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Abstract

The applications of lightweight and high strengtieet aluminium alloys are increasing
rapidly in the automotive industry due to the exgiag global demand in this industrial
cluster. Accurate prediction of the post-form sgtenand the microstructural evolutions of
structural components made of Al-alloys has beehallenge, especially when the material
undergoes complex processes involving ultra-faatihg and high temperature deformation,
followed by multi-stage artificial ageing treatmelnt this research, the effects of pre-existing
precipitates induced during ultra-fast heating eesidual dislocations generated through high
temperature deformation on precipitation hardertyetpaviour have been investigated. A
mechanism-based post-form strength (PFS) predictiodel, incorporating the flow stress
model and age-hardening model, was developed #b-faipredict strength evolution during
the whole process. To model the stress-strain plastic behaviour and represent the
evolution of dislocation density of the materialforming process, constitutive models were
proposed and the related equations were formuldied.effect of pre-existing precipitates
was considered in the age-hardening model via dottimg the complex correlations of
microstructural variables into the model. In aduiti an alternative time-equivalent method
was developed to link the different stages of agi@nd hence the prediction of precipitation
behaviours in multi-stage ageing was performedthiéamore, forming tests of a U-shaped
component were performed to verify the model. Itswaund that the model is able to
accurately predict the post-form strength with dece agreement with deviation of less than
5% when extensively validated by experimental daterefore, the model is considered to
be competent for predicting the pre-empting mateesponse as well as a powerful tool for
optimising forming parameters to exploit age handgrto its maximum potential in real
manufacturing processes.

Keywords. Pre-existing precipitates; Residual dislocatio@ginstitutive modelling; Age-
hardening behaviour; Ultra-fast heating



1. Introduction

A drive for lowering global fuel emissions has ledstricter legislations on manufacturing of
lightweight components. Understandably, manufacsuage under increasing pressure to use
the most potential and capable materials and opéirthe forming processes (Allwood and
Shouler, 2009; Lin et al., 2014). Age-hardenablerahium alloys, e.g. AA6082, are one of
the preferred lightweight materials and can bengtieened by post-form artificial ageing
processes such as multi-stage paint bake cycledelitty the post-form strength of these
heat treatable AA6xxx series alloys is especiatiportant, as it enables the optimisation of
manufacturing processes and the wide applicatiérisese high strength aluminium alloys.
The strength prediction of such alloys, howevefaidy complicated due to multi-parameter
dependency on chemical composition, plastic defoaonaand post-form heat treatment
(Shercliff and Ashby, 1990). Moreover, the overstilength involves the superposition of
individual strengthening effects, such as solid usoh strengthening, dislocation
strengthening, and precipitation strengthening (OMghr et al., 2001). Precipitation
strengthening is very useful for most commercialék®x alloys, in which the precipitates of
various phases exist. The generally accepted ptaogm sequence for common Al-Mg-Si
alloys in artificial ageing is shown in Fig. 1.
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Fig. 1. Precipitation sequence of Al-Mg-Si alloys (Du bt 2017; Gracio et al., 2004)

As shown in Fig. 1, the precipitation sequence teegvith the formation of Si clusters and
Mg clusters from supersaturated solid solution. @lasters are then transformed to coherent
spherical GP-I zones / pg&- precipitates. As artificial ageing proceeds, neatiigped GP-II
zones /|’ (3-4 nm in diameter and 10-20 nm in length) begiform around nucleation sites,
which is associated with the peak strength of nateBubsequently, the formation of semi-
coherent rod-shaped precipitg@ewill commence signalling an over-aged state. Evalhtu
equilibrium 8 phase precipitates are formed leading to a steggalee in strength.

Modelling the evolution of microstructure was acgbished first by Kampmann and Wagner
(Kampmann et al., 1985). The numerical approach easable of capturing precipitate
nucleation-growth-coarsening phenomenon and sizgrilaition by dividing identical
particles into size class in the time domain. La®rercliff and Ashby proposed a strength
model which correlates internal state variableshsas solute concentration, volume fraction
of precipitates and radius of precipitates, to nhatie yield strength evolution during
artificial ageing (Shercliff and Ashby, 1990). Thardening phenomenon was considered as
a superposition of precipitation hardening (bypagsind shearing), solid solution hardening
and intrinsic matrix hardening. Over the last twerades, these classic microstructure and
strength models have been further refined and egpld more complicated systems, for
instance, transition from shearable to non-sheargécipitates during ageing has been
defined and the contribution of non-spherical grgates has also been embedded (Du et al.,
2016; Holmedal et al., 2016). In addition, extendeddels were developed to simulate
microstructural evolutions for materials under elifint heat treatment or deformation
conditions, such as naturally-aged (Esmaeili et2€l103a), pre-aged (Esmaeili et al., 2005),



over-aged (Du et al., 2017), cold-deformed (Myhrakt 2015, 2010) and multistep heat
treated (Myhr et al., 2004) conditions.

It is obvious that the above-mentioned models canveniently simulate the strength
evolution of pure as-quenched SSSS, aged (nonfdetror cold-deformed material during
artificial ageing. The published models, howevee, eurrently unable to be used directly to
predict the post-form strength of workpieces macifieed through complex processes
involving rapid heating and hot/warm stamping. Exesting precipitates and residual
dislocations induced during the ultra-fast heatihgt forming and quenching processes
strongly affect the mechanical properties of aluorm alloys, especially the precipitation
response, which makes a new modelling scheme tamibhighly demanded.

It is widely accepted that the presence of thegxisting precipitates and dislocations would
accelerate the precipitation kinetics and haveoaqunced effect on the final peak strength
(Birol, 2005a; Esmaeili et al., 2005). The pre-8ri$ precipitates consume the solute
elements and deplete the supersaturation of theixndtading to coarser equilibrium

precipitates and shortened time to obtain peakngtie Meanwhile, the introduced

dislocations suppress the adverse effects of Haageing significantly by trapping the

guenched-in vacancies and avoiding clustering @nréemperature (Kolar et al., 2011; Yin
et al., 2016). These residual dislocations alsaigedthe required activation energy for
precipitation and provide heterogeneous nucleaitas for the formation of GP-1 zones that
readily grow to become stable nuclei 6 phase (Birol, 2005a; Kolar et al., 2012).
Therefore, specifying the initial precipitation tstaand determining introduced dislocation
density during heating and forming are the vitadrpises to investigate the precipitation
sequence.

As desired, the present research addresses theerabntioned issues by establishing a
unified post-form strength prediction model (PF$ wonsidering the effects of induced
precipitates and residual dislocations. Dislocabased viscoplastic constitutive equations
and precipitation hardening equations have beereldegd to model the stress-strain
behaviour, microstructural evolution and strengtrolation during forming and ageing
processes. To predict the strength evolution ofhibiedeformed components during multi-
stage paint bake cycles utilised (with differeninp#ake temperatures and paint bake times)
in the automotive industry, a time-equivalent methwas thus employed to link
microstructural variables between different stagesgeing. The developed framework is
capable of accurately predicting the post-formrgjtle of AA6082 components manufactured
via ultra-fast heating and hot/warm stamping, aauad loe further used to optimize processing
windows in real manufacturing processes.

2. Post-form strength prediction model

The post-form strength of AA6082 specimens undegailtra-fast heating and hot/warm
stamping is highly dependent on heating rate, targ®perature, strain rate, strain level,
artificial ageing time and ageing temperature. @gagntly, an original post-form strength
prediction model, capable of modelling these effegtas introduced. Three distinct sub-
models were conceptualized to form the frameworkhef main model, viz., viscoplastic
deformation model, artificial ageing model (withsidual dislocations and pre-existing
precipitates) and multi-stage ageing model.



2.1 Viscoplastic deformation model

Based on the well-known viscoplastic theory (Csaeédl., 2014; Kabirian et al., 2015), a
set of modified constitutive equations of Egs. t(1)5), were used to model the yield stress
and the relevant microstructural evolutions dutimg hot/warm stamping process (Engels et
al., 2012; Garrett et al., 2005; Sun et al., 204i&p et al., 2012).

Ototal = E(ET - gp) (1)

& = (Z5)” @
Oqis = B+ p*° (3)
p=tx 4

p=Ag & —Ap &~ Cpp (5)

where n, ny, Ay, Ay, B and C, are material constants, determined from experiaiedta.
Ototats E) €15 €p) 04is, k, p denote flow stress, Young's modulus, total stratgstic strain,
stress due to dislocation hardening, thresholégstad the normalized dislocation density of
material, respectively (Nieto-Fuentes et al., 2018)

Eq. (2) describes the traditional power law formiola of viscoplastic deformation,
computing the plastic strain rate by correlatingwfl stress, dislocation hardening and
threshold stress. In Eqg. (3), the normalized detion density is used to characterize the
isotropic hardening phenomenon in the plastic ae&tion period based on the classic work
hardening theory in the following (Hu et al., 20F8iang and Ngan, 2018):

Oais = aMGb - p®° (6)

where a is a material constani) is the Taylor factorG is the shear modulus ardis the
magnitude of Burgers vector. In Eg. (3), all thetenal constants are replaced by a single
constantB and the normalized dislocation density is useteads to simplify the calculation
of Eq. (6).

The normalized dislocation density is defined in ) (Zhan et al., 2011) ang is the
initial dislocation density ang,, is the maximum dislocation density the materialildo
generate during deformation. Typically, < p,, and therefore the value of normalized
dislocation density is assumed to be in-betweemd & In this method, the evolution of
dislocation density is adjusted from different osdef magnitude to a notionally common
scale.

In hot stamping process of materials, the dislocatlensity is affected by the accumulation
and annihilation effects (Garrett et al., 2005; Klea al., 2010, 2009; Zhang et al., 2013). Eq.
(5) illustrates the normalized dislocation dengitya rate form, where the first term(- £,)
denotes the dislocations generated due to plasficrmation, the second ternd(p - £,)
represents the dynamic recovery of dislocationsl@tated temperature and the final term
(C,p"?) describes the effect of static recovery (Li et2013).



2.2 Artificlal ageing model considering pre-existing precipitates and residual
dislocations

A refined age-hardening model of Eq. (7) was dgwedbto predict the precipitation response
during post-form heat treatment. It considers savanportant microstructural variables,
such as volume fraction, the average radius ofiptates, dislocation density and solute
concentration.

Oy = f(ftrrJ p, Ct) = g(adisr Ossy) Oy appt) (7)

The precipitation of 6000 series aluminium alloyridg artificial ageing has been widely
investigated and the yield strength is usually coteg by the summative contributions of
aluminium matrix, solid solution and precipitatéssinaeili et al., 2005, 2003). Notably, in
the refined model, the effect of dislocations saduced in Eq. (8). The yield strength is then
the sum of dislocation hardening contributigf,, solid solution strengtly,, intrinsic
strength of the aluminium matri; and contribution from precipitation hardening,,
(including the contributions from shearable preeifgiso,, and bypassing precipitates,
mechanism). The conversion between hardness atdlstrength can be readily expressed
by an empirical equation of Eq. (9) (Zhan et al1P). A schematic graph of the summative
nature of each contribution effect on the yielesgth is shown in Fig. 2, which is obtained
by running the complete post-form strength predictinodel for the material with 10% pre-
strain prior to performing artificial ageing at T80

— A Oby'Osh
Oy = Ogis + Oss + 0, + Oppr = Ogis + 055 + 0; + —abywm (8)
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Fig. 2. Contributions of solid solution, aluminium mataxd precipitates to hardness during
180°C ageing with 10% pre-strain

To accurately model the precipitation sequence \debg it is necessary to consider the
composition of the alloys. AA6082 aluminium allaya ternary alloy, where Mg and Si are



the major alloying elements dissolved in the aluoimmatrix (Myhr et al., 2004; Shercliff
and Ashby, 1990) Most of the solute atoms (inclgdmg, Si, Mn, Fe, Cu, etc) are re-
dissolved in the aluminium matrix after ultra-fdstating and precipitate gradually during
subsequent artificial ageing processes. The equifibsolute concentration depends on the
temperature of artificial ageing and representeé&dy(10).

C, = Ay e O/RT (10)

whereAy is a constantQ)s is the solvus boundary enthal@y,is the universal gas constant
(8.314 J/mol-K)and T is artificial ageing temperature. WhéixT,, the metastable solid
solvus temperature, the maximum solute concentratfmt can be reached at solvus
temperatur€; is (Shercliff and Ashby, 1990):

C, = A, - e~ /RT: (11)

Rearranging Egs. (10) and (11), a new expressidheoequilibrium solute concentration at
ageing temperature is obtained as follows:

C,=C,-e RTT) (12)

During the artificial ageing at elevated tempematuhe supersaturation of matrix gradually
depletes due to the formation of precipitates. pieeipitation kinetics can be described with
Shewmon'’s law (Shewmon, 1963) designated in Eq) &t@l it reveals that the transient
solute concentration in the mati©¢ decays exponentially with artificial ageing tirnen the
following:

t
Cc=C,+(C;—Cc) e~ (13)
T=k t, (14)
where C; stands for initial solute concentratianjs a temperature-dependent constant

indicating the decay speed in EG4). k; is a constant ang represents the time to achieve
the peak strength at a given temperature.

During the entire process, pre-existing precipgatermed during ultra-fast heating, consume
the alloying solute atoms and affect the subseqasificial ageing response. The initial
solute concentratio@; is redefined in Eq. (15) in the following:

C; = Co— Cpep (15)

whereCy represents the solute concentration of the métarsupersaturated solid solution
state (SSSS) ar@,ep refers to the loss of concentration due to preterg precipitates.

To better capture the evolution of solute concéianathe format of Eq. (13) is revised to a
differential equation:

. — _ t
C, = SCopep) o3 (16)

T



According to Eq. (16), the decay rate of solid #oluis mainly determined by temperature-
dependent parametelG, andt at a given artificial ageing temperature. For e-geformed
material, the traditional decay rate equation islor@er suitable to accurately model the
evolution of solute concentration due to the effeft dislocations. The presence of
dislocations decreases the activation energy ahggend provides more nucleation sites for
precipitates, which accelerates the precipitatiesaponse during artificial ageing (Birol,
2005b; Myhr et al., 2015; Saito et al., 2013). Thuterm controlled by dislocation density as
well as a kinetic factoB; are introduced and formulated to model the efféqire-existing
dislocations in Eq. (17), where the solute lose m@bvided by dislocations shows a linear
relationship with the normalized dislocation depskor the components without pre-strain,
the normalized dislocation densipyequals to zero, which means the decay of solute
concentration is purely dominated by Shewmon’s law.

) —(Coe t
C, = (M. e‘;) +B;p (17)

T

Through measurement of the solute elements dissatvéhe aluminium matrix, the volume
fraction of precipitates can be evaluated. To siimphe computation process, it is assumed
that all precipitates have a constant chemical amitipn and uniform thermodynamic
properties, even though the ratio of Mg to Si cduddslightly different. The volume fraction
of precipitatesf, is then directly proportional to the solute lagsaluminium matrixC; — C;

in Egs. (18) and (19) (Esmaeili et al., 2005; Shitrand Ashby, 1990; Starink and Wang,
2003).

ft _ fe (18)

Ci—C¢  Ci—Ce

Sfmax Cs
fe - Cs—Ce (19)

where f. represents equilibrium volume fraction of precifgtawhenCi=C, and it is the
minimum value off that can be obtained at a certain ageing tempetafyy, is the
maximum possible volume fraction at absolute zetwen the matrix is purely comprised of
aluminium atoms.

By rearranging Egs. (18) and (19), Eq. (20) is thktained to express the volume fraction of
precipitates during artificial ageing (ShercliffthAshby, 1990).

Ci=Ce _ feCi _ _fe _t _Osi_ty
fi=fotmm = - = fp (1-e7F) L= R T (20)

Accordingly, the volume fraction of precipitatésis transformed into a rate form by
differentiating Eq. (20) for accuracy and easearfhputation by discretizing into a small time
scale. Asf is directly related to solute concentration vaoiat the kinetic factoB; is also
introduced to quantify the corresponding volumetitan evolution as follows:

fo= Tt G =L (o) B, ) (21)

Ci—Ce Ci—Ce 71



For modelling strength evolution, the mean radidisprecipitates is another important

microstructural parameter. In the early stage tfi@al ageing, precipitates grow rapidly

with the coherency loss and structural change tla@dolume fraction is increased sharply to
a high level. The growth rate is subsequently reduaesulting in the volume fraction

approaching the equilibrium value graduallfis precipitation kinetic is approximated based
on the classical cubic coarsening law (Sherclitf &shby, 1990):

_Qa
r3—1r3=0C rZ€e RT (22)

whereC; is the coarsening constafl, is the activation energy for the volumetric diffus

of atoms between patrticles.is approximated as the mean radius of circulatia®oof
precipitates through all periods of ageing. Itsiahivalue is the radius of precipitates formed
during ultra-fast heating (prior to artificial agg). Thus, the growth rate of radius of
precipitates can be readily obtained from Eq. &f) designated in the following:

-4 2
_ 1 .Cye RT -2

;= ) t73 (23)

3 T

As mentioned above, it is found that the pre-detmndl-Mg-Si alloys experience faster
precipitation in the early stage of artificial aggicompared with non-deformed material due
to the existence of dislocations. At first, the roen density and the size of precipitates
increase more rapidly until reaching a dynamic Mgpuum, which is accompanied by a
decrease of dislocation density (Kolar et al., 20dih et al., 2016). When accounting for the
effect of dislocations on precipitate growth, EB3)(is not accurate enough to express the
coarsening rate for pre-deformed alloys as the tirowate of precipitates is proportional to
the solute loss from the matrix. Similarly, the ddilc factorB, is adopted in Eq. (24) to
account for the effect of dislocations.

._Q_A1
P (L5t By D (24)

The second termB; - p) in Eqg. (24) captures the accelerated precipitataviy due to
dislocations. As artificial ageing proceeds, thieafof dislocations becomes weaker because
of the annihilation of dislocations at elevated pemature. Correspondingly, the contribution
of the second term is reduced and a dynamic equitibis achieved.

5 = _Cageingﬁn2 (25)

The normalized dislocation density rate can be agethby using Eq. (25) which is adopted
from Eg. (5). Only the static recovery of dislocas is included in the equation because no
plastic deformation is involved and thus both strand strain rat€, are zero.Cageing is @
material constant and depends on the relationsdtipden static recovery rate and dislocation
density during heat treatment.

Fig. 3 shows an example with the evolution of #levant microstructural variables,  and
r) for the deformed specimens (SR1, S10%) durinfciat ageing at 180°C. It is simulated
by using the post-form strength prediction model.

8
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Fig. 3. Microstructural variable evolutions during age(@d§0°C, SR1, S10%)

A set of hardening equations were used to modelctmribution of dislocations, solute
elements, precipitates and aluminium matrix to ytedd strength separately by correlating
these microstructural variables. As mentioned legftive overall yield strength is the sum of
each term and precipitation hardening is a mixair@eak particle hardening (shearing) and
strong particle hardening (bypassing). When theramee size of particles is small, the
interaction between dislocations and precipitaeesiominated by particle shearing while
bypassing becomes more important as the partictes @arger. The overall contribution of
precipitates is designated as the harmonic meaheaxdring and bypassing hardening in Eqs.
(26-28) (Shercliff and Ashby, 1990). The solutenaso(including Mg, Si, Mn, Fe, Cu, etc)
dissolved in the aluminium matrix provide the sdimlution hardening. As a ternary alloy,
Mg and Si elements are attributed to most of theldrang potential in AA6082 aluminium
alloy and the contribution of solutes is summarizeéq. (29) and the dislocation hardening
Is expressed in Eq. (30).

Ogp = Cy - fi/? - 71/ (26)
Opy = C3- fi? 171 (27)
Oppt = % (28)

0ss =Xk - G2 =€, - C2P (29)
Ogis = Agp’" (30)

where ogp, 0py, Oppe, 055, @Nd 0y represent shearable precipitate hardening, bypgssi
precipitate hardening, overall precipitate hardgnsolid solution hardening and dislocation
hardening, respectivelyC,, C;, C4, ki and Ay are material constant€, describes the
interaction between the resistance to shear of pardcle and properties of the particles
(population and size)gs (Cs=cGb, c is a constant) is a constant used to ckethe stress
required to bend a dislocation, which combines Brsgvector b and shear modulus G
(Shercliff and Ashby, 1990, is a factor related to the contribution of theusel(Esmaeili
et al., 2003b).Cj is the concentration of a specific alloying elememd k; is the



corresponding scaling factor (O. R. Myhr et al.D2D Ay describes the isotropic hardening
due to dislocations at room temperature (Garredt.eP005; Khan et al., 2010, 2009; Zhan et
al., 2011; Zhang et al., 2013).

2.3 Multi-stage ageing model

The multi-stage artificial ageing model is estdidid based on the idea of equivalent time,
which is an important variable associating the pstnuctural parameters (volume fraction of
precipitates and mean radius of precipitates) wiehfirst stage ageing and the second stage
ageing. Two-stage ageing is used to demonstratantbeelling approach for multi-stage
ageing operations. In the two-stage artificial ageprocess, the workpiece is heated to a
relatively higher first-stage ageing temperafliyéo accelerate the ageing response, followed
by a second-stage ageinglat The solute concentration is assumed to be the sartine end

of first-stage ageing as the beginning of secoagestageing. The concept of the equivalent
timet,, . is introduced. This term summarizes the effectiirsi-stage ageing dt, enabling
the compatibility with the second-stage ageinglaand ensures the consistency between
artificial ageing times to be maintained. The selabncentrations when aged at different
temperatures are denoted in Egs. (31) and (32).

Ci1 =Co1 + (C;—Ceqp) e (31)

Crz =Cor+ (C;—Cor) € ™2 (32)

The equivalent time,, . shown in Eq. (34) is then computed by combining éguations
above, which assumes that ageing proceeds fggmon the ageing curve for temperatiige

Ci1 = Cpy (33)

Ce1—Ce + Ci—Cey .

Ci—Ce2 Ci—Ce2

_b
teqe =tz = — T - In( e ™) (34)

Consequently, the solute concentration during doesd-stage ageing is represented by Eq.
(35):

t+teq,c

Ce = Ceop + (C; — Cp2) - e 2 (35)

wheret is the time of second-stage ageing.

In the multi-stage ageing process, the averagesaufiprecipitates does not change abruptly
when the temperature changes. In order to modelgit&te growth, the radius is assumed to
remain unchanged during the transition betweenewdifft stages of ageing, which is
illustrated in Eqgs. (36) and (37).

rn=n (36)
t, -4 _Qa
Lo RT1=-2p RT; (37)
Ty T,

As shown in Eqg. (38), the equivalent timg , is introduced to represent the radius of
precipitates in the second-stage ageing and thssic cubic coarsening Kkinetic is
accordingly modified as Eq. (39).

10



T, 4 _CQa

teq,r =t, = T_j eRT2 RT; (38)

t+teqr 7y

e R (39)

At higher temperature, the solute elements pretipifaster, and the equilibrium solute
concentration is larger during ageing. At highetifialal ageing temperatures, the
precipitation rate increases while the equilibrimslume fraction drops. Precipitates are
assumed to have a constant chemical compositiotehthe volume fraction of precipitates
is proportional to the solute loss from the alumami matrix. For the multi-stage ageing
process, the solute concentration and volume @naaif precipitates after first-stage ageing
are set a€, andfy, generating Egs. (40) and (41) below:

7"3 —T'03 = Cl

Ci—Cy  Cx—Ct

fe fifx (40)
C;—C
fe=c= fe (41)

wheref;, C; are the corresponding values in the second-stagjagg

3. Experiments

A series of tests were conducted to investigateetifiect of pre-existing precipitates and
residual dislocations on the artificial ageing @ex and then to validate the accuracy of the
developed PFS model.

The AlI-Mg-Si alloy used in the present investigativas a commercial AA6082 alloy in T4
temper. The as-received material is rolled she#t tickness of 1.6mm and the chemical
composition as shown in Table 1. This is a soliglke-material as the weight percent of Mg
and Si is greater than 1%.

Table 1. Chemical composition of AA6082 alloy (wt. %)
Alloy Al Mg Si Mn Fe Cu Cr Zn Ti
AA6082 97.37 0.7 0.9 042 038 008 0.02 0.05 0.03

Axisymmetric dog-bone specimens were machined filzensheet alloy by laser-cutter. High
temperature pre-straining tests were conductedhenthermo-mechanical machine Gleeble
3800. K-type thermocouples were welded at the eeofr the samples to monitor the
temperature evolution of the samples. During praising tensile tests, the workpiece was
heated to 450°C and immediately isothermally strtcto certain strain levels (10% and
30%) with various strain rates ranging from 0t611 s'. Water quenching was used to
subsequently cool the workpiece to room temperatapedly. Digital image correlation
technique was used to measure strain distributibme schematic shown in Fig. 2
demonstrates the testing process and the relatembstructural evolutions. For ultra-fast
heating tests, the workpiece was heated to 300a88@150°C rapidly and immediately water
guenched to room temperature.

Subsequent artificial ageing, including one-stage multi-stage ageing, were performed to
investigate the effects of pre-straining and ultst-heating on the artificial ageing responses.
In the one-stage artificial ageing (AA) tests, tiherkpiece was heated to a target temperature
with a range from 190 to 240°C. The required ageing is reduced with the increasing
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ageing temperature. In order to capture the fuingith evolutions, the ageing time at 190,
220 and 240°C is 16, 3.5 and 1h, respectivelythéntwo-stage AA tests, the material was
held at 220°C for 3-6 min in the first stage andnttiollowed by a second-stage ageing at
190°C for 20, 40, 120 and 240 min. The resultingcgpen hardness was measured with a
Zwick hardness tester. All hardness measurements made by using a 30N (HV3) load
and 10s dwell time at room temperature. For eaelispen, at least three indentations were
performed to obtain an average value of hardness.

Microstructure investigations were conducted orF&h Technai F20 transmission electron
microscope (TEM). After electropolishing, the ds&taped samples with a diameter of 3mm
were punched from the ground slice. lon thinnings wanducted by Gatan 691. For each
TEM sample, more than 50 images in different scalese taken in order to measure the
radius, number density and volume fraction of goitaies. All images were preferentially
acquired along thé100) Al-zone axis, where the distribution of precipémtcan be readily
observed.

Furthermore, forming test was conducted to form &hdpe component by using the
prototype production line, Uni-Form (Luan et al018). The blank was conduction heated to
target temperature by top and bottom platens atteasn-fast rate and transferred via conveyer
belts to the dies for stamping. Quenching is coibeplen cold dies to ensure the critical
guenching rate can be achieved (Wanal 2017; Luanet al, 2016). Post-form artificial
ageing was subsequently performed to enhance tlohamieal properties of the formed
workpiece. The comparison is presented in Sectibn 4

4. Resultsand discussion

The effects of pre-existing precipitates, residiialocations and multi-stage artificial ageing
on post-form strength are discussed alongsidecthdts of relevant experimental procedures.
The verification of the developed model is thenvited, with the error bars, against the
stamped U-shaped component.

4.1 Effect of pre-existing precipitates on the post-form strength

The results of the hardness evolution with targetpgerature against ageing time are shown
in Table 2. Tests were conducted under a fastrigpedite of 50°C/s to the target temperatures
of 300, 350 and 450°C, followed by water quenchamgl artificial ageing at 180°C for a
range of times. As shown in Table 2, after fasttihgaand water quenching, the hardness
values are lower than the hardness of the inidiateinper (80.0HV), but higher than the pure
SSSS material (48HV). It also indicates that thekpeardness occurred after approximately
6h ageing for the specimen that was rapidly hettetb0°C while it took 3.5h to reach peak
condition when heated to 300 and 350°C. In additiba peak hardness of all samples after
ageing can be recovered at least 92% of the T6dexgiue.

Table 2. Hardness values of the specimens after the 18fffCial ageing with different
target heating temperatures
Hardness / HV
Oh 0.67h 1.33h 3.5h 6.5h 10.75h 15.75h

Target heating
temperature / °C

AA AA AA AA AA AA AA
300 609 1119 1186 1199 1186 116.1 108.8
350 595 97.8 1094 1124 1106 107.1 102.8
450 569 106.0 1165 119.6 121.8 118.9 112.3
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ACCEPTED MANUSCRIPT

Figs. 4. (a), (b) and (c) show the TEM scans pearéat on specimens after ultra-fast heating
to the target temperatures of 300, 350 and 4503€ fa@lowed by water quenching. Dot-like
precipitates with the average radius of approxitge®ed nm, are observed and found to be
relatively finely dispersed in the aluminium matrikhe high-resolution TEM image of this
spherical precipitate is demonstrated in Fig. 4. {the lowest precipitate density was found
when heated to 450°C while the highest density etserved in the 350°C specimen. EDXS
(Energy-dispersive X-ray spectroscopy) tests weyeduacted to determine the chemical
composition of the observed spherical precipitaté® Mg: Si ratio lies between 1 and 1.5
by analysing the results.

(d). HR-TEM image of the pr&
precipitates

(c). Fast heating to 450°C +water quenching

Fig. 4. TEM bright field images of microstructures observwe the <100> Al zone axis
orientation after fast heating and water quenching
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It is well accepted that the Mg/Si ratio of f#&is over 1 and their shape is almost spherical
with the radius of approximately 3nm. These preatps are well coherent with the matrix,
which is consistent with the observed precipitatbeve (Marioara et al., 2003). Regarding
the morphology and the ratio of Mg to Si, theselda precipitates are identified to be pfé-
phaseAll the meta-stable clusters of the raw material (€mper) are dissolved again in the
matrix during the ultra-fast heating. As the coglirate of water quenching (greater than
1000°C/s) is far higher than the required critigaénching rate, the increased post-quenched
hardness is attributed to the formation of these®r precipitates in the heating process
(heated to 300, 350 and 450°C), instead of theimgp@rocess (Milkereit et al., 2012; Zhang
et al., 2018). In the case of continuous fast hgat 450°C, most of the formed precipitates
may have dissolved into the matrix, resulting inimimitesimal amount remaining, which
agrees with the precipitate number density obseirvddEM images. This results in the initial
hardness of curve (a) being the lowest of the tiiB&eOHYV) although it is still greater than
the as-quenched value (48HV). In addition, the d@glhoand coarsening of precipitates occur
quickly compared to the material in SSSS stateesithese prg#’ precipitates consume
solute elements and quenched-in vacancies anceadgdy to be transferred to the strongest
needle-shape@’ precipitates in the artificial ageing. Furthermoaeditional solute atoms
will accumulate around these precipitates as l#&sstbn energy is needed.

The size and volume fraction of the pre-existingcppitates are specified and would be
implemented in the age-hardening sub model asihalimaterial condition. The evolutions

of these precipitates are tracked in the subseqoemiputation to accurately predict the
overall strength.

4.2 Effect of residual dislocations on the post-form strength
Different samples were generated to investigate dffect of residual dislocations on
precipitation response, as illustrated in Table 3.

Table 3. Peak hardness and the corresponding ageing timlkedsamples with different pre-
strained conditions (ageing at 180°C)

Strain rate Strain Post-quenched Peak hardness Peak ageing time
(sh hardness (HV) (HV) (h)
0 0 48.0 122.2 6
0.01 10% 56.1 118.3 3.5
0.1 10% 58.9 119.0 3.25
1 10% 63.8 121.3 3
1 30% 65.8 120.9 2.5
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Fig. 5. TEM bright field images of microstructures obsehue the <100> Al zone axis
orientation after artificial ageing with/withoutesstrain

TEM analysis was conducted on a pre-strained smeTimithout ageing and multiple
specimens that had been aged at 180 or 220°C \ititlokw pre-strain as shown in Fig. 5.
Two major types of precipitates (needle-shapédnd rod-shape@ morphology), aligned
along the <100> major axis of aluminium matrix wesbserved in the workpieces
experienced various ageing procedures. The nebdlged precipitates were identified based
on their tiny regular quadrilateral end-on views ilewhrod-shaped precipitates were
recognized according to their large cross sectioieaé and long elongated rod shapes.

Fig. 5 (a) demonstrates large numbers of residiséda@htions observed in the as-quenched
specimen. It is noticed from Fig. 5 (b) that thexsley of dislocations decreases as atrtificial
ageing begins. Figs. 5 (c¢) and (d) show the brigid- TEM micrographs of pre-strained
specimens aged at 180°C for 1h and 3h, respecti$ehall &' precipitates (approximately
12.4nm in length) are the dominant microstructpradses in Fig. 5 (c) and a large number of
dislocations are observed in the grains. In Fi¢d)5the dislocation density is decreased and
the needle-shape@ phase precipitates grow gradually from 12.4nm touad 15.6nm.
Moreover, some rod-shapggl precipitates also exist. Figs. 5 (e) and (f) shbe typical
micrographs of the un-deformed specimens peak-ag&80°C and 220°C, whey® andfg
phase precipitates can be observed. The needlegh@p and rod-shaped? can be
differentiated based on their respective shaperafscsections. The cross section of the
highly coherengs’ follows the rectangular or parallelogram shapemseanned along <100>
axis, which is consistent with the arrangement a@h@noclinic unit cell identified earlier
(Marioara et al., 2006). Th@ precipitates clearly appear larger and have nmwadish and
irregular cross sections (Du et al., 2016). In &ddj the average size of precipitates in Fig. 5
(e) is evidently smaller than in Fig. 5(f) (13.2m128.8nm in length).

During the high temperature tensile tests, allfthgemper specimens were pre-stretched (10%
and 30%) with different strain rates (0.01, 0.1 a8 prior to artificial ageing. It is deduced
from the post-quenched hardness in Table 2 thahehstrain rate and amount of pre-strain
at deformation period would induce larger dislomatdensities but remain even after water
guenching. The presence of these residual distotatvill strongly influence the mechanical
properties of the aluminium alloys, especially sgth. In the hot/warm stamping process, the
dislocation density in a material increases wittspit deformation, following the relationship:
px 7, whereris flow stress angis dislocation density (Dieter and Bacon, 1986:¢tal.,
2016). According to the Frank-Read theory, thestodations frequently propagate and pile
up on slip planes at the grain boundaries (Huangl.e014). On the other hand, in high
temperature deformation, dislocations become madoile are able to glide, cross-slip and
climb, where annihilation of dislocations becomesgible (Pei and Stocks, 2018; Yan et al.,
2016). The residual dislocations are dependenheramount of strain and strain rate due to
different recovery times at high temperature. Tdrggted dislocations gradually increase the
resistance to further dislocation motion, and hesicengthen the material (Krasnikov and
Mayer, 2018; Zalezak et al., 2017). This strairdbaing effect explains the higher hardness
of specimens after pre-straining when compared hti® $SSS specimen. After water
guenching, dislocations act as sinks for quencheddcancies so that the suppressed
supersaturated state of the aluminium matrix presvéw-temperature clustering activities
(Birol, 2005c). These clusters otherwise have airdental effect on the precipitation
response of the material, because they are diffioudissolve and are not suitable nucleation
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sites for the main hardening phg8e (Martinsen et al., 2012; Torster et al., 2010). 0@
contrary, dislocations act as favourable nucleasites for the prg®’ phase precipitates. The
slower bulk diffusion mechanism for the formatiohpoecipitates is replaced by the faster
dislocation-assisted diffusion mechanism (Kolamakt 2012). The presence of dislocations
ensures more solute elements but also a largengdrarce to form GP-I zones that readily
grow to 8’ phase, following the artificial ageing process.the early stage of artificial
ageing, the density of the precipitates is highai the distribution of the precipitates is
evenly dispersed for the pre-strained specimentriboiing to a shorter required time to
obtain peak hardness compared with the non-defogpedimen. As seen in Figs. 6 (c) and
(d), numerous precipitates are distributed aroumel dislocations in the pre-deformed
specimens. As ageing continues, however, the drakgbaassociated with induced
dislocations are observed. Due to the faster groavtth coarsening rates provided from
dislocations, the hardening’ phase and rod-shapefl phase precipitates in the pre-
deformed specimen begin to coarsen earlier as caupa the non-deformed specimen. This
can be observed from the precipitate sizes in lEdd) and (e) (15.6nm vs 12.4nm in length).
Consequently, the peak hardness of pre-strainedinspes is lower than that of non-
deformed specimens. Moreover, the precipitatesseoamore rapidly under higher ageing
temperature as observed in Figs. 6 (e) and (f).

In conclusion, the presence of induced dislocatiofisences the change of strength of the
material significantly. The strain hardening andederating effects are beneficial while the
loss of peak strength can also occur, which dependbke pre-strain levels.

4.3 Effect of multi-stage artificial ageing on the post-form strength

The effect of multi-stage artificial ageing parasrston the measured post-form strength is
shown in Table 4. The first-stage ageing was cotedliat 220°C with the time ranging from
3 to 6 minutes and the second-stage ageing wasctrard out at 190°C for 20, 40, 120 and
240 minutes to determine the ageing response améss values.

Table 4. Hardness of the specimen during two-stage adlfegeing (Unit: HV)

1 stage 220°C ageing time 2"% stage 190°C ageing time

. (min)
(min) 20 40 120 240
3 101.9 111.0 116.3 113.7
4 103.2 110.7 114.6 113.8
5 101.9 109.2 114.0 110.8
6 99.6 98.7 112.3 111.3

Importantly, the peak hardness of one-stage ag#ing0 and 220°C are 118.0 and 107.7HV
respectively. For the two-stage ageing results shiowlable 3, all of the peak values of the
two-stage ageing lie between 118.0 and 107.7HVthadoeak strength decreases with the
increase of ageing time at 220°C.

This phenomenon can be explained by the effeatraperature on the ageing response of the
Al-Mg-Si alloys. Theoretically, the equilibrium sdk concentration at lower ageing
temperature is less than that of higher temperatire to the reduced matrix phase
solubilities. The volume fraction is directly pragional to the loss of solute concentration in
aluminium matrix. Therefore, the equilibrium volurfraction of precipitates decreases with
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the increasing ageing temperature, indicating tfeatver precipitates form at higher
temperature. Furthermore, the higher ageing termyperaccelerates the formation, growth
and coarsening of precipitates due to the fastetestransportation via diffusion. Given that
precipitation hardening is the controlling hardenimechanism during ageing, the fewer
formed equilibrium precipitates and the coarsetritistion of precipitates inversely affect
the hardness, leading to a lower peak hardnessdistréoution of precipitates formed at the
first-stage ageing (220°C) is non-uniform in natudewever, during the second-stage ageing
(190°C), the remaining alloying elements can piigaip around the nucleation sites more
finely and uniformly, which cancel out the effedttbe first-stage ageing to a certain extent.
This results in the peak strength of two-stageragbeing greater than one-stage ageing (at
220°C) and lower than that with 190°C ageing.

4.4 Calibration of the unified post-form strength prediction model

The values of the parameters used in both viscoplagformation model and artificial
ageing model are shown in Tables 5 and 6. Eachmedea represents a physical
characteristic of the material and was determireesk8 on the parameter boundary conditions
presented in the literature (Lin and Liu, 2003; QVIighr et al., 2001; Shercliff and Ashby,
1990; A. Wang et al., 2017) and optimised by ussaqulated Annealing (SA) algorithm.
The detailed methodology to obtain them is illugtidain Fig. 6.

Table5. Materials parameters of the viscoplastic deforamathodel

E(MPa) k(MPa) K(MPa) ny Ao B(MPa) Co np
35000 0.05 42.5 7 18 6 8.5 5

Table 6. Materials parameters of the artificial ageing mode

R Oi QA TS QS k C C
(/molK)  (HV) (kJ/molK) (K)  (kJ/molK) ! ! 2
8.314 15 140 553 25 0.5  0.00045 380
Cs Csy fma C G n; A4 Cageinc
635632  0.0450  0.00695  0.0263 0.025 35000  0.05 42.5
B: B,

7.8E-07 1.5E-13
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Start

e Load results of tensile tests
e Tensile test temperature: 300, 350, 450°C
e Strainrate: 0.01. 0.1, 1 s

Determination of parameters in the flow stress sub-model:
e Initialise the values/ranges of E, k, Kand n;(Garrett et al.,
2005: Wang et al., 2017)
e Compute Ay, B, C, and n:(Lin and Liu, 2003)

Optimise the parameters by
using Simulated Annealing
(SA) algorithm

Evaluate the
agreement of flow
stress sub-model

Deviation less than 5%? No

Yes

Output dislocation density

e Load results of artificial ageing tests
e Strain level: 0, 10%, 20%, 30%
e AA temperature: 180,220, 240°C

Determination of parameters in the AA and multi-stage AA sub-models:

Define Q.. Q. and 7, (Myhr et al., 2001: Shercliff and Ashby, 1990)
Compute C', Cand fya from “Thermo-Calc™ (Du et al., 2017)

Obtain By and B; statistically based on TEM images

Initialise the values/ranges of i, C2, Cx Ci, m, A Cogeine (Shercliff and
Ashby, 1990; Wang et al., 2017)

Optimise the parameters by
using Simulated Annealing
(SA) algorithm

Evaluate the agreement
of AA and multi-stage
AA sub-models

Deviation less than 5%? No

Yes

Finalise the parameters of
the unified PFS model

Fig. 6. The methodology to obtain the parameters in #@ prediction model

19



Fig. 7 (a) and (b) show the stress-strain curvesAAB082 deformed at a constant
temperature with different strain rates and a @onisstrain rate with varying temperatures,
respectively. The symbols in the figure represéet éxperimental data and the solid line
refers to the modelling results. The modelling hessfit very well with the experimental ones
for all three strain rates within the acceptableuaacy. Crucially, the general trend of flow
stress is increased with strain rate due to strandening and strain rate hardening, which is
captured well by the model.
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b. SR 18, temperatures 400, 450, 500°C
Fig. 7. The measured and modelled stress-strain curv&86d82 at different strain rates
and temperatures

Furthermore, the comparison between the experirdeartd modelled hardness values for the

ageing at different temperatures without pre-steai given in Fig. 8. It can be clearly seen
that the model captures the general trend and ¢h& pardness values with a deviation of
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less than 5%. The best fit can be observed forl8®C curve and this is advantageous as
this temperature yields the most optimum value h&f post-form strength. The complex
effects of temperature during artificial ageing dhe interdependent evolutions of
microstructural variables, such as solute concteatravolume fraction of precipitates, and
average radius of precipitates, were determinel antexcellent detail and precision.

140.00
120.00 |
7 100.00 | s Ik
; - // i ?
g & +"
£ . {
g 80.00
T B Measured. 180°C AA
——Predicted, 180°C AA
A Measured, 220°C AA
60.00 | — = Predicted, 220°C AA
® Measured, 240°C AA
~ - -Predicted. 240°C AA
40.00 .
0.05 0.5 5

Time / h

Fig. 8. Comparison between the experimental results arakhpyedicted hardness for the
specimen aged at different temperatures

Fig. 9 illustrates the comparisons between the riaxygatal and modelled hardness values for
ageing at 180°C with different heating target terapees. This ageing temperature value
was chosen as it gave the highest strength andestemodel fit in Fig. 8. The evolutions of
the normalized volume fraction of precipitatgsijs displayed in Fig. 11. All three curvesfof
increase sharply in the early stages of ageingyistpin the latter stages and eventually
levelling out to 1 at the end of ageing. The noireal volume fraction of the specimen
heated to 350°C is greater than that of the onatetleéo 300 and 450°C in the earlier stages
of ageing. The results are consistent with the gsed theory in Section 3.1 and are thus
verified by TEM and hardness measurements.
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Fig. 9. Comparison between the experimental results andthdelled hardness for the
specimen aged at 180°C ageing with different tangating temperatures.

The hardness evolutions for ageing at 180°C witfeiint amounts of pre-strain and strain
rates are shown in Fig. 10. As shown in the figargood agreement between the modelled
results and experimental ones is obtained withntagrity of the modelled curves (produced
by using the equations in Section 2.2) within threrebars of the experiments. The difference
between the post-form strength prediction model twedexperimental data is less than 5%,
and accurately captures the hardness evolutionngluthe artificial ageing process.
Furthermore, the hardness for the pre-strained pwecks increases steeply during the early
stage ageing and drops more rapidly than thateotittdeformed workpieces. This is because
the induced dislocations accelerate the artifiagding response.
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Fig. 10. Comparison between the experimental results amdtbdelling of hardness
evolution for the specimen with different amountgie-strain and strain rate

The comparative results of the multi-stage artfi@geing are shown in Fig. 11. While the
first stage ageing lies slightly outside the elvar region of the experiment, the majority of
the second stage ageing is within the region. Thisfirms that the model is capable of
modelling complex two-stage ageing phenomenoniff@reint temperatures, and handles the
evolving microstructures. Another extension wouedtb model further and more advanced
ageing routines to investigate the restrictionthefcurrent model.

120 % - _;
100 | ,{' -7
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= 60 [®
é —4-min 220°C 1st-stage ageing
40 1 - --190°C 2nd-stage ageing
20 ¢ Experimental results
0 , .
0.01 0.1 1 10
Time /h

Fig. 11. Comparison between the experimental and the nmextialrdness evolution for the
specimen after two-stage ageing

4.5 Validation of the unified post-form strength prediction model

In order to independently validate the model, thedet was appliedo an experimentally
formed AA6082 component, of which the blank wag itemper. The U-shaped workpiece

was formed successfully via Uni-Form.

23



Fig. 12 demonstrates the simulated hardness eepluf the half U-shaped component
during artificial ageing at 180°C after ultra-fdmtating and hot/warm stamping. The ageing
times range from 0 to 4h until the peak hardnesthefoverall workpiece is obtained. The
predicted and measured hardness distribution fdrshaped component after 2-hour and 4-
hour artificial ageing at 180°C is shown in thet Ie&lf of Fig. 13, with the upper right

showing the real stamped component. The stampdthpess marked with locations 1, 2 and
3, which were used to measure hardness and vatidateodel. Specifically, location 1 lies

in the centre of the bottom surface, location atishe corner of the bottom surface and
location 3 stands for the centre of the side whllese specific locations were chosen to
provide the representative results in the typiadlife-prone areas of the whole component.

Hardness e Fast Light Alloys Stamping Technology

_130{3

1100 4h AA

3hAA
0.0
700 JhAA
UFH
-
50.0 1ThAA
— 0.5h AA ‘

As-quenched

. 8

Fig. 12. Simulated hardness evolution for the U-shaped piede undergoing Ultra-fast
heating & Hot stamping & AA
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Fig. 13. Comparison between experiments and modelled hssdoethe U-shaped
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workpiece

A good agreement for all the locations has beemeaet and the predicted hardness values
are within the error bars. The error bars for lmaB are slightly larger than the other two
locations after both 2-h artificial ageing and 4shificial ageing. A possible reason is that the
guenching rate of side wall is slightly lower doeghe lack of holding force from the dies. As
can be seen, hardness of most regions is appra&ymafi8HV, which meets the T6
requirements. In general, the deviation betweedathed results and experimental data is
less than 5%, which proves that the unified comst®¢ model is sufficiently robust and
accurate to predict post-form strength of 6xxx eserialuminium alloys in the real
manufacturing process.

5. Conclusions

In the present research, a series of systematieriexents involving EDXS, TEM analyses,

tensile tests and hardness measurements were teddddie aim was to investigate the
effects of precipitates and dislocations on ageldr@ng behaviour and a post-form strength
prediction (PFS) model was proposed. The mechabaahviour during hot/warm stamping

as well as precipitation hardening responses instlisequent multi-stage artificial ageing
treatment was simulated. The following conclusioas be drawn:

1. A post-form strength prediction (PFS) model waslglsthed based on the intricate
correlations of the important microstructural vates including dislocation density,
solute concentration, volume fraction and averaggius of precipitates. The PFS
model was successfully validated by experimentéh dad a hot stamped U-shaped
component was treated with subsequent multi-statifecial ageing. The maximum
error is less than 5%.

2. Under ultra-fast heating conditions, it was foungatt dot-like pre8’ phase
precipitates with the mean radius of approximaB8nm were finely dispersed in the
aluminium matrix of AA6082. These pre-existing ppitates are readily transferred
to the major hardening needle-shaggdprecipitates, leading to the reduced time as
artificial ageing proceeds.

3. The residual dislocations induced during the higimgerature plastic deformation
alter the precipitation response of 6xxx seriegnahium alloys in several ways. They
strengthen the material and act as nucleation feitgge5" phase precipitates, which
favours the formation gf’ phase precipitates and hence accelerates th@ipagon
process. On the other hand, the formed precipitiied to accumulate around the
dislocations in the subsequent artificial ageirgding to the coarser distribution of
precipitates and loss of peak strength as well.

This research provides insights into microstrudtwwhanges during ultra-fast heating,

hot/warm stamping and multi-stage artificial ageibe proposed PFS model is an efficient
tool for understanding of the complicated thermahamical processes and optimising the
processing windows for manufacturing of complicatpdrts made of high strength

aluminium alloys. Furthermore, the modelling franoekvand methodology proposed in this
research could be used as a useful protocol toysmand optimise hot/warm stamping
processes of other alloys.
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Nomenclatures

Variables or constants
Ototal) Odis) Oy, Oss) Oj, Oppts
O-by; Osh

E
Er, &p
Ny, Ny, Ao, Ag, B, Cp, k, K,

P, Pi> Pm, P

M
G
b

Ce: Cs: Ct; Ci; CO) Cpepl Cx

R
T,T,
QS) QA

T,ky, By, By, Cageing
Cy,Cy,C5,Cy
t) tpl teq,c; teq,r

ftr fe; fmax: fx

Specification
Flow stress, dislocation hardening strength, yisteess,
solid solution strength, intrinsic strength of alomm
matrix, strength of precipitates, strength of by
precipitates, strength of shearable precipitates
Young's modulus
Total strain, plastic strain
Material constants in the viscoplastic deformatisunb-
model
Dislocation density, initial dislocation density,arimum
dislocation density, normalized dislocation density
Taylor factor
Shear modulus
Burgers vector
Equilibrium  solute concentration, maximum solute
concentration, transient solute concentration,jahisolute
concentration, solute concentration at SSSS, losolote
concentration due to pre-existing precipitates aotute
concentration after first-stage ageing
Universal gas constant
Temperature, solvus temperature
Solvus boundary enthalpy, Activation energy for woé
diffusion of atoms
Material constants for artificial ageing sub-model

Artificial ageing time, time to achieve peak stréng
Transient volume fraction, equilibrium volume friact,
maximum volume fraction and volume fraction aftestf
stage ageing of precipitates

Average radius and initial average radius of prieaips
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FAST is proposed to manufacture structural panel components from lightweight sheet
aloys (AA6082, etc)

Dot-like precipitates are induced during ultra-fast heating and rapid quenching. They
could either be clusters or intermediate phase precipitates between S and S

Pre-existing precipitates | eads to the quicker growth and coarser distribution during
artificial ageing

Residual dislocations accelerate precipitation response and cause the loss of peak
strength

A post-form strength prediction (PFS) model is established to predict strength
evolutions and microstructural changes



