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Abstract

Abstract

Stretch forming is a common deformation mode during the stamping of 6xxx series Al-Mg-
Si(-Cu) automotive body panels. Good formability in this mode requires high work
hardening and strain rate hardening capabilities, which are controlled by the alloy
composition and processing (particularly heat treatments) through their influence on the
microstructure. The influence of composition and heat treatment on the formability of 6xxx
alloys has been previously investigated, but systematic research is still needed in order to
provide a deeper understanding of the underlying mechanisms for the purpose of maximising
the formability of 6xxx alloys, whenever possible, by composition and heat treatment

modifications.

Therefore, in this PhD project, the effects of alloy composition (Si, Mg and Cu contents) and
heat treatment (natural ageing and/or pre-ageing at 100 °C for 2 h or at 200 °C for 20 s) on
the formability of eight 6xxx alloys were systematically studied. The microstructure of these
alloys was investigated by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The macro-texture was characterised by X-ray diffraction. A surface
profilometer was used to characterise the strain localisation. Tensile testing was used to
determine the uniaxial tensile properties, and to study the work hardening and strain rate
hardening behaviour of these alloys, which were used to correlate the microstructural
features with the formability results. The use of Kocks-Mecking-Estrin model enabled a
separation of the contributions of different microstructural features to the work hardening
capability of the alloys studied. Furthermore, based on the knowledge from the experimental
and constitutive modelling results, thermodynamic modelling was employed to predict the

microstructure that could improve the formability of a high Mg content alloy.

In this work it was found that solutes in solution are the most important factor that influences
the stretch formability. It increases the work hardening capability by increasing the
dislocation storage rate and impeding the dynamic recovery. For instance, Cu atoms were
found to have a significant influence on the dislocation storage rate while having little
influence on the dynamic recovery rate; conversely, Mg atoms have a substantial influence

on the dynamic recovery rate while having little effect on the dislocation storage rate; and,
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finally, Si atoms have a slight influence on both the dynamic recovery rate and the
dislocation storage rate. It should be noted that increasing Si content also leads to a high
number density of dispersoids, although the contribution of dispersoids to work hardening is
much smaller than that of solute atoms in solution. In terms of strain rate hardening
behaviour, solute atoms in solution (particularly Mg atoms) reduce the strain rate sensitivity
(SRS). However, if the addition of solutes promotes the natural ageing kinetics, then a high
SRS is observed after extended natural ageing. This is the case in the high Si content alloys.
By contrast, high Mg content alloys normally show a sluggish natural ageing kinetics, thus a
larger negative contribution to SRS associated with dynamic strain ageing (DSA) can be
observed. It was also found that Cu additions can retard the natural ageing kinetics regardless
of the magnitude of the Mg/Si ratio in the alloys. The degree of retardation does depend on
the Mg/Si ratio, though. This is particularly the case in the alloys with a high Mg/Si ratio
where serrated yielding can still be observed in the alloy after one week of natural ageing.
This is at variance with other alloys where serrated yielding disappeared within one day of
natural ageing after quenching, which can be associated with the depletion of solutes and

quenched-in vacancies.

Vacancies were also found to influence the formability. This is particularly important in pre-
aged samples. After one week of natural ageing, pre-aged samples showed a lower SRS than
those without pre-ageing, which is probably due to a higher vacancy concentration in the pre-
aged samples. The excess vacancies may exist as solute-vacancy complexes or be bound with
solute clusters depending on pre-ageing time. A model was proposed to account for the

decreased SRS in the pre-aged samples.

Stretch formability is a property that is crucial in the selection of Al alloys for targeted
applications. It was investigated in the course of the project in great detail. The overall effect
of the alloy composition on the formability is that increasing Si content or decreasing Mg/Si
ratio can improve the stretch formability due to the increased work hardening and strain rate
hardening capabilities. The addition of Cu can significantly enhance the stretch formability
of alloys with Mg/Si > 1, which is because the magnitude of the work hardening is more

important than that of the strain rate hardening.
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An important property that influences acceptance of an alloy of the 6xxx series by industry is
its bake-hardening response. This aspect of alloy development was also studied in the thesis.
It was shown that although pre-ageing can improve the paint-bake response of the 6xxx
alloys, pre-ageing was found to reduce their stretch formability due to the decreased work
hardening and strain rate hardening capabilities. This effect is especially pronounced in the
case when the samples are pre-aged at 100 °C for 2 h, as pre-ageing reduces the strain rate
hardening appreciably. Therefore, this work suggests that any attempts at improving the

stretch formability of 6xxx alloys must also consider their effects on the paint-bake response.

Finally, thermodynamic modelling results show that the stretch formability of the excess Mg
alloy A2, which has a relatively poor stretch formability, can be improved by increasing the

Si and Mn contents and/or decreasing the Mg content.

Thus, a tangible outcome of the PhD project is a detailed set of reliable experimental results
on the effect of the alloy composition and heat treatment of 6xxx alloys studied on their
strength and ductility characteristics, stretch formability, and bake-hardening response.
Moreover, practically, this PhD project not only explains why most of the commercial 6xxx
alloys for automotive outer panels are Si-rich alloys, but also provides guidance for the

development of Mg-rich 6xxx alloys for automotive panel applications.
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Chapter 1 Introduction

Chapter 1: Introduction

Steel has been the dominant material used in manufacturing automobiles since the 1920s, due
to its all-round versatility (i.e. high strength and formability) and low processing cost [1, 2].
However, the increasing requirement to improve fuel economy triggered by concerns about
global warming and energy usage has compelled the use of lighter metals than steel in

automotive applications [1].

Weight reduction is particularly important because the average mass of vehicle is expected to
increase (see Fig. 1-1), due to more stringent legislative requirements and customer demands
(increased luxury, convenience, performance and safety, etc) [1, 3]. In order to invert this
weight increase, a reduction of the whole vehicle weight is therefore necessary. Besides the
effort on improving design and power train efficiency, the substantial use of light-weight
materials is believed to be an effective way for a significant reduction in overall vehicle
weight [1]. According to one rule of thumb, a 10% weight reduction approximately equals a
5.5% improvement in fuel economy [1]. Moreover, this weight reduction by using light-
weight metals would allow further weight saving due to drivetrain, motor and chassis
downsizing [3]. Therefore a 10% vehicle weight reduction could result in an 8-10% fuel

economy improvement [1].

The characteristic properties of aluminium alloys - high strength and stiffness to weight ratio,
good formability, good corrosion resistance, and recycling potential - make it the ideal
candidate to replace heavier materials in cars to respond to the weight reduction demands
within the automotive industry [1, 4]. Therefore, the use of aluminium alloys in automotive
applications has consistently increased in recent years, as shown in Fig. 1-2. Fig. 1-3 shows

the typical use of aluminium in the construction of an Audi A8.

Among several types of aluminium alloys that meet the requirements for automotive sheet
applications, Al-Mg-Si alloys of the 6xxx series stand out owing to their remarkable

strengthening potential during the paint-bake cycle [5].
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Fig. 1-1 Evolution of weight in the compact class of European cars [3].

Stretch forming is a common deformation mode in the production of 6xxx exterior
automotive body panels [6]. Good formability in this mode requires high work hardening and
strain rate hardening capabilities [7, 8], which are controlled by the alloy composition and
processing (i.e. heat treatment) through their influence on the microstructure [9]. The
influence of composition and heat treatment on the formability of 6xxx alloys has been
previously investigated to some degree [9-12], but controversies still exist. For instance,
increasing the Si content was reported to either increase [9, 13, 14] or decrease the stretch
formability [10]. The addition of Mg is believed to deteriorate the plane strain stretching
performance [13]. Moreover, although the addition of Cu has a positive influence on the
work hardening [15], it appears that the influence of Cu on the formability depends on the
Mg/Si ratios in the alloys [13]. As for the effect of heat treatment on the formability of 6xxx
alloys, it is generally accepted that a higher formability is achieved in the naturally aged
condition than in the artificially aged (i.e. peak aged and/or over aged) conditions [16, 17]
due to a higher work hardening capability in the naturally aged condition [16]. However, pre-
ageing is effectively an under-ageing treatment that is used to stabilise the material after
solution treatment and quenching [5]. Moreover, after pre-ageing, the materials will be

naturally aged for a significant but variable amount of time before forming. The natural
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ageing after the pre-ageing treatment is expected to further modify the microstructure and
thus influence the formability of the materials. It should be noted that some researches did
study the influence of pre-ageing on the formability of 6xxx alloys [12, 18]. In their studies,
Erichsen dome height was used as a formability index. However, Erichsen test was believed
to be an inappropriate method for the formability evaluation [19]. Moreover, it appears that
pre-ageing always led to an unbalanced combination between the formability and the paint
bake response [20]. Most importantly, the underlying mechanisms of how the composition
and heat treatment influence the formability of 6xxx alloys are still unclear. Moreover,
previous studies showed that different microstructural features, such as the grain structure,
solute in solution and dispersoids, all have different influences on the formability. However,
in practice, several microstructural features may act together to generate the macroscopic
response. This makes it difficult to directly correlate an individual feature with the
formability. The poor understanding on the effect of composition and heat treatment on the
formability of 6xxx alloys would impede the development of new 6xxx alloys with improved

formability for automotive applications.

Practically, most current Al-Mg-Si alloys used for automotive panel applications are Si-
excess alloys, e.g. alloys AA6016 and AA6022 [21]. However, high Si alloys are not
recycling-friendly since Si is difficult to control in recycled metal [22]. The Si content tends
to increase slightly with subsequent recycling steps. In contrast, high Mg alloys are more
recyclable than high Si alloys [22]. Therefore, it is of interest to investigate the stretch
formability of 6xxx alloys with an excess of Mg to see whether such alloys could perform
similarly or better than Si-excess alloys. This is expected to provide information for the

development of new aluminium alloys for automotive panel applications.

In summary, the major objective of this PhD study is to obtain a comprehensive
understanding of the effects of alloy composition and heat treatment on the formability of
6xxx alloys for automotive auto panel applications for the purpose of developing new

aluminium alloys with improved formability for automotive panel applications.
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Chapter 2: Literature review

2.1 Aluminium alloys used for automotive panel applications

For automotive panel applications, the main aluminium alloy classes are the non-heat
treatable Al-Mg (5xxx series) and the heat treatable Al-Mg-Si(-Cu) (6xxx series) alloy
systems [4]. Some Al body sheet materials are especially tailored by modifications in
chemical composition and processing, e.g. 6016 variants for outer panels have been designed
for improved formability (HF100), and/or age hardening response (DR100 or DR130) [25].
Fig. 2-1 illustrates the key properties of Sxxx and 6xxx alloys used in automotive body sheet

applications.

Properties Process Chain

- AABOTE

AAB111
= AAS182
- AAS5T54

Fig. 2-1 Properties of some 5xxx and 6xxx alloys competing for car body applications
[24].

The 5xxx alloy system gives a good combination of superior formability with sufficient
strength achieved by the mechanism of solid solution hardening, which can be enhanced by
deformation due to the high work hardening behaviour [24]. Due to their problems with
strain markings (PLC effect, Liiders-lines) after sheet forming/stretching operations [24], Al-

Mg 5xxx alloys are mostly used for inner panel applications [1].



Chapter 2 Literature Review

The heat treatable 6xxx alloys are the primary choice for outer panel applications since these
alloys exhibit a good balance of formability, paint-baked strength, and a high surface quality
after forming and paint-bake cycle [1]. The 6xxx series alloys contain Mg and Si, either with
or without additions of Cu. Current 6xxx alloys used for autobody sheets include AA6016,
AA6111, AA6022 [13, 21] and AA6181A was developed for recycling purpose [24]. Table
2-1 lists the composition limits of these 6xxx alloys for automotive applications. In the USA,
AAG6111 is often used for outer panels, combining high strength with good formability [24].
In Europe, EN-6016 is preferred [24]. It shows a superior formability, better filiform
corrosion resistance than the higher Cu alloys (e.g. AA6111), and allows flat hems even on
parts with local pre-deformation [21]. However, the bake-hardened strength of 6016 is
significantly lower than that of AA6111 [13]. Alloy AA6022 was developed by Alcoa [21]
and shows a better combination of formability, paint-baked strength and corrosion resistance
than AA6016 and AA6111 [13, 21]. It should be noted that all these four alloys are Si-excess
alloys with respect to Mg,Si balanced alloys (in this case, the amount of Si consumed by Fe-

containing particles are not considered), as illustrated in Fig. 2-2.
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Fig. 2-2 Si and Mg ranges in the main 6xxx alloys used for automotive applications.
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Table 2-1 Composition ranges (in wt.%) of aluminium alloys used for automotive closure
panel applications [21, 26]. (Note: single numbers refer to the maximum values)

Alloy Si Mg Cu Fe Mn Ti Al
6111 0.6-1.1 0.50-1.0 0.5-0.9 0.4 0.1-0.45 0.1 Bal.
6016 1.0-1.5 0.25-0.6 0.2 0.5 0.2 0.1 Bal.
6022 0.8-1.5 0.45-0.7 0.01-0.11  0.05-0.2  0.02-0.1 0.15 Bal.
6181A 0.7-1.1 0.6-1.0 0.25 0.15-0.5 0.4 0.25 Bal.

2.2 Typical processing route for aluminium automotive outer panels

In the commercial production of AA6xxx sheets the material goes through a specific
production route (DC casting, hot and cold rolling and final anneal treatment) before
reaching the final gauge in the materials factory. Such a sequence was described by Engler
and Hirsch [26], and is shown schematically in Fig. 2-3. After final anneal (or solution
treatment) the sheets are pre-aged to stabilise the properties during storage and shipment at
room temperature, and improve the age hardening response during paint-bake cycle [5]. Then
the sheet will be delivered to the automotive manufactures after an extended period of
storage and shipment at room temperature. In the automotive plant, the sheets are stretched
over a punch to form the auto body components. The final in-service strength of the
manufactured parts is achieved after the forming operations by means of age hardening,
typical during the final automotive paint-baking cycles, which may be approximated as

under-ageing treatments of 20-30 min at temperatures between about 160 and 200 °C [26].

The basic requirements for the 6xxx alloys used for automotive outer panels are a high
stretch formability for stamping and a high paint-bake response during the paint-bake
treatment, although it appears that a high stretch formability tends to correspond with a low
paint-baked strength [20]. The formability and paint-bake response are influenced by the
whole production chain shown in Fig. 2-3, especially by the processing after final cold

rolling (i.e. solution treatment [27] and/or natural ageing [16] and/or pre-ageing [20]).
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Fig. 2-3 Schematic diagram illustrating the typical steps of thermo-mechanical processing
of AA6xxx sheet alloys [26].

2.3 The relationship between microstructural features, work hardening, strain rate

hardening and formability

The most common mode of failure in the stretching of sheet metal components is the
development of a localised (through-thickness) necking or tearing, which occurs generally
over a punch radius as the sheet surface area is increased to conform to the punch shape [8].
It is important to distribute deformation uniformly throughout the sheet, since a punch radius
acts as a strain-concentrator by virtue of its curvature and frictional resistance [8]. A peak
develops in the strain distribution and ultimately produces a neck or tear. Therefore the
material’s ability to distribute deformation uniformly throughout the sheet is crucial for a
superior stretch formability [6, 8]. Two primary sources of hardening during deformation can
help to maintain a uniform distribution of strain, namely: (i) work hardening, and (i) strain
rate hardening. A simplified constitutive description is given by [7]

o=Kg"¢g" (2-1)
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where K is a constant, ¢ is the strain, ;is the strain rate, n is the work hardening exponent,
and m is the strain rate hardening index (i.e. strain rate sensitivity, or SRS). In a workpiece,
the region undergoing thinning work hardens and becomes resistant to further deformation,
and thereby forces the deformation to the less deformed neighbouring elements [8]. Similarly,
as the local strain-rate increases in areas undergoing thinning, the strain rate hardening of
such regions forces deformation to occur in areas experiencing a slowdown in the rate of
deformation [8]. Both processes thus resist strain localisation. Moreover, the work hardening
exponent, n, is believed to be the most important factor in the distribution of strain prior to
the onset of necking [8]. The presence of a positive strain rate sensitivity has an important
stablising influence on the deformation beyond the onset of necking [8, 28]. Fig. 2-4
illustrates the influence of work hardening and strain rate hardening on the initial of necking
and neck development in several metals. Improving the stretch formability by increasing the
work hardening and strain rate hardening capabilities is well documented [7, 8, 28, 29], and
work hardening capabilities are believed to be the predominant factor that influences stretch
formability [6]. Obviously, the work hardening and strain rate hardening capabilities of the
materials are controlled by alloy composition and processing parameters through their

influence on the microstructural features.
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Fig. 2-4 Engineering stress-strain curves in uniaxial tension for a number of test materials
[8]. Maximum load points are indicated by short vertical arrows.
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2.3.1 Work hardening theory

Work hardening, also known as strain hardening or cold working, is the strengthening of a
metal by plastic deformation. The work hardening of Al alloys is very important from a
practical viewpoint, for instance, in optimising formability and in the production of specific
products. It is also important from a more fundamental viewpoint in terms of understanding
the interaction between strengthening mechanisms and the appropriate descriptions of work

hardening for a variety of microstructures [30].

Many approaches can be used to express work hardening. Some of the most general
measures are (Gurs — Oy), the stress difference between the yield stress, oy and the ultimate
tensile strength (curs), or the ratio (cuyrs/oy), and the work hardening exponent, n [31-33].
However, these methods cannot describe what is happening inside the microstructure during
deformation. Therefore, they are only normally used to express degrees of work hardening
for engineering purposes. Indeed, work hardening of single crystals is associated with the
evolution of a dislocation substructure, which can be divided into a number of different
stages of work hardening [34, 35]. In general, four stages (Stages I-IV) of classification have
been widely accepted to identify the work hardening behaviour. A common way to represent
work hardening is to use a Kocks-Mecking plot [36]; i.e. work hardening rate 6 or ®

(0o /0¢,) vs true stress o, where ¢ is the true plastic strain. Fig. 2-5 illustrates three stages

of work hardening that can be observed from a Kocks-Mecking plot.
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Fig. 2-5 Schematic diagram illustrating the various stages of work hardening and the
elasto-plastic transition [35].
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Stage I, or ‘easy glide’, depends very strongly on the orientation of the crystal and does not
occur when the deformation takes place by multiple slip from the beginning [34]. This stage

is characterised by a slight linear hardening and a low level of work hardening [37].

Stage II refers to the steepest rate of work hardening and occurs in both single crystals and
polycrystals. Stage II is material insensitive [34]. In this stage, the rate of work hardening for
pure metals is due to dislocation storage. For polycrystalline FCC metals, the Stage IT work
hardening amounts to approximately /20, where p is the shear modulus for the material, i.e.
the initial work hardening rate, 6y is approximately 1200-1500 MPa for aluminium at

ambient temperature [35].

Stage III exhibits a decreasing slope and is very sensitive to the temperature, rate of
deformation and stacking fault energy (SFE) [34]. Stage III is also known as dynamic
recovery process in which there exists a competition between dislocation accumulation and

annihilation [34, 37].

Stage IV illustrates a breakdown of the linear decrease in the work hardening rate with stress
in stage III. This stage corresponds to slight linear hardening with the same order of
magnitude as in Stage I [37]. The rate of work hardening in Stage IV is low (usually below
100 MPa at ambient temperature) but this can be very important for large strain processes

such as extrusion, rolling or equal channel angular extrusion (ECAE) [35].

The Kocks-Mecking approach is the most well-known approach to model the work hardening.
It describes the concurrent processes of dislocation accumulation and annihilation in the pure
material [34], and allows for terms to describe the role of additional features such as grain

size, solute, non-shearable particles [38] etc.

The approach is based on the assumption that the kinetics of plastic flow are determined by a

single structure parameter, the average dislocation density p, through the relation [39]
o =0, +MaGb/p (2-2)

where a is a constant of the order of unity and is 0.3 for FCC metals, G is the shear modulus,

b is the Burger’s vector and oy is the friction stress. The second term in the equation

11
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represents the contribution of dislocation strengthening to the flow stress (op). The increase
of the flow stress with strain is, then, determined by the evolution of the dislocation density.
The evolution of the dislocation density is assumed to be the sum of two independent

contributions [38, 39]:

AP Mk - kp) (2-3)
de

P

The production term, kl\/; , 1s associated with the athermal storage (k; = constant) of

moving dislocations which become immobilised after having travelled a distance
proportional to the average spacing between the dislocations, p%, the process believed to
account for the athermal hardening (stage II) [39]. The second term, k,p, is associated with

dynamic recovery (stage III), which is assumed to be linear with p.

By combining equation (2-2) and (2-3), the evolution equation for the dislocation

strengthening can be obtained as following:

do,
de

=0,(1-2) (2-4)
O,

p v
with ®, = aGbk, /2 and o, = aGbk, /k,

According to equation (2-4) the stress evolves during the plastic deformation towards the

steady state value o,, i.e., do/de = 0 (see Fig. 2-5).

If geometric obstacles (i.e. fine grain size, non-shearable particles) exist, an additional term

should be added in equation (1), as suggested by Estrin [39]

d
=Mkt kip ~kop) (2-5)

p

where k is a constant which represents the storage rate of geometrically necessary

dislocations at geometric obstacles.
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Integration of equation (2-5) for constant plastic strain rate yields, in combination with
equation (2-2),

(2-6)

3 2
Oo, = ®o(1—£]a+—M (asz) k

(o}

v

If the geometric obstacles have no influence on dislocation accumulation, the second term in
equation (2-6) is absent, a plot of @agp vs. op is an inverted parabola passing through the
origin, and the initial slope of the curve is @, with a maximum in the plot (®yo,/4) occurring
at op = 0,/2. By contrast, if the geometric obstacles do affect dislocation accumulation

significantly, then the intercept of the ®@ap vs. op plot with the ordinate axis is non-zero and

. Fig. 2-6 schematically shows the effect of geometric obstacles

3 2
corresponds toM(+W

on the work hardening.
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Fig. 2-6 @c vs. o plot showing the effect of geometric obstacles [38].

It should be noted that in Eq. 2-2, the flow stress is taken as a linear sum of the different
contributions. However, for situations where multiple sets of objects are present such as
solutes, precipitates and dislocations, Cheng et al [40] have proposed that another more
general form for the flow stress addition laws should be considered when examining work-

hardening behaviour, i.e.
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oc=0,+0,+(0," + O'Wtw)”w 2-7)

where oy is the solid solution strengthening contribution, o,,; is the contribution of
precipitates and w can vary between 1 and 2. Moreover, Cheng et al [40] suggested that w =
1 only applies when there is a high density of week obstacles and a low density of strong
obstacles (i.e. the early stages of precipitation). On the other hand, a value of w = 2 would be
appropriate when the obstacle strength of the precipitates and the average obstacle strength
for cutting for forest dislocations would be identical during the later stages of ageing (i.e.
over-ageing) [40]. At intermediate cases, the appropriate value of w falls between these two

extremes.

Moreover, for the tensile ductility and stretch formability, it is the work hardening at large
strains (i.e. at strains close to necking) that matters [7]. Obviously, a high initial work
hardening rate and a low dynamic recovery rate can result in a high work hardening rate at

large strains.

The work hardening behaviour of aluminium alloys is influenced by microstructural features,

such as solutes, non-shearable precipitates/particles and a fine grain size.
e Solute

Solutes may influence work hardening in the following three ways: a) precipitation during
deformation, e.g. dynamic precipitation; b) enhancement of dislocation multiplication; c)

retardation of dynamic recovery.
a. Dynamic precipitation

Precipitation may occur by the interaction of solutes and dislocations during deformation,
which can increase the work hardening rate of the metals. For instance, Deschamps et al/ [41]
studied a deformed supersaturated solid solution of a commercial 7010 alloy by in-situ small-
angle X-ray scattering (SAXS) measurements. The authors found dynamic precipitation
occurred during deformation, which was believed to be the mechanism for the increased
work hardening rate since no non-shearable precipitates were observed to act as a dislocation

storage medium. Another contribution may be due to retarded dynamic recovery since the
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solute content is significantly high in the as-quenched 7010 alloy. Dynamic precipitation was
also suggested to be the origin of a high work hardening rate in a naturally aged Al-Zn-Mg
alloy [42]. Fig. 2-7 shows a comparison of Kocks-Mecking plots for as-quenched 7010 alloy
and pure aluminium. As shown in Fig. 2-10, as quenched 7010 alloy showed a high stage II

work hardening rate.
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Fig. 2-7 Work hardening rate diagram for aluminium alloy 7010 deformed in solid
solution, compared with the stage I work hardening rate and the work hardening rate
behaviour of pure aluminium deformed at 300 and 77 K [41].

b. Enhancement in the dislocation multiplication

In the classic theory, it is generally believed that solutes in solution have no effect on the
dislocation multiplication [36, 39]. In other words, the initial work hardening rate is
independent of the solute concentration in solution, and is in the order of w20 for
polycrystalline aluminium. The influence of solutes on the work hardening is thought to be
mainly through their influence on the dynamic recovery. However, recent studies showed
that solutes in solution can influence both dislocation multiplication and dynamic recovery
[15, 43, 44]. This is the case in the Al-Mg [15, 44], Al-Cu [15, 45], Ti alloy [46], Fe-Mn and
Fe-N systems [43]. Indeed, solutes can influence the dislocation multiplication through their
influence on the dislocation junction strength («) [47] or dislocation storage rate (k) [15].
For the former mechanism, the variation in o may be explained by the formation of solute

aggregates near the dislocation cores that increase the apparent strength of the forests by
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pinning the mobile dislocations and by making more difficult the unzipping of the mobile
dislocations from the forest [47]. For the latter mechanism, Zolotorevsky et al [15] suggested
that foreign atoms diffuse from forest dislocations to a mobile dislocation while the latter is
stopped before a barrier; this contributes to a pinning of the mobile dislocation and causes its
transition to the category of forest dislocations. Fig. 2-8 shows the influence of Mg, Cu, Si
and Zn concentrations on the initial work hardening rate. It is evident that solutes can

influence the initial work hardening rate.
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Fig. 2-8 Effect of solute concentration on the initial work hardening rate [48].

Fig. 2-9 shows the effect of normal alloying additions on the work hardening capability of
aluminium. As shown in Fig. 2-9, with an increase of solute concentration, the work
hardening capability increases. Out of the most common solutes in aluminium alloys, Cu is
the most efficient element in promoting work hardening capability, due to its large influence

on the initial work hardening rate.
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Fig. 2-9 The difference between the ultimate strength (UTS) and yield strength obtained
in a tensile test for various alloying addition in aluminium [49].

c. Retardation of dynamic recovery

As for dynamic recovery, solutes drastically reduce the stacking fault energy of aluminium,
which together with pinning effects, inhibits cross-slip and reduces cell formation by
dynamic recovery [28]. Fig. 2-10 shows the effect of Mg, Cu, Si and Zn content on the
dynamic recovery rate. It can be seen that solutes, especially Si, can influence the dynamic

recovery rate.
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Fig. 2-10 Effect of solute concentration on the dynamic recovery rate [48].
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o Fine grain size

The strength of polycrystalline materials increases as the grain size is reduced. Empirically

this strengthening effect is often described as
o, =0,+KD™" (2-8)

where oy is the yield stress and/or flow stress, D is the grain diameter, and o;, K and N are
constants. Hall and Petch first correlated the yield stress of mild steels with the inverse
square root of the grain diameter [50]. This so-called Hall-Petch equation can be applied not

only to the yield stress, but also to the flow stress [51].

The mechanism for the contribution of grain boundaries to work hardening is as follows [50]:
because of the difference in crystallographic orientation between neighbouring grains,
geometrically necessary dislocations are introduced, in addition to statistically stored
dislocations, to accommodate the incompatibility of deformation between grains. Estrin ef a/
[39] has proposed a model (Eq. 2-5) that can describe the grain-size dependence of
dislocation density. Moreover, Narutani ef a/ [50] used this model to study the effect of grain

size on the work hardening behaviour of Ni, as shown in Fig. 2-11.
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Fig. 2-11 The grain size effect on strain hardening for polycrystalline Ni [50].

e Precipitates
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The influence of precipitates on the work hardening depends on the nature of the precipitates,
i.e. shearable or non-shearable [40]. When the precipitates are small and coherent with the
matrix, the precipitates are expected to be easily sheared by gliding dislocations, which
produces local softening along the glide plane [52]. Therefore, further deformation will be
localised in those glide planes. On the other hand, the presence of non-shearable precipitates
can homogenise the slip distribution [53]. Indeed, dislocation debris left by a gliding
dislocation around non-shearable precipitates in its slip plane increases the slip resistance
there, thus promoting slip on other planes. As a result, more uniform slip has been observed
in alloys with high number densities of non-shearable precipitates [53-55]. Cheng et al [40]
and Poole et al [53] studied the influence of precipitates on the work hardening behaviour of
AAG6111 alloys. They found that the initial work hardening rate decreases as the artificial
ageing proceeds and then increases when the alloy was over-aged, as shown in Fig. 2-12a. By
contrast, the dynamic recovery rate hardly changed with the artificial ageing time, as shown
in Fig. 2-12b. However, when non-shearable precipitates formed, the dynamic recovery rate

suddenly decreased.
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Fig. 2-12 The dependence of (a) initial work hardening rate and (b) dynamic recovery
rate on the yield stress [40]. Note: open symbols are for under-aged samples and closed
symbols are for over-aged samples.
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2.3.2 Strain rate hardening theory

The strain rate hardening behaviour of the materials is controlled by the dispersed local

obstacles. The strain-rate & produced by the glide of a density p of mobile dislocations with

the Burgers vector b and average velocity v is given by the Orowan relation [56]:

&= pbviM (2-9)

where M is the Taylor factor. When the dislocations are held up by a dispersion of local
obstacles, the glide velocity v is determined by the rate at which local thermal activation
allows pinned dislocation segments to overcome the energy barriers of individual obstacles
[56, 57]. The apparent activation volume V is defined as
V=—aaA—UG=bdZ/M (2-10)

where AG is the stress dependent Gibbs free energy of activation, ¢ is the applied stress, d is
the so called activation distance given by the distance between two equilibrium positions of a
dislocation in the stress field of a localised obstacle, and / is the average obstacle spacing.
The apparent activation volume can be related to the strain rate sensitivity parameter m

Olno . . . . . .
= - | T.structure) USINg an Arrhenius equation for the plastic strain rate ¢, of the form [58]

Olne

£=¢o exp(—i—g) (2-11)

where o can be considered as a constant, & is the Boltzmann constant and 7 is the absolute

temperature. It follows that

dlns kT
oo mo

V =kT

(2-12)

By combining Egs. (2-10) and (2-12), one gets
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m = KL _ MkT 2-13)
Vo bdloc

If the local obstacles are mainly dislocation junctions, then / is inversely proportional to the
square root of the dislocation density. If o is largely controlled by a dislocation-related
contribution, which is proportional to the square root of the dislocation density, then the
product /o will be stress-independent, and the stress dependence of m will be given by the
activation distance d. With increasing dislocation strengthening, d will slightly decrease. In

other words, higher dislocation strengthening will result in a larger value of m.

If the local obstacles are mobile solute atoms, which means the mechanism of dynamic strain
ageing (DSA) is operating, then equation (2-13) is no longer applicable. DSA is the dynamic
interaction between mobile dislocations and diffusing solute atoms [59], which gives a
negative contribution to the SRS of the flow stress. The first model for DSA was developed
by Cottrell [60, 61] who considered that, above a certain temperature, solute atoms are
mobile enough to move along with dislocations. If the deformation rate is low, this
mechanism would lead to an increased applied force. However, at higher deformation rates,
the dislocation may lose its cloud, hence requiring a smaller resolved shear stress for gliding.
This leads to a negative contribution to the SRS. In the early models, dislocations were
assumed to move in a viscous manner [62]. This led to a numerical inconsistency, i.e., a too
low value of solute diffusivity in particular in substitutional alloys [61, 62]. To resolve this
inconsistency, Cottrell [61] proposed that the diffusivity of substitutional solutes is enhanced
by vacancies generated during plastic deformation in excess of thermal equilibrium.
Subsequently, dislocations were suggested to move in a discontinuous manner [63, 64].
Thermally activated jumps through forest dislocations alternate in time with free-flight
motion between two such obstacles [62]. Therefore, DSA occurs during a waiting time when
the dislocations are temporarily locked by other forest dislocations through their slip plane.
Nevertheless, the vacancy hypothesis is still needed to account for the occurrence of DSA
[64], since mobile solutes need vacancies to aid them diffuse to dislocation cores.
Meanwhile, other authors [65] suggested that solute atmospheres form on the forest
dislocations and are then drained by pipe diffusion from the forest dislocations to mobile
dislocations during the time spent by the mobile dislocations while they are waiting at the

forest dislocations.

21



Chapter 2 Literature Review

Furthermore, within the range of existence of DSA, the SRS may become negative and
thereby provide conditions for the occurrence of the Portevin-Le Chatelier (PLC) effect [59,
62] (also known as serrated yielding or discontinuous yielding). Thus, the PLC effect is a
subregion of the DSA domain. The boundary of this subregion can be roughly represented by
the condition m = 0, though in practice the onset of the PLC effect is often associated with m
dropping below a finite negative value [59]. Within the PLC domain, deformation curves are
serrated and in some favourable cases a propagating pattern of deformation bands can be
observed [62]. Three major types of serrations, labelled A, B, and C, are shown
schematically in Fig. 2-13. Their characteristics have been described in Reference [59, 66].
Both substitutional and interstitial solutes can give rise to the PLC effect [67, 68]. However,
for each solute species there appears to exist a limited range of strain rates and temperatures
for which the PLC effect occurs, as shown in Fig. 2-14. For the onset of serrations in
substitutional alloys, a critical strain g is required [66]. The critical strain is dependent on
both the strain rate and temperature in a non-monotonic way [59, 66]. The existence of
critical strain is attributed to enhanced solute diffusivity due to the deformation induced
vacancies and increased mobile dislocation density [67, 69]. In the high strain rate/low
temperature range, ¢, increases with increasing strain rate and decreasing temperature. This
most commonly observed behaviour referred to as normal, is illustrated in Fig. 2-15. In the
low strain rate/high temperature range, the opposite trend, known as inverse behaviour, is
observed. This trend can be caused by the interaction between DSA and concurrent
precipitation in concentrated solid solutions [70]. Apart from the genuine PLC effect, a
‘pseudo-Portevin-Le Chatelier effect’ was attributed to the discontinuous yielding observed

in Al-Li alloys, due to the repeated shearing of shearable precipitates [71].
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Fig. 2-13 Typical forms of serrated yielding [72].

tog (€}

Fig. 2-14 Schematic diagram of the temperature and strain rate regions of DSA and of
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Fig. 2-15 Normal (N) and inverse (I) behaviour of . (schematic) [59].
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Dynamic strain ageing causes a decrease in the strain rate sensitivity of the flow stress, which
can be so severe that serrated yielding occurs. But even before dynamic strain ageing
becomes visible in such an extreme manifestation, the mechanical properties of the alloy will

show some unusual characteristics [59], as shown in Fig. 2-16.
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Fig. 2-16 Schematic diagram showing correlations between the temperature dependence
of the strain rate sensitivity S and the temperature dependence of stress ¢, work hardening
rate O and the elongation [59].

In summary, the major microstructural features that influence the strain rate hardening

behaviours are:

e Dislocation junctions

Dislocation junctions give a positive contribution to the strain rate hardening of the materials.

Therefore, without DSA, the rate sensitivity was found to increase with increasing strain [65].

e Mobile solutes

Mobile solutes give a negative contribution to the strain rate hardening of the materials due
to DSA. This effect is strong when Mg is added to Al. This is because DSA occurs when the
characteristic waiting time of dislocations on pinning points is comparable to the

characteristic diffusion time of solutes to pinned dislocations. For the common ranges of
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strain rate and temperature, the two characteristic times happen to be comparable in the

presence of Mg.
e Precipitates

The formation of precipitates during ageing would deplete mobile solutes and/or vacancies
from the matrix, which are critical for the occurrence of DSA, therefore increasing the strain
rate hardening capability [73]. However, if the precipitates can be repeatedly sheared by
mobile dislocations, then a ‘pseudo-Portevin-Le Chatelier effect’” may occur, which was
attributed to the discontinuous yielding observed in the Al-Li alloys [71]. Moreover, the
interplay between DSA and concurrent precipitation in concentrated solute solutions will

lead to an ‘inverse’ behaviour of the critical strain . [70].
2.3.3 Microstructural features and formability

Different microstructural features influence the stretch formability primarily through their

influence on the work hardening and strain rate hardening behaviour of the metals.
e Solutes and clusters

Solutes (i.e. Mg, Cu and Si) in solution can significantly increase the degree of work
hardening by enhancing the dislocation multiplication and impeding the dynamic recovery
process [9, 30]. At the same time, they also tend to decrease the strain rate hardening
capability [74] by promoting the occurrence of dynamic strain ageing [73]. By the combined
effect of work hardening and strain rate hardening capability, solutes generally do not

improve the formability [74, 75].

Clusters are shearable and are therefore expected to decrease the work hardening rate.
However, it is interesting to find that the sample with clusters showed a higher work
hardening rate than as-quenched or artificially aged samples [16, 76], possibly due to the
dynamic precipitation that occurred in the former material [76]. Therefore, the former
material exhibited a higher formability than as-quenched or artificially aged material [16]. It
should be noted that the serrated yielding should also contribute the inferior formability of

as-quenched material [16].
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e Second particles

Second particles may be divided into three categories: precipitates up to several nanometers

in size, dispersoids about 50 to 500 nm in diameter and micron-sized coarse particles.

Precipitates: If precipitates are shearable, the shearing of them would cause a decrease of the
work hardening capability [40, 74]. Although the formation of precipitates would deplete the
solute in solution and thus improve the strain rate hardening capability [77], coherent
precipitates normally decrease the formability [16, 74, 78]. When precipitates become non-
shearable, geometrically necessary dislocations will be generated at particle-matrix interfaces
[40], therefore increasing the work hardening capability and thereby improving the

formability [16, 78].

Dispersoids: Dispersoids are non-shearable, and known to promote the generation of
geometrically necessary dislocations [79, 80], therefore improving the work hardening
capability [55]. With increasing volume faction of dispersoids, an improved formability was
reported in alloy 2036 [11]. However, high volume faction of dispersoids was reported to
decrease the stretch formability of 6xxx alloys [9]. The most commonly encountered
dispersoids in the 6xxx alloys are Al(Fe,Mn)Si [53], which are believed to be formed during

homogenisation [81].

Coarse particles: Micron-sized coarse particles do not have an influence on the work
hardening or strain rate hardening behaviour and thus have a negligible influence on diffuse
instability [9]. However, these particles are strain concentration sites that decrease the final
fracture strains due to nucleation of voids either at their interfaces or due to their facture [74,
82]. Therefore, although coarse particles would have no influence on the plane strain
stretching behaviour, they may decrease the forming limit in balanced biaxial stretching since
a low facture strain was predicted to decrease the performance in the balanced biaxial

stretching condition [8].
e Grain size

Although grain boundaries are known to be an important factor in the work hardening

process by promoting the generation of geometrically necessary dislocations [38, 50], it
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appears a finer grain size does not ensure a high work hardening rate [83], especially when
the grain size is smaller than 5 pm [74, 84]. Moreover, the SRS of the flow stress was also
reported to decrease with decreasing grain size when both coarse grains, nanocrystalline
grains and ultra-fine grains are considered [85]. Therefore, the material with ultra-fine grains
showed a lower formability than the material with coarse grains [86]. Despite this, for the
materials with relatively coarse grains, literature data show that the formability improves
significantly with decreasing grain size [87, 88]. This may be attributed to a more
homogeneous distribution of strain in the material with fine grain size [89] and the ability of
the material with fine grains to maintain a high work hardening to strains beyond plastic
instability [87]. Meanwhile, it was reported that the sheet thickness to grain size ratio is more
important than the grain size itself [9, 87, 90]. For a superior formability, the grain size
should be at least around 20 times smaller than the sheet thickness [9]. Thus, for 1 mm sheet,
the grain size should be below 50 pum. It should be noted that the grain size range of 20 to
100 um in normal commercial alloys was proposed to have little effect on the necking or

fracture limits of aluminium alloys at room temperature [74].
o Texture

Many studies showed that texture can have a significant influence on the deep drawing
ability of the material through its influence on the r-value [91, 92]. As for stretch forming,
the stretchability of a material is determined much more by work hardening and strain-rate
hardening capabilities of the material rather than by the r-value [6]. However, Pedersen ef al
[93] suggested that a strong cube texture can lead to a high stretch formability, although no
information about the work hardening and strain rate hardening characteristics of the
materials was provided. Furthermore, Yoshida et a/ [94] modelled the effect of major texture
components in aluminium alloys on the biaxial formability, and also found a strong cube
texture would contribute to a high stretch formability due to the enhanced work hardening

rate.

2.4 Effect of alloy composition and heat treatment on the tensile ductility and

formability of 6xxx alloys

¢ Alloy composition
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Mg and Si are the major solutes in the 6xxx alloys; they increase the strength of the material
by the formation of precursors of Mg,Si during artificial ageing [95]. Moreover, Cu is often
added to enhance the precipitation kinetics [96], although the corrosion resistance tends to be
degraded by the addition of copper [97]. A minor addition of Mn serves to control the grain
size through the formation of non-shearable dispersoids [9, 55]. The effect of alloy
composition on the formability of 6xxx alloys has been previously investigated to some
degree [9, 10, 13, 14], but the research is fragmented and controversies still exist. For
instance, it is generally accepted that increasing Si content usually enhances the tensile
ductility and stretch formability [9, 14], probably due to a more complete removal of Mg
from the matrix with the formation of clusters [98]. However, other researchers proposed that
increased Si content would reduce the stretch formability of the alloys [10]. Mg is believed to
deteriorate the plane strain stretching performance [13], while the tensile ductility of the alloy
was found to increase with higher Mg content [9]. Although the addition of Cu has a positive
influence on the work hardening [13], it appears the influence of Cu on the tensile ductility
and formability depends on the Mg/Si ratio in the alloys [13]. Although Mn was found to
decrease the formability [9], the tensile ductility was reported to be either increased [55] or

decreased [9] by Mn additions.
e Heat treatment

The effect of heat treatment on the stretch formability of 6xxx alloys has been studied by
forming limit diagram (FLD) tests and hydraulic bulge test in reference [16]. It was shown
that the formability is poor in the freshly-quenched condition due to the serrated yielding
effect, but improved when the sample was over-aged. Moreover, sample in the T4 temper
showed a higher formability than as-quenched or artificially aged samples due to the high
work hardening rate in the T4 temper [16]. Furthermore, Ozturk et al [99] studied the effect
of artificial ageing on the Erichsen Index of 6061 alloy. The authors claimed that the
formability decreased with increasing artificial ageing time, since the Erichsen Index
decreased with increasing ageing time. However, the Erichsen test may be an inadequate

method for evaluating the stretch formability [100, 101].
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Practically, for automotive panel applications, after artificial ageing (pre-ageing), the 6xxx
alloys will be naturally aged before forming. The natural ageing after pre-ageing is expected
to influence the formability of 6xxx alloys since clustering will occur during natural ageing,
which will further influence the solute/vacancy concentration in the matrix. Unfortunately,
there is limited available data on the effect of pre-ageing on the formability of 6xxx alloys.
Although Liu et al [12, 18] studied the effect of pre-ageing on the stretch formability of 6111
type alloys by Erichsen testing, the Erichsen test may be an improper method for stretch
formability evaluation. The shortcoming of the Erichsen test will be discussed in Section
2.5.1. Moreover, Daniel et al [20] found that a 6xxx alloy with a high paint-bake strength
would have a low limiting dome height under plane strain condition (LDHy). In other words,

a high formability sacrifices a high paint-bake performance.

Most importantly, until now, the underlying mechanisms of how the composition and heat

treatment influence the tensile ductility and stretch formability of 6xxx alloys are still unclear.
2.5 Methods for formability evaluation

The formability of a material is the extent to which it can be deformed in a particular process
without fracturing or without the formation of a localised neck or tear [102]. Sheet metal
forming processes can be characterised by two basic types of deformation patterns: bending
and drawing. Bending is essentially a plane strain process [74]. Concerning drawing one has
to distinguish stretching and deep drawing. Deep drawing can be defined as processes which
change the shape of a product by pushing or pulling it through a die whereas stretching
consists of clamping the edge of the sheet and stretching it over a rigid punch to the desired
shape [102]. The basic difference between deep drawing and stretching is that the former
involves deformation under tension-compression condition whereas the latter involves
tension-tension straining [74, 102]. It should be noted that stretching is the most common

deformation mode in the production of automotive outer panels [6].

Various methods for evaluating sheet metal formability have been developed. One may
subdivide them into four classes [103]: simulative tests, uniaxial tensile tests, limiting dome

height tests and methods based on forming limit diagrams.
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2.5.1 Simulative tests

The typical simulative test for stretching is the Erichsen test, in which a sheet is stretched
over a 20 mm diameter punch until the occurrence of fracture [104], as shown in Fig. 2-17.
The depth of the punch indentation in the specimen, when fracture occurs, expressed in
millimeters is the so-called Erichsen index (IE). This is the most commonly used parameter
for expressing the stretch formability of sheet metals. Olsen introduced a test similar to that
proposed by Erichsen but with a slightly different size of the tools [104, 105]. The Erichsen
test has been widely used in Europe and the Olsen test in North America [106]. In theory, the
Erichsen/Olsen test is a pure biaxial stretch test [105]. Therefore, the Erichsen/Olsen index
should correlate with common stretchability parameters, especially the work hardening
exponent (n-value) [100]. However, available literature data show extreme scatter and little
correlation is seen as a function of the n-value [19, 100, 107]. Hecker [19] proposed that it is
virtually impossible to reproduce Olsen cup test results even within the same laboratory due
to experimental scatter being, in most instances, larger than the material differences to be
measured. Moreover, neither of the Erichsen/Olsen indexes correlate well with press
performance for several reasons [106, 108]: some draw-in is always possible, the biaxiality
of the stress state is significant and difficult to control, and the small punch radius introduces
a considerable bending component and makes results greatly dependent on the sheet
thickness. This last reason probably explains why the Olsen index had a good correlation

with bending performance [100].
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Fig. 2-17 Schematic of Erichsen test [109].
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The typical simulative test for deep drawing is the Swift flat-bottom test, as shown in Fig. 2-
18. This test consists of deep-drawing cylindrical parts having different diameters and
determining the limit drawing ratio (LDR), i.e. the ratio of the maximum diameter of the
specimen that is draw without tearing and the diameter of the punch [109]. And LDR was
shown to very dependant on the plastic strain ratio (r value) [101]. The Swift flat-bottom test
is well suited to predict the performance of sheet metals in deep-drawing conditions [108].
Therefore this method has been widely used and is considered as a standard test by the
International Deep-Drawing Research Group (IDDRG) [105]. However, the shortcoming of
Swift test is one has to conduct several experiments to obtain the LDR. Fukui proposed a
deep-drawing test using a conical die, in which test the diameter ratio as a measure of

formability may be established by a single test [105].

Die L...____; —~
52.5 mm (2.07 in

Fig. 2-18 Swift flat-bottom test [105]

Also some simulative tests combining deep-drawing and stretching have been developed, i.e.
Swift round-bottom test in which test deformation takes place by stretching at the center of

the part and by deep-drawing in the region of the blank [105].

The simulative tests described above cannot simulate the condition of plane strain stretching,
where the minor strain is zero. This imposes a limitation on the use of these tests as the most
common mode of final failure in sheet metal parts is in conditions of plane strain [110, 111].

Therefore, simulative tests have been gradually abandoned as the way for assessing
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formability and only considered as a cheap, rapid method for materials properties checking

[101].
2.5.2 Uniaxial tensile test

A drawback of simulative tests is that they require special equipment and the obtained
information applies only to a special forming process [105]. This shortcoming can be
overcome by the use of material parameters determined by the uniaxial tensile test as a
measure of formability. The uniaxial tensile test is perhaps the most informative single test
available for assessing formability [102]. It is generally accepted that the plastic strain ratio
(i.e. the r-value), determines the deep-drawability whereas the work hardening exponenet (i.e.
the n-value), determines stretchability [6]. These two parameters can easily be determined by
uniaxial tensile testing based on ASTM standards [112, 113]. However, even in deep-
drawing, a large part of the deformation consists of stretching and so the central importance
for the r-value for the forming limits has to be questioned [105], and comparison of n-value
with other stretch forming tests such as Erichsen/Olsen cup test and forming limit diagrams,
sometime show serious departures [19, 107]. Moreover, the uniform elongation and the total

elongation have also been used to roughly estimate the formability [100, 101, 114].

The tensile testing still provides a convenient basis for comparisons between various
materials, and can also be used for evaluating new materials based on a general knowledge of

sheet metal formability.
2.5.3 Limiting dome height test

The limiting dome height (LDH) test is similar to Erichsen/Olsen tests in that dome height at
failure is used as the measure of formability. However, the critical difference is that the strain
state at failure in the dome test is varied in a precise manner so that it duplicates the strain
state at failure in a stamping [105, 111]. This is partly made possible through the use of a
significantly larger dome in this test as compared to the Olsen cup test. Furthermore, the
dome height of the LDH test is controlled by the amount of stretching over the dome since a
lock bead in the die plates prevents any draw-in from the flange, as shown in Fig. 2-19.

Furthermore, this method combines the advantages of simulative tests and of the forming
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limit diagram [105]. In this method, the heights of the deformed parts stretched on a
hemispherical punch until fracture are recorded as functions of the minor strains occurring in
the specimens. By drawing a curve through the experimental points obtained in the
specimens with different width, a diagram is obtained, as shown in Fig. 2-20. The height of
the part, corresponding to plane strain, is a formability index denoted by LDHy. Ayres et al
[111] compared the LDH and Olsen tests, and found only the LDH tests can successfully
predict the formability of both steel and aluminium. However, subsequently, due to the large
dispersion of the LDHj values and large amount of experimental work, this method has been
little used in industry [105]. More recently, the OSU test was introduced in order to
overcome the applicability limits of the LDH method [105, 108, 115]. In the OSU test, the
shape of the tools was optimised by FE simulations aiming to achieve as close as possible a
state of plane strain [105]. The results showed a reduced dispersion and good agreement with

industrial practice [115].
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Fig. 2-19 Hemispherical punch and die set for LDH measurements [111].

Fig. 2-20 Limit dome height curve [105].
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2.5.4 Forming limit diagrams

The formability of sheet metals is limited by localised necking or non-uniform strains that
may occur within a small region in the plane of the sheet. The amount of strain that a sheet
metal can tolerate just before localised necking is called the limit strain [116]. These
maximum values of the major strain ¢; and minor strain &, can be determined by measuring
the strains on sheet components covered with grids of circles [6]. On this basis, forming limit
diagrams (FLDs) represent limiting major and minor available principal strains on the surface
of the deformed sheet in the different deformation modes that can be achieved, as shown in
Fig. 2-21. FLDs were introduced by Keeler and Goodwin in the 1960s [116]. Later research
showed that the forming limits in sheet metal forming can be evaluated well by determining

the forming limit curves in laboratory tests [6].
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Fig. 2-21. Scheme of forming limit diagram [117]

FLDs should provide as much as possible the deformation modes that occur in industrial
sheet metal forming processes. The diagrams are established by experiments that provide
pairs of values of the limit strains ¢; and ¢, obtained for various loading patterns (equi-biaxial,
biaxial, uniaxial etc.) . There are several kinds of tests [105, 118], such as in-plane tests, out-
of-plane tests (punch stretching test) and hydraulic bulge tests, that can be used for

constructing FLDs. However, from a practical standpoint, the FLD determined by punch
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stretching test is more realistic, since it simulates the type of instability conditions that are

encountered in stamping sheets with rigid tooling [118].

FLDs are influenced by materials parameters. A material with high work hardening and
strain rate hardening capabilities would have a high forming limit [7, 8, 118]. Moreover,
FLDs are also influenced by experimental parameters. For instance, with 3-mm grids or a 50-
mm punch, the level of the forming limit curve obtained would be higher than that obtained

with 5-mm grids or a 110 mm punch [119].
2.6 Summary

Forming of 6xxx series sheet alloys is typically carried out in the naturally-aged or pre-aged
conditions. The formability of the 6xxx alloys are influenced by alloy composition and heat
treatment through their influence on the work hardening and strain rate hardening capabilities.
The literature survey showed that although the effect of alloy composition and heat treatment
on the formability of 6xxx alloys have been studied to some degree, controversies still exist.
Most importantly, the underlying mechanism is still unclear, which would impede the
development of new 6xxx alloy with improved formability for automotive outer panel
applications. Therefore, a more comprehensive and systematic study of the effects of alloy
composition and heat treatment on the formability of 6xxx alloys is needed. This is expected
to provide information for the development of new 6xxx alloys for automotive outer panel
applications. Moreover, the literature survey suggests that, along with uniaxial tensile testing,
forming limit diagram testing is likely to be the most convincing method of formability

evaluation for the purpose of this work.
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Chapter 3: Experimental procedures

3.1 Alloy composition

Eight alloys whose compositions are shown in Table 3-1 were studied. It should be noted that
the total atomic percentages of Mg and Si in the alloys A2, A4 and A6 is nearly the same.
Furthermore, alloys A7, A8, A10 are Cu-containing versions of alloys A2, A6 and A4,
respectively. Fig. 3-1 shows an isothermal section of the Al-Mg-Si phase diagram at 550 °C
together with the Si and Mg contents of the alloys studied. It can be seen that the Mg and Si
contents in the alloys A4 and A6 are within the composition limit of alloys 6016 and 6111,

respectively.
Table 3-1 Alloy compositions
) Mg Si Mg+Si Mg/Si
Alloy Fe Mn Ti Zn Cu Comment
wt.% wt.% wt.% wt.% wt.%
wt.% at.% wt.% at.% at.% at. ratio
A2 0.07 0.12 0.10 0.12 / 1.06 1.18 0.50 0.48 1.66 2.46 High Mg/Si
A3 0.06 0.12 0.11 0.11 / 0.43 0.48 0.45 0.43 0.91 1.12 /
A4 0.07 0.12 0.11 0.13 / 0.41 0.46 1.26 1.21 1.67 0.38 Low Mg/Si
AS 0.07 0.12 0.12 0.10 / 0.41 0.46 1.50 1.44 1.90 0.32 /
A6 0.06 0.11 0.12 0.11 / 0.70 0.78 0.80 0.77 1.55 1.01 Medium Mg/Si
A7 0.08 0.12 0.11 0.12 0.29 0.96 1.07 0.48 0.46 1.53 233 High Mg/Si
A8 0.07 0.11 0.11 0.10 0.29 0.65 0.72 0.85 0.82 1.54 0.88 Medium Mg/Si
Al0 0.09 0.12 0.11 0.11 0.27 0.35 0.39 1.22 1.18 1.57 0.33 Low Mg/Si
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Fig. 3-1 Isothermal section of Al-Mg-Si phase diagram at 550 °C determined using
Thermocalc. The red points represent the compositions of the Cu-free alloys. The
dashed rectangles represent the Mg and Si composition limits of some commercial
6xxx alloys used for auto panels.

36



Chapter 3 Experimental Procedures

3.2 Material preparation and heat treatment

Ingots were cast into permanent moulds, homogenised at 460 °C for 6 h and then at 540 °C

for 24 h, followed by hot rolling and subsequent cold rolling to 1 mm thick sheet.

The sheets were solution treated at 550 °C for 0.5 h in a salt bath, followed by water
quenching (Asq). The as-quenched samples were divided into three groups. The first group
of samples were naturally aged (NA) for one hour (NA1h), 24 h (NA1d), one week (NA1w)
or one month (NA1m); the second group samples were immediately pre-aged (PA) at 100 °C
for 5 min (PA100x5min), 30 min (PA100x30min), 1 h (PA100x1h), 2 h (PA100x2h) or 4 h
(PA100x4h), respectively, then naturally aged for one week; the third group of samples were
immediately pre-aged at 200 °C for 20 s (PA200x20s), 40 s (PA200x40s) and 60 s
(PA200x60s), then naturally aged for one week. For comparison, some pre-aged samples
were naturally aged for one month, and some samples were solution treated at 500 °C for 0.5
h before one week of natural ageing. Furthermore, the naturally aged and/or pre-aged alloys
were isothermally aged at 170 °C for 30 min to simulate the paint-bake cycle (PB) used in
automotive applications. It should be noted that pre-ageing at medium temperatures for a
long time (i.e. 100 °C for 2 h) is normally more suitable for batch pre-ageing, while pre-
ageing at high temperature for a short time (i.e. 200 °C for 20 s) is suitable for in-line heat

treatment.

3.3 Microstructural characterisation

The grain structure of the solution treated alloys was studied by scanning electron
microscopy (SEM) using a JEOL-JSM-6480 with electron backscattered diffraction (EBSD).
The microstructures of the solution treated alloys were studied by field emission gun SEM
(JEOL 7001F). Quantitative data for undissolved coarse particles and dispersoids were
determined using high contrast back scattered electron images (from JEOL 7001F) and
Imagej 1.32j image analysis software. Ten random views on each alloy were examined for
coarse particle analysis, and six random views with 200 dispersoids in total for each alloy
were examined for dispersoid analysis. The volume fraction of dispersoids in the different
alloys was assumed to be the same as the area fraction based on the Delesse principle. The

mean planar spacing, L, of the dispersoids was estimated by [120]:
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I {(i_;)m _(g)m} G3-1)

where fis the volume fraction and 7 is the radius of the dispersoids.

To find out the influence of dispersoids on dislocation accumulation, transmission electron
microscopy (TEM) using a FEI-G2-T20, at 200 KV, was employed on the naturally aged
alloy A2 after 2% straining. Thin foils for microstructural characterisation in the TEM were
made using a 1/3 nitric-2/3 methanol solution in a Struer Tenupol 5 unit. A surface
profilometer (Veeco-Wyko-Nt1100) was used to characterise the degree of deformation

localisation in the alloys strained by 30%, i.e. after necking.

3.4 Texture characterisation

The texture of the solution treated alloys was studied using XRD technology. The
macrotextures were measured at the sheet surface by the Schulz reflection method on a X'pert
MRD X-ray goniometer with a Co target. The beam was reflected off planes comprising
rolling direction and long transverse direction. Three incomplete pole figures {111}, {200}
and {220} were measured and subsequently corrected for defocusing errors and background
intensity. The volume fractions of the various texture components were calculated by an

integration method.

3.5 Hardness measurements and tensile testing

Hardness testing was carried out by using a Vickers hardness tester with a 5 kg load and an
indentation time of 15 s. The mean of 5 impressions was taken as the hardness of the
corresponding condition, and one standard deviation was chosen for error bars. Tensile tests
and strain rate jump tests were conducted on the naturally aged and/or pre-aged samples. The
samples for tensile tests and strain rate jump tests were dog-bone samples with a gauge
length of 10 mm, as shown in Fig. 3-2. To determine the uniaxial tensile properties, a screw-
driven Instron machine was used at a nominal strain rate of 2 x 10~ s™'. The average value of
the tensile testing results of three samples was reported for each alloy. The maximum and the
minimum value were taken for the upper and the lower ends of the error bars, respectively.

The work-hardening rate was determined by numerically differentiating the true stress-true
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plastic strain data using a moving regression method. Each data point on the o-¢” curve, and
the six adjacent data points (three on each side), were used to obtain a best-fit linear
regression line, and the slope of this line was treated as the work-hardening rate at that point.
The resulting values of derivative were then smoothed to reduce the noise in the data. For
some samples with strong PLC effect, the work hardening rate was calculated by fitting the
true stress — strain curves with a polynomial function, and differentiating this function with
respect to true strain. Strain rate jump tests were performed with the strain rate being changed

by a factor of 10 (between the nominal strain rates of 2 x 10* s and 2 x 107 s™). The

extrapolation used to calculate the SRS, log(c,/o;)/ 10g(<e:2/ 6.‘1) , is defined in Fig. 3-3.
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Fig. 3-2 Schematics showing the dimension of specimen for tensile testing (mm)
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Fig. 3-3 Illustration of the results of a strain-rate jump test for alloy A4
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3.6 Formability tests

Forming limit diagram (FLD) tests were used to evaluate the formability of naturally aged
samples using an Erichsen sheet metal tester with a 48 mm diameter punch. The dimensions
of specimens for FLD tests are shown in Fig. 3-4. The specimens were electrochemically
etched to produce a grid pattern with circles measuring 2 mm in diameter. Three samples
were used for each deformation mode (from plane strain stretching to biaxial stretching). For
each test, a sandwich construction of oil (lithium complex based greases - Liplex EP2)
together with three polypropylene foils was used for lubrication. During the test, the
specimens were clamped on the edges with a blank-holder force of 100 kN and stretched by
the hemispherical punch until localised necking occurred. Each trial started with a punch
velocity of 12 mm/min, while at the end of each test the velocity was decreased to 1 mm/min
to facilitate the observation of localised necking. The deformation of the grid circles was
evaluated using a grid pattern analyser (GPA 3.0), and the FLD was obtained by drawing a
line between the strains in the regions where the occurrence of necking and the lack of
necking were clearly identified. Fig. 3-5 shows typical experimental FLDs for some naturally

aged alloys.
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110

Fig. 3-4 Schematics showing the dimensions of specimens for FLD tests (mm).
Note: left sample is for plane strain stretching, and the right sample is for biaxial
stretching.
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Fig. 3-5 Right-hand side of FLD for the alloys A2-A5 after 1 week of natural ageing
3.7 Thermodynamic modelling

The thermodynamic software package, ThermoCalc, with the TTAL6 database [121], was

employed to calculate the amounts of the various phases and the solute concentrations in the

matrix at different temperatures.
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Chapter 4 Microstructure and formability of naturally
aged Al-Mg-Si alloys

4.1 Introduction

In this chapter, five alloys (whose compositions are indicated in Table 3-1) with increasing Si
content from alloy A3 to A4 to AS and/or increasing Mg content from alloy A3 to A2 and/or
decreasing Mg/Si ratio from alloy A2 to A6 to A4 were studied. Microstructural features
such as grain size, intermetallic particles and texture of these five alloys were characterised.
Moreover, the natural ageing response was investigated to find out when the properties of
these alloys were stable. Based on these results, the tensile properties and formability of the
alloys after one week of natural ageing (a relatively stable state) was evaluated. Work
hardening and strain rate hardening characteristics of these alloys were used to correlate the

microstructural features with tensile ductility and formability.
4.2 Results

4.2.1 Microstructure and texture of solution treated alloys

4.2.1.1 Coarse particles and dispersoids

After solution treatment, undissolved coarse particles with the size being larger than 1 pm in
diameter, mainly a-Al(Fe,Mn)Si particles [122], were observed in all the alloys, as shown in
Fig. 4-1. In the high Mg content alloy A2 and medium Mg/Si ratio alloy A6, undissolved
Mg, Si could also be observed (Fig. 4-1a, e). This is at variance with observations on the high
Si content alloy A5, where undissolved Si particles were found instead (Fig. 4-1d). For
higher alloy contents, a larger area fraction of coarse particles was observed except in alloy

A6, see Table 4-1.

The backscattered SEM images in Fig. 4-2 show the distribution of dispersoids with the size
being smaller than 1 um in diameter in the alloys, and Fig. 4-3 displays the typical
morphology and EDS results of dispersoids in alloy A4. It should be noted that in Fig. 4-2,

the white dots are dispersoids, while the grey contrast in the matrix may be caused by the
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colloidal silica polishing suspension, which has a pH value of 9.8. As shown in Fig. 4-2, the
high Si content alloys A4 and A5 have a higher number density of dispersoids than the other
alloys. Table 4-2 lists quantitative data for those dispersoids in the alloys. Energy dispersive
X-ray analysis (EDS) of the dispersoids and the matrix revealed that the dispersoids contain
Al, Mn, Si and Fe (see Fig. 4-3b). They are most likely a-Al(Fe,Mn)Si phases often observed
in the 6xxx alloys [53] and are believed to be formed during homogenisation in 6xxx alloys
[81]. Furthermore, it appears that the large dispersoids have a smaller Mn/Fe ratio than the

small dispersoids.
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Fig. 4-1 Backscattered electron images showing undissolved coarse particles in the
solution treated alloys (a) A2 (b) A3 (c) A4 (d) A5 (e) A6
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Table 4-1 Area fraction of coarse constituent particles in the different alloys

Alloy Total Mn-containing

A2 0.54 0.40
A3 0.36 0.36
A4 0.45 0.45
A5 0.58 0.37
A6 0.36 0.31

Fig. 4-2 Backscattered SEM images showing the distribution of dispersoids in
the solution treated alloys: (a) A2 (b) A3 (c) A4 (d) AS (e) A6.
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Fig. 4-3 (a) Backscattered electron image showing the morphology of the dispersoids in
alloy A4 (b) EDS results of dispersoids.

Table 4-2 Quantitative data for dispersoids determined by image analysis.

Alloy Area%  Number density per mm®  Average diameter (um) Interparticle distance (pm)

A2 0.52 2.1x10° 0.17 1.59
A3 0.93 2.6x10° 0.18 1.23
A4 1.14 3.1x10° 0.21 1.23
AS 1.25 3.6x10° 0.20 1.13
A6 1.13 25x10° 0.22 1.30

4.2.1.2 Grain structure

As shown in Fig. 4-4, with increasing Mg and/or Si content and/or Mg/Si ratio, the grain size
of the alloys decreases and becomes more uniformly distributed. In general, the low solute
content alloy A3 exhibits a more heterogeneous grain size distribution and the largest
average grain size among the studied alloys. On the other hand, the high Si content alloy A5

shows the finest average grain size and a more homogeneous grain size distribution.
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/ ‘ s
Fig. 4-4 EBSD grain structure of the alloys: (a) A2 (b) A3 (c) A4 (d) AS (e) A6
(Note: numbers in the upper right corners indicate the average grain size.)

4.2.1.3 Texture

Furthermore, the macro-texture of the solution treated alloys was analysed. As shown in Fig.
4-5, the maximum texture intensity across different alloys is similar. The volume faction of
the main texture components: cube {001}<100>, RD rotated cube {013}<100> and ND
rotated cube {001}<250> components are listed in Table 4-3.
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A2 (3.0) A3 (2.0)

A4 (2.5) A5 (2.3)

A6 (2.1) RD

Fig. 4-5 {111} pole figures of experimental alloys in the T4 condition.
The number in parentheses represents the maximum texture intensity for
each alloy.

Table 4-3 Volume fractions of the main texture components based on bulk texture analysis
Texture components

Alloy {001}<100> {001}<250> {013}<100>
A2 10.13 12.00 6.17
A3 6.09 7.93 5.40
A4 8.77 10.79 5.57
AS 7.31 10.25 5.12
A6 5.79 8.58 43
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4.2.2 Natural ageing response

4.2.2.1 Effect of solution treatment parameters on the natural ageing response

The hardness evolution of alloy A2 after solution treatment at 550 °C for different times is
shown in Fig. 4-6. As seen in Fig. 4-6, it appears solution treatment for 10 minutes is
sufficient to make the matrix supersaturated, since solution treatment times longer than 10
minutes cannot notably increase both the as-quenched hardness and the hardness after one
week of natural ageing. Moreover, the solution treatment time at 550 °C has little influence

on the natural ageing response after quenching.

However, if the tensile properties of the materials are measured, an improvement in both the
strength and elongation, with increasing solution treatment time can be observed, as shown in
Fig. 4-7. This result suggests that a longer solution treatment time at 550 °C is still needed to

make the matrix fully supersaturated.

80 - 3
NA1w
70-
o 60-
I
50 -
_ Asq
i
40-/
0 40 20 30

Solution treatment time (min)

Fig. 4-6 Effect of solution time at 550 °C on the hardness of alloy A2

48



Chapter 4 Microstructure and Formability of Naturally Aged Al-Mg-Si Alloys

250 35
(a) (b) Total elongation
Tensile strength

s 9

& 2004 £ 304
g 5

£ g

o

= oD

@ s

o 1504 o 254

T T T T T

0o 10 20 30 0 10 20 30
Solution treatment time (min) Solution treatment time (min)
Fig. 4-7 Effect of solution treatment time on the tensile properties of alloy A2 after one
week of natural ageing.

As regards strain rate sensitivity, an increase of the SRS of the flow stress can be observed
with increasing solution treatment time, as shown in Fig. 4-8. However, the SRS at strains
close to the onset of necking, which matters for the tensile ductility and formability, does not

change with the solution treatment time.
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Fig. 4-8 Effect of solution treatment time on the SRS of the flow stress of alloy A2 after
one week of natural ageing.

Furthermore, if the solution temperature is decreased from 550 °C to 500 °C, although there
is a little difference in the hardness after 30 minutes exposure in a salt bath, it is interesting to
observe a smaller natural ageing response after 1 week of natural ageing in the material

solution treated at 500 °C, as shown in Fig. 4-9. This result is not unexpected since the degree
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of supersaturation of both solutes and vacancies in the material solution treated at 500 °C is
expected to be lower than in the material solution treated at 550 °C, which leads to a smaller
natural ageing response in the former material. Moreover, an unexpected feature for the
material solution treated at 500 °C is that after one week of natural ageing, the PLC effect
was observed, while such serrated yielding was not observed in the material solution treated
at 550 °C, as shown in Fig. 4-10. One possible mechanism for this phenomenon is that the
smaller natural ageing response is associated with more mobile solutes/vacancies being
retained in the material that was solution treated at 500 °C after one week of natural ageing
than in the material solution treated at 550 °C after one week of natural ageing. In the
Chapter 5, a pre-ageing treatment was also found to promote the occurrence of the PLC
effect, which was associated with a smaller natural ageing response after pre-ageing. The
possible mechanism for the occurrence of the PLC effect observed in the material solution
treated at 500 °C will be explained in detail and discussed together with the observed PLC
effect caused by pre-ageing in the Chapter 5. Moreover, it should be noted that the serrated
yielding is believed to be detrimental to the formability of 6xxx alloys [16].

Therefore, based on above results, the solution treatment of 6xxx alloys is suggested to be

performed at high temperature for a long time, i.e., at 550 °C for 30 min.
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Fig. 4-9 Effect of solution temperature on the hardness of alloy AS.
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Fig. 4-10 (a) Effect of solution temperature on the engineering stress-strain curves of

alloy A2 (b) enlarged view of (a), and (c-d) on the corresponding true stress-plastic strain
curves.

4.2.2.2 Effect of alloy composition on the natural ageing response

In practice, 6xxx alloys are stamped in the T4 or T4P conditions [5]. In these conditions, the
mechanical properties of the alloys are quite stable. In other words, the mechanical properties
of the alloys do not change after an extended natural ageing (i.e. one week) before forming.
To find out how the natural ageing influences mechanical properties of these Al-Mg-Si alloys
and when the mechanical properties are stable, the evolution of hardness and tensile

properties during natural ageing was studied.

e Hardness

As shown in Fig. 4-11, with increasing Mg and/or Si content, the natural ageing response of
the alloys becomes greater and more rapid. With the same total atomic Mg plus Si content,

low Mg/Si ratio alloy A4 and medium Mg/Si ratio alloy A6 showed faster ageing kinetics
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than high Mg/Si ratio alloy A2 during the first few hours of natural ageing. With prolonged
natural ageing (i.e. 1 week), the hardness values of alloys A2, A4 and A5 saturated to a
similar hardness level of about 82 HVs, while A6 attained slightly higher hardness values.
The highest hardness value for alloy A6 after one week of natural ageing is not unexpected
since the Mg/Si atomic ratio in alloy A6 is close to 1, which is supposed to promote the

formation of hardening clusters [123].
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Fig. 4-11 Natural ageing curves for the alloys studied
o Tensile properties

As for the tensile properties, the typical engineering stress-strain curves for the high Mg
content alloy A2 after different natural ageing times are shown in Fig. 4-12. It can be seen
that the flow stress of alloy A2 increases with natural ageing time. Moreover, significant
serrated yielding is only seen in alloy A2 with natural ageing time being equal to or less than
one hour. Table 4-4 summarises the observation of the PLC effect in these five alloys in the
different tempers. It appears the observation of the PLC effect after one hour of natural
ageing can be related to the natural ageing kinetics observed in the Fig. 4-11. More precisely,
the high Si content alloys (A4 and AS5) and medium Mg/Si ratio alloy A6 have faster early
natural ageing kinetics (i.e. within the first hour of natural ageing), which is associated with
the faster removal of mobile solutes and/or vacancies from the matrix, compared to the low
Si content alloys A2 and A3. Therefore, serrated yielding is more notable after a given
natural ageing time in the latter alloys than in the former alloys. Since the poor formability of

as-quenched 6xxx alloys was attributed to the serrated yielding [16], forming of 6xxx alloys
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is therefore suggested to be performed on the alloys after longer natural ageing time (i.e., one

day or more).

Fig. 4-13 shows the mechanical property evolution during natural ageing for alloy A2. It can
be seen that the strength increased with the natural ageing time and saturated after one week
of natural ageing. It is interesting to see that the uniform/total elongation decreased with the
natural ageing time and saturated after one week of natural ageing, as well. This suggests that
forming of 6xxx alloys can be performed on the alloys after one week of natural ageing when

the mechanical properties of the alloys are stable.
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Fig. 4-12 (a) Engineering stress vs. strain plots for alloy A2 in different conditions, and
(b) corresponding true stress-plastic strain plots.

Table 4-4 Summary of the onset strain for the PLC effect in the alloys

Alloy Conditions
Asq NAlh NAld NAlw NAlm
A2 0.008 0.04 / / /
A3 0.007 0.02 0.13 / /
A4 0.006 0.1 / / /
A5 0.010 0.1 / / /
A6 0.011 0.12 / / /
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Fig. 4-13 The evolution of mechanical properties of alloy A2 during natural ageing (a)
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e Work hardening and strain-rate sensitivity

The work hardening curves for alloy A2 in the as-quenched and/or naturally aged conditions
are shown in Fig. 4-14. It can be seen that the material in the as-quenched and/or naturally
aged for 1 h conditions shows a lower work hardening rate than the material with longer
natural ageing time (i.e. more than one day of natural ageing), especially at strains close to
the onset of necking. After one week of natural ageing, the work hardening curve almost has

no change with prolonged natural ageing.
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Fig. 4-14 (a) Work hardening curves for alloy A2 in the as-quenched and/or naturally
aged conditions (b) enlarged view of (a) at strains close to the onset of necking. The
arrows in (b) indicate uniform strains.

Kocks-Mecking plots for alloy A2 in the different conditions are shown in Fig. 4-15. Both

the initial work hardening rate and dynamic recovery rate were observed to decrease with

natural ageing time increasing. @y is believed to be dependent on the solute concentration in
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the matrix, and a high solute concentration is expected to lead to a high initial work
hardening rate [15, 45]. Thus, it is not surprising that as-quenched material has a higher
initial work hardening rate than naturally aged material, since as-quenched material contains
more solute atoms in solution than naturally aged material. As for the dynamic recovery rate,
a high solute concentration in the matrix is expected to decrease the dynamic recovery rate.
This may suggest that the dynamic recovery rate in the as-quenched material should be lower
than that in naturally aged material. However, the trend in this study is opposite, which was
also reported by Zolotorevsky et al [15]. This is probably attributed to the occurrence of
dynamic precipitation in the naturally aged material [42], which may decrease the dynamic

recovery rate.
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Fig. 4-15 (a) Kocks-Mecking plots, (b) ®; and d®/d(c- oy) for alloy A2 in the as-
quenched and/or naturally aged conditions.

1000 4

© (MPa)
o,(MPa)

For the SRS of the flow stress, an increase in the SRS with increasing natural ageing time is
expected since the PLC effect gradually disappeared with prolonged natural ageing (see Fig.
4-12), which suggests a decreased negative contribution of DSA to the SRS of the flow stress.
As shown in Fig. 4-16, the improvement in the SRS of the flow stress is significant if the
material was further naturally aged after one hour of natural ageing, (i.e., when the serrated

yielding disappears after one hour of natural ageing).
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Fig. 4-16 Dependence of the SRS on the true strain for the naturally aged alloy A2.

4.2.3 Effect of Si, Mg and Mg/Si ratio on the tensile properties of 6xxx alloys

The naturally aged strength of the alloys increases with increasing total Mg + Si content
(from A3 to A2 and A4, and further to AS), as shown in Fig. 4-17. As for the tensile ductility,
Mg has almost no effect on it. However, an increase in the Si content raises the average
ductility slightly, although at the highest Si levels this enhancement disappears. As regards
the effect of Mg/Si ratio, alloys with high and low Mg/Si ratios (i.e. alloys A2 and A4,
respectively) were found to have similar strengths at a level of about 10-15 MPa lower than
that achieved by the alloy with medium Mg/Si ratio (A6). It is evident that the uniform and

total elongations both decrease slightly with increasing Mg/Si ratio.

56



Chapter 4 Microstructure and Formability of Naturally Aged Al-Mg-Si Alloys

300

(a)

250 -

200
A3

Tensile strength (MPa)

AGY A4 __ -~
/Az

1.2 1.6
Si+Mg (at.%)

23

Uniform elongation (%)
[+
B

n
LY
1

0.8

Si+Mg (at.%)

2.0

Yield strength (MPa)

Total elongation (%)

160
| (b) AG# A5
140+
120
100-
80
0.8 1.2 1.6 2.0
Si+Mg (at.%)
ag| (@)
Al 209
T
36 T
-~ he
34-Aﬁ - Lo
32
0.8 1.2 1.6 2.0

Si+Mg (at.%)

Fig. 4-17 Tensile properties of the alloys naturally aged for one week.
Note: dashed lines connect the alloys with different Si contents, while solid lines
connect the alloys with different Mg contents

4.2.4 Formability results

Increased Mg and Si content was shown to improve the stretch forming performance of the
alloys (see Fig. 4-18). A noticeable effect was found for the forming limit in the plane strain
stretching condition (FLDy), which is very important for automotive stamping lines since
most of the forming failures occur in this mode [110]. It is noted that the formability
enhancement by increasing the Si content is more significant than that achieved by increasing
the Mg content. Notably, the FLD, of the alloys studied is within the range of values for
6xxx alloys reported in the literature [6, 16, 124] . For instance, FLD, for the high Si content
alloys A4 and A5 is close to the value for alloy 6016 reported in [124]. Similarly, FLD, for
the high Mg content alloy A2 is equivalent to the value for alloy 6061 reported in [6],

although the latter alloy has relatively high Fe and Cu contents.
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Fig. 4-18 (a) Right-hand side of FLD and (b) FLD of the alloys after 1 week of
natural ageing.

4.3 Discussion

4.3.1 Effect of grain size

Grain size is known to be an important factor in the localised necking process, since
correlated shear bands spreading across a specimen cross-section are formed at lower strains
in materials with a coarse grain size [89]. Literature data [87, 88] show that the formability
improves significantly with decreasing grain size. For a superior formability, the grain size
should be at least around 20 times smaller than the sheet thickness [9]. Thus, for 1 mm sheet,
the grain size should be below 50 pum. In this study, the average grain size of the alloys was
in the range from 31 to 41 um. Furthermore, one may think that the grain size should also
have an effect on the formability, as the formability of the alloys was found to increase in the
sequence A3 to A4 to A5 and A3 to A2, i.e. in the same sense as the grain size decreased (cf.
Fig. 4-4). However, the formability of alloy A2 with a grain size of 34 um was lower than
that of alloy A4 with a similar grain size of 38 um, which suggests that the grain size is not
the major factor that affects formability. Morris et al {Morris, 1982 #133} also proposed that
grain size in the normal commercial alloy range of 20 to 100 microns has little effect on the
necking or fracture limits of aluminium alloys at room temperature. Similarly, the grain size
should also have little effect on the tensile ductility of the alloys studied, since the tensile

ductility and the formability have similar trends with respect to grain size variation.

The variation in grain size may be attributed to a different volume fraction and distribution of

coarse particles and dispersoids in the alloys. Coarse particles are important in that they tend
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to refine the grain size in the final T4 state by providing nucleation sites for particle-
stimulated nucleation [26]. Moreover, dispersoids restrict grain growth during the final
solutionising treatment [26]. In the present study, the volume fraction of both coarse
particles and dispersoids increased with increasing Si content, resulting in a refined grain
structure. An increase in Mg content and the ensuing increase of the volume fraction of
coarse particles may counteract the reduced negative effect on grain refinement caused by the
low number density of dispersoids. As a result, a refined grain structure can be observed. The
increased volume fraction of dispersoids in the alloy A6 is expected to attribute the finer
grain size compared to alloy A3. Furthermore, a larger solute drag effect by solute atoms in
the matrix may also contribute to the grain size refinement in the high solute content alloys

[125].

4.3.2 Effect of texture

Many studies showed that texture can have significant influence on the deep drawing ability
of the material through it’s influence on the r-value [91, 92] . As for stretch forming, the
stretchability of a material is determined by work hardening and strain-rate hardening
capability of the material rather than r-value [6, 7]. However, Pedersen et al [93] suggested
that a strong cube texture can lead to a high stretch formability, although no information
about the work hardening and strain-rate hardening characteristics of the materials was
provided. Furthermore, Yoshida e a/ [94] modelled the effect of major texture components
in aluminium alloys on the biaxial formability, and also found a strong cube texture would

contribute the high stretch formability due to the enhanced work hardening rate.

In this study, the major texture components in the alloys are cube texture, and the variation in
maximum texture intensity across the different alloys is small. Therefore, texture should not
be considered as an important factor that influence on the stretch formability of the studied

alloys.

4.3.3 Effect of solute and clusters

Solutes in solution tend to increase the yield strength and retard dynamic recovery [98],
which results in an increased work hardening capacity [126] . Cheng et al [40] proposed that

the slope of the linear part of the ® vs. (c-6y) plot is inversely proportional to the rate of
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dynamic recovery, where ® is the work hardening rate and oy is the yield stress. Fig. 4-19
shows the © vs. (o-oy) plots for the alloys after one week of natural ageing. High solute
content alloys were found to have a higher work hardening rate at large stresses (Fig. 4-19a)
and a lower dynamic recovery rate than that in the low solute content alloys (Fig. 4-19b).

Furthermore, it appears the Mg/Si ratio has little influence on the dynamic recovery rate.
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Fig. 4-19 (a) ® vs (c-0y) plots, and (b) rate of dynamic recovery of the alloys.
The alloys were naturally aged for one week.

Accordingly, the increased work hardening capacity represented by the average work
hardening exponent (n-value) increases slightly with increasing Si content (Fig. 4-20a). The
Mg content, however, has a lesser effect on the n-value. With the same total solute content,
low Mg/Si ratio alloy A4 shows a higher n-value than alloys A2 and A6. According to
Considere necking criterion, the n-value should be exactly equal to uniform strain provided
that the true stress- plastic strain curves of the alloys studied conform to Hollomon equation.
In other words, the dependence of n-value and uniform elongation on the compositions
should be similar. However, comparing Fig. 4-20 (a) with Fig. 4-17 (¢), some differences can
be found (i.e. the dependence of n-value of A2, A4, and A6 on the compositions is not the
same as the dependence of uniform elongation of these alloys on the compositions). In
addition, the work hardening capacity can also be represented by (UTS-YS)/YS. As shown in
Fig. 4-20 (b), it is interesting to see that the low solute content alloy A3 exhibits a largest
work hardening capacity than another four high solute content alloys, however, alloy A3 has
a lowest uniform elongation among the alloys studied. These differences arising from Fig. 4-
20 can be explained in terms of the instantaneous work hardening exponent, n; defined as the

derivative of the logarithms of true stress with respect to the logarithm of true plastic strain at
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a given point on the true stress-plastic strain curve. As shown in Fig. 4-21 (a), at the
beginning of plastic deformation, n; increases sharply with strain, but then drops off
gradually until the onset of necking. After that, a rapid decrease in n; can be observed. At
small strains below 0.1, A3 exhibits significantly larger values of n; than the other alloys.
However, at strains close to the onset of necking, n; for alloy A3 is lower than that for the
other alloys (Fig. 4-21b). Also, from Fig. 4-21b it can be found that n; at the point
corresponding to uniform strain (ng) is almost the same as the uniform strain itself — in
keeping with the Considére necking criterion (® = ¢ ). As listed in Table 4-5, the overall
work hardening exponent (average value from strains of 0.002 to uniform strain, nggo2-cu) of
alloy A3 is higher than for the other alloys, which is consistent with the results if the work
hardening capacity is expressed as (UTS-YS)/YS (as shown in Fig. 4-20b). However, if the
average n; between the strains of 0.002 and 0.1 (ng.002~0.1), and between the strains of 0.1 and
uniform strain (ngj-¢y) are measured, then it can be found that the high n; of alloy A3 only
refers to the low strains below 0.1. At large strains, alloy A3 loses its ability to maintain a
high work hardening capacity. In other words, it is the work hardening at low strains (0.002
to 0.1) that causes a high overall work hardening capacity in alloy A3. However, for ductility
and stretch formability, the work hardening capacity at high strains, especially close to the
onset of necking, is more important than the overall one. By using the instantaneous work
hardening exponent, the consistence can be found about the uniform elongation and ng, on

the compositions, as shown in Fig. 4-17 and Fig. 4-22.

It should be noted that both the average work hardening exponent and (UTS-YS)/YS are
normally used for representing the work hardening capability for engineering purposes.
However, this study shows that both of them are not suitable for describing the work
hardening capability of the alloys that were investigated. By contrast, the instantaneous work
hardening exponent at the uniform strain may be considered as a suitable way for evaluating
the work hardening capability. However, the instantaneous work hardening exponent cannot
tell us why various materials have different work hardening behaviour. Therefore, the Kocks-
Mecking-Estrin model will additionally be employed to study the work hardening behaviours
of the alloys studied. Nevertheless, the instantaneous work hardening exponent at uniform
strain is still used in this PhD study for representing work hardening capability and for the

purpose of ranking materials, as this is a common practice in this industry.
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Fig. 4-20 Effect of composition on (a) n-value and (b) (UTS-YS)/YS.

0.2

0.1
True plastic strain

0.18
0.18

0.20 0.22
True plastic strain

0.24

Fig. 4-21 (a) The dependence of n; on the true plastic strain of the different alloys; (b) an
enlarged view of (a) at strains close to uniform strains. The alloys were naturally aged for
one week. Arrows and red dots in (b) indicate the uniform strain determined by the

Considere necking criterion.

Table 4-5. Average n; value at different levels of true plastic strain for alloys A2 to A6 after

one week of natural ageing.

Alloy 10.002~cu 1N0.002-0.1 N0.1~u
A2 0.245 0.244 0.247
A3 0.266 0.282 0.248
A4 0.252 0.253 0.252
AS 0.247 0.243 0.252
A6 0.236 0.231 0.242
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Furthermore, the work hardening rate (®) curves of the alloys were examined. As shown in

Fig. 4-23a, at first glance, the strain dependence of the work hardening rate is very similar for

all the alloys, although alloy A3 shows a lowest work hardening level among the alloys

studied. However, if the region near the onset of necking is enlarged, some differences are

observed. As shown in Fig. 4-23b, increasing Si (from alloys A3 to A4, and further to AS)

and/or Mg contents (from alloys A3 to A2) was found to increase the work hardening rate at

the uniform strain. With the same total atomic Mg plus Si content, low Mg/Si ratio alloys A4

and A6 exhibited a higher work hardening rate at the uniform strain than high Mg/Si ratio

alloy A2.
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Fig. 4-23 (a) The dependence of work hardening rate on true plastic strain for different
alloys and (b) an enlarged view of (a) at strains close to uniform strains. The alloys were
naturally aged for one week. Arrows in (b) indicate the uniform strain determined by the
Considere necking criterion.

63



Chapter 4 Microstructure and Formability of Naturally Aged Al-Mg-Si Alloys

Solutes in solution also influence the strain rate sensitivity (SRS) of the flow stress of the
alloys. A high SRS is expected to decrease the tendency for strain localization [127]. As
shown in Fig. 4-24, the SRS of the Si-rich alloys A4 and AS5 after one day of natural ageing
is larger than that of the Mg-rich alloy A2 and the low Si alloy A3, especially at the large
strains that are relevant for tensile ductility and formability. The decrease of Mg/Si ratio
(from alloys A2 to A6, and further to A4) also increases the SRS at the large strains. It should
be noted that at low strains (i.e. around 0.02), the SRS of all the alloys is negative and/or zero,
which is a manifestation of dynamic strain ageing. With prolonged natural ageing (from one
day to one week), the SRS of the alloys increases. At low strains, the SRS of alloys A4, AS
and A6 becomes positive, while that of alloys A2 and A3 is still negative. Mobile atoms are
believed to give rise to a negative contribution to the SRS due to dynamic strain ageing, with
the effect being stronger for higher Mg concentrations in solid solution [74]. Therefore, a low
SRS was found in the high Mg content alloy A2. Meanwhile, high Si contents and/or low
Mg/Si ratio accelerate the ageing kinetics (as seen in Fig. 4-11) associated with the removal
of mobile atoms from solid solution; therefore alloys A4 and A5 exhibit a higher SRS than
alloys A2 and A3, and the SRS increases with decreasing Mg/Si ratio. Accordingly, the
alloys with higher strain rate sensitivity systematically exhibit a larger post-uniform

elongation (Fig. 4-25). This is consistent with reports in literature [8].
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Fig. 4-24 Dependence of the SRS on the true strain for the alloys naturally
aged for (a) one day and (b) one week.
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alloys naturally aged for one week. The SRS was determined at a strain of
0.2, which is close to the onset of necking.

Dynamic strain ageing and dislocation strengthening are the major factors that influence the
SRS of the flow stress of the alloys. Dynamic strain ageing results in a negative contribution
to the SRS, while dislocation strengthening provides a positive contribution. At small strains
(e.g. 0.02), the SRS is negative for alloys A2 and A3, which suggests that the contribution of
dynamic strain ageing is predominant. The SRS is zero for alloys A4, A5 and A6. With
increasing strain, the SRS increases, especially in alloys A4, A5 and A6. This suggests that
the positive contribution of dislocation strengthening becomes predominant there. For alloys
A2, A4 and A6 with the same total solute content level, the dislocation strengthening is
similar, as shown in Fig. 4-26. Therefore, dynamic strain ageing is the only major factor that
makes the SRS different in these three alloys. On the other hand, for the alloys A3, A4 and
A5, increasing the Si content enhances the natural ageing kinetics, which in turn weakens the
negative contribution of dynamic strain ageing to the SRS. The increased Si content also
increases the dislocation strengthening compared to alloy A3, which decreases the activation
distance. As a result, a larger contribution of dislocation strengthening to the SRS can be

obtained in Si-rich alloys than in the low Si content alloy A3.

From the above analysis it can be recognised that a low dynamic recovery rate in the high
solute content alloys influences both the work hardening and the strain rate hardening. The

low dynamic recovery rate in the high solute content alloys is due to the decrease of the
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stacking fault energy (SFE), which reduces the activity of cross-slip as a dynamic recovery

process [128, 129].
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Fig. 4-26 (c-oy) vs. plastic strain plots for the alloys naturally aged

for one week.
The difference in the SRS across different alloys can be reflected by the deformed
microstructures. As shown in Fig. 4-27, after 30% straining (at which necking already
occurred), the necking in the high Mg content alloy A2 is more prominent than in the high Si
content alloy A4. This result is not unexpected since the deformation beyond the onset of
necking is controlled by strain rate hardening. Alloy A4 has a higher SRS than alloy A2 (see
Fig. 4-24); therefore a low tendency for strain localisation was observed. Furthermore, a
surface profilometer was used to quantitatively study the strain localisation in these alloys.
As shown in Fig. 4-28, with increasing Si content (from alloys A3 to A4, and further to AS),
the deformation localisation became less prominent. Meanwhile, with increasing Mg/Si ratio
(from alloys A4 to A6, and further to A2), an increase in the degree of deformation
localisation was observed. It appears Mg content has little influence on the deformation

localisation.

During natural ageing after quenching, clusters are expected to be formed. Clusters are
shearable, and sheared by mobile dislocations during the course of deformation. Therefore, a
decrease in the work hardening capability is seen when the material was naturally aged,
compared to that of as-quenched alloy (see Fig. 4-13b). Furthermore, the formation of

clusters would consume the mobile solutes from the matrix, thus decreasing the negative
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contribution of DSA on the SRS. This process can enhance the SRS of the flow stress of the

materials, as shown in Fig. 4-16.

Fig. 4-27 SEM images showing the necked region in the alloys (a) A2 and (b) A4. The
alloys were naturally aged for 1 week, and then strained by 30%. The arrows indicate the
necked region.
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Fig. 4-28 Effect of alloy composition on the necking in (a) A2, (b) A3, (c) A4, (d)
AS and (e) A6. The alloys were naturally aged for 1 week, and then strained by
30%.

4.3.4 Effect of dispersoids

The presence of dispersoids can homogenise the slip distribution. Indeed, dislocation debris
left by a gliding dislocation around non-shearable dispersoid particles in its slip plane
increases the slip resistance there, thus promoting slip on other planes. As a result, more

uniform slip can be observed [54].

The effect of dispersoids on the work hardening behaviour can be studied by means of the

Kocks-Mecking-Estrin model [39]. To model the influence of dispersoids on the work
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hardening behaviour, the following superposition law for the flow stress encompassing the

various contributions was used:

oc=0,+0, +0 +(o,” +0,))"? 4-1)

clusters

where o, is an intrinsic ‘friction’ stress, o is the solid solution strengthening contribution,

(o}

clusters

is the strengthening contribution arising from solute clusters, and o, is the contribution

of non-shearable dispersoids. The term (o, + o, + 0o

clusters

) equals (o, —o,), where o, is the
yield stress, and its magnitude for the different alloys is listed in Table 4-6. As shown in the

table, the contribution of dispersoids to the yield stress is around 5 MPa, which is similar to

the value reported in Reference [82].

Table 4-6 Yield strength and o, of the alloys after 1 week of natural ageing

Alloy Yield strength (MPa) o, *(Mpa)
A2 136 3.9
A3 84 5.0
A4 138 5.0
A5 147 5.5
A6 149 4.8

*g,1s obtained by using quantitative data in Table 2 and the Orowan equation [120]

Fig. 4-29 shows the dependence of &, k; and k,, determined by fitting the experimental curves
to Eq. 2-4, on the combined content of Mg and Si of the alloys. It is seen that the high Si
content alloys (A4 and AS5) have a higher k-value than the low Si content alloy A3. This is
attributed to the high number density of dispersoids in alloys A4 and A5 (Table 4-2).
Similarly, decreasing Mg/Si ratio (from alloys A2 to A6, and further to A4) increases the
number density of dispersoids, which also increase the k-value. Increasing the Mg content
(from alloy A3 to A2) has no influence on k;, while k; has a weak dependence on the Si
content (from alloys A3 to A4, and further to A5) and Mg/Si ratio (from alloys A2 to A6, and
further to A4). In the classic work hardening theory, k; is independent of the solute content
[39], although recent study showed that k; can be influenced by the solute content (e.g. Cu
and Mg contents in Al alloys) [15]. A possible mechanism was suggested by Zolotorevsky et

al [15] foreign atoms diffuse from forest dislocations to mobile dislocations while the latter
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are stopped before a barrier; this contributes to the pinning of mobile dislocations and their
transition to the category of forest dislocations, thus enhancing the amount of athermal
hardening. The dynamic recovery rate k; is seen to be strongly influenced by the amount of
Mg and Si in the alloy. This implies that alloys with a higher solute content exhibit a lower

dynamic recovery rate. The Mg/Si ratio was found to have little influence on £.
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Fig. 4-29 Effect of alloying element content on (a) &, (b) k; and (c) k. The
alloys were naturally aged for one week.

These results suggest that, to maintain a high work hardening rate, the alloy should have a
high Si content (or low Mg/Si ratio) and a high number density of dispersoids. However, it
should be emphasised that the contribution of solutes in the solution to the work hardening is
predominant over the contribution of dispersoids to the work hardening. Fig. 4-30 shows a
comparison of stress-strain curves of alloy A4 with dispersoids (experimental result) and
without dispersoids (modelling result). As shown in this figure, the contribution of
dispersoids on the amount of work hardening increases with increasing strain. However, the
dispersoids only provide a small contribution to the amount of work hardening. The

contribution of solutes on the amount of work hardening is still predominant.
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Fig. 4-30 The dependence of op on the true plastic strain for alloy A4. The solid line
presents experimental results, and the dashed line presents modelling results assuming the
dispersoids do not have any influence on the work hardening behaviour.

To find out whether the dispersoids in the alloys have an influence on the work hardening (as
suggested by the work hardening modelling), the microstructure of naturally aged alloy A2
after 2% tensile straining was characterised by TEM. As shown in Fig. 4-31, dispersoids do

have an influence on the dislocation accumulation, although it appears this effect is weak.

Fig. 4-31 (a) TEM image showing the interaction between dispersoids and
dislocations in the alloy A2 deformed by 2% (b) enlarged view of (a). The
alloy A2 was naturally aged for 1 week before deformation. The pictures were
taken from [001] zone axis.

Dowling et al [54] reported that the volume fraction of Mn-containing dispersoids increases

with increasing Mn content. However, in the present study, the Mn content in the different
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alloys was the same; only the Mg and Si contents were different. This still results in a
different number density of Al(Fe,Mn)Si dispersoids in the alloys (Fig. 4-2). Note that the
volume fraction of coarse Mn-containing particles in all the alloys was similar, which may
suggest that the amount of Mn trapped in them was nearly the same as well. Therefore, it is
not the variation in volume fraction of coarse Mn-containing particles that causes different
distributions of Mn-containing dispersoids. Gupta ef a/ [130] found that increased Si content

can promote the formation of 5 » precipitates (precursors of Mg,Si). The Si variation in the

alloys studied may also have a similar influence on the formation of Al(Fe,Mn)Si dispersoids.
Increased Si contents (from alloys A3 to AS5) may increase the amount of Al(Fe,Mn)Si
dispersoids due to more Si being available for the formation of dispersoids. On the other
hand, the existence of undissolved coarse Mg,Si particles in the high Mg content alloy A2
may reduce the amount of available Si for the formation of dispersoids. It is therefore not
surprising that a more homogeneous distribution of dispersoids was observed in the high Si
content alloys A4 and A5 than in the low Si content alloys A3 and A2. The influence of alloy
composition on the amount of intermetallics will be modelled by thermodynamic modelling

in the Chapter 7.
4.4 Summary

In this chapter, the effects of Si content, Mg content and Mg/Si ratio on the microstructure,
tensile ductility and stretch formability were studied for five different 6xxx alloys designed
with systematically varying Si and Mg contents. In particular, three among the five alloys
studied had about the same total atomic percentage of Mg plus Si. It was found that the
tensile ductility and stretch formability are affected by the microstructural features of the
alloys. Not only does an increase in the Si content raise the work hardening capacity of an
alloy due to a decrease in the dynamic recovery rate, but it also enhances strain rate
hardening by facilitating the formation of clusters that remove mobile solute atoms and/or
vacancies from the solid solution. Furthermore, by increasing the Si content of the alloy, the
occurrence of a high number density of dispersoids is promoted, which increases the storage
rate of geometrically necessary dislocations. Collectively, these effects act to improve the
tensile ductility and stretch formability of sheet products manufactured from these alloys. By

contrast, increasing the Mg content of the alloy has little influence on the tensile ductility and
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stretch formability. For the same combined Mg and Si level, the alloy with lower Mg/Si ratio
shows a greater tensile ductility and stretch formability than high Mg/Si ratio alloy. This is
due to an increased strain rate sensitivity of the flow stress and an improved distribution of
dispersoids in the high Si alloy. The present study also suggests that it is the work hardening
and the strain rate hardening close to the onset of necking that matter for ductility and
formability, rather than the overall values of these material characteristics. Furthermore, the
deformed microstructures also reflect the difference in the mechanical characteristics
between these alloys, namely, the materials with high strain rate sensitivity show a low

tendency for deformation localisation.
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Chapter 5: Formability of Pre-aged Al-Mg-Si Alloys

5.1 Introduction

Although the effect of artificial ageing on the stretch formability of 6xxx alloys has been
studied [16, 99, 131] to some degree, relatively little attention has been paid to the influence

of pre-ageing treatment on the stretch formability of 6xxx alloys [18].

In this chapter, five Cu-free alloys (A2-A6) were pre-aged at 100 °C for 2 h or at 200 °C for
20 s, followed by one week of natural ageing. The former pre-ageing treatment is suitable for
batch treatment, while the latter is suitable for in-line treatment. To understand the influence
of pre-ageing on the strain rate hardening behaviour of the alloys, high Mg content alloy A2
and high Si content alloy A4 were pre-aged at 100 °C or 200 °C for different times. The work
hardening and strain rate hardening behaviour of the pre-aged alloys was used to understand
the formability results. Furthermore, a model for the observed strain rate hardening behaviour

of the pre-aged alloys was proposed.
5.2 Results

5.2.1 The influence of pre-ageing treatment parameters on the natural ageing and paint
bake responses

5.2.1.1 Hardness

Effects of pre-ageing time at 100 °C on the hardness of alloys A2 and A4 are presented in Fig.
5-1. It can be seen that pre-ageing at 100 °C can significantly enhance the paint-bake
response of the alloys, compared to the paint-bake response of the material without pre-
ageing. The dependence of hardness on the pre-ageing time is quite similar between these
two alloys. More precisely, the hardness, measured immediately after pre-ageing, increases
with increasing pre-ageing time. The effect of pre-ageing on the natural ageing response was
also studied. After one week of natural ageing, the hardness of pre-aged samples was
observed to drop firstly, and then to increase gradually. The overall result is a decreased
natural ageing response after pre-ageing with increasing pre-ageing time. Particularly, after

pre-ageing for 2 h, there is almost no natural ageing response during further room
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temperature storage. In other words, the material is very stable after pre-ageing in terms of
hardness. Moreover, the paint-baked hardness always increases with increasing pre-ageing

time, although after a long pre-ageing, the increment tends to saturate.
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Fig. 5-1 Effect of pre-ageing time at 100 °C on the hardness of alloys (a) A2 and
(b) A4.

The influence of pre-ageing time at 200 °C on the hardness of alloys A2 and A4 is quite
similar to that observed at 100 °C (cf. Fig. 5-1 and 5-2). However, pre-ageing at 200 °C for
20 - 60 seconds cannot suppress the natural ageing response after pre-ageing, thus a limited
improvement in the paint-bake response was observed, compared to the improvement
obtained if the material was pre-aged at 100 °C. Nevertheless, it appears pre-ageing at 200 °C
for 20 s provides a good combination of properties (i.e. a low hardness after natural ageing
and high hardness after paint-bake treatment) compared to pre-ageing at 200 °C for 40 s and
60 s.
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Fig. 5-2 Effect of pre-ageing time at 200 °C on the hardness of alloys (a) A2 and (b) A4.
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5.2.1.2 Tensile properties

The typical stress-strain curves for alloys A2 and A4 pre-aged at 100 °C for different times
are shown in Fig. 5-3. It can be seen that, with increasing pre-ageing time, the serrated
yielding gradually disappears in both alloys due to the depletion of mobile solutes/vacancies
from the supersaturated solid solution. The PLC effect was observed to disappear faster in

the high Si content alloy A4 than in the high Mg content alloy A2.
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Fig. 5-3 Engineering stress-strain curves for alloys (a) A2 and (b) A4 aged at

100 °C for different times, and corresponding true stress-plastic strain curves

for alloys (c) A2 and (d) A4.

Upon one week of natural ageing after pre-ageing, it is interesting to observe that the serrated
yielding can still be found in alloy A2, even if alloy A2 was pre-aged for 4 h at 100 °C (Fig.
5-4). By contrast, the stress-strain curve for as-quenched alloy A2 after one week of natural
ageing is smooth. Similarly, the stress-strain curves for pre-aged alloy A4 are smooth after
one week of natural ageing, as shown in Fig. 5-5. The serrated yielding in the pre-aged alloy

A2 suggests a more negative SRS than that for the naturally aged material without pre-ageing,
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as shown in Fig. 5-6a. Pre-ageing also decreases the SRS of the flow stress in the alloy A4
(Fig. 5-6b), although this decrease in the SRS is not sufficient to promote the occurrence of
serrated yielding. Fig. 5-7 shows tensile property results for pre-aged alloys A2 and A4 after
one week of natural ageing, together with mechanical properties of as-quenched alloys after
one week of natural ageing. As shown in Fig. 5-7, the dependence of the yield and tensile
strength on the pre-ageing time is quite similar, i.e., with increasing pre-ageing time, the

strength firstly decreases and then increases. For the tensile ductility, there is little variation

in uniform elongation and total elongation with respect to pre-ageing time.
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Fig. 5-7 Mechanical properties of alloys A2 and A4 pre-aged at 100 °C. The
pre-aged samples were further naturally aged for one week before tensile
testing.

Fig. 5-8 shows the stress-strain curves for alloys A2 pre-aged at 200 °C for different times.
As shown in Fig. 5-8, with increasing pre-ageing time, the PLC effect becomes more
significant in pre-aged alloy A2 after one week of natural ageing. By contrast, no PLC effect
was observed in alloy A4, as shown in Fig. 5-9. This trend is similar to that observed in the
samples pre-aged at 100 °C. Fig. 5-10 shows the SRS of pre-aged alloys A2 and A4 after one
week of natural ageing. A decreased SRS of the flow stress can be found in both alloys with
increasing pre-ageing time. As for the tensile properties, as shown in Fig. 5-11, it is evident
that, with increasing pre-ageing time at 200 °C, both the tensile strength and the ductility

decrease.
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Fig. 5-11 Effect of pre-ageing time at 200 °C on the mechanical properties of
alloy A2 after one week of natural ageing.

5.2.2 The hardness and tensile properties of different pre-aged alloys

As shown in Fig. 5-12, a pre-ageing treatment can significantly inhibit the natural ageing

process and improve the paint bake response of the materials, compared to the materials that
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did not undergo a pre-ageing treatment. Pre-ageing at 100 °C is more efficient in promoting a
good paint bake response than pre-ageing at 200 °C. The tensile properties after different heat
treatments are shown in Fig. 5-13. As shown in Fig. 5-13, similarly to the hardness results,
pre-ageing was found to reduce the strength of the materials after natural ageing. As for the
tensile ductility, in most cases, pre-ageing was found to reduce the uniform and total
elongation or to have little influence on these quantities. However, for alloy A3, it is

interesting to observe that pre-ageing at 100 °C for 2h can improve the tensile ductility.
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5.2.3 Effect of pre-ageing on the stretch formability

Effects of heat treatment on the right hand side of FLD of the alloys are shown in Fig. 5-14.
Pre-ageing was found to reduce FLD, for all the materials tested, except for alloy A3, as
shown in Fig. 5-15. In alloy A3, pre-ageing has little influence on FLD,. The decrease in
FLD, is more significant in the alloys pre-aged at 100 °C for 2 h than in the alloys pre-aged at

200 °C for 20 s. It is also more pronounced in the excess Si alloys A4 and AS.
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5.3 Discussion

5.3.1 Strain rate hardening behaviour

A decrease in the SRS of the flow stress was seen in pre-aged alloys A2 and A4 after one
week of natural ageing, compared to that of the as-quenched alloys after one week of natural
ageing. Actually, this phenomenon was also observed in the other three Cu-free alloys, as
shown in Fig. 5-16. In particular, the PLC effect, which is a manifestation of negative SRS,
was also observed in the pre-aged alloy A3. Table 5-1 summarises the observation of the
PLC effect in these five alloys. It can be seen that after pre-ageing the low Si content alloys
A2 and A3 were more prone to the PLC effect. These two alloys with sluggish natural ageing
kinetics showed the occurrence of DSA after one week of natural ageing if they were not pre-
aged before natural ageing, as shown in Fig. 4-24b. It appears pre-ageing promoted the
development of DSA, and finally led to the occurrence of serrated yielding (the PLC effect)
in these two alloys.

Table 5-1 The observation of serrated yielding in the alloys in the different conditions.

Alloys NAlw PA100x2h+NAlw PA200x20s+NAlw

A2 - + -
A3 - + +
A4 - - -
A5 - - -
A6 - - -

Note: The “-” sign shows that no serrated yielding was observed, while “+” sign indicates the
occurrence of serrations.
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Fig. 5-16 The SRS of the flow stress of alloys (a) A3, (b) A5 and (c) A6

A decrease in the SRS of the flow stress in the pre-aged samples with a further one week of
natural ageing can be unexpected, since pre-ageing is supposed to deplete the solute and
vacancy concentration in the matrix. Therefore, the serrated yielding was observed to
gradually disappear with prolonged pre-ageing (as shown in Fig. 5-3 and in Reference [132]),
and the SRS of the flow stress of the pre-aged alloys was observed to be higher than that of
as-quenched samples [77]. After one week of natural ageing, the SRS of pre-aged alloys was
expected to be still higher than that of the naturally aged alloys without pre-ageing. However,
the trend is opposite, which suggests that natural ageing after pre-ageing may have different
influences on the SRS of pre-aged samples and the samples without pre-ageing. Furthermore,
two factors can influence the SRS of the flow stress, namely, dislocation strengthening and
dynamic strain ageing. Dislocation strengthening (e.g. through the mechanism of cutting of
forest junctions) is expected to give a positive contribution to the SRS, while DSA is
believed to give a negative contribution to the SRS [133]. Therefore, the decreased SRS in

pre-aged alloys may be caused by either reduced dislocation strengthening or increased DSA.
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However, a detailed study showed that pre-ageing has little influence on the dislocation
strengthening (the difference between the flow stress and the yield strength) at a strain of
0.02, as shown in Fig. 5-17. Therefore, the decreased SRS after pre-ageing should be caused
by the increased DSA contribution. It should be noted that the SRS at a strain of 0.02 was
chosen because the difference in the SRS at a strain of 0.02 is significant across different
tempers. Furthermore, the increased DSA can be caused by the interaction between mobile
dislocations and diffusing solutes (i.e. classic DSA) or the repeated shearing of shearable

clusters/precipitates (i.e. pseudo PLC) [71].
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Fig. 5-17 Eftect of pre-ageing time on dislocation strengthening at a
strain of 0.02 in pre-aged alloy A4 after one week of natural ageing.

Therefore, two possible mechanisms may account for the increased DSA and observed PLC

effect:

® After one week of natural ageing, pre-aged samples may contain more solute/vacancies
than sample without pre-ageing, which causes the increased DSA (Mechanism I). This
mechanism implies that natural ageing process should be faster in pre-aged samples than
in samples without pre-ageing, if pre-aged samples are further naturally aged after one
week of natural ageing, since, after one week of natural ageing, pre-aged samples contain
more solutes/vacancies than samples without pre-ageing. Moreover, longer natural
ageing (i.e. 1 month of natural ageing) after pre-ageing should increase the SRS of the
flow stress due to further removal of solute/vacancies from the matrix and the ensuing

reduction of the DSA contribution to stress. It should be noted that, after one month of
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natural ageing, most of solutes (~ 80%) are expected to be still retained in the matrix of
the samples with/without pre-ageing [134]. This may suggest, for a specific alloy and for
the conditions tested, solute concentration in the matrix may be not so critical for the

DSA. Thus the importance of vacancies for the DSA can be highlighted.

® Alternatively, after one week of natural ageing pre-aged samples may contain more
clusters/precipitates than samples without pre-ageing. The repeated shearing of these
shearable clusters/precipitates by gliding dislocations may give rise to the serrated

yielding (Mechanism II).

In order to test Mechanism I, alloys A2 and A4 were naturally aged for either one week or
one month after pre-ageing. As shown in Fig. 5-18, although the natural ageing effect was
retarded during one week of natural ageing after pre-ageing, it was more significant in the
pre-aged samples during one week to one month of natural ageing if the samples were pre-
aged at 100 °C for less than 2 h. However, it is interesting to see that the natural ageing
response during one week to one month of natural ageing is almost the same for the samples
pre-aged for more than 2 h as for the samples without pre-ageing. These results appear to
support Mechanism I for the decrease in the SRS in the pre-aged alloys after one week of
natural ageing, especially when samples were pre-aged for a short time (i.e. less than 2 h at
100 °C). For longer pre-ageing time, Mechanism I may be still valid or the other mechanism
(Mechanism II) may become predominant. Furthermore, the hardness results in Fig. 5-18
suggest that one month of natural ageing has a more significant influence on the SRS of the
flow stress of the samples pre-aged for a short time (eg 5 min) than of the alloys pre-aged for
a long time (eg 2 h). In fact, after one month of natural ageing, the PLC effect disappeared in
alloy A2 samples that were pre-aged for 5 min. By contrast, the PLC effect was still observed
in alloy A2 pre-aged for 5 min after one week of natural ageing, as shown in Fig. 5-19. It
should be noted, however, that one month of natural ageing did not have any significant
effect on the PLC effect observed in alloy A2 pre-aged for 2 h, although it appears the onset
strain for the PLC effect increased slightly with increasing natural ageing time, as shown in
Fig. 5-20. The improvement (that is, an increment) in the SRS (i.e. the SRS at a strain of 0.02)
by longer natural ageing was more significant in samples pre-aged for 5 min than in samples

pre-aged for 2 h, as shown in Fig. 5-21. (It should be noted that due to the serrated yielding,
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the uncertainty for the SRS determination becomes large. Therefore, the SRS results from
three tests are presented in Fig. 5-21.) As for alloy A4, no PLC effect was observed in the
pre-aged samples after one week or one month of natural ageing, Figs. 5-22 and 5-23.
However, an increase in the SRS of the flow stress can be seen in the pre-aged alloy A4
when the samples were naturally aged from one week to one month after pre-ageing, as
shown in Fig. 5-24. An enhancement of the SRS by longer natural ageing was also observed
in the alloys pre-aged at 200 °C for 20 s, see Fig. 5-25. Moreover, even after one month of
natural ageing, the SRS of pre-aged samples was still lower than that of samples without pre-
ageing. These results further suggest that the decrease in the SRS in the pre-aged alloys after
natural ageing should be caused by Mechanism I if samples were pre-aged for a short time

(i.e. less than 2 h at 100 °C or 200 °C for 20 s).
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Fig. 5-18 Effect of pre-ageing and natural ageing on the hardness of alloys (a)
A2 and (b) A4.

89



Chapter 5 Formability of Pre-aged Al-Mg-Si Alloys

40

250 - (a) PA100x5min+NA1m PA100x5min+NA1w
g d
2 200-
0 kS
g PA100x5min
£ 150-
o
=
& 100-
Q
£
2  50-
w
0 T T Y T L3 T
0 10 20 30
Engineering elongation (%)
300
(b)
E 200
=3
w
w
£
w
5 100 -
[
0 L T
0.0 01 0.2 0.3
True plastic strain
= 240 (C)Pmnt:xsmianm
o
= iy .
@ PA100x6min+NA1w
o 210+
»
(=]
£
.
@
2 180+ PA100x5min
£=)
t =
w
150 - T . T T T
5 10 15 20 25

Engineering elongation (%)

Fig. 5-19 Effect of natural ageing on the (a) engineering and (b) true stress-
strain curves of alloy A2 pre-aged at 100 °C for 5 min and (c) enlarged view of

a segment of the

diagram shown in (a).

90



Chapter 5 Formability of Pre-aged Al-Mg-Si Alloys

o 2501 (a) 300, (®)
o
£ 200- s
: <
[ =
£ 150 g 2001
= e
= -
5 100 4
g 2 100
= =
5 ——PA100x2h (S
S 501 —— PA100x2h+NATw
—— PA100x2h+NA1m
0 : . . 0 . : .
0 10 20 30 40 0.0 0.1 0.2 0.3
Engineering elongation (%) True plastic strain
2404 (C)
w
o
=
w
[
g
®
o
£
@
@
=
D —— PA100x2h
& —— PA100x2h+NA1w
—— PA100x2h+NA1m
150 : . .
5 10 15 20 25
Engineering elongation (%)
Fig. 5-20 Effect of natural ageing on the (a) engineering and (b) true stress-
strain curves of alloy A2 pre-aged at 100 °C for 2 h, and (c) enlarged view of
a segment of the diagram shown in (a).
0004 (a) —+-NATm 0004, (b) —+—NA1m
—=—PA100x5min+NA1w —n—PA100x2h+NA1w

4 —4—PA100x5min+NATm s~ PA100x2h+NA1m

000 005 010 015 020 000 005 010 015 020
True strain True strain
Fig. 5-21 Effect of natural ageing on the SRS of flow stress of alloy A2 pre-
aged at 100 °C for (a) 5 min and (b) 2 h.

91



Chapter 5 Formability of Pre-aged Al-Mg-Si Alloys

Engineering stress (MPa)

True stress (MPa)

(b)

300 -

200 -

100 4

0

0.0

0.1

0.2 0.3

True plastic strain

Fig. 5-22 Effect of natural ageing on the (a) engineering and (b) true
stress-strain curves of alloy A4 pre-aged at 100 °C for 5 min.

True stress (MPa)

300 -

200 -

100 -

(b)

T

0.2 0.3

True plastic strain

0.4

Fig. 5-23 Effect of natural ageing on the (a) engineering and (b) true stress-

250 (@)
200
150
100
—— PA100x5min
50 —— PA100x5min+NA1w
——PA100x5min+NA1Tm
0 . . .
0 10 20 30 40
Engineering elongation (%)
250
(a)
&
g 200
w
w
@ 1501
7]
g
'E 100
@
£
B ) —— PA100x2h
u —— PA100x2h+NA1w
— PA100x2h+NA1m
n T x. T w T
0 10 20 30 40
Engineering elongation (%)
strain curves of alloy A4 pre-aged at 100 °C for 2 h and.
0.006
@ P
0.004 - o
(e
0.002{ *—e AT &
D 0.000 -~ /-
0.002{ _* —=—NA1m
. —eo— PA100x5min+NA1w
+— PA100x5min+NATm
-0.004 . : . '
0.00 0.05 0.10 0.15 0.20
True strain

0.006
(b)
0.004 -
0.002{ =—r—, "
0 .
4 o
@ 0.000- /-/ -
5
-0.002 - —s—NA1Tm
—eo—PA100x2h+NA1w
—s— PA100x2h+NA1m
-0.004 T T T T
0.00 0.05 0.10 0.15 0.20
True strain

Fig. 5-24 Effect of natural ageing on the SRS of flow stress of pre-aged alloy A4.

92




Chapter 5 Formability of Pre-aged Al-Mg-Si Alloys

o —u—PA200x20s+NA1w
0049 —a— PA200x20s+NA1m 0.0044 ()
0.002 A\/ 0.0024
7 < =0
-0.0024 0.002]
—a—PA200x20s+NA1w
-0.004 0.004 - —s— PA200x20s+NA1m
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
True strain True strain

Fig. 5-25 Effect of natural ageing on the SRS of the flow stress of pre-aged alloys

(a) A2 and (b) A4.
For longer pre-ageing time (i.e. not less than 2h at 100 °C), Mechanism I may be still
operating, provided excess vacancies are trapped in clusters. Those trapped-in excess
vacancies would not contribute to the natural ageing process after pre-ageing regardless of
the duration of natural ageing after pre-ageing. However, those excess vacancies can
contribute to the development of DSA if vacancy-containing clusters are sheared by mobile
dislocations, and vacancies are released from clusters to the matrix. In addition, Mechanism
II may also be operating, although 3DAP results for the alloys A2 and A4 suggested that pre-
aged samples (i.e. 2h at 100 °C) do not necessarily contain more clusters than samples
without pre-ageing [134]. However, considering the increased volume faction of
cluster/precipitates with increasing pre-ageing time (i.e. 4h at 100 °C), Mechanism II may

also be operating.

For Mechanism I, why, after one week of natural ageing, pre-aged samples would contain
more vacancies than samples without pre-ageing? To explain this, it is useful to consider the
natural ageing behaviors of these alloys when there is no pre-ageing involved (i.e. the natural
ageing process after quenching from solution treatment temperature). Several points can be

put forward on the natural ageing behavior of these alloys:

® The PLC effect can be observed remarkably in as-quenched samples. With the natural
ageing proceeds, the PLC effect gradually disappears due to the depletion of
solutes/vacancies in the matrix. The depletion of vacancies is particularly important to
the occurrence of PLC effect, since based on 3DAP results most of solutes (around 80%)

was still retained in the matrix after one month of natural ageing [134];
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® [f natural ageing process after quenching is sluggish (or suppressed), then it would take
more time for the disappearance of the PLC effect. For instance, alloy A3 with a sluggish
natural ageing process showed the PLC effect after one day of natural ageing. By
contrast, alloy A2 with a slightly faster natural ageing process did not show the PLC
effect after one day of natural ageing (see Table 4-4). Note that alloy A3 is a low Mg
content alloy, and alloy A2 is a high Mg content alloy. One would expect the PLC effect
to be more significant in alloy A2 than in alloy A3.

® The sluggish natural ageing process can also be realised by low solution treatment
temperature (i.e. 500 °C other than 550 °C). If samples were solution treated at 500 °C,
then the natural ageing process was more sluggish than that treated at 550 °C (see Fig. 4-
9). It would take more time for the PLC effect to disappear, so that, after one week of
natural ageing, the PLC effect can be still observed in sample solution treated at 500 °C
(see Fig. 4-10). By contrast, no PLC effect was observed in sample solution treated at

550 °C.

Based on the above experimental findings, the natural ageing process can be considered as a
process of formation of clusters and removal of vacancies from the matrix. If the natural
ageing process after quenching is suppressed (or sluggish), then both formation of clusters
and removal of vacancies are expected to be suppressed. This may suggest samples have to
be naturally aged longer time to remove the vacancies from the matrix. This probably
explains why the alloys/samples with a sluggish natural ageing showed the PLC effect, while
those with a fast natural ageing did not show the PLC effect after a certain natural ageing

time.

Now the situation in the pre-aged alloys will be considered. In the pre-aged samples, the
subsequent natural ageing process after pre-ageing is suppressed, compared to sample
without pre-ageing. The PLC effect still gradually disappeared with natural ageing
prolonging (see Fig. 5-19). However, due to the suppressed or sluggish natural ageing
process, after one week of natural ageing, the PLC effect can still be observed in the pre-aged
alloys. By contrast, no PLC effect was observed in the sample naturally aged for one week

after quenching from solution treatment temperature. Therefore, the decreased SRS and
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observed PLC effect in the pre-aged samples are believed to be caused by suppressed natural
ageing process which delays the removal of vacancies from the matrix, thus retaining more
vacancies after one week of natural ageing than in samples without pre-ageing. Those excess
vacancies are expected to promote the development of DSA, and finally lead to the decreased
SRS and the PLC effect. Also those excess vacancies can enhance the natural ageing process,
thus a higher natural ageing response can be observed in the pre-aged samples than in
samples without pre-ageing, if pre-aged samples were further naturally aged for one month
after one week of natural ageing. It should be noted that those excess vacancies should exist
as vacancy-solute complexes rather than quenched in vacancies [135]. This is the case when
samples were pre-aged for a short time (i.e. 5 min or less than 2 h) at 100 °C. If samples were
pre-aged for a long time (i.e. more than 2 h), Mechanism I may still be operating provided
excess vacancies are trapped in clusters. Therefore, there is no significant natural ageing
response after pre-ageing regardless of the duration of natural ageing. The shearing of
vacancy-containing clusters during deformation would release excess vacancies, and thus
promote the DSA, which in turn, would lead to a decrease in the SRS and the occurrence of

PLC effect.

Moreover, Mechanism I implies that as the natural ageing response decreases, the amount of
DSA should be increase (due to more vacancies retained after one week of natural ageing),
and consequently the SRS should become more negative. (Presuming, Mechanism 1 is
operating regardless of pre-ageing time.) Here, natural ageing response is used to represent
the degree of suppression of natural ageing process. A low natural ageing response means
natural ageing process is efficiently suppressed. In order to better understand Mechanism I,
the dependence of natural ageing response and the SRS at a strain of 0.02 on the pre-ageing
time of alloys A2 and A4 after one week of natural ageing was studied, as shown in Fig. 5-26.
It should be noted that the SRS at a strain of 0.02 was chosen to represent the degree of DSA,
since at small strain the contribution of dislocation strengthening is assumed to be very small.
As shown in Fig. 5-26, with increasing pre-ageing time, the natural ageing response
decreases and the SRS tends to become more negative. The SRS reached its minimum value
when the alloys were pre-aged for 1 h and the natural ageing response was ~ 3 HVs. In this
stage (Stage I), since a natural ageing response after pre-ageing can still be observed, the

vacancy concentration after one week of natural ageing is therefore determined by the pre-
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ageing and subsequent natural ageing, especially the latter. Although the sample after pre-
ageing for a short time (i.e. 5 min at 100 °C) is expected to have a higher vacancy
concentration immediately after pre-ageing than the sample pre-aged for a longer time (i.e.
60 min at 100 °C), a smaller natural ageing response in the latter sample would delay the
removal of vacancies and retain a higher vacancy concentration after one week of natural
ageing than in the former alloys with a larger natural ageing response. This high vacancy
concentration could promote the DSA. Therefore, the former sample exhibited a higher SRS
than the latter one. After Stage I, a re-increase in the SRS was observed with increasing pre-
ageing time. In this stage (Stage II), the natural ageing response is almost zero. The
annihilation of vacancies during natural ageing after pre-ageing is more effectively retarded
in Stage II than in Stage I. Therefore, the vacancy concentration after one week of natural
ageing is mainly determined by pre-ageing time. Consequently, it is not surprising that in
Stage II, the SRS after one week of natural ageing increases with increasing pre-ageing time

since the vacancy concentration gradually decreases during pre-ageing.

0.002

—=— A2 —a A2
% (a) —e-Ad (b) : S eeAd
> 40- -
E 1
@ 0.000 4 !
7] ]
S o !
a o 1
g bed |
=20 ® ] |
E‘ 2 0.002 :
& 7]
& 1
w©
5 -0.004 -
0 @00 ——F—-------- 4
z 1
0 100 200 0 100 200
Pre-ageing time (min) Pre-ageing time (min)

Fig. 5-26 Effect of pre-ageing time (at 100 °C) on (a) the natural ageing response
(after one week of natural ageing) and (b) the SRS at a strain of 0.02 for alloys A2
and A4 with further one week of natural ageing after pre-ageing treatment.

Finally, Mechanism 1 is summarised as follows: pre-ageing reduced the vacancy
concentration in the matrix, compared to that in the as-quenched condition. Therefore, the
SRS after pre-ageing was higher than in the as-quenched condition. However, during
subsequent natural ageing (i.e. one week of natural ageing), the natural ageing process was
retarded after pre-ageing, which delayed the removal of vacancies from the matrix and

therefore retained more vacancies in the pre-aged sample than in the sample with one week
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of natural ageing after quenching. Therefore, the former sample exhibited a lower (more
negative) SRS than the latter one. The excess vacancies above the equilibrium vacancy
concentration in the samples without pre-ageing may exist as solute-vacancy complexes or be
bound with clusters. For instance, for pre-ageing for a short time (i.e. 5 min at 100 °C), most
of excess vacancies may exist as solute-vacancy complexes. By contrast, for pre-ageing for a
long time (i.e. 2 h at 100 °C), most of excess vacancies may be bound within clusters. The
shearing of those vacancy-containing clusters during deformation releases vacancies, thus
increasing the magnitude of DSA and decreasing the SRS. Fig. 5-27 schematically shows the
dependence of the vacancy concentration and the SRS on the pre-ageing time based on
Mechanism I. It should be noted that vacancy concentration here refers to concentration of
free vacancies, vacancies in the complexes and/or clusters. In other words, vacancy
concentration is the total concentration of vacancies in the sample. As shown in Fig. 5-27,
with increasing pre-ageing time, the vacancy concentration immediately after pre-ageing
decreases with pre-ageing time, and the SRS increases. If the pre-aged sample were further
naturally aged for one week, then the vacancy concentration firstly increases with increasing
pre-ageing time (Stage I). After reaching a maximum, the vacancy concentration decreases
with increasing pre-ageing time (Stage II). The SRS of pre-aged samples after one week of
natural ageing is expected to show an opposite trend with regard to the dependence of the
vacancy concentration on the pre-ageing time. The increase in the vacancy concentration
after one week of natural ageing in the Stage I is because the vacancy concentration is
determined by natural ageing process after pre-ageing. With increasing pre-ageing time, the
natural ageing process becomes more efficiently suppressed, and thus more vacancies are
retained in the alloy. This leads to a decrease in the SRS in the Stage I. In the Stage II, since
there is almost no natural ageing response after pre-ageing, the vacancy concentration after
one week of natural ageing is determined by pre-ageing time. Therefore, a re-increase in the
SRS can be observed since vacancies deplete with increasing pre-ageing time. There will be
a moment when the SRS measured immediately after pre-ageing is the same as the SRS of
pre-aged sample after one week of natural ageing when there is no natural ageing response
after pre-ageing. After that moment, the SRS in these two conditions should evolve with the

pre-ageing time in the same way.

97



Chapter 5 Formability of Pre-aged Al-Mg-Si Alloys

i —PA —PA
(a) | — PA+NA1wW (b) E —— PA+NA1w
s )\ :
£ : I' 1
5 : :
e 1 o |
g | 4
> ! ® i
Q ! 1
= 1 1
m 1
g - !
= |
1 1
1 1
1 1
L T T T ! T T T
0 100 200 300 400 0 100 200 300 400
Pre-ageing time (min) Pre-ageing time (min)

Fig. 5-27 Schematics showing the dependence of (a) the vacancy concentration
in the alloy and (b) the SRS on the pre-ageing time at 100 °C.

Furthermore, a stronger influence of pre-ageing on the SRS in the high Mg content alloy A2
than in the high Si content alloy A4 can be explained in two ways. Firstly, Si enhances the
jump frequency of vacancies while Mg can trap vacancies and slow down their jump
frequency [136]. In other words, vacancies can be more easily retained in the high Mg
content alloys than in the high Si content alloys, which could give rise to a stronger DSA
effect in the former alloys. Secondly, the characteristic waiting time of dislocations at
pinning points being comparable to the characteristic diffusion time of Mg atoms to pinned
dislocations should also contribute to the lower SRS of high Mg alloys. As shown in Fig. 5-
28, even after ageing at 100 °C for 1 month, DSA is still observable in alloy A2, which

manifests itself as a decrease in the SRS with increasing strain.
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Fig. 5-28 The dependence of SRS on the true strain of alloys A2 and A4 pre-
aged at 100 °C for 1 month.

For the PLC effect observed in the pre-aged alloys, one should realise that the serrated

yielding only occurs when the SRS drops below a certain negative value [59], i.e.
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SRS < - (@-6)Q (5-1)

where Q is a strain dependent quantity of the order of 10™. In this study, Q was coarsely
treated as a constant across different alloys and tempers. In other words, only the ®-c factor
was considered. The dependence of ®-c on the true strain of the pre-aged alloys is shown in
Fig. 5-29. On this basis, it is not surprising that the PLC effect was more readily observed in
the high Mg content alloy A2 and low solute content alloy A3, since both of them exhibit
lower ®-c levels than the other alloys. The magnitude of ®-c, along with the increased DSA
contribution to stress, can also be used to explain why the pre-aged alloys are more prone to
the PLC effect. As shown in Fig. 5-30, for high Mg content alloy A2, the sample pre-aged at
100 °C for 2 h exhibited the lowest magnitude of ®-c among the samples after the various
tempers studied. Accordingly, serrated yielding was observed in the former sample, but not
in the other two. For the low solute content alloy A3, the samples pre-aged at 100 °C and 200
°C showed similar levels of ®-c, which was much lower than that of the sample without pre-
ageing. Therefore, the PLC effect was observed in the pre-aged alloy A3. For the high Si
content alloy A4, pre-ageing can even increase the ®-c level. Therefore, even though pre-
ageing significantly reduced the SRS of the flow stress, the PLC effect was not observed in
the pre-aged high Si content alloy A4.
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Fig. 5-29 The dependence of ®-c on the true strain of the alloys
pre-aged for 2 h at 100 °C followed by one week of natural ageing.
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Fig. 5-30 The dependence of ®-c on the true strain of the pre-aged alloys:

(a) A2, (b) A3 and (c) A4.
The observed reduction in the SRS by pre-ageing, therefore, was found to decrease the post-
uniform elongation, as shown in Fig. 5-31, and also the stretch formability, as shown in Fig.
5-15. The decrease in FLD, was more significant in the alloys pre-aged at 100 °C for 2 h than
in the alloys pre-aged at 200 °C for 20s, since the decrease of SRS was more pronounced in
the former alloys. The little influence of heat treatment on FLD, of alloy A3 will be
explained by the work hardening behaviour of the alloy. The effect of pre-ageing on the
stretch formability of 6xxx alloys was studied by Liu et al [18]. In reference [18], Erichsen
dome height was used to represent the formability index. It was found that samples pre-aged
at 170 °C for 5 min exhibited a higher Erichsen dome height and lower yield strength than the
sample without pre-ageing. Thus, the authors claimed that the low yield strength achieved by
pre-ageing at 170 °C for 5 min can improve the stretch forming performance of the alloys.
However, it should be noted that a poor correlation between Erichsen dome height and press
performance was recorded in [106, 107], which is also reviewed in Chapter 2. This may
suggest that, although Erichsen dome height tests can provide a fast way to screening of
different alloys, it is not a scientific way to evaluate the formability. We note that any
declaration that low yield strength can improve the stretch formability is not necessarily

correct, since stretch formability is determined by the work hardening and strain rate
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hardening capabilities of the materials rather than by the strength level. It should be noted
that low yield strengths could lead to a high work hardening capability provided that the
work hardening rate is not decreased. Most importantly, the report in [18] did not supply
information about the strain rate hardening behaviour of the alloys or provide correct

information about the work hardening behaviour of the alloys.
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Fig. 5-31 The dependence of post-uniform elongation on the SRS at a strain of 0.2.

5.3.2 Work hardening behaviour

The instantaneous work hardening exponent at uniform stain (ng) for the alloys in the
different conditions is shown in Fig. 5-32. Comparing Fig. 5-32 with Fig. 5-13c, it can be
seen that the dependence of ng on heat treatment is similar to the dependence of uniform
elongation on heat treatment. This correlation between the working hardening exponent and
uniform elongation follows from the Considére condition for the onset of necking under
uniaxial tensile deformation. In other words, the uniform elongation results can be explained
in terms of the work hardening behaviour. Furthermore, based on the response of ng, to heat

treatment, the six alloys studied may be categorised into two groups:

» Group 1, in which pre-ageing treatment slightly affects the work hardening capability,
which is comprised of alloys A2 and A3. It can be seen that the pre-ageing treatment
slightly reduces ng, in alloy A2, and raises it in alloy A3 when the latter was pre-aged at
100 °C for 2 h. In group 2, the PLC effect may occur depending on alloy composition

and temper.
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» Group 2, in which the pre-ageing treatment has little influence on the work hardening

capability, i.e., high Si content alloys A4 and AS, and medium Mg/Si ratio alloy A6.

| NA1w
mm PA100x2h+NA1w
I PA200x20s+NA1w
0.25

A2 A3 A4 A5 A8
Alloys
Fig. 5-32 Influence of heat treatment on ng, for the different alloys.

The work hardening rate curves were further examined. As shown in Fig. 5-33, in group 1,
pre-ageing significantly influences the work hardening behaviour of the alloys. More
specifically, pre-aged alloy A2 shows a lower work hardening rate, especially at uniform
strain and beyond the point of the onset of necking, than naturally aged alloy A2. The
significant decrease in the strain rate sensitivity shown in Fig. 5-31 reduces the intrinsic work
hardening capability of pre-aged alloy A2 at strains after the onset of necking, therefore
contributing to the low work hardening rate after the onset of necking. For alloy A3, pre-
ageing lowers the work hardening rate, especially in the sample pre-aged at 200 °C for 20 s.
It is interesting to observe that although the work hardening rate at strains before the onset of
necking diminishes as a result of pre-ageing at 100 °C for 2 h quite appreciably, the material
can maintain the work hardening rate up to high strains after the onset of necking. In group 2,
for high Si content alloys A4 and A5, the pre-ageing treatment has almost no influence on the
work hardening rate curves. Therefore, pre-ageing has little effect on the uniform elongation.
For medium Mg/Si ratio alloy A6, pre-ageing does not influence the work hardening
behaviour within the uniform strain range. However, it appears that pre-ageing at 100 °C for
2 h caused a fast drop in the work hardening rate after the uniform strain, which is attributed

to a low strain rate sensitivity, cf. Fig. 5-31.
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Fig. 5-34 Kocks-Mecking plots for the alloys studied in different conditions:
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The Kocks-Mecking plots representing the stress dependence of the work hardening

coefficient for the alloys in the different conditions are shown in Fig. 5-34, and two

important parameters (initial work hardening rate and dynamic recovery rate) for the work

hardening extracted from the Kocks-Mecking plots are shown in Fig. 5-35.

In group 1 (alloys A2 and A3), the initial work hardening rate was observed to be lower
in both alloys when pre-aged at 200 °C for 20 s and further naturally aged for one week,
compared to samples without pre-ageing. A low initial work hardening rate can be
correlated with low solute content in the alloys [15, 45, 48], which may suggests that
pre-ageing at 200 °C for 20 s decreases solute concentration in the matrix of alloys A2
and A3. If this is the case, then the rise of the dynamic recovery rate is not unexpected
since a low solute concentration in the matrix would lead to a high dynamic recovery
rate [48]. Therefore, pre-ageing at 200 °C for 20 s slightly decreased the uniform
elongation and FLD, of alloys A2 and A3. For alloys A2 and A3 pre-aged at 100 °C for
2 h an increase in the ®; was observed, which may suggest the solute concentration in
the matrix of pre-aged samples is higher than that in the samples without pre-ageing.
However, high solute concentration in the pre-aged samples did not lead to a low
dynamic recovery rate, as shown in Fig. 5-35b. This should be studied further, although
similar trend was reported by Zolotorevsky et al [15]. Although as-quenched Al-Cu
samples studied in [15] showed a higher initial work hardening rate than naturally aged
samples, the former samples exhibited a higher dynamic recovery rate. It appears that the
negative effect of high dynamic recovery rate on the uniform elongation and FLD, of
alloy A2 pre-aged 100 at °C for 2 h is higher than the beneficial effect of a large Oy,
which led to a decrease in the uniform elongation and formability. For alloy A3, the
effect of @y on the uniform elongation and FLDy may be more important than the effect
of dynamic recovery rate, therefore this pre-ageing treatment may increase the uniform
elongation. However, pre-ageing at 100 °C for 2 h had little influence on the formability.
It appears that the improvement in work hardening is counterbalanced by a decrease in
strain rate hardening in alloy A3 pre-aged at 100 °C for 2 h. The greater effect of the
work hardening capability than that of strain rate hardening capability on the stretch
formability was also reported in [137]. Therefore, the overall effect of pre-ageing on the

stretch formability of alloy A3 is fairly weak.
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® In group 2 (alloys A4, AS and A6), the initial work hardening rate of the pre-aged alloys
was observed to be lower than that of the non pre-aged samples. Pre-ageing had little
influence on the dynamic recovery rate. The observed reduction in @y was found to
decrease the formability, while having little influence on the uniform elongation. The
low Oy for the pre-aged alloys may suggest a lower solute concentration in the matrix

than in the alloys did not undergo pre-ageing.

Based on the analysis of the Kocks-Mecking plots, it appears that the pre-aged alloys after
one week of natural ageing did not necessarily have a lower solute concentration in the
matrix than that the alloys without pre-ageing. In fact, the solute concentration in the matrix
is influenced by pre-ageing and subsequent natural ageing. Both pre-ageing and natural
ageing after pre-ageing are expected to lower the solute content in the matrix. However, if the
natural ageing process after pre-ageing is retarded by pre-ageing, then the pre-aged alloys
after one week of natural ageing may have a higher solute content in the matrix than that in
the alloys naturally aged for one week without pre-ageing. Furthermore, this result may
possibly provide further evidence that the increased DSA effect by pre-ageing is caused by a

high vacancy concentration rather than the variation in solute concentration in the matrix.
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Fig. 5-35 Effect of heat treatment on the magnitude of ®y and d(®)/d(c- oy).

5.4 Summary

The effects of pre-ageing treatment on the tensile properties and stretch formability of five
Cu-free alloys were studied. The work hardening and strain rate hardening behaviour of the

alloys was used to explain the tensile ductility and stretch formability of the alloys. It was
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found that although pre-ageing can significantly improve the paint bake response of the
materials, pre-ageing deteriorates the stretch formability of the materials due to the decrease
in the strain rate hardening and work hardening capability, particularly in alloys pre-aged at
100 °C for 2 h, except for the low solute content alloy A3. In alloy A3, pre-ageing at 100 °C
for 2 h can improve the work hardening capability, although the strain rate hardening
capability was decreased. It appears that the increase of the work hardening capability
outstrips the drop of strain rate hardening capability in alloy A3 pre-aged at 100 °C for 2 h,
therefore resulting in a slightly improved formability after pre-ageing. Moreover, the
decreased strain rate hardening was attributed to the increased DSA after pre-ageing. A
model was proposed for the increased DSA according to which pre-ageing reduces the
vacancy concentration in the matrix, compared to that in the as-quenched condition.
Therefore, the SRS in the pre-aged alloys is higher than that of the as-quenched alloys.
However, during the subsequent (i.e. one week) natural ageing, the natural ageing response
was retarded in the pre-aged alloys, which delayed the removal of vacancies from the matrix.
It is believed that the process retained more vacancies (residing in the solute-vacancy
complexes or co-clusters) compared to the alloys after one week of natural ageing following
quenching. Therefore, the pre-aged alloys exhibited a lower (more negative) SRS than the

same alloys without pre-ageing (after one week of subsequent natural ageing).
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Chapter 6 Microstructure and Formability of Al-Mg-Si-
Cu Alloys

6.1 Introduction

In 6xxx series alloys, Cu is often added to enhance the precipitation hardening [95, 96],
although the corrosion resistance tends to be degraded by the addition of Cu [97]. Cu
additions are also expected to influence the stretch formability of 6xxx alloys since Cu was
reported to have a positive effect on work hardening [48, 98] and a negative effect on the
strain rate hardening [74]. In fact, it appears the effect of Cu on the stretch formability
depends on the Mg/Si ratio in the 6xxx alloys. For instance, Cu additions were reported to
increase LDHj of alloys with a medium Mg/Si ratio, while slightly decreasing that of alloys
with a high and/or low Mg/Si ratio, although the work hardening exponent was seen to be
increased by Cu additions regardless of the Mg/Si ratio in the alloys [13]. It should be noted
that no strain rate hardening characteristics of alloys with different Mg/Si ratio were reported
in the reference [13]. Moreover, Cu was reported to improve the tensile ductility, however to
either increase or decrease the Erichsen dome height depending on the Cu content in the
6010-type alloys [138]. Tian et al [139] reported that Cu additions can increase the strength
and decrease the Erichsen dome height of 6111-type alloys, although Erishsen test was not
supposed to be a suitable method to evaluate stretch formability of the materials [19, 106].
Therefore, it is still unclear that how Cu additions influence the stretch formability of 6xxx

alloys, and a better understanding on this aspect is needed.

In this chapter, three alloys A7, A8 and A10, which are Cu-containing versions of alloys A2,
A6 and A4, respectively, were studied. The Cu-containing alloys were either naturally aged
or pre-aged and subsequently aged naturally (the heat treatment parameters were similar to
those employed for their Cu-free counterparts). The microstructural features (i.e. grain size,
coarse particles, dispersoids) and texture were investigated. Moreover, the work hardening
and strain rate hardening behaviours of the alloys were characterised to correlate the

microstructural features with the formability results.
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6.2 Results

6.2.1 Microstructure and texture of solution treated alloys

6.2.1.1 Grain structure

The grain structure of solution treated Cu-containing alloys is shown in Fig. 6-1. Comparing
Fig. 6-1 with Fig. 4-4, it can be found that the addition of Cu slightly influences the average
grain size of these alloys. For alloys A2 and A4, the addition of Cu slightly reduces the
average grain size. For alloy A6, the addition of Cu increases the average grain size.
However, the variation in the average grain size across the Cu-containing alloys is small (in
the range of 30~41 um), as is the case with the Cu-free alloys. This suggests that the
difference in the average grain size should not be considered as an important factor that

influences the formability.

Fig. 6-1 Grain structure of alloys (a) A7, (b) A8 and (c) A10.
(Note: numbers in the upper right corners indicate the average grain size.)
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6.2.1.2 Coarse particles and dispersoids

The morphologies of undissolved coarse particles observed in the Cu-containing alloys are
shown in Fig. 6-2. Compared to the undissolved coarse particles present in the
corresponding Cu-free alloys (see Fig. 4-2), the addition of Cu did not introduce new coarse
particles. However, EDS results showed that the coarse particles in the Cu-containing alloys
contain a small amount of Cu (~1 wt.%). In this case, the Fe-containing phase may be

expressed as Al(Fe,Mn,Cu) Si [121].

* Al-Fe-Mn-Si

Fig. 6-2 Backscattered electron images showing undissolved coarse
particles in the solution treated alloys (a) A7, (b) A8 and A10.
The distribution of dispersoids in the Cu-containing alloys is shown in Fig. 6-3. It can be
seen that with decreasing Mg/Si ratio (from alloy A7 to A8, and further to A10) the
distribution of dispersoids becomes more uniform and their number density increases. This
trend is similar to the trend in the Cu-free alloys (from alloy A2 to A6, and further to A4),
which suggests a similar mechanism is operating. Table 6-1 lists quantitative data for the

dispersoids in the alloys, determined by image analysis of backscattered SEM images.
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Compared to the dispersoids in the Cu-free alloys (see Table 4-2), it appears Cu has little
influence on the number density of dispersoids, although in the high Mg/Si ratio alloy A2, Cu

was observed to slightly reduce the number density of dispersoids.

Fig. 6-3 Backscattered SEM images showing the distribution of dispersoids in
the solution treated alloys: (a) A7 (b) A8 (c) A10.

Table 6-1 Quantitative data for dispersoids in the Cu-containing alloys.

Alloy Area % Number density per mm? Average diameter (um)  Interpaticle distance (pm)
A7 0.63 1.7x10° 0.21 1.72
A8 1.06 24x10° 0.22 1.35

Al0 1.06 3.1x10° 0.20 1.22

6.2.1.3 Texture

Compared to the texture results presented for the Cu-free alloys (Fig. 4-5), Cu slightly
decreases the maximum texture intensity in the high Mg/Si ratio alloy, but increases the

maximum texture intensity in the medium and low Mg/Si ratio alloys, as shown in Fig. 6-4.
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Table 6-2 lists the volume fractions of main texture components. As Cu has little influence
on the texture of the alloys, the texture is not considered as a major factor that influences the

formability of these alloys.

AT(2.2) A8 (2.7) A10 (2.7)

Fig. 6-4 {111} pole figures of experimental alloys in the T4 condition.
The number in parentheses represents the maximum texture intensity for each alloy.

Table 6-2 volume fractions of the main texture components based on bulk texture analysis.

Alloy Texture components

(001}<100>  {001}<250> {013}<100>
A7 5.14 8.19 /
A8 9.44 11.90 5.28
A10 9.82 11.96 5.46

6.2.2 Effect of Cu on the natural ageing response

Fig. 6-5 shows natural ageing curves for the Cu-containing alloys. For comparison, natural
ageing curves for the corresponding Cu-free alloys are also presented in Fig. 6-5. As shown
in Fig. 6-5, the natural ageing behaviour of Cu-containing alloys is similar to that of the Cu-
free alloys, but it appears that Cu can slightly retard the natural ageing process regardless of
the Mg/Si ratios in the alloys. Furthermore, the ratio (H;- H;)/(H,-H;) was used to evaluate
the natural ageing kinetics, where H; is the hardness at a given time, H,, is the hardness after
one week of natural ageing and H; is the hardness at the beginning of natural ageing. The re-
plotted results in Fig. 6-6 show that the natural ageing kinetics appear to be retarded by the
addition of Cu. Moreover, it is interesting to observe that Cu additions can retard the natural

ageing kinetics before one day of natural ageing in the alloy (A6) with medium Mg/Si ratio.
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However, after one day of natural ageing, the natural ageing kinetics is indeed promoted by
Cu so that after one week of natural ageing, the hardness of alloy A8 is noticeably higher
than alloy A6.

1 10 100 1000 10000
Natural ageing time (min)

Fig. 6-5 Natural ageing curves of the alloys.
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Fig. 6-6 Natural ageing kinetics of the alloys.

6.2.3 Effect of Cu on the tensile properties of naturally aged alloys

The mechanical properties of the alloys after one week of natural ageing were measured, as
shown in Fig. 6-7. It can be seen that the addition of Cu has a larger influence on the tensile

strength than on the yield strength, which indicates that Cu additions can influence the
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dislocation strengthening. This will be discussed later in terms of effect of Cu additions on
the work hardening capability. More precisely, the addition of Cu significantly increases the
tensile strength of the alloys, and this increase was found to be largest at a Mg/Si ratio of
around 1. On the other hand, the addition of Cu marginally decreases the yield strength of
alloys A2 and A4, but clearly increases the yield strength of the medium Mg/Si ratio alloy
A6. The addition of Cu is expected to increase the strength/hardness of as-quenched samples
due to the solid solution strengthening, which is the case, as shown in Fig. 6-5. However, due
to the sluggish natural ageing kinetics in the Cu-containing alloys, after one week of natural
ageing, the hardness/strength of the alloys with Cu is equivalent as the Cu-free alloys. This is
the case in the alloys with high or low Mg/Si ratio. In the medium Mg/Si ratio alloy A6, Cu
additions promote the natural ageing kinetics after one day of natural ageing. Therefore, after
one week of natural ageing, the strength/hardness of alloy A8 is higher than that of alloy A6.
As for the tensile ductility, the addition of Cu slightly increases the uniform elongation but
has almost no effect on the total elongation. These results are different from those in
Reference [13]. In Reference [13], 0.2 wt.% Cu was reported to increase the strength,
however, decrease the total elongation. Moreover, the addition of Cu was reported to only
increase the uniform elongation when the alloy contains high or low Mg/Si ratios, although
the work hardening exponent was increased by Cu regardless of the Mg/Si ratio in the alloys

[13].
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Fig. 6-7 Mechanical properties of the alloys after one week of natural ageing.

6.2.4 Effect of pre-ageing on the hardness and tensile properties of Cu-containing alloys

Without pre-ageing, the addition of Cu has little influence on the paint-bake response of the
alloys (except for alloy A2), as shown in Fig. 6-8a. The addition of Cu in alloy A2 can even
lead to a small but noticeable positive paint-bake response after one week of natural ageing.
In other words, the retardation of negative effect of natural ageing on the paint-bake response
by Cu is prominent in the high Mg content alloy. This may be attributed to the high vacancy
concentration in the naturally aged alloy A7. This will be discussed later in terms of strain
rate hardening behaviour of alloy A7. Like in the Cu-free alloys, pre-ageing treatments can
significantly improve the paint bake response of the materials (Fig. 6-8b,c). The
improvement in the paint bake response is more notable in the samples pre-aged at 100 °C for
2 h than in the samples pre-aged at 200 °C for 20 s. It appears that the addition of Cu has
little influence on the paint bake response of pre-aged alloys except for alloy A10. In alloy
A10, pre-ageing at 200 °C for 20 s gives rise to a ~ 1 HV5 paint bake response, while that for
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alloy A4 is ~ 6 HVs. The effect of pre-ageing on the mechanical properties of Cu-containing
alloys and Cu-free alloys is shown in Fig. 6-9. As seen in Fig. 6-9, pre-ageing was found to
reduce the strength after one week of natural ageing. As for the tensile ductility, pre-ageing
can reduce both the uniform and the total elongation of alloy A10, but has little influence on
the tensile ductility of alloy AS. It is interesting to observe that pre-ageing at 100 °C for 2 h

can even slightly raise the uniform and total elongations of alloy A7.
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Fig. 6-8 Hardness of the alloys in different tempers.
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Fig. 6-9 Effect of pre-ageing on the tensile properties of the alloys

6.2.5 Effect of Cu and pre-ageing on the formability

The addition of Cu was found to improve the stretch forming performance of naturally aged
the alloys, as shown in Fig. 6-10, although this improvement tends to decrease with
decreasing Mg/Si ratio in the alloy. This observation is slightly different from the results in
Reference [13]. In reference [13], it was reported that Cu can improve the LDHj in an alloy
with a medium Mg/Si ratio, while leading to a decrease the LDH in an alloy with high or
low Mg/Si ratio. Furthermore, as in the Cu-free alloys, pre-ageing was found to decrease the

formability of the Cu-containing alloys, as shown in Fig. 6-11.
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6.3 Discussion

6.3.1 Strain rate hardening behaviour

The dependence of the SRS of the flow stress of the alloys after one week of natural ageing
on the strain is shown in Fig. 6-12. As seen in Fig. 6-12, after one week of natural ageing, the
SRS of the flow stress of the alloys with low Mg/Si ratio is larger than that of the alloys with
high Mg/Si ratio, especially at the large strains that are relevant for tensile ductility and
formability. This is due to the faster natural ageing kinetics in the low Mg/Si ratio alloys,
which has been discussed in Chapter 4. The addition of Cu slightly decreases the SRS,
especially in the high Mg/Si ratio alloy A2. This is probably the reason why, after the onset
of necking, alloy A7 shows a relatively faster decrease in the work hardening rate than the
other two Cu-containing alloys A8 and A10 — since a negative SRS in alloy A7 is expected to
strongly counter the intrinsic work hardening [7]. Note that alloys with higher strain rate
sensitivity systematically exhibit a larger post-uniform elongation (Fig. 6-13). This is
consistent with reports in the literature [8]. Since the strain rate hardening capability was
decreased by Cu additions, the improvement in the formability will be explained in terms of

the work hardening behaviour.
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Fig. 6-12 The SRS of the flow stress for the alloys after 1 week of natural ageing.
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Fig. 6-13 The dependence of post-uniform elongation on the SRS of the
flow stress of the alloys naturally aged for one week. The SRS was taken at
a strain of 0.20.

The addition of Cu is always seen to decrease the SRS of the alloys irrespective of Mg/Si
ratio in all the alloys. This effect is strongest in the high Mg/Si ratio alloy A2. This result is
somewhat expected since the increase of solute content (i.e. Cu) will always tend to decrease
the SRS due to a larger negative contribution of DSA to the SRS [74]. Furthermore, the
retardation of the natural ageing process by Cu is expected to be another reason for the lower
strain rate sensitivity. The retardation of natural ageing would delay the removal of mobile
solutes and/or vacancies from the matrix, thus resulting in a larger contribution of DSA to the
SRS. This retardation is seen from the hardness results (Fig. 6-5) and strain rate sensitivity
results (Fig. 6-12 and Fig. 6-14). Fig. 6-14 shows the SRS of the flow stress of the alloys
after one day and one month of natural ageing. From the strain rate sensitivity results, it is
seen that the SRS of the Cu-containing alloys at small strains increases with prolonged
natural ageing, but is always negative, except for alloy A8 after one month of natural ageing.
For alloy A7, the SRS at small strains is even lower than that of A2 after one month of
natural ageing. It is known that the mobility of Cu is much lower than that of Mg [140]. The
effect of Cu alone is not expected to produce the negative SRS that is still observed after one
month of natural ageing. Instead, Cu was reported to reduce the rate of migration of Mg and

Si atoms, which retards the formation of Mg-Si clusters at room temperature [141]. Therefore,
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the retardation of natural ageing by Cu additions observed here must also contribute to the

low SRS in the Cu-containing alloys.
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Fig. 6-14 The SRS of the flow stress for the alloys after (a) one day of
natural ageing and (b) one month of natural ageing.
Moreover, the decrease in the SRS by the addition of Cu even led to the occurrence of
serrated yielding in alloy A7 after one week of natural ageing, while the PLC effect was
absent in the other two Cu-containing alloys (Fig. 6-15). Alloy A7 is the only alloy among
the eight alloys studied where the PLC effect was observed after one week of natural ageing.
After one month of natural ageing, the serrated yielding was still observable in alloy A7, as
shown in Fig. 6-16. For the other seven alloys, the serrated yielding gradually disappeared
with natural ageing due to the depletion of solute/vacancies in the matrix by clustering. After
one week of natural ageing, no serrated yielding was observed in any alloys except for alloy
A7. Therefore, the discontinuous yielding in alloy A7 after one week of natural ageing
suggests a sluggish natural ageing process. In other words, natural ageing is retarded in alloy
A7 by Cu additions. Although the serrated yielding was not observed in the other two Cu-
containing alloys (A8 and A10) after one week of natural ageing, based on hardness results
(Fig. 6-5) and the SRS results (Fig. 6-14), the natural ageing process should also be retarded.
Moreover, the PLC effect observed in the alloy A7 after one week of natural ageing may
suggest that alloy A7 retained more vacancies than in other alloys. Therefore, naturally aged
alloy A7 showed an unusual positive paint bake response (since vacancies are believed to be
important for the precipitation during artificial ageing [142]), while other naturally aged
alloys had a negative PBR. In addition, the higher ®-c level for alloy A7 compared to that
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for alloy A2 (see figure 6-17) suggests that a lower SRS is needed for the PLC effect to occur.
This is indeed the case for alloy A7, as shown in Fig. 6-12.
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Fig. 6-15 (a) Engineering and (b) true stress-strain curves for the Cu-
containing alloys after one week of natural ageing (c) enlarged view of
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Fig. 6-16 (a) Engineering and (b) true stress-strain curves for the Cu-
containing alloys after one month of natural ageing; (c) enlarged view of (a).

2000
—A2
—A7
1500 -
©
o
= 1000
¥
@
500 -
0 T T v T T T T
0.00 0.05 0.10 0.15 0.20

True plastic strain
Fig. 6-17 The dependence of (®-c) on the true plastic strain for alloys
A2 and A7 after one week of natural ageing.

123



Chapter 6 Microstructure and Formability of AI-Mg-Si-Cu Alloys

When the Cu-containing alloys were pre-aged, then, like in their Cu-free counterparts, a
decrease in the SRS and the occurrence of the serrated yielding were observed, as shown in
Fig. 6-18 and Table 6-3. The decrease in the SRS is more significant after pre-ageing at 100
°C for 2 h than after pre-ageing at 200 °C for 20 s. This result is not unexpected since pre-
ageing at 200 °C for 20 s results in a greater subsequent natural ageing response than does
pre-ageing at 100 °C for 2 h. Comparing Fig. 6-18 to Fig. 5-6 and Fig. 5-16, it can be seen
that Cu additions can decrease the SRS after pre-ageing so significantly that serrated yielding
can more readily observed in the Cu-containing alloys (see Table 5-1 and Table 6-3).
Furthermore, the dependence of ®-c on the true plastic strain of the alloys in the different
conditions is shown in Fig. 6-19. For alloy A7, the pre-aged samples showed a lower ®-c
level than the samples without pre-ageing. Therefore, based on the criterion for the onset of
PLC instability, the pre-aged samples are more prone to the PLC effect. For alloy AS, the
pre-aged samples must have a lower SRS than the samples without pre-ageing to promote the
occurrence of the PLC effect. For alloy A10, pre-ageing has little influence on the ®-c level,
which means pre-ageing is not expected to influence the condition for the occurrence of the
PLC effect. A similar strain rate hardening behaviour observed in the pre-aged Cu-containing
alloys similar to that observed in the Cu-free alloys suggests that the same mechanism is

operating.

Moreover, the decreased strain rate hardening capability of Cu-containing alloys after pre-
ageing was found to correspond with a decrease in the post-uniform elongation and stretch

formability, as shown in Figs. 6-11 and Fig. 6-20, respectively.
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Fig. 6-18 The dependence of the SRS of the flow stress on the true strain for
alloys (a) A7, (b) A8 and (c) A10.

Table 6-3 The observation of serrated yielding in the Cu-containing alloys.

Alloys NAlw PA100x2h+NAlw PA200x20s+NAlw

A7 - + -
A8 ; + ;
A10 - - -

Note: - denotes that no serrated yielding was observed, + denotes that serrated yielding was
observed.
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6.3.2 Work hardening behaviour

The average work hardening exponent (n-value) in the simplified description of work
hardening by a power-law strain dependence of the flow stress (Ludwik equation) and the
instantaneous work hardening exponent at the uniform strain (ng,) for the alloys after one
week of natural ageing are shown in Fig. 6-21. It can be seen that alloying with Cu always
enhances the work hardening capability regardless the magnitude of the Mg/Si ratio in the
alloys. This is consistent with what is reported in reference [13]. The increased work
hardening capability by Cu additions was also reported in reference [139]. Furthermore,
comparing Fig. 6-21 with Fig. 6-7c, it can be found that the dependence of uniform
elongation on the Mg/Si ratio is closer to the dependence of and n., on that ratio than to the

Mg/Si dependence of the n-value. This further suggests that ng is a more suitable

characteristic than the average n-value as a measure of the work hardening capability.
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Fig. 6-21 (a) n-value and (b) n; at uniform strain for the alloys after
one week of natural ageing.

Further, the work hardening rate curves for the alloys after one week of natural ageing were
examined. As shown in Fig. 6-22a, at first glance, the strain dependence of the work
hardening rate is very similar for all the alloys. However, if the region near the onset of
necking is enlarged, some differences are observed. As shown in Fig. 6-22b, the addition of
Cu slightly increased the work hardening rate at strains close to the onset of necking. It is
interesting to see that the alloys with Cu can still maintain a high work hardening rate at large
strains after the onset of necking (except for alloy A7), which is believed to be important for

the stretch formability [7, 16]. For alloy A7, after the onset of necking, the work hardening
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rate dropped rapidly. This may be due to a negative SRS, which strongly counters the

intrinsic work hardening capability [7].

© (MPa)

2500 450
i \W\",‘ (b)
2000 {1\, e
1500 - —_
1]
o
£
1000 - @
500 -
0 T . T T ’ T 200 T T
0.00 0.05 0.10 0.15 0.20 0.25 0.18 0.20 0.22 0.24
True plastic strain True plastic strain

Fig. 6-22 (a) The dependence of work hardening rate on true plastic strain for the
different alloys and (b) an enlarged view of (a) at strains close to uniform strains.
The alloys were naturally aged for one week. Arrows in (b) indicate the uniform
strain determined by the Considére necking criterion.
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The Kocks-Mecking plots for the alloys after one week of natural ageing are shown in Fig. 6-
23. The graphs demonstrate that the addition of Cu raises the initial work-hardening rate

significantly, but has little influence on the dynamic recovery rate.

Immediate observation of the experimental data obtained reveals some differences in the
work hardening behaviour of these alloys. Still, a more detailed analysis involving modelling
of the deformation behaviour of the alloys is required to establish the different contributions
of microstructural features on the amount of work hardening. The Kocks-Mecking-Estrin
model [39] was used to study the effect of Cu on the work hardening behaviour. The same
procedure as the one employed in the Cu-free alloys was performed to determine the effect of
Cu on the modelling parameters in Eq. 2-5. The contributions of dispersoids on the yield

stress are listed in Table 6-4.

Table 6-4 Yield strength and o, of alloys A7, A8 and A10 after 1 week of natural ageing.

Alloy Yield strength (MPa) 0, Mpa)
A7 135 3.6
A8 157 4.6
Al0 137 5.1

Fig. 6-24 shows the dependence of the coefficients £, k; and k; in the evolution equation for
the dislocation density as determined by fitting the experimental curves to Eq. 2-5, on the
magnitude of the Mg/Si ratio of the alloys. As shown in this figure, with decreasing Mg/Si
ratio, a slightly higher k-value is found. This is attributed to the higher number density of
dispersoids in the lower Mg/Si ratio alloys. It is interesting to note that k; slightly increases
with decreasing Mg/Si ratio, and k; is markedly increased by the addition of Cu. In the
classic work hardening theory, k; is independent of the solute content [39], although recent
studies showed that k; can be influenced by the solute content (e.g. Cu content in Al alloys)
[15] through its influence on k;. As for the dynamic recovery rate k», there is a tendency that
k, slightly decreases with growing Mg/Si ratio. The addition of Cu slightly reduces k; for
alloys A2 and A6, but has no effect on alloy A4. These results explain, in terms of the
Kocks-Mecking-Estrin model, why Cu additions can increase the work hardening capability
of the alloys: the cause of increased strain hardening is that the addition of Cu can

significantly increase the dislocation storage rate.
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Pre-ageing has a different influence on the work hardening capability of the Cu-containing
alloys with different levels of the Mg/Si ratio, as shown in Fig. 6-25. For the low Mg/Si ratio
alloy A10, pre-ageing slightly decreases ng. Accordingly, a decrease in the uniform
elongation and stretch formability were observed, as shown in Fig. 6-9¢c. For the medium
Mg/Si ratio alloy A8 and the high Mg/Si ratio alloy A7, pre-ageing can even slightly increase
ng, (except for alloy A7 pre-aged at 200 °C for 20 s). Comparing work hardening exponent
results with the uniform elongation results for alloys A7 and A8 (see Fig. 6-9c¢), it is evident

that the uniform elongation of alloys A7 and A8 is determined by work hardening capability.
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Fig. 6-25 Effect of pre-ageing on n; at the uniform strain for alloys A7,
A8 and A10 with and without pre-ageing as indicated.

The work hardening rate vs. strain curves for the pre-aged alloys are shown in Fig. 6-26. As
seen in the figure, pre-ageing has little effect on the work hardening rate before the onset of
necking, but slightly reduces the work hardening rate at the uniform strain. After the onset of
necking, a faster decrease in the work hardening rate was observed in the pre-aged alloys
than in the alloys without pre-ageing. As indicated above, this may be due to the low SRS
(except for alloy A7 pre-aged at 100 °C for 2 h). For alloy A7 pre-aged at 100 °C for 2 h, the
material has the ability to maintain the work hardening rate (albeit at a low level) up to
relatively high strains, which is similar to alloy A3 pre-aged at 100 °C for 2 h. In these two
alloys, a pronounced PLC effect was observed in the samples pre-aged at 100 °C for 2 h.
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Fig. 6-26 Effect of pre-ageing on the work hardening rate curves of Cu-containing alloys
(a,b) A7, (c, d) A8 and (e, f) A10. (b, d, f) are enlarged views of (a, c, f).

Note: the solid curves are work hardening rate curves, and dashed curves in the same
color as solid curves are corresponding flow stress curves.

The Kocks-Mecking plots for Cu-containing alloys in the different tempers are shown in Fig.
6-27; the corresponding initial work hardening rate and dynamic recovery rate are presented

in Fig. 6-28. At first glance, it appears pre-ageing has a noticeable influence on the initial
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work hardening rate, while its effect on the dynamic recovery rate is small, as shown in Fig.
6-27. Detailed analysis on Fig. 6-27 reveals that pre-ageing slightly decreases the initial work
hardening rate, but has little effect on the dynamic recovery rate (see Fig. 6-28). Therefore, in
most cases, pre-ageing was found to have little influence on the uniform elongation or to
slightly reduce it (except for alloy A7 pre-aged at 100 °C for 2 h). One possible reason for the
increased uniform elongation in alloy A7 pre-aged at 100 °C for 2 h is a strong serrated
yielding which inhibits the dynamic recovery process [44], thus leading to an increased work

hardening capability [143, 144].

Therefore, pre-ageing was found to reduce the stretch formability of the Cu-containing alloys.
This is associated with reduced work hardening and strain-rate hardening capabilities,

especially the latter.
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Fig. 6-27 Effect of heat treatment on the Kocks-Mecking plots for alloys
(a) A7, (b) A8 and (c) A10.
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Fig. 6-28 Effect of heat treatment on the (a) initial work hardening rate
and (b) dynamic recovery rate of the Cu-containing alloys

6.4 Summary

In this chapter, three alloys (A7, A8 and A10), which are Cu-containing versions of alloys
A2, A6 and A4, respectively, were studied. The Cu-containing alloys were either naturally
aged or pre-aged prior to natural ageing (the heat treatment parameters being similar to those
employed for their Cu-free counterparts). The work hardening and strain rate hardening
behaviour of the alloys was characterised to correlate the microstructural features with the
formability. It was found that the addition of 0.3 wt.% Cu slightly decreases the strain rate
sensitivity of the alloys, especially those with high magnitude of the Mg/Si ratio. The
observed decrease in the strain rate hardening capability is believed to be associated with the
high solute content and the retardation of natural ageing in the Cu-containing alloys. Despite
this, alloying with Cu still enhances the stretch formability of the naturally aged alloys due to
the increased work hardening capability. The enhancement of the work hardening rate stems
from increased dislocation storage rate owing to copper content. However, this improvement
in the stretch-formability diminishes with decreasing Mg/Si ratio, which suggests that the
influence of strain rate hardening on the formability becomes more important at lower Mg/Si
ratios. Pre-ageing of these alloys lowers their formability due to a decrease in their work
hardening (except for alloy A7) and strain rate hardening capabilities. For the high Mg
content alloy A7, pre-ageing at 100 °C for 2 h even improved the work hardening capability.
This is most likely due to a strong DSA effect in this alloy. Notwithstanding, this increased
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work hardening pre-ageing at 100 °C for 2 h resulted in a drop of the formability of alloy A7

due to a concomitant loss in strain rate hardening capability.
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Chapter 7: Thermodynamic Modelling

7.1 Introduction

Based on the findings discussed so far, a high Si content is needed to maintain a high stretch
formability, a high Si content in the 6xxx alloys is needed. Not only does an increase in the
Si content raise the work hardening capacity of an alloy due to a decrease in the dynamic
recovery rate, but it also enhances strain rate hardening by facilitating the formation of
clusters that remove mobile solute atoms and vacancies from the solid solution. Furthermore,
by increasing the Si content of the alloy, a high number density of dispersoids is promoted,
which increases the storage rate of geometrically necessary dislocations. Collectively, these
effects act to improve the stretch formability of the alloys. Moreover, the addition of Cu was
also found to improve the stretch formability of the alloys due to the increased dislocation

storage rate, especially in the alloys with medium and high Mg/Si ratios.

The High Mg content alloy A2 showed the lowest stretch formability among the alloys
studied. However, the Mg and Si content of alloy A2 is out of the typical composition limit
for Mg and Si in the commercial 6xxx alloys used for automotive panel applications.
Therefore it is worthwhile to investigate whether the formability of alloy A2 can be improved
by adjusting the alloy composition. This would provide information for the development of
new 6xxx alloys for automotive body panels. To meet this end, thermodynamic modelling

was employed to predict a microstructure that could improve the formability of alloy A2.
7.2 Results and discussion

7.2.1 Effect of alloy composition

Fig. 7-1 shows the influence of Mg, Si, Mn and Cu contents on the amount of undissolved
Mg,Si and Al(Fe,Mn)Si phases, as well as on the Si and Mg contents in solution in alloy A2
at 540 °C, as modelled by Thermocalc. It should be noted that the current Thermocalc
predictions do not discriminate between fine-scale dispersoids and coarse Fe-phase particles.
Hence Al(Fe,Mn)Si may refer to either, and the relative amount of each will depend on the

processing history. Nevertheless, a predicted increase in the amount of Al(Fe,Mn)Si is
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expected to result in an increase in the amount of fine-scale dispersoids, if the Si
concentration in the matrix is predicted to increase. This has been confirmed experimentally
as listed in Tables 4-1 and 4-2. Moreover, there are two reasons to perform the
thermodynamic modelling at 540 °C. Firstly, it is believed that Al(Fe,Mn)Si dispersoids are
mainly formed during the homogenisation treatment [81]. In this study, the maximum
homogenisation temperature was 540°C. Secondly, it appears that the solution treatment at
550 °C for 30 min employed in this study can only dissolve the finer Mg,Si particles (which
probably were formed during the thermo-mechanical treatment after homogenisation [26]),
while the coarse Mg,Si particles, due to the insufficient solution treatment, still remain
undissolved, as shown in Figs. 4-1a and 7-2. Even though the solution treatment temperature
is 10°C higher than the homogenisation temperature, there should be very little difference
between the equilibrium values at 540 °C and the actual value after only 30 min at 550 °C
because the solvus temperature is close to 550 °C and therefore the dissolution rate at this
temperature is sluggish. Moreover, one should also consider that the solution treatment time

is only 30 min, which may not bring the system to the equilibrium state at 550 °C.

As shown in Fig. 7-1, the microstructure of alloy A2 is expected to be modified by
composition modifications. More precisely, decreasing the Mg content in alloy A2 can
increase the amount of Al(Fe,Mn)Si slightly and reduce the amount of undissolved Mg,Si
(Fig. 7-1a). Decreasing the alloy Mg content is also predicted to raise the amount of Si in
solid solution due to the release of Si from the undissolved Mg,Si, as well as to decrease the
amount of Mg in solution (Fig. 7-1b). This could enhance the natural ageing kinetics and the
precipitation conditions for dispersoids. Not only does the increased Mn content effectively
promote the formation of Al(Fe,Mn)Si, but it can also reduce the formation of undissolved
Mg,Si (Fig. 7-1¢). However, an increase in the Mn content is also predicted to increase the
amount of Mg and reduce the amount of Si in solid solution (Fig. 7-1d), which may reduce
the SRS of the flow stress. Furthermore, the amounts of both Al(Fe,Mn)Si and undissolved
Mg,Si are predicted to rise with increasing Si content in the alloy (Fig. 7-1e). This increase in
Si content would also raise the amount of Si in solution and diminish the amount of Mg in
solution (Fig. 7-1f). This would increase the SRS of the flow stress of the alloy after one
week natural ageing. It appears that the influence of Cu on the amounts of phases and the

solute concentrations in the matrix is relatively small compared to that of other elements.
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Nevertheless, adding Cu to alloy A2 is predicted to decrease the amount of Mg,Si, thus
slightly promoting the formation of Al(Fe,Mn)Si and increasing the Mg and Si
concentrations in the matrix (Fig. 7-1g, h). This suggests that adding Cu to alloy A2 may
improve the stretch formability due to the increased amount of Al(Fe,Mn)Si and Si
concentration in the matrix. However, it should be noted that the increasing Cu content is
also predicted to increase the Mg concentration in the matrix, which may decrease the SRS of
the flow stress and formability. In fact, the addition of Cu (alloy A7) did improve the stretch
formability of alloy A2, due to the increased dislocation multiplication by Cu atoms. While it
appears other factors (amount of Al(Fe,Mn)Si and the Mg and Si concentrations in the matrix)

had little influence on the stretch formability of alloy A2.
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Fig. 7-1 Influence of (a,b) Mg (c, d) Mn, (e, f) Si and (g, h) Cu content on the
amount of undissolved Al(Fe,Mn)Si and Mg,Si, as well as the amount of Si and
Mg in solid solution for alloy A2 at 540 °C predicted by Thermocalc. The vertical
dashed lines represent the composition of alloy A2.
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Fig. 7-2 (a) Backscattering SEM image showing Mg,Si (black) and Fe-containing
phase (white) in as-rolled alloy A2 (b) enlarged view of (a).

7.2.2 Effect of homogenisation/solution treatment temperature

The effect of homogenisation/solution treatment temperature on the amount of undissolved
phases and solute concentration in the matrix of alloy A2 is shown in Fig. 7-3 (for a scenario
where the homogenisation temperature is the same as the solution treatment temperature). As
shown in Fig. 7-3, the Mg,Si phase is predicted to be fully dissolved into the matrix at 560
°C. Therefore, the Mg content in the matrix reaches a maximum at 560 °C. The Si content in
the matrix almost reach maximum at 560 °C, and further increasing the temperature does not
significantly increase the Si concentration in the matrix. It should be noted that melting is
expected to start when the temperature is higher than 600 °C. The increased Mg and Si
concentrations in the matrix are expected to increase the natural ageing response, therefore
resulting in a higher SRS after one week of natural ageing. The increased solute
concentration should also increase the work hardening capability of the material. Apart from
the solute effects, increasing the solution treatment temperature is also expected to increase
the amount of quenched-in-vacancies (for a give fast quench rate). This would further
increase the natural ageing response. As for the Al(Fe,Mn)Si phases, it is predicted that the
equilibrium amount of Al(Fe,Mn)Si phases will decrease with increasing temperature. This
suggests that a high homogenisation temperature is not good for the precipitation of
Al(Fe,Mn)Si dispersoids, which is consistent with the reported findings in the reference [81].
In reference [81], the number density of dispersoids was reported to decrease with increasing
homogenisation temperature. Although a high number density of dispersoids was reported to

homogenise the dislocation slip [54], based on the Kocks-Mecking-Estrin model, the
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contribution of dispersoids to the work hardening is much smaller than that of solute atoms.
Therefore, even though a higher temperature would decrease the amount of Al(Fe,Mn)Si

particles, the increased solute concentration would still enhance the work hardening

capability.
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Fig. 7-3 Effect of solution treatment temperature on the amount of
undissolved Al(Fe,Mn)Si and Mg,Si, as well as the amount of Si and Mg in
solid solution for alloy A2.

7.3 Summary

Thermodynamic modelling was employed to predict microstructures that could improve
stretch formability of the high Mg content alloy A2. It was found that decreasing the alloy Mg
content is predicted to decrease the amount of Mg in solution and to increase the amount of Si
in solid solution due to the release of Si from any undissolved Mg,Si. This could enhance the
natural ageing kinetics and the precipitation conditions for dispersoids, thus improving the
stretch formability of alloy A2; An increased Mn content has two effects: (i) it effectively
promotes the formation of Al(Fe, Mn)Si, and (ii) it can reduce the amount of undissolved
Mg,Si. However, an increase in the Mn content is also predicted to increase the amount of Mg
and reduce the amount of Si in solid solution, which may reduce the SRS of the flow stress. It
appears whether Mn can improve the formability depending on which factors (the increased
amount of Al(Fe, Mn)Si and the variation of solute concentration in the matrix) are more
important. Furthermore, the amounts of both Al(Fe, Mn)Si and undissolved Mg,Si are
predicted to rise with increasing Si content in the alloy. This increase in Si content would also
raise the amount of Si in solution but decrease the amount of Mg in solution. This would

increase the SRS of the flow stress of the alloy after one week natural ageing. Therefore, an
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increased Si content is expected to improve the stretch formability of alloy A2. Adding Cu to
alloy A2 is also predicted to modify the microstructures, which could influence the formability.
Moreover, increasing the homogenisation and/or solution treatment temperatures would also

improve the stretch formability, due to the increased solute concentration in the matrix.

142



Chapter 8 Conclusions and Recommendations for Future Work

Chapter 8: Conclusions and Recommendations for Future Work

8.1 Conclusions

The ultimate goal of this study was to determine the mechanisms underlying the effect of
alloy composition and heat treatment on the stretch formability of 6xxx alloys. To meet this
goal, eight 6xxx alloys with systematically varying Mg, Si, Cu contents and magnitude of the
Mg/Si ratio were studied. The alloys were either naturally aged or were subjected to pre-
ageing at 100 °C for 2 h or at 200 °C for 20 s prior to natural ageing. The following

conclusions about the mechanisms governing stretch formability of 6xxx alloys can be drawn.

e Increasing the Si content of the alloy significantly improves the stretch formability

of the alloys due to the increased work hardening and strain rate hardening

capabilities.

Not only does an increase in the Si content (alloys A3 to A4, and further to AS5) raise the
work hardening capacity of an alloy due to a decrease in the dynamic recovery rate, but it
also enhances strain rate hardening by facilitating the formation of clusters that remove
mobile solute atoms and vacancies from the solid solution. Furthermore, by increasing the Si
content of the alloy, the occurrence of a high number density of dispersoids is promoted,
which increases the storage rate of geometrically necessary dislocations. Collectively, these
effects act to improve the tensile ductility and stretch formability of sheet products

manufactured from these alloys.

e Increasing the Mg content of the alloy has little influence on the tensile ductility and

stretch formability.

Increasing the alloy Mg content (from alloy A3 to A2) has little influence on the work
hardening capability and slightly decreases the strain rate hardening capability. The decrease
in the strain rate hardening is due to a strong interaction between Mg atoms and mobile
dislocations, which provides a large negative contribution of dynamic strain ageing to the

strain rate sensitivity of the flow stress. The overall effect of work hardening and strain rate
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hardening resulted in little improvement in the tensile ductility and stretch formability with

increasing Mg additions.

e Decreasing the Mg/Si ratio improves the tensile ductility and stretch formability.

Decreasing the Mg/Si ratio (from alloys A2 to A6, and further to A4) can increase work
hardening capability, due to the increased dislocation storage. Decreasing the Mg/Si ratio can
also improve the strain rate hardening capability, which is associated with enhanced natural
ageing kinetics that speeds up the removal of mobile solutes and vacancies form the matrix.
As a result, the stretch formability was found to be improved by decreasing the magnitude of

the Mg/Si ratio.

e The addition of Cu leads to improved stretch formability due to increased work

hardening capability.

Cu was found to increase the work hardening capability due to an enhancement in the
dislocation storage rate. Therefore, a slight improvement in the uniform elongation was
observed to result from Cu additions. However, Cu additions slightly decrease the SRS of the
alloys, especially in alloys with high Mg content. The reduced SRS is associated with the
increased solute content and the retardation of natural ageing by Cu. The net effect of work
hardening and strain rate hardening is an improvement in the stretch formability, although

this improvement tends to diminish with decreasing Mg/Si ratio.

e Although pre-ageing can significantly improve the paint-bake response after

natural ageing, it deteriorates the stretch formability.

The main purpose of pre-ageing is to reduce the negative effect of natural ageing on the
paint-bake response of 6xxx alloys. However, pre-ageing was found to reduce the stretch
formability by decreasing the work hardening and strain rate hardening of the alloys. The
decreased work hardening is due to the solute depletion in the matrix. The reduced strain rate
hardening is attributed to the increased DSA, which is an unexpected result revealed by
experiment. A mechanism was proposed to explain the observed strain rate hardening
behaviour: after natural ageing (particularly for short ageing times), pre-aged samples may

contain more vacancies than samples without pre-ageing. The excess vacancies may exist as
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mobile solute-vacancy complexes or be bound with co-clusters, depending on the pre-ageing
time. These excess vacancies increase the magnitude of DSA in pre-aged and subsequently

naturally aged samples.

e Solutes in solution are the major factor that controls the stretch formability.

Solutes (i.e. Si, Mg and Cu) in solution are the most important factor governing the stretch
formability of 6xxx alloys through their effect on the work hardening and strain rate

hardening capabilities.

For work hardening, the Kocks-Mecking-Estrin model provides a way to separate the
individual contributions of different microstructural features (i.e. solutes and dispersoids) on
the amount of work hardening. Solutes are the major factor that influences the work
hardening behaviour. Among Si, Mg and Cu alloying elements, Cu is the most efficient
element for increasing the dislocation storage rate. The second and third ones are Si and Mg,
respectively. Both Si and Mg atoms increase the work hardening rate by reducing dynamic
recovery, owing to their inhibiting effect on dislocation cross-slip. Cu has little influence on
dynamic recovery, but contributes efficiently to work hardening still. Thus, as was shown in
Chapter 6, alloying with Cu raises the stage II hardening rate, as reflected in the increased

dislocation storage coefficient k.

Although work hardening provides a positive contribution to the SRS, DSA is also a crucial
factor, as it gives rise to a negative contribution to the SRS. The degree of DSA is
determined by the specific solute species involved and its concentration. For instance, Mg
atoms increase DSA more strongly than Si and Cu atoms do, which is due to a strong
interaction between Mg atoms and mobile dislocations. The degree to which a specific solute
species influences the natural ageing kinetics will also influence the magnitude of DSA. As
discussed in Chapter 5, sluggish natural ageing kinetics normally leads to more pronounced
DSA, which is the case in the alloys with high Mg and/or Cu contents. By contrast, a high Si
content enhances the natural ageing kinetics and therefore decreases the magnitude of the

DSA effect.

e Vacancies are another important factor that influences the stretch formability.
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This may be the first time that the role of vacancies as an important factor affecting the
stretch formability of 6xxx alloys was highlighted. The effect of vacancies on the stretch
formability is through their influence on the strain rate hardening capability. The importance
of this is specially highlighted when the alloy is pre-aged. It was proposed that pre-aged
samples should contain more vacancies than samples without pre-ageing. This degrades the

strain rate hardening capability and therefore decreases the formability.

e The formability of higsh Mg content 6xxx alloy can be improved by alloy

composition adjustments.

Based on the knowledge derived from the experimental and constitutive modelling results,
thermodynamic modelling was shown to be a very useful tool for designing an alloy with
improved formability. The thermodynamic modelling results suggest that the stretch
formability of the high Mg content alloy A2 could be improved by increasing increasing the

Si, Cu and Mn contents and/or decreasing the alloy Mg content in the alloy.

In fact, while the high Mg content 6xxx alloy A2 showed an inferior stretch formability, the
addition of Cu to alloy A2 was found to improve the formability of alloy A2 to a level similar
to that of the high Si content alloys. Another interesting feature is that the addition of Cu to
alloy A2 did not increase the yield strength. In other words, with Cu, the high Mg content
alloy still has a similar strength level as the high Si content alloy. This means that, with Cu,
the Mg-rich 6xxx alloy A2 has the same potential for automotive outer panels as the
conventionally used Si-rich alloys. However, another issue arising from the addition of Cu is
that of potential surface quality problems after forming due to the occurrence of the PLC
effect. This issue may be solved by decreasing the Mg content and/or increasing the Si
content slightly. It may also be avoided by controlling the strain rate during stamping.
Although the thermodynamic modelling results suggest that the stretch formability of alloy
A2 can be improved by compositional adjustments, possible issues related to other aspects of

formability arising from the improved stretch formability should also be considered.

¢ Comments on the current commercial alloys for automotive outer panels.
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This work has provided a rationale for the fact that most of the commercial 6xxx alloys for
automotive panels are Si-rich alloys (i.e. 6016 and 6022) rather than Mg-rich alloys. From a

formability point of view, this is because Si-rich alloys exhibit a superior stretch formability.

Moreover, practically, the original purpose of adding Cu to the medium Mg/Si ratio alloy
6111 was to improve the paint-bake performance [138]. In this study, the addition of Cu was
also found to be beneficial to the stretch formability. However, the addition of Cu in alloys
with a medium Mg/Si ratio (e.g. A8) can significantly increase the strength. Therefore, the
bending performance of alloy 6111 is worse than that of alloys 6016 and 6022 [21] since a
bad bending performance tends to correlate with a high yield strength [10] and the yield
strength of the former material is much higher than that of the latter two materials. The
addition of Cu to low Mg/Si ratio alloys was found not to increase the stretch formability or
the strength. Therefore, in alloys 6016 and 6022 (low Mg/Si ratio alloys), the Cu content is
much lower than that in medium alloy Mg/Si ratio alloys like 6111.

As a general conclusion, it can be stated that the current study has provided a substantial
database for an important range of Al alloys of the 6xxx series in terms of their mechanical
properties and formability. The effect of the composition, particularly the Mg/Si ratio and
alloying with Cu, and ageing regimes on the work hardening and strain rate hardening
behavior and the ensuing uniaxial ductility and stretch formability of the alloys has been
thoroughly investigated. The value of the thesis is seen in a mechanism-based interpretation
of the observed material behaviour. The results provide information for a rational approach to
alloy selection for automotive body panel applications. However, it should be noted that the
technical processes employed in this study are different from industrial processes (e.g. lab-
scale permanent mold casting vs. industrial direct-chill casting, and differences in some other
processing parameters). This means that any attempts to use the experimental results from
this PhD project for industrial purposes should not be made without considering these

differences.
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8.2 Recommendations for future work

8.2.1 The role of vacancies in the increased DSA observed after pre-ageing

In Chapter 5, a higher vacancy concentration in the pre-aged samples exceeding that in the
samples without pre-ageing was suggested as a mechanism for the increased DSA observed
in pre-aged samples. The proposed mechanism was verified by some indirect experiments
(tensile testing and hardness testing), and appears to explain the proposed mechanism in
terms of increased DSA in the pre-aged alloys. However, this mechanism is still somewhat
speculative, and further, more elaborate, experiments are needed to verify whether the
vacancy concentration in the pre-aged samples is indeed higher than in the samples which did
not undergo pre-ageing. In fact, the role of vacancies in the increased DSA can be studied by
positron annihilation lifetime spectroscope (PALS). PALS is a non-destructive nuclear
technique which is used in solid state physics, materials science, chemistry, etc. due to its
unique sensitivity to open volume defects such as atom-sized vacancies [136]. Therefore, the
PALS method has been used in the study of the role of vacancies on the natural ageing
processes in Al-Mg-Si alloys [145, 146], and ageing kinetics in Al-Cu alloy [147].

In future work, PALS experiments should be carried out on alloys A2 and A4 pre-aged at
100 °C for 5 min or 2 h, and on the same alloys without pre-ageing. It was interesting to see
that samples pre-aged for 5 min showed a much greater natural ageing response than samples
pre-aged for 2 h during one week of natural ageing to one month of natural ageing. The
excess vacancies in samples pre-aged for 5 min may exist as solute-vacancy complexes,
while the excess vacancies in samples pre-aged for 2 h may be bound in co-clusters. It is
believed this was the reason why a different natural ageing response was observed during one
week of natural ageing to one month of natural ageing. PALS experiments would firstly help
to confirm whether pre-aged samples do indeed contain more vacancies than samples without
pre-ageing, and identify the locations of these vacancies. Secondly, the PALS experiments
would also help determining the differences in the vacancy concentrations and locations in

samples that were pre-aged for 5 min as opposed to 2 h.
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8.2.2 Optimising the heat treatment parameters for industrial application

The effects of the two kinds of pre-ageing treatments considered (i.e. 2 h at 100 °C or 20 s at
200 °C) on the formability were investigated. It was found that pre-ageing, especially at 100
°C for 2 h, can improve the paint-bake response of the material. However, pre-ageing was
also found to decrease the stretch formability of the material (especially when the material
was pre-aged at 100 °C for 2 h), mainly due to a decrease in the strain rate hardening

capability.

In order to improve the stretch formability, pre-ageing parameters must be modified to
reduce the degree of decrease in the strain rate hardening capability. From Fig. 5-26, it is
evident that the strain rate hardening capability can be improved if the sample is pre-aged at
100 °C for more than 2 h or less than 30 min. However, pre-ageing for more than 2 h may
lead to a decrease in the work hardening capability due to the depletion of solutes from
solution. Moreover, pre-ageing for more than 2 h or less than 30 min may result in a decrease
in the paint-bake response, as shown in Fig. 5-1. This suggests that both the paint-bake
performance and the formability must be considered when modifying the pre-ageing
parameters. Alternatively, pre-ageing at less than 100 °C (i.e. 70 °C) for a long time may lead
to a good combination of paint-bake response and formability. An improvement in the paint-
bake response by pre-ageing at 70 °C for 17 h was reported in Reference [95]. Meanwhile,
pre-ageing at less than 100 °C for a long time may not significantly deplete the solute from
solution, thereby limiting the decrease in the work hardening capability. Furthermore, pre-
ageing at a low temperature for a long time may anneal out more vacancies than pre-ageing
at 100 °C for 2 h. Thus, the decrease in the stretch formability may be less than after pre-
ageing at 100 °C for 2 h. This is probably the reason why pre-ageing at 82 °C for 8§ h was
employed by Alcoa to enhance the overall formability [148].

For pre-ageing treatments at 200 °C (which are more suitable for in-line treatments), a longer
pre-ageing time of about 2-5 minutes may be suitable for a good combination of paint-bake

response and formability [5].

A modification of the solution treatment temperature may also be beneficial for improving

the formability. In Chapter 4, it was shown that a relatively low solution treatment
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temperature would promote the occurrence of the PLC effect. Thus, a high solution treatment
temperature (i.e. > 550 °C) with modified pre-ageing parameters may lead to a good

combination of paint-bake response and formability.

Any future work in this respect should therefore focus on determining the optimum
combinations of solution treatment and pre-ageing for given alloy compositions. Depending
on the industrial application, suitable high temperature and/or low temperature pre-ageing
treatments can be explored in more detail, guided by the results obtained in this thesis. Firstly,
the effect of solution treatment temperature on the work hardening and strain rate hardening
behaviours of naturally aged samples will be studied. A suitable solution treatment
temperature will be chosen. Then the effect of pre-ageing time at relatively low temperature
(i.e. 70 ~ 90 °C) and at 200 °C on the paint-bake response, work hardening and strain rate
hardening behaviours should be studied. Several suitable pre-ageing parameters, which
provide a good combination of paint-bake response, work hardening and strain rate

hardening capabilities need to be chosen for further FLD tests.
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