to the microstructural evolution of the material in aspects of
precipitation (Munoz et al., 2009; Svoboda et al., 2016), dislocation (Oberson and Ankem, 2009; Shishvan, 2021), and grain size
(Farrokh and Khan, 2009). Through adopting the intrinsic microstructures as internal state variables in the constitutive models, the
creep deformation, damage, and failure behaviours have been adequately described with models based on two theories, the cavity
growth mechanism (CGM) and the continuum damage mechanism (CDM) (Basirat et al., 2012; Yao et al., 2007). In the field of CAF,
researchers have made great efforts in predicting the constitutive relation between the stress and the creep strain in creep-ageing over
the past decades (Sallah et al., 1991; Ho et al., 2004a; Zhan et al., 2011; Li et al., 2017; Ma et al., 2018). The proposed constitutive
relations have advanced from pure mathematical expressions such as power law and exponential law equations, to the unified
mechanism-based models which focus on the creep behaviour within the primary and secondary creep stages and corresponding
hardening mechanisms caused by evolutions of precipitates, dislocations, and solid solutes (Wang et al., 2021). In addition, further
improvements have been achieved in capturing the recently observed creep-ageing behaviours through mechanism-based constitutive
modelling: The double primary creep feature of AA2050 was adequately reflected by Li et al. (2017) through the dissolution of existing
precipitates and the formation of new precipitates; The creep-induced stress relaxation in multi-step ageing of AA7050 was well
predicted by Zheng et al. (2018); The improved creep behaviours achieved by applying large pre-deformation or initial loading to
plastic region in stress relaxation, were respectively investigated and modelled recently (Liu et al., 2020; Rong et al., 2021; Yang et al.,
2020)

On the other hand, the 3™ generation Al-Li alloys are characterised as advanced materials to substitute their predecessors with a
more balanced synergy of strength, toughness, corrosion resistance and weight reduction (Brandon et al., 2012; Rioja and Liu, 2012). A
further 7% weight reduction can be achieved by substituting AA2060 with its predecessors while maintaining the same performances
(Brandon et al., 2012) and is desired for CAF application. T8 is the most widely used finish temper for these alloys, such as AA2060-T8
and AA2099-T8, however, their formability is limited with high strength in this temper (Brandon et al., 2012). It has been reported that
low creep strain was generated in creep-ageing tests of 2xxx series aluminium alloys including Al-Li alloys (Zhou et al., 2021). Hence,
new challenges have been raised in applying these advanced alloys in CAF, and methods to improve the creep formability of these high
strength alloys are urgently needed.

With higher demands placed on more complex contour and larger curvature for CAF fabricated components, attentions have been
drawn to the mechanism and modelling of large creep deformation induced by high stress/large initial strain in CAF in recent years.
Yang et al. (2020) investigated the stress relaxation behaviour of AA2219 under high stresses up to 210 MPa which well surpassed its
yield strength of 145 MPa. Stress relaxation behaviours in both elastic and plastic regions covering different initial strain levels ranging
from 0.2% up to 2% were also investigated for AA6082 (Rong et al., 2021). Both studies manifested the happening of nonlinear change
of relaxed stress when the applied stress and initial strain surpassed a certain value. This nonlinear change was attributed to the
inducement of plastic deformation in the loading stage. In addition, by establishing a relation between plastic deformation-induced
dislocations and varying threshold stress, the nonlinear change in stress relaxation have been modelled. However, apart from in-
vestigations of stress relaxation in the plastic region, little research has been conducted on constitutive modelling of large creep
deformation in creep-ageing under constant stress. Furthermore, although the creep behaviour in plastic region was modelled by
taking consideration of the effect of pre-existing dislocations on threshold stress, the initial plastic strain-induced dislocations in the
loading stage were obtained through modified form of empirical equations (Rong et al., 2021; Yang et al., 2020). The understanding of
the relationship among loading, initial dislocation density, and threshold stress in creep-ageing is still limited, and the linking with the
practical loading process is not forthcoming.

In addition to increasing stress or initial strain in the loading stage, alternative treatment was also attempted to induce large creep
deformation in CAF. An increased creep strain was achieved for 2xxx aluminium alloys undergoing solution heat treatment (SHT) and
subsequent pre-deformation, when compared with the non-pre-deformed ones in creep-ageing (Liu et al., 2020; Xu et al., 2017; Yang
et al., 2017). Further investigations found that creep deformation was decreased gradually with increasing pre-stretch levels for some
SHTed Al-Li alloys (Hu et al., 2017; Zhang et al., 2019). Nevertheless, the effects of different applied stresses on pre-stretched material
in creep-ageing have seldom been investigated. The pre-deformed creep behaviour in the primary stage was interpreted with
Andrades’s model (Liu et al., 2020), and the model has to be fitted with each applied stress, limiting its application in multiaxial CAF
fabrication simulation in which a wide range of stresses can be involved.

For constant stress creep-ageing, the applied stress is limited to below the yield strength of the material to avoid entering the
tertiary stage and consequent creep damage. With the limitation of the applied stress, little study has been carried out on methods to
improve creep behaviour for high strength aluminium alloys, as well as the inducement mechanism and constitutive modelling of large
creep strain for constant stress creep-ageing. This study aims to fill this research gap by exploring possible ways to increase creep
deformation of high strength T8 temper 3" generation Al-Li alloy in creep age forming. A broader scope of the material behaviour for
the non-stretched and pre-stretched alloys in creep age forming is provided in this study, including the loading and creep-ageing stages
with different applied stresses ranging from 300 to 430 MPa. The effects of different applied stresses on creep deformation were
investigated through uniaxial creep-ageing tests under different stresses. The link between the pre-introduced dislocations with the
subsequent creep behaviour of the material was studied in both materials. By considering the effect of pre-introduced dislocations on
the material deformation in creep-ageing, a mechanism-based constitutive model with unified structure capable to reflect the creep
deformation for both the non-stretched and pre-stretched materials was proposed and verified with experimental data. Additionally,
the robustness of the proposed model is further investigated through its application to the multiaxial four-point bending CAF cases.



X. Wang et al. International Journal of Plasticity 159 (2022) 103447
2. Experimental procedure

A 3" generation 2xxx series Al-Li alloy was used in this study and the main chemical compositions are 0.6-0.9 wt.% Li, 3.4-4.5 wt.%
Cu, 0.6-1.1 wt.% Mg and other minor compositions added in Al. The as-received material was in the form of 2, 4 and 6 mm thick sheets
with T8 temper. The creep-ageing and tensile dog-bone specimens were cut along the rolling direction of the 2 mm sheets with a gauge
length of 100 mm and width of 15 mm, detailed dimensions of which can be found in Wang et al. (2022).

Two groups of specimens were prepared for creep-ageing tests: one was the as-received and the other was the as-received plus 3%
pre-stretching. For the convenience of following description, the creep-ageing tests and the derived strain for the as-received material
are noted as CA (creep-ageing) and CAS (creep-ageing strain), while the pre-stretched ones are denoted as PCA (pre-stretched creep-
ageing) and PCAS (pre-stretched creep-ageing strain). The experiment procedure for CA and PCA are schematically demonstrated in
Fig. 1. Pre-stretching was carried out on a Sinotest DDL testing machine with a 50 mm gauge length extensometer at a strain rate of
0.001 s~! at room temperature. The unloading point took into account the amount of strain of elastic recovery during unloading to
obtain a 3% pre-deformation. The creep-ageing procedure was the same for both CA and PCA. The uniaxial creep-ageing tests were
conducted on a Sinotest RDL50 tensile test machine with a Sinotest RH elevated temperature chamber, with the applied stresses
ranging from 300 to 430 MPa at 143°C. The creep-ageing tests contained three stages including loading, creep-ageing, and unloading.
When the specimen reached a stable temperature at 143°C, the load was exerted at a rate of 1 kN/min to the required value. After
creep-ageing for the required hours, the specimen was unloaded, cooled down to room temperature with the furnace door opened.
Additionally, interrupted creep-ageing and subsequent tensile tests were conducted to investigate the microstructural evolution and
age hardening behaviour during CAF. Table 1 shows the stress levels and ageing times used in this study. For tensile tests, the same
procedure as that for pre-stretching was employed and the yield stress was determined using 0.2% strain offset.

Transmission electron microscopy (TEM) studies were conducted to examine the microstructure and acquire quantitative data of
precipitate size growth in the as-received material and the creep-aged ones under stresses of 300, 400, and 430 MPa at 6 and 15 h. TEM
observation was accomplished on a TECNAI G220 machine with an acceleration voltage of 200 kV. For each sample, more than 120
precipitates were measured to acquire relatively reliable statistical information of precipitate diameter. X-ray diffraction (XRD) was
adopted to measure the dislocation density of the as-received material and the creep-aged specimens at 6 and 15 h under 300, 400 and
430 MPa. The tests were conducted on Rigaku Smartlab with a 9 kW Cu Ka rotating anode (A = 0.15406 nm) operating at 40 kV and
150 mA. The full width at half maximum (FWHM) of the obtained XRD line profiles was measured and used in the modified
Williamson-Hall method to determine the dislocation density. Detailed descriptions regarding material’s creep-ageing tests and
microstructural investigation can be found in Wang et al. (2022).

Four-point bending CAF tests were carried out to demonstrate the validity of the model in the multiaxial case. Specimens with a
dimension of 220 mm x 20 mm and thicknesses of 2, 4, 6 mm were adopted in the tests. Fig. 2 shows the setup and the dimensions.
During tests, the upper cylinders were moved downwards with a loading displacement rate of 0.1 mm/s and were kept at the required
position for creep-ageing at 143°C for 5 h. The loading displacement d; was determined with Eq. (1) to reach a maximum surface stress
Omax Of 430 MPa.

2M

d = 3L,L — 4L
1= g Bl ‘) 6}
6M
Umax =
bh?

where M is the generated moment, L, is the distance between the supporting and loading points and L is the half distance of the two
supporting points as shown in Fig. 2. b and h are respectively the width and thickness of the specimen. E is the Young’s modulus of the
material at room temperature with the value of 69800 MPa. The calculated loading displacements for different thicknesses are shown
in Table 2. The deflection of the four-point bending CAFed specimens were measured and used to compare with FE prediction.
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Fig. 1. Schematic of thermal and loading history for CA and PCA.
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Table 1
Summary of creep-ageing test conditions.
Material condition Stress (MPa) Ageing time (h)
As-received T8 (CA) 300, 400, 430 3, 6,15, 20
As-received T8 (CA) 360, 415, 422.5 20
Pre-stretched T8 (PCA) 300, 360, 400, 415, 422.5, 430 15
F F
2xR9 J( J(
U Specimen
m m :
X TN2xR12 x
20 L1=60 | 30 Specimen
L=90

Fig. 2. Dimensions (mm) and setup of the four-point bending CAF tests.

Table 2
Loading displacements for different thicknesses to reach 6.
Thickness (mm) Loading displacement d; (mm) Maximum surface stress 6, (MPa)
2 18.7 430
4 9.2 430
6 5.9 430

3. Experimental results and analysis
3.1. Effect of applied stress on non-stretched creep deformation

Fig. 3 demonstrates the stress and strain evolutions during tensile and creep-ageing tests at the temperature of 143°C. Fig. 3a shows
the stress-strain curves of the non-stretched and the 3% pre-stretched at 143°C at a strain rate of 0.001 s~ 1. The 0.2% offset yield stress
was 456 and 471 MPa respectively for the non-stretched and the pre-stretched. Based on the obtained stress-strain curves, a stress
range of 300 to 430 MPa was selected to study the creep ageing behaviours of the alloy for both conditions. Fig. 3b demonstrates the
stress and total strain evolutions in the first 0.5 h including the loading and initial creep-ageing stages under 430 MPa. The creep-
ageing stage is deemed to begin at the time when the applied stress reaches its designed value which are kept constant afterwards.
The strain at this point is denoted as initial strain and the strain accumulated in the creep-ageing stage is denoted as creep strain. It is
noticed that the total strain does not increase linearly with stress at the later stage of loading to 430 MPa (see the inset in Fig. 3b). This
is because that 430 MPa is above the proportionality limit and approaching the 0.2% offset yield strength of 456 MPa. Fig. 3c shows the
total strain evolutions under 300, 400, and 430 MPa and the levels of corresponding initial strains. The creep strain evolution with
ageing time is presented in Fig. 3d. A sharply increased creep strain can be observed when the applied stress is above 415 MPa. After 20
h creep-ageing, the accumulated creep strain under 415 MPa is about 2 times that for 400 MPa; and the creep strain under 430 MPa is
over 7 times the strain under 400 MPa. From the creep strain results in Fig. 3d, the forming difficulty does exist when the applied stress
is below 400 MPa: only 0.06% creep strain was obtained with creep-ageing at 400 MPa for 20 h.

To further illustrate the nonlinear creep deformation with increasing applied stress, creep strain ¢ in respect of applied stress at the
20 h creep-ageing is plotted in Fig. 4a. A bilinear increase trend can be observed to intersect around 400 MPa in the relationship of
applied stress and ¢, in semi-logarithm form. As demonstrated in Fig. 3¢ and d, the creep strain evolution differs significantly in the
first 2 h of creep-ageing in the primary stage, which can be attributed as the major cause resulting in the difference in the accumulated
creep strain with increasing applied stress. Fig. 4a illustrates the comparison of the creep strain accumulated under different stresses in
the first 2 h and later 18 h. A similar bilinear increase trend can be recognised in the first 2 h and later 18 h, which also intersects at the
applied stress of 400 MPa. It can be observed in Fig. 4a that the contribution of the creep strain in the first 2 h exceeds the later 18 h and
becomes the major accumulated creep strain for the total 20 h when the applied stress surpasses 400 MPa. It can also be observed in
Fig. 3c that with different applied stress, different initial strains are accumulated at the end of loading stage, indicating that the strain
accumulated in the loading stage can exert effects on the creep deformation in the subsequent creep-ageing stage, to which more
attention should be paid. Fig. 4b shows the stress-total strain curves during the loading and creep-ageing stages for 415 and 430 MPa.
From the curves in Fig. 4b, when the applied stress surpasses the value around 400 MPa in the loading stage, the stress-strain evolution
begins to slightly diverge from the linear relationship shown as the dotted red line in the inset. 6,,4 in Fig. 4b is the stress at the end of
the linear elastic stress-strain relation. The breakdown of the linear stress-strain relationship indicates that plastic strain was generated
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Fig. 3. Stress-strain curves for the as-received and pre-stretched materials at 143 °C and evolutions of strain and stress during creep-ageing tests of
the as-received material under different stresses. (a) Stress-strain curves at 143°C; (b) CA stress and strain curves under 430 MPa; (c) Total strain
curves; (d) Creep strain curves. The determination of the initial strain is demonstrated in (b).
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strain; (b) Stress — total strain curves. The dotted line in the inset in (b) is the extrapolation of linear stress-strain relation.



X. Wang et al. International Journal of Plasticity 159 (2022) 103447

in the loading stage. A modelled stress-strain curve (red dashed line) for the loading stage to 430 MPa is also plotted in Fig. 4b, which
will be discussed in Section 5.

3.2. Effect of applied stress on pre-stretched creep deformation

The creep-ageing behaviour for 3% pre-stretched material under the same selected stresses ranging from 300 to 430 MPa is pre-
sented in Fig. 5a, in which some results for the non-stretched as-received material are also plotted with the dashed lines for com-
parison. It clearly shows that the creep strain for the pre-stretched material is higher with stresses below 400 MPa, while the creep
deformation of the as-received material surpasses the pre-stretched at applied stresses above 415 MPa. The variation of the ratio of
PCAS to CAS as a function of the applied stress is shown in Fig. 5b. A general decreasing trend of the ratio can be observed, and the
dropping rate increases when the applied stress surpasses 400 MPa. The PCAS to CAS ratio becomes lower than 1.0 when the applied
stress is above 415 MPa, indicating that the effect of creep deformation enhancement by pre-stretching is decreasing with increasing
applied stress for PCA. Fig. 5b also illustrates the variation of PCAS against the applied stress. Similar to Fig. 4a, a bilinear increase
trend of ¢, intersected at 400 MPa can be identified for PCA in Fig. 5b although the increasing rate is lower, indicating that similar
mechanisms happen in both CA and PCA. Different to CAS, PCAS under 400 MPa in the first 2 h is higher than the later 13 h,
demonstrating the promotion effect of pre-stretching on creep deformation. The stress-strain relationship in the loading stage of PCA is
shown in Fig. 5c. As demonstrated in the figure, the breakdown of linear stress-strain relation happens around 400 MPa for PCA,
similar to the loading curve of CA in Fig. 4b; while less obvious deviation from linear relationship of stress and strain can be identified
for PCA when the load surpasses 6¢,q.

For creep deformation with 3% pre-stretched Al-Li alloys in T8 temper, in the stress ranging from 300 to 400 MPa, promotion of
creep deformation was achieved when compared with the as-received material and the PCAS to CAS ratio is higher than 1.0, as shown
in Fig. 5a and b. This promotion of creep deformation can be attributed to the reason that, with pre-stretching, an increased quantity of
mobile dislocations are induced to decrease the creep resistance in the way of reducing threshold stress with increasing mobile
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Fig. 5. Creep behaviour for the pre-stretched material, including creep strain curves under different stresses in comparison with CA cases, PCAS/
CAS strain ratio, stress — total strain curves in the loading and creep-ageing stages, and the incremental rate per unit stress. (a) Creep strain curves;
(b) Creep strain of PCA and ratio of PCAS/CAS; (c) Stress - total strain for PCA; (d) Creep strain increment per unit stress. The dotted line in the inset
in (c) is the extension of linear stress-strain relation. In (d), the stress ranges used for calculating the increment rate are indicated.
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dislocation slips (Yang et al., 2017). As a result, the creep deformation is largely enhanced especially in the primary creep-ageing stage.

On the other hand, a decreasing trend of the PCAS to CAS ratio with increasing applied stress was found. When the applied stress is
below 415 MPa, the ratio of PCAS to CAS is higher than 1.0. It drops to below 1.0 when above 415 MPa. PCA shows a higher increase
rate of creep strain per applied stress above 400 MPa than below 400 MPa, which is the same as the CA case, albeit with a much lower
value. Fig. 5d demonstrates the results of the average creep strain increment per unit applied stress calculated from (&2 — €c1) /(%2 —
X1), where ¢ and ¢ are respectively the creep strains accumulated at 2 h for the applied stresses x; and x». In the stress range from
300 to 360 MPa, the average strain increment per unit stress for PCA is about twice that for CA; while from 422.5 to 430 MPa, the
increment for PCA drops to 0.16 times the value of CA. The trend of PCAS to CAS ratio with increasing applied stress, combined with

(a) As-received (b) 3% pre-stretched

R s

(e) Creep-aged under 430 MPa for 6 h (f) PCAed under 430 MPa for 3 h

Fig. 6. TEM bright field images for the as-received, the pre-stretched, creep-aged and pre-stretched creep-aged (PCAed) specimens, showing
precipitates and dislocation substructures. (a) As-received; (b) 3% pre-stretched; (c) Creep-aged under 300 MPa for 6 h; (d) Creep-aged under 400
MPa for 6 h; (e) Creep-aged under 430 MPa for 6 h; (f) PCAed under 430 MPa for 3 h.
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the results of creep strain increment per unit stress in both conditions, shows a strong diminishing effect of creep deformation pro-
motion for PCA when applied with higher stress. In addition, the creep strain increment stops increasing for both CA and PCA in the
stress ranges of 415-422.5 MPa to 422.5-430 MPa.

The diminishing effect of creep deformation promotion with increased pre-stretching levels under the same applied stress had been
reported in AA2050 Al-Li alloy with SHT (Zhang et al., 2019). It had been observed that when applied with the constant stress of 200
MPa, the creep deformation with pre-stretching level ranging from 2% to 6% was larger than the non-stretched but became lower when
pre-stretching increased to 6% to 8% (Zhang et al., 2019). This observed decreasing trend of creep deformation with higher
pre-stretching levels for Al-Li alloys can be mainly attributed to the increase of work hardening induced by more dislocations in the
matrix through a higher extent of pre-deformation. It is known that work hardening is achieved by the hinderance to the mobile
dislocations in ways of forming dislocation pileups and pinning with the precipitates (Dai et al., 2022; Lavrentev, 1980). Hence, with
more dislocations being introduced in the alloy matrix, the pinning effect in the interactions between dislocations and precipitates is
increased as stronger hinderance to the dislocation movement and therefore reducing creep deformation (Dai et al., 2022; Hu et al.,
2017). It should also be noted that, more dislocations introduced in the matrix can induce more precipitates as stronger hindrance for
dislocation movements, and therefore further reducing the creep deformation with increased pinning effect (Hu et al., 2017). However,
the precipitation process of T, precipitate has already slowed down at T8 temper (Dorin et al., 2014), hence the effect caused by the
finer precipitates is not considered to be a major contribution in the material used in this study. On the other hand, with a higher extent
of pre-deformation, the work hardening is enhanced with an increasing quantity of dislocation pileups, which consequently reduces
the duration of the primary stage of creep-ageing in which rapid growth of creep strain can be achieved (Lavrentev, 1980; Zhang et al.,
2019). In the case of PCA in this study, when applied with higher stresses, larger dislocations were accumulated in the loading and
subsequent creep-ageing stage, resulting in stronger work hardening for PCA and diminishing promotion of creep deformation. This
will be further illustrated in the following section.

3.3. Microstructural evolution in creep-ageing

Fig. 6 presents the TEM images of the as-received, the pre-stretched, and the CA and PCA specimens. The images show clearly the
two major precipitates in the material, i.e. T and ¢, and dislocation clusters after creep-ageing, consistent with precipitates observed
in other Al-Li alloys (Chung et al., 2018). The dislocation density increases with increasing applied stress (c, d & e). In addition, as
shown in the figure, due to the pre-stretching, more evident and denser dislocation substructures can be observed respectively in the
pre-stretched (b) and PCAed (f) specimens when compared with the non-stretched (a and e). Previous study has shown that T; is the
dominant precipitate, and the ratio of T; to ¢ varies from 75:25 in the as-received state to 97:3 when creep-aged under 430 MPa for 15
h (Wang et al., 2022). Since T; is disc-shape precipitate, the diameter (or radius) of the precipitates is used to represent the precipitate
size. The average diameters of T, precipitates as well as the dislocation densities at different conditions were measured and reported by
Wang et al. (2022). Table 3 presents the results of precipitate size and dislocation density evolutions in creep-ageing of the as-received
material obtained respectively by TEM observation and XRD tests. It shows that in general, the precipitates grow with ageing time and
also with increasing applied stress, and the dislocation density has similar trend with ageing time and stress as the precipitates.

Different values of creep deformations were observed for CA and PCA when applied with the same stress ranging from 300 to 430
MPa in this study. Considering the above microstructural results, a schematic illustration for the relations between the observed
different creep deformations and the corresponding microstructure states for the CA and PCA is proposed in Fig. 7. As shown in Fig. 5a
and b, when applied with stresses lower than 400 MPa within a linear loading range with no additional dislocation being induced, a
higher creep strain of PCA is obtained when compared with CA due to the greater quantity of mobile dislocations introduced through
pre-stretching and lower threshold stress in the former, as illustrated in the left column of Fig. 7. The middle column in Fig. 7 shows
that with the applied stress surpassing linear loading range, dislocations are introduced in the matrix for both CA and PCA, causing the
reduction of threshold stress and non-linear increase of creep deformation as respectively observed in Figs. 4a and 5b for 415 MPa. On
the other hand, due to the existence of pre-stretching-introduced dislocations for PCA, the continued introduction of dislocations by
loading and subsequent creep-ageing can further increase the formation of dislocation pileups and enhance the pinning effect with the
precipitates, which can lead to stronger work hardening and result in less creep deformation when compared with CA. When the
applied stress is further increased to the highest level of 430 MPa, more dislocations are introduced in the matrix and the creep strain
increment per unit stress stops rising: the results for 415 to 422.5 MPa and 422.5 to 430 MPa are almost the same, as shown in Fig. 5d.
This steady increment indicates that work hardening is induced for both CA and PCA as illustrated in the right column of Fig. 7, while
the work hardening of PCA is stronger than CA due to the pre-introduced dislocations by stretching, resulting in lower creep strain than
CA as shown in Figs. 5a and 3d for 430 MPa. From the above analysis, it can be noted that when applied with the stress from 300 to 430
MPa, CA and PCA follow the same mechanism but are in different stages of hardening effect due to the pre-stretching-introduced

Table 3
Average values of precipitate diameter and dislocation density in creep-ageing of the as-received material.
Stress Precipitate diameter (nm) Dislocation density (10'® m™)
Oh 6h 15h Oh 6h 15h
300 MPa 35 40.2 52.5 1.7 2.4 2.7
400 MPa 35 52.8 52.3 1.7 4.5 4.9
430 MPa 35 48.5 50.8 1.7 5.6 6.3
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Fig. 7. Schematic illustration of the relations between the creep deformations and microstructure states for CA and PCA, showing the dislocation
pileup and pinning by precipitate that led to diminishing promotion effect by PCA.

dislocation in PCA.

4. Constitutive model development

In the recent decade, the mechanism-based constitutive model has been widely adopted and is continuously being improved in
studies of age hardening and deformation behaviour in creep-ageing (Li et al., 2017; Zheng et al., 2018; Li et al., 2019). A basic model
structure composed of groups of constitutive equations to describe microstructural variables, hardening behaviours of material, and
stress-creep strain relationship has long been established (Wang et al., 2021). In this study, by combining a work hardening model in
the loading stage, a mechanism-based constitutive model is developed to describe the increased creep deformation behaviour observed
in creep-ageing for the non-stretched and the pre-stretched materials with a unified structure. The proposed model consists of four
groups of constitutive equations:

(1) Work hardening model proposed to obtain initial plastic strain and corresponding dislocation density at the end of the loading
stage (beginning of creep-ageing stage) to determine the threshold stress for creep.

(2) Microstructural constitutive equations to describe precipitate growth and dislocation density evolution during creep-ageing.

(3) Strengthening equations to express material hardening induced by microstructural evolutions (precipitates and dislocations).

(4) Macro stress-creep strain relationship expressed with a sinh-law function which can reflect the effects of internal microstruc-
tural variables on macro creep deformation behaviour.

4.1. Threshold stress determination

4.1.1. Initial threshold stress

Threshold stress oy, is the critical value under which creep cannot be induced (Rong et al., 2021; Yang et al., 2020). The presence of
the threshold stress has long been identified in creep of different alloys (Dunand and Jansen, 1997; Krug and Dunand, 2011; Wang
etal., 2017). It has been established that threshold stress is the resistance stress generated when overcoming second phase obstacles in
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deformation-induced dislocation movements (dislocation climb/glide) (Wang et al., 2017). When threshold stress is considered, creep
deformation behaviour is no longer considered to be only affected by the total stress o, instead the stress (6 —oy) should be adopted. As
a result, the steady state creep rate ¢ can be written as (Dunand and Jansen, 1997):

—0Qa

& =A(c—on)"exp (—) (@)

RT

where A is a temperature dependant material constant related to the shear modulus; n is the stress exponent as an index indicating the
dominant creep mechanism; Q, is the activation energy. R is the gas constant; T is the absolute temperature in Kelvin degree.

To determine initial threshold stress o4, with the fit value of n for the as-received and pre-stretched materials, a linear extrapolation
method to estimate the initial threshold stress with constant temperature is employed by adopting the logarithm form of Eq. (2), i.e.
In(¢) =nIn(c — om) + In(Aexp( — Qq /RT)). The lower stress group including 300, 360 and 400 MPa under which linear elastic stress-
strain relation is maintained in the loading stage was selected for the initial estimation. If o,, was not considered in Eq. (2), n values of
2.9 and 1.8 were obtained respectively for CA and PCA with the average creep strain rate in the steady state (¢ drops below 1.0 x 108
s71) of the selected stress range, indicating that the diffusion creep mechanism, i.e. with n ranges from 1 to 3 (Chokshi, 2008), was
dominant for both material conditions when creep-aged within lower stress group.

The procedure of the method can be generalised as follows: (i) Given a trial value of 64 (the initial trial values of oy,0 were zero
with n of 2.9 and 1.8 respectively for CA and PCA), a fitting line In(¢) = a;In(6 —omo) + b1 for CA and PCA conditions can be obtained.
Fig. 8a demonstrates such fitting lines with trial 640 values of 105 MPa for CA and 85 MPa for PCA. According to the logarithm form of
Eq. (2), nis equivalent to a; . (ii) With the acquired value of n (= a;), another fitting line for CA and PCA conditions as ¢ = as(6 — 6mo)"
+b; can be obtained, as shown in Fig. 8b. The derived fitting equation becomes ¢ = b, when ¢ = 6. If the criterion |bz| < é390 /100 is
satisfied (390 is the steady state creep strain rate at 300 MPa), b, can be considered as a negligible creep strain rate ¢ achieved with (¢ —
Omo ), and oo can be deemed as the suitable initial threshold stress under which creep is not induced. If not, the above steps (i) and (ii)
are repeated for different o4, values. It can be noticed that the initial threshold stress determined for CA is larger than PCA (105 vs 85
MPa), which is consistent with the observation that the creep deformation of PCA is larger than CA under 300, 360, and 400 MPa. To
differentiate, o, will be used for the initial threshold stress for PCA case in the following sections.

4.1.2. Effect of pre-existing dislocation

The breakdown of the linear stress-strain relationship and the introduction of plastic strain in the loading stage, as noticed in Figs. 3
and 4, can induce the nonlinear increase of creep deformation at the primary creep-ageing stage with the applied stress levels. A similar
phenomenon was found in stress relaxation; When the initial loading was in the plastic region, a nonlinear increase of relaxed stress
was identified (Rong et al., 2021; Wang et al., 2017; Yang et al., 2020). The promotion of creep deformation and reduction of creep
resistance with the plastic strain-introduced dislocations have been reported in many studies (Liu et al., 2020; Rong et al., 2021; Yang
et al., 2020). There are mainly two reasons for this effect: First, with increasing mobile dislocations introduced in the matrix, the
duration of the primary stage in creep-ageing is extended which can lead to an evident rise of the accumulated total creep strain;
Second, when adopting high stress, plastic strain and corresponding dislocations can be induced in the alloy matrix. Dislocation glide
then becomes the dominating mechanism, causing a significant reduction of creep resistance/threshold stress with an estimated 10
times lower dragging force in dislocation movement compared with dislocation climb (Mordehai et al., 2008). When considering the
lowered creep resistance caused by the induced dislocation at higher stress, different forms of exponential decay functions were
proposed to express the dramatic drop of threshold stress with increasing dislocation density (Wang et al., 2017; Yang et al., 2020). A
term n;p,™ was introduced to account for the reduction of threshold stress due to the existence of plastic strain-induced initial
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Fig. 8. Determination of initial threshold stress with plots of ¢ against respectively (6 —o0) and (6 — om0 )" for CA and PCA. (a) Logarithmic plot of &
with (6 — omo), shows the fitting lines with the initial threshold stress of 105 MPa for CA and 85 MPa for PCA; (b) Plot of ¢ with (¢ — 6mo)",

(0 = owno)™ (MPE")

(b) Plot of & with (6 — 0p0)™

demonstrates that the second term in the well fitted creep strain rate equation is negligible.
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dislocation density p, (Yang et al., 2020). Thus, the threshold stress in creep-ageing can be expressed in the form of a ramp function
equation (RFE) as:

Om = <0th() - ”]ﬁomn> (3)

where (X) is Macaulay brackets, indicating a ramp function in which negative values return 0; o, is the intrinsic threshold stress of the
as-received material under which creep cannot be induced; n; and mg are material constants. p, is the normalised dislocation density
generated in the loading stage and is defined as p, = (py — p;)/(Pm — pi)s p; is the initial dislocation density at the as-received state, p,
is the dislocation density at the saturated state. Based on the definition, p,, value can range from O to 1.

When adopting Eq. (3) to describe the threshold stress oy, o4, decreases at an increasing rate with the increase of p,,, as demon-
strated with the dotted curve in Fig. 9. Consequently, threshold stress has a sudden turn when it drops to zero without smooth
transition, which can cause an abrupt change in predicted creep strain. Hence, to eliminate this issue, a modified equation is given in
the form of reversed exponential equation (REE) as:

Ou = 0uy /(1 +exp(miapy™ — B)) “)

where njq, mq, B are material constants. Fig. 9 shows the schematic relation of o and p, for both functions. For REE, a smooth
transition is introduced as oy, approaches 0. Hence, REE is adopted as the threshold stress equation in the following sections.

Additionally, to account for the effect of work hardening in PCA on enhancing creep resistance with accumulated plastic strain
when surpassing c.nq in loading stage, a weakening factor w, with a value less than 1.0 is introduced to influence the threshold stress
variation in Eq. (4) for PCA and the equation becomes:

{Grh = Oy /(1 + exp(n1a(Py; + wAp,)™ — B) (5)
Apy =Py = Poi

where py; is the initial value of p, for PCA, which is induced by pre-stretching (p,; = 0 for CA). Ap, is the accumulated dislocation
density in loading stage. For CA condition, as the diminishing of creep promotion was not observed, w can be defined as 1.0 and Eq. (5)
then becomes equivalent to its original form of Eq. (4) adopted for CA.

4.1.3. Loading stage dislocation density determination with work hardening model

To calculate the threshold stress with proposed Eq. (5), the plastic strain ¢, and resultant dislocation density p in the loading stage
need be determined. The inducement of a non-linear stress-strain relationship is an indication of introducing plastic strain through
work hardening. A form of Nadai model able to express stress-strain response in both elastic and work hardening regions was adopted
to obtain the total strain induced in the loading stage as (Nadai and Wahl, 1931):

o/E o <o
= { /Eo< o 6)
6/E+ K(6 — Oena)" 6> Oena
where K and n' are material constants. When the applied stress o surpasses c.,q, the plastic strain can be calculated by deducting the
linear elastic strain as:

00 < 0w

(7)

&= o — O, ’
. TM-Q-K((T—UW([)" 0 > Oena

Oth 0

Threshold stress 0y (MPa)

B
.
.
.
.
.
.
.

Normalised dislocation density po

Fig. 9. Schematic of threshold stress oy variation with normalised dislocation density p, for the ramp function equation (RFE, Eq. (3)) and the
reversed exponential equation (REE, Eq. (4)), showing the sudden turn for the former and smooth transition for the latter when o, approaches zero.
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With derived plastic strain in the loading stage, the dislocation density can be obtained through a widely adopted rate form
dislocation density constitutive equation as (Lin et al., 2005):

ﬁo :Al(1 _l_7o)|‘ép|mI - Cppglz ®

where ¢, is the plastic strain rate which can be derived through the differentiation of Eq. (7) with regard to time; A;, mi, C, and m; are
material constants. The dynamic term A; (1 —py)|é[™ in Eq. (8) is the dislocation density variation due to creep deformation and
dynamic recovery, C,p,™ is the static term accounted for the recovery of the dislocation at elevated temperature.

For PCA condition, the same expression of Eq. (7) is adopted to describe the relation between stress and plastic strain. However, as
demonstrated in Fig. 5c, due to stronger work hardening induced by pre-stretching, another set of material constants K and ' in Eq. (7)
needs to be fitted to model the observed less divergence from the linear stress-strain curve when surpassing o.,q for PCA. Additionally,
considering that drastic microstructure evolution, like new grain boundary formation and recrystallisation, is unlikely to be induced
with 3% pre-stretching (except for more dislocations) (Merriman and Field, 2012), the same material constants A;, m;, C, and my are
adopted in Eq. (8) to calculate the plastic strain-induced dislocation density p, in loading stage for PCA.

4.2. Microstructural constitutive equations

Creep can be viewed as time dependent plastic deformation, hence Eq. (8) is also applicable to express the evolution of creep strain-
induced dislocation density in creep-ageing by substituting plastic strain e, with creep strain ¢ as:

P=A,(1-p)ga" — Cp"™ ©

where p is the normalised dislocation density with the same form of Eq. (3) asp = (p —p;)/(p,, —p;) and has a value range from O to 1. It
should be noted that due to the pre-existing dislocation density p, at the end of the loading stage, the value of dislocation density at the
beginning of creep-ageing isp = p,. Additionally, since the loading and creep-ageing stages are continuous and conducted at the same
temperature, it is reasonable to adopt the same material constants A;, m;, C,, and m; in Eq. (8) for Eq. (9).

A normalised precipitate size 7 is adopted to describe precipitate growth in creep-ageing, defined as:

_— (10)

To

where r stands for the average precipitate radius and ry is the radius at the as-received T8 state. Thus, the initial value of the normalised
precipitate size is 1. The as-received precipitate size ry is adopted to facilitate linking the simulation results with experimental data. For
precipitate growth, a widely adopted growth rate equation is used (Zhan et al., 2011):

F=C(Q—P"(1+y,™) (11)

where Q represents the upper limit of precipitate growth during creep-ageing stage, at which a stable state is reached with the growth
rate dropping to zero. C,, ms, yy, and my4 are material constants. The observed strong stress-dependent characteristic of precipitate
growth is accomplished by introducing the term (1 + y,p™ ), expressing the acceleration of precipitation kinetics with higher dislo-
cation density. The extent of the positive effect on precipitate growth caused by stress-induced dislocation density can be controlled
through this term.

4.3. Strengthening constitutive equations

The phenomenon of dislocation hardening behaviour in creep-ageing is well recognised (Zhan et al., 2011; Zheng et al., 2018). The
hardening behaviour is closely related to the dislocation density evolution induced by creep deformation. Additionally, in this study,
the strength contribution of dislocation density generated in the loading stage is also considered by assuming p = p, at the beginning of
creep-ageing stage. A well-established dislocation hardening (o4;) equation is adopted (Li et al., 2017; Zhan et al., 2011):

Gais = Aongp™ P 12)

where A, and ny are material constants.

Precipitates are obstacles to dislocation movements during creep/plastic deformation. When a dislocation encounters precipitates
during moving, two interaction mechanisms can happen based on the precipitate size: dislocation can shear through small precipitates
or bypass large precipitate in the form of Orowan loop (Shercliff and Ashby, 1990). Hence precipitation hardening can be viewed as
composed of two types of strengthening contributions, i.e. shearing strength 64, and bypassing strength o5, which have been given
respectively as (Kelly and Nicholson, 1963)

64 = cif " rte

0 = C 2fmh / '
Where f is the volume fraction of precipitates; ¢; and c, are material constants; m,, n,, ms, and n, are coefficients determining
strength contributions from volume fraction and precipitate size. An approximation of cubic exponential relationship between

13)

12
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normalised volume fraction f and precipitate size r was proposed by Reti and Flemings (1972), and is adopted here:

 f_fh_ (1Y
f*f.\- ’fuff<ro) fo=T1o 14

where f; is the equilibrium volume fraction at ageing temperature, f, is the initial volume fraction at beginning of creep-ageing stage, f,,
is the corresponding normalised volume fraction defined asf, = fo/f;. By substituting Eq. (14) into Eq. (13) and utilising the derivation
process used in a previous research (Li et al., 2017), equation for precipitate hardening in normalised form can be written as:

L
6y =cC P
FMnb

/ (15)
o =T

where c'l, c'z, Mpq,and my;, are material constants. From Eq. (15), it can be derived that when dislocation-precipitate interaction is
dominated by shearing mechanism (o,), the precipitate hardening increases with precipitate growth. On the other hand, when the
dominating mechanism changes to bypassing (og), precipitate hardening decreases with the growth of precipitate. A harmonic
function to combine the hardening effects generated by the two interaction mechanisms was proposed in Shercliff and Ashby (1990) as:

oy = (047 + 0'3’1)71 (16)

where oy, is the overall precipitation hardening combining strength contribution of shearing (64) and bypassing (¢3) mechanisms.
When 64 = o3, the change of interaction mechanisms from shear to bypassing happens, indicating the start of over-aged state.

The overall yield strength evolution can be considered as composed of hardening effects caused by different mechanisms, such as
dislocation and precipitation hardening. An addition law is adopted to express the evolution of yield strength o, as:

0y = 0i + (Opp™ + Oais™) 1/ azn

where o; is the intrinsic strength including solid solution hardening of the alloy, n, is an exponent constant to control the relative
strength contribution of precipitation and dislocation hardening, which was assigned with value of 2 in Ma et al. (2018) and varies
with precipitate thickness in Li et al. (2019). In this study, n, was determined in the range of 1 to 2 as suggested by Fribourg et al.
(2011).

Table 4

Unified constitutive model including work hardening.
Work hardening sub-model Microstructure variables
& = (6 — Oena)/E+ K(o — rre,.d)"' P =A1(1 = p)léa|™ — Cp™
Po =A1(1 = po)lep[™ — Gppi® F=C(Q-1" (L + rop™)
Gt = Oty /(1 + exp(nia(po; +wApy)™ — B)
Stress-creep strain relationship Strengthening equations
éer = Aasinh(By (o — o) (1 — H)™)(1 + kspig /(kae)™) bas = Aanap™ p
H =ki(p — po) + koT Gais = Aangp™ P

, 11
e = (05" +05")

L n man
0y = 0i+ (Ophe +04)

Parameters in work hardening sub-model

&p: plastic strain induced in loading stage Oeng: Stress at the end of linear stress-strain relation

Po: normalised dislocation density in loading o threshold stress

Po; : initial dislocation density induced by pre-stretching for PCA oy, - initial threshold stress

Ap,: accumulated dislocation density in loading E, K, n, A, my, Cp,mz, Miq, W, My, B: are material constants

Parameters for microstructure variable

p: normalised dislocation density in creep-ageing £t creep strain
7 normalised precipitate size Ay, my, Cp,ma, G, Q, m3, 7y, My
are material constants

Parameters in stress-creep strain relationship

¢: strain accumulated in loading As, By, na, k3, ki, ns, ki, ko
H: creep variable are material constants

Parameters in strengthening equations

o4is: dislocation hardening oppe : precipitation hardening
o, strengthening by dislocation cutting through precipitate op: strengthening by dislocation bypassing precipitate
o;: material intrinsic strength Ay, ng, n, are material constants
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4.4. Stress-creep strain relationship

The classical sinh-law equation is adopted to link the creep strain rate ¢, with the applied stress in creep-ageing stage. To account
for the decrease of creep strain rate caused by material hardening induced by microstructural evolution during creep-ageing, a creep
variable H is introduced, representing the effects of normalised dislocation density p and precipitate size r (Ho et al., 2004a; Li et al.,
2017). In this study, considering the effect of threshold stress, the group of constitutive equations to express stress-creep strain
relationship is given as:

{ ¢ = Assinh(B, (6 — 04)(1 — H)™) (18)

H=k(p—py) + kT

where A3 and B; are material constants. n, is an exponent constant controlling the effect of creep variable H.

Earlier analysis shows that creep deformation in PCA is promoted due to increased mobile dislocation induced by pre-stretching,
while this promotion effect is diminishing with increased work hardening. To adequately reflect the observed dynamic evolution trend
of creep deformation for PCA, Eq. (18) can be modified as:

{ & = Assinh(By (6 — o) (1 — H)™)(1 + kspy, / (kee)™) (19)
H=ki(p— o) + koT

where ¢ is the strain generated in the loading stage as shown in Eq. (6). ks, k4 and ng are material constants. In the supplement factor
(1 + k3po; /(kae)™), kapy; is introduced to account for the promotion of creep deformation due to pre-stretching-induced mobile
dislocation, similar to a previous study (Yang et al., 2017); while (ks¢)™ reflects the diminishing of the deformation promotion with
increased work hardening for PCA. It should be noted that without pre-stretching, i.e. for CA case, p,; equals zero and the factor
(1 +k3py; /(kae)™) becomes 1, hence Eq. (19) reverts to Eq. (18).

By combining the proposed equations above, a unified constitutive model is presented in Table 4. Through the work hardening sub-
model, the plastic strain and plastic strain-induced dislocation density in the loading stage can be determined, with which the
threshold stress at the beginning of creep-ageing stage is obtained. With the expression of microstructure variables in creep-ageing, the
creep deformation behaviour and material strength evolution can be modelled with the proposed corresponding constitutive equations
for both CA and PCA.

5. Model calibration, results and discussion
5.1. Determination of initial values and material constants

Since the constitutive equations are ordinary differential equations (ODE) requiring initial values to solve, adopting reasonable
initial values for internal variables in the constitutive model is significant for its establishment. These values include initial strength
hardening contribution of dislocation density o4, precipitation hardening o0, and intrinsic strength ¢;. To determine the initial
values of these strength components, a SHT and pre-stretching method was adopted as demonstrated in Fig. 10. o; is defined to be equal
to SHTed yield strength oy, . 64i50 can be approximated as the difference between the SHTed yield strength o,; and the 3% pre-stretched
yield strength oy, as shown in the figure. 0,0 can be calculated through Eq. (17). The initial value of p, induced by pre-stretching for
PCA, i.e. py;, is determined from the REE curve for the relationship between threshold stress and normalised dislocation density which
will be further illustrated in Section 5.2. The remaining variables can be determined directly from experimental data or assigned with
initial values as defined. The initial values for the material in this study are listed in Table 5.

The proposed constitutive model is composed of groups of non-linear ODEs that cannot be solved analytically. In this study, the

500“ SHT O; =0y
Oaiso = GyZ - Uyl
8 Oppto Z((Gy_o'i)”y
9 _ O.disony)l/ny
= Quenching
o
[0}
3 7vo 1 Oy2
G
3% pre-stretch
RT W—

-

Time
Fig. 10. Schematic of the thermal history and the determination method for initial values of strength components. RT stands for room temperature.
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Table 5

Determined initial values for the constitutive model.
po for CA Po for PCA (pg;) & r Oena (MPa)
0 3.74E-2 0 1 396
omo (MPa) 6o (MPa) o; (MPa) oaiso (MPa) Gppro (MPa)
105 85 299 56 140.2

forward Euler method was adopted to solve the equations:

Surl = Sy + S Al (20)

where s,,1 and s, are values of internal variable s at time step n+1 and n respectively; s, is the evolution rate at time step n; At is the
time increment. With the derivation of approximate solutions of internal variables, the least square method is adopted to determine the
material constants that allow the model to be best fitted with experimental data, i.e. with the minimum value of an objective function.
The objective function is written as

L2 L3

79 =323 (% -3 21)
=1 j=

where x = (x1,X2,X3, ..., X1) is the material parameters with a total number of L1 to be determined in the model. L2 is the number of
series classified by different applied stresses, L3 is the number of data points in each series. yj} and yj; stand for the i-th stress series and
j-th data point of the model-derived value and experimental value respectively. The determined material constants are listed in Table 6.
In this study, the experimental data of 422.5 MPa for both CA and PCA were used for verification only and not used in the deter-
mination of material constants.

5.2. Modelling results and discussion

5.2.1. Work hardening model

The stress-strain curves in the loading stage to 430 MPa, as predicted by Eq. (7), are shown as red dashed lines in Figs. 4b and 5c,
respectively for CA and PCA cases, demonstrating a close match with the experimental results. The plastic strain was induced when the
linear stress-strain relationship broke down in the loading stage. Therefore, the normalised dislocation density at the end of loading
stage can be calculated from Eq. (8). The plastic strain and corresponding normalised dislocation densities at the end of the loading
stage are shown as the solid and dashed curves for CA and PCA respectively in Fig. 11a. Similar evolution trend can be observed for
both cases and p,, increases with plastic strain ¢.

With the obtained p,, values at the end of the loading stage, the threshold stresses for CA can be calculated with the proposed REE
Eq. (5) and are shown as the solid curve in Fig. 11b, in which the corresponding applied stresses are indicated. As can be observed for
CA, threshold stress maintains at a relative high value at the beginning (i.e. lower stress level) and drops sharply with an increasing rate
as the applied stress and the accumulated dislocation density increase. When the threshold stress approaches zero, a smooth transition
is shown with REE. The dramatic drop of threshold stress with the induced plastic strain/dislocation density in the loading stage can
lead to the nonlinear increase of the stress (o —oy,) against the applied stress 6.

Fig. 11b also shows the threshold stress variation with dislocation density for PCA (dashed line), calculated with the proposed REE
Eq. (5). With the determination of the o}, value for PCA, the corresponding initial value of dislocation density induced by pre-
stretching, p;, can be determined from the REE curve as illustrated by the dotted lines in Fig. 11b. Due to stronger work hardening
effect induced by pre-stretching, the threshold stress of PCA drops much slower with increasing stress and dislocation density when
compared with CA.

Table 6

Determined material constants for the proposed constitutive model.
A (07H Ay (MPa) As (hH B By (MPa™) ¢ c,
26 14 8.43E-8 10.5 3.6E-2 225 365
Gy G (hH) E (MPa) K for CA (MPa™) K for PCA (MPa™) K ks
6.5E-3 8E-2 6.26E4 9.36E-8 6.67E-8 0.5 5.2E-2
ks ks m Mia my ms my
1.1E-2 100 5.42E-1 0.52 0.75 1.05 1.5
Mg My n for CA n for PCA Niq ny ng
0.83 0.03 2.35 2.25 50 1.28 8.6
ng ny Q w 70
4.2 1.16 1.52 0.12 8
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Fig. 11. Relationship among the plastic strain, normalised dislocation density and threshold stress at the end of loading stage, showing higher
normalised dislocation density during loading for PCA in (a) and faster decrease of threshold stress above 400 MPa for CA in (b). (a) p, versus &p; (b)
O VETSUs py.

5.2.2. Stress-creep strain relationship

Fig. 12a compares the modelled creep strain curves with the experimental data under different stresses for CA. The modelled creep
strain curves fit very well with the data. The distinct 6 times increase of creep strain when the applied stress increases from 400 to 430
MPa has been adequately reflected in the model. This nonlinear increase in creep strain can be attributed to the higher initial plastic
strain and dislocation density being generated in the loading stage with higher stress, causing a dramatic decrease of the threshold
stress within the applied stress ranging from 400 to 430 MPa as shown in Fig. 11b. The 422.5 MPa results were not used for determining
material constants, and the good agreement with the model prediction verifies the adequacy of the proposed model.

Fig. 12b demonstrates the fitting results for creep strain curves of PCA. By considering the promotion of creep deformation caused
by pre-stretching-induced dislocations and its diminishing due to increased work hardening, the creep strain evolution for PCA
condition under different stresses is adequately modelled. As observed from Fig. 12b, the modelling results are in close agreement with
the experimental data. Again, the results from 422.5 MPa were not used in the determination of material constants and therefore the
close match validates the model applicability. For stresses below 400 MPa, a much lower creep strain increment per unit stress was
obtained when compared with that above 400 MPa as demonstrated in Fig. 5d. In the meantime, the sinh-law used for the stress-creep
strain relationship is suitable to a wider range of stress levels (Lin, 2003). As a result, it is expected that the fitting stresses of 300, 360,
and 400 MPa are adequate to guarantee the prediction accuracy below 400 MPa. Additionally, this constitutive model is unified for
both CA and PCA conditions, where p,,; and w respectively equal to zero and 1.0 for CA condition. It is noticed that minor deviations
exist between the simulation and experimental results with lower applied stresses for CA and PCA (300 MPa to 400 MPa), however the
overall results are acceptable as the maximum creep strain error is only 0.008% for 360 MPa PCA.

5.2.3. Microstructural evolution
Fig. 13 shows the comparison of fitting results with normalised experiment data for dislocation density and precipitate size during
creep-ageing for CA. As shown in Fig. 13a, the dislocation density evolution under different stresses is reflected by the model (a p,,

05 0.20
430MPa 430MPa
04 422.5MPa
- 0.15
g 9
< 03 . 422 5MPa 2 415MPa
s £
g g
o 0010 - 400MPa
g 0.2 Q
5 3 360MPa
o 415MPa 5 .t
0.1 €cr=0.062% 0.05 300MPa
2\, 400MPa
=
= = = 3 360MPa
oo T T - - .  5300MPa
"0 2 4 6 8 10 12 14 16 18 20 0.00 ' ' . ' '
o 0 3 6 9 12 15
Ageing time (h) Ageing time (h)
(a) As-received material (b) Pre-stretched material

Fig. 12. Comparison of modelled (lines) and experimental (symbols) creep strain evolutions of the as-received and the pre-stretched materials
under indicated stress levels. The triangle symbols are data used for verification. (a) As-received material; (b) Pre-stretched material.
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Fig. 13. Comparison of modelled (lines) and experimental (symbols) evolutions of the normalised dislocation density and normalised precipitate
size with ageing time in the as-received material under the indicated applied stress levels. (a) Normalised dislocation density; (b) Normalised
precipitate size.

value of 6.8 x10'® m'2 was determined by fitting with the experimental data and simulation results using 5 = (p — p;) /(p,, — p;))- It can
be noticed that under all stresses, the dislocation density increases at a higher rate in the initial hours in which fast creep strain increase
is obtained and then increases at gradually reduced rates afterwards. Additionally, discrepancies are observed with the dislocation
density under 300 MPa. This can be caused by the term (1 —p) adopted in Eq. (9), which may overestimate the dislocation increase rate
when the value of p is low. Fig. 13b shows the precipitate size evolution under different stresses, which generally increases quickly and
then comes to a plateau. Dislocation-enhanced precipitate growth can be observed from the modelling curves that the size growth rate
of 430 and 400 MPa is higher than the 300 MPa. Similarly, a higher precipitate size is observed in the simulation results with lower
stress of 300 MPa at 6 h which can be attributed to the overestimation of dislocation density p with lower stress. There are also dif-
ferences between the model and experimental results for the precipitate size under 400 and 430 MPa. However, the predicted curves of
precipitate size evolution with the three selected stresses fall into the error range of corresponding experiment data, indicating the
model’s ability to reflect the stress dependency effect on microstructure evolutions in creep-ageing.

5.2.4. Strength evolution

Fig. 14 presents the evolution of yield strength and strength contribution of corresponding hardening mechanisms during creep-
ageing for CA. The yield strength evolution in creep-ageing under 300, 400 and 430 MPa are demonstrated in Fig. 14a. A rising
trend can be seen under all stresses during creep-ageing. It can be observed that higher material strength is obtained with higher
applied stress in creep-ageing due to the effects of precipitation and dislocation hardening. Fig. 14b schematically illustrates the
strength contribution by different hardening effects under 400 MPa, including intrinsic strength, precipitation hardening, and
dislocation hardening. Since the creep age hardening results in around 30 MPa increase of the yield strength while a 3% pre-stretch
(the stretching is much more than the creep strain) leads to 15 MPa increase, the yield strength increase can be assumed to be more
associated with precipitation hardening than dislocation hardening, consistent with the assumptions in previous studies (Rong et al.,
2021; Zheng et al., 2018). It should be noted that solid solution hardening is included in the intrinsic strength which is not expected to
change significantly as the as-received material was in T8 temper.

520
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3 2 300 Intrinsic strength
= 3
6500 2
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Fig. 14. Evolution of the yield strength and strength contributions with ageing time for the as-received material. The experimental results are
marked with symbols and modelling with lines. (a) Yield strength evolution; (b) Strength contribution under 400 MPa.
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5.3. Model extension to the multiaxial case

5.3.1. Extension to multiaxial case

In this section, the proposed and determined material model will first be transformed to the multiaxial form and then applied to a
four-point bending CAF case. Assuming the material follows von-Misese behaviour with isotropic hardening, the applied uniaxial stress
o in the rolling direction is replaced by the equivalent stress 6, in the multiaxial case as 6y, = (3S;S;;/ 2)1/ 2 where Sij = 0y —bjjoxk /3 is
the deviatoric stress of the ij component. The work hardening model for the multiaxial case can be expressed in terms of equivalent
stress 6,, and equivalent strain ¢ as

Oum/E Cum < Oena
€= { 5vm (22)

,
_ o~
7 K (Com = Oena)” Ovm > Oena

where ¢ is a scalar to reflect the deformation in the multiaxial case during the loading stage. Accordingly, both the equivalent plastic
strain €, and the normalised dislocation density p, accumulated in the loading stage can be derived as

& =00y, < Oena

~ Oym — O, d ~ ! _
£, = %+K( Gom — Oend)’ Oum > Oena = A1 (1 — D)

m

oy 23)

&

Po
Assuming normality associated flow rule, the uniaxial model can be extended to apply in the multiaxial case, following the
extension method proposed in (Ho et al., 2004b) as

< . ~ n k3P
= Assinh(B, (Gom — 0)(1 — H)™) [ 1 i
£ 3sinh(B, (6, om)( ) )( +(k4'é)3

H=k(p—py) + kT
O = Oy /(1 + exp(ma(Po; +wAP)"™* — B) 24)
p=m =Dl - G
F=CQ =" (™)
Dj; = (38;/(25.m))eer

where Z,, is the equivalent creep strain rate in the multiaxial case, D‘;’ is the rate of plastic deformation.
Since the work hardening model is proposed to reflect the deviation from linear stress-strain relation with small deformation in the
loading stage, the plasticity behaviour of the material in the loading stage can be assumed as path independent (Dougill, 1975), i.e. the
same stress-strain relation (Eq. (22)) and dislocation density evolution with the induced plastic strain (Eq. (23)) is followed respec-
tively. Hence the model can be used to predict creep-ageing behaviour with proportional and non-proportional loading as (Ho et al.,

2004b):
{ D =D} - D}

_ " . (25)
Gy = GDS; + 22D},

where D and Dg are respectively the rates of elastic deformation and total deformation. 6 is the Jaumann rate of Cauchy stress. G and
A are the Lamé constants.

5.3.2. Model application to four-point bending CAF

For model application to an actual case, a finite element (FE) model was established in ABAQUS based on the dimensions of the
specimens and bending tool, as shown in Fig. 15a. The loading cylinders were assigned with boundary conditions to allow them only
moving in Y direction, while the support cylinders were completely fixed. The specimen was composed of four-node bilinear plane
stress reduced integration shell elements (CPS4R) with a size of 0.2 mm x 0.2 mm for all thicknesses. The four cylinders were composed
of discrete rigid elements with a size of 0.5 mm x 0.5 mm. The contacts between the loading cylinders and specimen, and between the
specimen and supporting cylinders were modelled with tangential behaviour adopting penalty formulation with friction coefficient of
0.25. The proposed constitutive model was implemented in the FE software with VUMAT subroutine. Fig. 15b demonstrates the
obtained simulation results for the 4 mm plate. It can be noticed that most of the creep strain was induced between the two loading
cylinders, where the largest moment and stress were generated in the four-point bending tests. The comparison of experiment and
simulation results for the deflections at the centre of the specimen after unloading is shown in Fig. 15c. As can be seen in the figure,
good agreements were achieved between the simulation and experiment results with the maximum prediction error of 0.18 mm for the
6 mm thickness.
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Fig. 15. Demonstration of the four-point bending CAF numerical simulation and results. . (a) Schematic of FE model (dimension in mm); (b)
Simulation results for 4 mm plate; (c) Comparison of the final deflections at the specimen centre after unloading between experiments and
simulations.

6. Conclusions

In this paper, increasing creep strain of high strength Al-Li alloy has been investigated by inducing a small amount of plastic strain
in the loading stage and by conducting 3% pre-stretching before creep-ageing. A unified mechanism-based constitutive model
adequate to reflect the stress-creep strain relation with both conditions has been established. The following conclusions can be
achieved:

1 Introducing plastic strain in loading stage or conducting 3% pre-stretching can improve the creep behaviour and mitigate the
forming difficulty of the 3¢ generation Al-Li alloy in CAF. The two routines are suitable for different ranges of applied stresses. For
the former, more than 6 times increase of creep strain has been achieved when the applied stress increases from 400 to 430 MPa for
CA. For the latter, the creep deformation has been enhanced in lower stresses ranging from 300 to 400 MPa with the PCAS to CAS
ratio at 15 h ranging from 2.7 to 1.6. The enhancement of creep deformation is attributed to the effect of pre-induced dislocation on
the reduction of threshold stress for both routines.

2 The promotion of creep deformation of the pre-stretched has been observed to be diminishing with the increase of the applied
stress. When the applied stress is above 415 MPa, the 15 h creep strain of the pre-stretched is surpassed by the non-stretched, with
continued dropping PCAS to CAS ratio lower than one. This diminishing of the creep deformation promotion can be attributed to
the stronger work hardening induced at higher applied stress for the pre-stretched material.

3 A mechanism-based unified constitutive model combining work hardening equations has been proposed to describe the wide range
of creep deformation of T8 tempered Al-Li alloy from 0.02% to 0.45% with corresponding applied stresses ranging from 300 to 430
MPa. Consistent results have been achieved between experimental and modelling results for macro creep-ageing behaviour and
microstructural evolutions in aspects of dislocation and precipitation of material in loading and creep-ageing stages.

4 The proposed unified creep-ageing model can be applied to both the as-received material and the pre-stretched material. A sup-
plement factor to account for the effect of pre-stretching-induced dislocation on creep deformation and a weakening factor for the
effect of increased work hardening on diminishing creep promotion at higher applied stress are adopted for PCA condition, both of
which become 1 for the CA case.

5 The adaptability of the proposed model to multiaxial condition has been well demonstrated by implementing its multiaxial form in
the FE simulation for four-point bending CAF tests, with the maximum prediction error of 0.18 mm at the centre of the specimen
after unloading.
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