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Abstract 

This study focuses on the development of a novel sheet metal forming process, Fast light Alloy 

Stamping Technology (FAST), for manufacturing aluminium alloy sheet components through 

experimental studies. This novel process is distinguished by an ultra-fast heating rate during 

the heating stage and precision processing parameters control in order to minimize changes to 

the material microstructure which are detrimental to the post-form strength. As the initial 

temper and the pre-existing hardening phases of the material could be maintained throughout 

the heating and stamping stages, the paint bake cycles utilized by different automakers are 

sufficient for the material to attain its full strength, replacing the need of post-form artificial 

ageing. The forming temperature selection for the process therefore depends only on the level 

of formability required, further reducing the energy consumption and cycle time of the process.  

The proof-of-concept and the mechanism of FAST were studied through a series of the heat 

treatment tests using the aluminium alloy AA6082 in naturally aged T4 temper and artificially 

aged T6 temper. Traditional warm and hot stamping processes in which the specimens were 

heated at a slow heating rate were conducted at the identical forming temperature range as a 

comparison. It has been proved that the post-form strength of the specimen after the FAST 

process and paint bake cycles could achieve 112 Hv, more than 95% of the as-delivered T6 

condition. In addition, the thermal-mechanical properties of the material under the ultra-fast 

heating conditions were investigated using the Gleeble 3800 thermal-mechanical simulator. The 

true fracture strain was as high as 0.85 at 450℃ for both materials and over 0.50 and 0.32 at 

300℃ for the AA6082-T4 and T6 respectively. 

A dedicated pilot production line Uni-Form for the FAST process was designed, fabricated and 

used for conducting the forming tests. As a highly integrated test facility, Uni-Form is able to 

conduct the forming trials in an automated manner. In this work, a U-shape forming tool was 

utilized to enable the study of mechanical properties of the FAST formed components. The 

influence of forming temperature and forming speed on the springback was investigated. The 

post-form strength and the surface roughness of the formed components were examined. 

Furthermore, a benchmark study on the manufacturing cycle time was carried out. It was 

determined that FAST is able to reduce the manufacturing cycle time to less than 8.5 seconds 
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to produce the component with the desired mechanical properties from the metal blank, which 

is only 4.3% of the warm forming process time currently used in the automotive industry. The 

experimental forming trials confirmed that the FAST process can be scaled up to a forming 

process in industry for manufacturing the lightweight stampings with the required strength and 

geometrical accuracy. 

With the advantages of the FAST process presented in this study, further investigation of this 

novel forming technology could be conducted in order to expand its application to other types 

of heat treatable aluminium alloys and the tailor welded blanks of different series aluminium 

alloys.  
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𝑻𝑭𝑨𝑺𝑻 The forming temperature of the FAST process 

𝑻𝒎 Melting point of the material 

𝑻𝑹𝑻 Room temperature 

𝑻𝑺𝑯𝑻 Solution heat treatment temperature of the material 

𝑻𝑾𝒂𝒓𝒎 𝒇𝒐𝒓𝒎𝒊𝒏𝒈 Warm forming temperature 

𝑻̇ Heating rate 

TEM Transmission electron microscopy  

UTS Ultimate tensile stress 
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Chapter 1  

Introduction 

1.1  The automotive industry under new environmental regulations 

In recent years, there has been an urgent need to produce vehicles with low carbon footprint 

owing to the environmental and political pressure (European Parliament, 2014). According to 

studies conducted by the European Commission (European Commission, 2017), the vehicle 

emissions have accounted for an estimated 12% of the total European Union (EU) carbon 

dioxide (𝐶𝑂2) emission, which is approximately 425.8 million tonnes per year. In light of this, 

increasingly stringent environmental regulations for vehicles on the market have been 

established by successive governments. In 2015, the target of the average emission level of a 

new vehicle was 130 grams of 𝐶𝑂2  per kilometre (g/km), which is equivalent to a fuel 

consumption of 5.6 liters per one hundred kilometres (L/100km). In 2016, this target was 

revised to 118.1 g/km and 5.1 L/100km respectively, which is a marked decrease of 9.23% 

yearly. At present, the EU has set the target for the fleet average of all new vehicles belonging 

to one brand to 95 g/km 𝐶𝑂2 emissions and improve the fuel efficiency to 4.1 L/100km by 2021. 

Compared with the target ten years prior in 2007 at 158.7 g/km, this new target would lead to 

a reduction of over 40%. Furthermore, the government has simultaneously drawn up severe 

punitive measures for failing to meet these targets (European Parliament, 2009). For example, 

the manufacturer must pay penalty payments in terms of g/km for every new car registered 

when the fleet average of the 𝐶𝑂2 emission exceeds the target value after 2012. For the first 

gram of exceedance, the charge is €5 per car. For the second gram, €15 per car and for the third 

gram, €25 per car. For each subsequent gram the charge increases to €95 per car. This latter 

charge of €95/car was extended from the first gram after 2019 (European Parliament, 2009). 

Likewise in the United States of America, the Corporate Average Fuel Economy (CAFE) 

standards (NATSA, 2015) require the automakers to increase their fleet average fuel efficiency 

to 54.5 miles per gallon (mpg) by 2025, which is almost double the current value (The White 

House, 2010).  The penalty in the United States of America is $55 for each mpg under the 
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standard per registered vehicle at present and would increase to $100 in the near future (Wood 

et al., 2018).  

To this end, tremendous efforts have been made by vehicle manufacturers in adapting to the 

new fuel efficiency and emission standards, and new technologies applied to vehicles have been 

experiencing a remarkable growth. Compared with other technologies, such as hybrid 

propulsion technology (Amjad et al., 2010), small-displacement with turbo charging (Johnson 

and Joshi, 2017) and Battery Electric Vehicles (BEV) (Un-Noor et al., 2017), lightweighting, 

especially through the utilization of aluminium alloys to replace steels in vehicles, has become 

an efficient and popular approach of this process (Zheng et al., 2018 (a); Mallick, 2010). It has 

been proved that every 10% saving of the vehicle weight can lead to 5-7% increase of vehicle 

fuel efficiency without compromising the performance and safety (Lutsey, 2010). Moreover, 

according to the study of global aluminum alloy production, it is estimated that every tonne of 

steel replaced by aluminium alloy could enable approximately 18 tons of 𝐶𝑂2 reduction over 

the average service life of a midsize vehicle (Benedyk, 2010).  

 

Fig 1.1  European Union light vehicle aluminium content current situation and low/high  

expectations (Net kilograms per vehicle) (Ducker Worldwide, 2016) 
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The report to the European Aluminium Association (EAA) by Ducker Worldwide (Figure 1.1) 

demonstrates that the utilization of aluminium alloys in European vehicles will continue to 

show an uninterrupted growth in the next decade (Ducker Worldwide, 2016). In the most 

optimistic scenarios, aluminium content per vehicle would grow to 170 kg in 2020 and 196 kg 

in 2025. The same trend can be found in the US market, as shown in Figure 1.2 (Ducker 

Worldwide, 2017). In addition, Ducker Worldwide predicted that more than 75% of pickup 

trucks and 20% of SUVs and large sedans produced in North America would be aluminum-

bodied by 2025 (Ducker Worldwide, 2017).  

   

1.2 Aluminium alloys for automotive applications   

The utilization of aluminium alloys in vehicles can date back to the 1900s, when the world's 

first full aluminium bodied vehicle was produced by Karl Benz in 1899 (Bach, 2019). 

Nowadays, the aluminium alloys utilized in automobiles are far more diverse than other 

competitive materials such as steel, magnesium alloys and carbon fiber. This is mainly due to 

the high flexibility of the material, where aluminium alloys can be manufactured as either 

wrought or cast with the ability to be adaptable to almost all types of mechanical manufacturing 

processes (Kaufman, 2008).  
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Fig 1.2   North American light vehicle aluminium content current situation and expectations 

(Net pounds per vehicle) (Ducker Worldwide, 2017) 
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Typical aluminium alloy applications and product forms in vehicles are demonstrated in Figure 

1.3 (Mallick, 2010). In general, the product forms can be divided into three categories: casting, 

extrusion and sheet metal forming components. The aluminium alloy casting is normally used 

to produce wheels, engine blocks and pistons. Extrusion dominates the production of engine 

cradles, space frames and seat frames. Sheet metal forming is widely employed to manufacture 

the closure and body-in-white (BIW) components.  

  

According to a survey of thirty key components of a vehicle in 2016 and 2020 by Ducker in 

2017 (Ducker Worldwide, 2017), the aluminium content manufactured by casting and extrusion 

would remain constant, whereas the sheet aluminium alloy components would experience a 

remarkable growth due to the increased penetration rate for body closures and body-in-white 

(BIW) components, as highlighted in Figure 1.4. 

To be specific, the average aluminium content for closure components is believed to increase 

from 10.43 kg/vehicle in 2015 to 27.67 kg/vehicle in 2020, which equals to a 1.65 times increase 

in 5 years. The share of doors made by aluminium alloys would increase from under 5% in 

2015 to more than 25% in 2020. Meanwhile, an increase of the aluminium hood would be from 

Fig 1.3 Typical vehicle aluminium alloy applications and product forms (Mallick, 2010) 
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less than 50% in 2015 to slightly over 71% in 2020 (Ducker Worldwide, 2017). Concurrently, 

the average weight of body-in-white (BIW) components made by aluminium panels is expected 

to experience a growth from 6.35 kg/vehicle to 11.79 kg/vehicle from 2015 to 2020, which is 

an increase of 83%. In total, there would be at least 39.46 kg of sheet aluminium alloy 

components per vehicle by 2020. According to the global vehicle production volume at present, 

such a prospective scenario will equal to over 1 million tons of aluminium sheet manufactured 

by stamping annually and could increase to 1.1 million tons under an optimistic estimation 

(Ducker Worldwide, 2017; Butler Jr, 2015).      

 

One example demonstrating the trend to produce sheet aluminium alloy components in mass 

produced vehicles is the 13th generation Ford F-150 (2015-present), as shown in Figure 1.5 (a). 

Sports cars and high-end luxury cars such as Audi A8, Jaguar XJ and Range Rover have 

employed the full-aluminium body over the past two decades (Jaguar Land Rover, 2019; 

Ducker Worldwide, 2012). However, the Ford F-150 is the world’s first high-volume family 

car, 909,330 sold in 2018 (Motrolix, 2019), which widely applies aluminium panels, as shown 

in Figure 1.5 (b). Compared with the predecessor, the new Ford F-150 saves more than 750 

pounds (340 kg) in weight and increases fuel efficiency by over 21% from 19 mpg to 23 mpg 

(Ford Motor Company, 2019; Stacey, 2016).  

 

 

Fig 1.5  (a) Ford F-150 (the 13th generation); (b) The sheet aluminium alloy components 

used in Ford F-150 (Stacey, 2016) 

 (a)   (b)  
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1.3 Current sheet metal forming technologies for aluminium alloys 

Despite the remarkable potential growth of aluminium alloys, particularly aluminium panel 

components in the automotive industry, the application of aluminium sheets is still restricted 

by their poor formability at ambient temperature (Hosford and Caddell, 2011) compared with 

low carbon steels, which can be cold formed and directly welded during assembly of the vehicle 

body-in-white (BIW) and without post-form heat treatments (Altan and Tekkaya, 2012 (a)).  

Figure 1.6 summarizes the mechanical properties of several commonly used aluminium alloys 

(Kaufman, 2008). It can be found that total elongation to failure is normally within 20% and 

12% for the medium and high strength aluminium alloys at ambient temperature respectively.  

  

In general, the most common technologies involve forming the alloys at elevated temperatures. 

Warm forming was first investigated by Finch et al. in 1946 (Finch et al., 1946). It was found 

that the drawability, in terms of cup height, could be improved for the aluminium alloys 

AA2024 and AA7075 at 150℃. Since this initial study, significant research has been performed 

into the elevated temperature forming of aluminium alloys. Cavaliere studied AA2618 and 

found the equivalent strain to failure was improved from 0.27 to 0.38 when the forming 

Fig 1.6  Comparisons of mechanical properties of commonly used aluminium alloys at 

ambient temperature (Kaufman, 2008) 
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temperature was increased from 150℃  to 250℃  at a strain rate of 1/s (Cavaliere, 2002). 

According to Li and Ghosh (2004), it was shown that the formability of the aluminium sheet 

alloys AA5754, AA5182+Mn and AA6111 formed at 250℃, in terms of their strain states, were 

comparable to those of A-K steels formed at room temperature. Therefore, the warm forming 

process has been employed by several vehicle manufacturers for over a decade, such as Jaguar 

and Land Rover (Sheller, 2014). In the meantime, some limitations still exist in the warm 

stamping processes. Although the true fracture strain usually exhibits an improvement to around 

0.27 once the forming temperature is greater than 250 ℃  (Mallick, 2010), the forming 

temperatures used in warm forming processes are usually kept below 300℃. Since higher 

temperature tends to cause recovery (Verdier et al., 1998) and precipitate coarsening (Liao, 

2014) of aluminium alloys, this leads to a decrease of the strength of the formed components. 

In addition, the blank is commonly heated by conduction using heated forming tools in warm 

forming processes, where electric heating rods are inserted into the die, punch and blank holder 

to heat up the blank, resulting in a complex apparatus and a long time to preheat the equipment 

(Altan and Tekkaya, 2012 (b)). 

In addition to the warm forming processes, some hot forming technologies have also been 

developed (Garrett et al., 2005; Grohmann, 2016), where the aluminium sheet is heated to the 

solutionizing temperature for solution heat treatment, followed by forming and quenching 

simultaneously in the dies. Since all the constituents are fully dissolved into the aluminium 

matrix and the yield stress is significantly reduced, the material exhibits improved formability, 

enabling a more complex shape to be formed. However, the post-form strength of the formed 

component can only be regained by subsequent artificial ageing processes (Mohamed et al., 

2012). It is worth noting that these hot forming processes have been successfully applied to the 

forming of some complex-shaped components such as a vehicle door inner panel (Politis et al., 

2013). However, component with less complex geometries could benefit from the technologies 

that offer a shorter cycle time and reduced energy consumption. 

1.4 Aim and objectives of this study 

The aim of this research is to develop a new sheet metal forming technology for manufacturing 

sheet aluminium alloy components that meet the technical requirements for mass production in 

the automotive industry, such as moderate formability, high post-form strength, short cycle time 
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and minimal energy consumption. This new forming technology is proposed to utilize the ultra-

fast heating rate to heat up the aluminium blank to elevated temperature. The novelty of this 

study lies in exploring the effects of heating rate and the temperature concurrently on the 

properties of the heat treatable aluminium alloy during the sheet metal forming process and 

developing the dedicated test facilities realizing this new forming technology. The work centres 

on aluminium alloy AA6082, which has witnessed a surge in scientific research and industrial 

application in recent years due to its high strength to weight ratio, good corrosion resistance 

and excellent precipitation hardening response during the ageing process (Polmear et al., 2017).  

In order to achieve the aim of this study, the following objectives have to be fulfilled. 

1. Conduct an in-depth, comprehensive literature review on the 6xxx series aluminium 

alloy and the existing forming technologies for aluminium alloys to understand the 

current scientific gaps on this material and the industrial needs on the formability, 

manufacturing cycle time, post-form strength and the state of the art of these 

technologies. 

2. Based on the understanding of the material properties under elevated temperatures and 

the improvements of existing sheet metal forming technologies, propose a new forming 

technology for manufacturing lightweight panel components using high strength 

aluminium alloys. 

3. Design and build dedicated test facilities to conduct the experiments and forming trials 

of the proposed forming process.  

4. Design and carry out a comprehensive study on the proposed forming technology and 

investigate the underlying physical mechanism.  

5. Conduct the forming trials using the dedicated test facility to study the mechanical 

properties of the formed components as well as the manufacturing cycle time using this 

new technology.  

1.5 Thesis structure  

This thesis is comprised of seven chapters. A flow diagram which clarifies the structure of this 

study is presented in Figure 1.7. A brief introduction of aluminium alloy usage, especially the 

sheet aluminium alloy components in vehicles is presented in Chapter 1. Chapter 2 serves as a 
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Fig 1.7  Flow diagram of the study 
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literature review. The material properties and precipitation hardening mechanism of 

Aluminium-Magnesium-Silicon (Al-Mg-Si, 6xxx series) alloy are summarized and the 

scientific gaps of the current research are identified. Meanwhile, the sheet metal forming 

technologies and the industrial needs for manufacturing sheet aluminium alloy components are 

discussed. In Chapter 3, the novel forming technology, Fast light Alloy Stamping Technology 

(FAST), is proposed. The development of the dedicated test facility Uni-Form is also 

demonstrated. Chapter 4 is dedicated to the experimental programme of the FAST process study 

with a series of tests designed and performed, covering the heat treatment tests of FAST and 

the forming trials using Uni-Form. Chapter 5 details the analysis of the experimental results. 

The effects of forming temperature and material temper on the FAST process are investigated. 

The thermo-mechanical properties of the material under ultra-fast heating conditions are also 

explored. Chapter 6 focuses on the forming trials of the FAST process using Uni-Form. A study 

of the formed components and a benchmark study on cycle time of the FAST process and other 

forming technologies are presented. Finally, Chapter 7 presents the conclusions of this study 

and the suggestions for the future work. 
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Chapter 2 

A review on Aluminium-Magnesium-Silicon 

alloy and sheet metal forming technologies 

for aluminium alloys 

2.1 Introduction 

The Aluminium-Magnesium-Silicon (Al-Mg-Si, 6xxx series) alloy is one of the most widely 

used material candidates for manufacturing lightweight panel components in the automotive 

industry. In this chapter, the material properties and the applications of several types of Al-Mg-

Si alloys including AA6082 and AA6111 are reviewed. The precipitation hardening 

mechanisms of the 6xxx series aluminium alloys including the precipitation sequence and the 

morphology of different precipitates are discussed. The modelling of the precipitation 

hardening process is also presented. Moreover, the state of the art in the field of sheet metal 

forming technologies for aluminium alloys is reviewed, covering the solution heat treatment, 

forming and cold-die quenching (HFQ), the superplastic forming (SPF) of aluminium alloys 

and the W-Temper forming processes. The development, the main stages, the materials that can 

be applied, improvements and limitations of these forming technologies are described and the 

industrial needs for manufacturing aluminium panel components are addressed. 

2.2 Aluminium-Magnesium-Silicon (Al-Mg-Si) alloy and its precipitation 

hardening process 

2.2.1 Al-Mg-Si alloy and its automotive applications  

Al-Mg-Si alloy, also known as 6xxx series aluminium alloy, is one of the heat treatable 

aluminium alloys and has been an area of research focus for many years (Tisza and Czinege, 

2018; Santos et al., 2016). Compared with the other two heat treatable aluminium alloys, i.e. 

the Aluminium-Copper alloy (Al-Cu, 2xxx series) and Aluminium-Zinc-(Magnesium-Copper) 

alloy (Al-Zn-Mg-Cu, 7xxx series), the range of the 6xxx series aluminium alloys does not 
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possess the greatest strength, however they are generally capable of versatile heat treatments 

for strengthening (Ramesh et al., 2012) and offer good corrosion resistance (Panagopoulos et 

al., 2009), weldability (Gungor et al., 2014) and moderate formability with medium/high 

strength (Luan et al., 2016 (a)).  

Compared with the non-heat treatable Al-Mg(-Mn) alloy (the 5xxx series), such as AA5182 

and AA5754, which have been utilized in aluminium bodied vehicles in the form of cold 

stamping and warm forming components since the 1990s (Toros et al., 2008), the 6xxx series 

aluminium alloys show a number of features that are more in line with the requirements of sheet 

aluminium alloy components in vehicles at present. Firstly, the high strength expands the 

application of the 6xxx series alloys in vehicles. For example, the yield strength of the 

component formed from AA6082 after artificial ageing is normally 300 MPa compared with 

121 MPa of that formed from AA5754 (El-Fakir, 2015), which enables structural components 

of the vehicles to be manufactured. Secondly, the 6xxx series alloys exhibit better surface 

quality after pressing and paint finish compared with the 5xxx series alloys, which are generally 

prone to develop stain markings due to serrated yielding or strain ageing (European Aluminium 

Association, 2002 (a)). Therefore, 6xxx series aluminium sheets are also preferred for outer 

panel applications (Miller et al., 2000). As a result, the usage of 6xxx series aluminium alloy 

has been gradually increased in recent years. A study by Djukanovic shows that the supply 

balance between 5xxx series and 6xxx series automotive sheets is tilting towards the 6xxx series 

progressively and the 6xxx series aluminium alloys have accounted for at least 80% of the 

current supplied volumes to the automotive manufacturers (Djukanovic, 2019; Scamans, 2017).  

  

Al extrusion 

               6% 

  

5% Steel 

37% 

5xxx Al sheet  

Fig 2.1   Material breakdown of the 2013 Range Rover body-in-white (Black, 2013) 
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The specific grades of the alloys utilized in vehicles are mostly confidential by the automotive 

manufacturers. In general, the AA6016A and AA6111 are used for the outer and inner body 

panels and AA6082 is commonly utilized to manufacture the structural components (Bendeyk, 

2010). According to the study of two successive generations of Jaguar XJ model, X350 in 2003-

2010 and X351 in 2010-present, the percentage of 6xxx series aluminium blank used for the 

body-in-white witnessed an increase of 72.7% (European Aluminium Association, 2013). The 

statistics of Range Rover 2013 model and Aston Martin DB11 2017 model also demonstrate 

that more than one third of the total aluminium body-in-white components have been made of 

6xxx series aluminium sheet, as shown in Figure 2.1 and 2.2 respectively (Pugh-Jones, 2017; 

Black, 2013). 

The first commercial Al-Mg-Si alloy Alloy 51S was invented and brought to the market in 1921 

(ASTM, 1936). In 1930s, another alloy named Alloy 61S (AA6061) was developed and capable 

to meet the requirements on corrosion resistance, weldability and response to heat treatment at 

that time. A sister alloy Alloy 62S (AA6062) with lower chromium content and similar 

magnesium and silicon content was introduced in 1947, which provided a finer gain size for the 

product after cold working (Sanders, 2001). The strength of these alloys was as high as 270 

MPa and able to take the place of mild steel (370 MPa) in numerous applications. Many other 

grades of Al-Mg-Si alloys have been developed successively thereafter. As reported by Sato 

and Matsuda (2003), more than 70 types of Al-Mg-Si alloys have been registered in the 

Aluminium Association (AA).  

41% 

Al extrusion 
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6xxx Al sheet 
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Fig 2.2   Material breakdown of the 2017 Aston Martin DB11 body-in-white (Pugh-Jones, 

2017) 
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The composition limit of some common Al-Mg-Si alloys with contours illustrating the yield 

stress at the peak aged (T6) condition is demonstrated in Figure 2.3 (Polmear et al., 2017). It 

can be found that the AA6082 possesses a higher strength compared with other grades of Al-

Mg-Si alloys. The ultimate tensile strength (UTS) of AA6082 is normally as high as 340 MPa 

at the peak aged T6 temper (ThyssenKrupp, 2016). In addition to the sheet metal forming such 

as the panel components using AA6082, AA6016A and AA6111, the 6xxx series aluminium 

alloys could also be manufactured by casting and extrusion. For the alloys listed in the Figure 

2.3, AA6063 and AA6005 are commonly utilized to make the vehicle chassis components and 

seat frames by extrusion. AA6061 is used for suspension parts and bumper reinforcements in 

the form of casting and extrusion (Benedyk, 2010). 

 

The production of aluminium sheet generally follows a dedicated thermo-mechanical process, 

as shown in Figure 2.4 (Engler and Hirsch, 2002). The ingot is first cast and homogenization 

heat treated followed by a series of hot rolling processes to roll down into blank. As the blank 

emerges from the tandem mill, it is edge-trimmed and rolled up into a coil. In order to adapt to 

different applications, further treatment would be conducted such as cold rolling for increasing  

M
g
 w

t%
 

Si wt%  

 Fig 2.3 The composition limit of some typical Al-Mg-Si alloys, with contours 

representing the yield strength of these alloys at the peak aged condition (T6) 

(Polmear et al., 2017) 
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strength and thinning, annealing for softening and relieving the internal stress. For the heat 

treatable aluminium alloys, the sheets would undergo the solution heat treatment, quenching 

and ageing for precipitation hardening. According to the different ageing temperatures, the 

ageing could be divided into two categories, natural ageing i.e. room temperature storage for a 

few days or weeks and artificial ageing i.e. soaking at elevated temperature for 5 to 48 hours 

(Mrówka-Nowotnik and Sieniawski, 2005). The aluminium sheet is normally endowed with 

different tempers demonstrating the different thermal and mechanical treatment history during 

Fig 2.4  Schematic diagram of a typical aluminium sheet production process (Engler 

and Hirsch, 2002) 

1. Ingot casting 2. Homogenization 3. Breakdown mill rolling 

4. Tandem mill hot rolling 5-1. Cold rolling (H) 
5-2. Annealing (O) 

6. Solution heat treatment (W) 

6-1. Artificial ageing (T6) 

6-2. Natural ageing (T4) 
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production, as highlighted in Step 5-1, 5-2, 6, 6-1 and 6-2 of Figure 2.4 respectively. The 

standard temper designation system for the aluminium alloys can be found in (British Standard, 

2017 (a)). 

2.2.2 Precipitation hardening of Al-Mg-Si alloy 

Precipitation hardening, also known as age hardening, is a strengthening mechanism in many 

classes of the metal alloys (Gladman, 1999). For the aluminium alloys, it involves three main 

processes namely the solution heat treatment, quenching and ageing (Miao et al., 1999). In 

general, a homogeneous solid solution of the alloy was obtained through solution heat treatment. 

When the alloy is rapidly quenched, an unstable supersaturated solid solution can be produced. 

The extremely small second-phase particles (normally within 4-8 nm in length and 12𝑛𝑚2 in 

sectional area) are formed and uniformly dispersed in the aluminium matrix during the 

subsequent ageing process (Pekguleryuz, 2013; Esmaeili et al., 2003 (a)). These particles act as 

the obstacles to block the movement of the dislocation and thus enhance the strength of the 

alloys (Martin, 1998). This phenomenon was first noticed by Alfred Wilm in 1908 (Jeffries, 

1929), followed by the discovery of other heat treatable aluminium alloys such as AA2025, 

AA2014 and AA6051 in the 1920s. By 1936, the mainstream of the heat treatable aluminium 

alloy systems such as Al-Mg-Si (6xxx series), Al-Mg-Cu (2xxx series), Al-Mg-Zn (7xxx series) 

had been mapped out successively (Hunsicker and Stumpf, 1965).  

The current state of the scientific studies suggests that the precipitation hardening process of 

Al-Mg-Si alloys follows a similar sequence (Yin et al., 2016; Gracio et al., 2004; Esmaeili et 

al., 2003 (c)) as: 

𝑆𝑆𝑆𝑆 → 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠 → 𝐺𝑃 𝑧𝑜𝑛𝑒𝑠 (𝐺𝑃 𝐼 𝑍𝑂𝑁𝐸, 𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑡ℎ𝑒 𝑝𝑟𝑒−𝛽′′ 𝑝ℎ𝑎𝑠𝑒) 

→ 𝛽′′(𝐺𝑃 𝐼𝐼 𝑍𝑂𝑁𝐸) → 𝛽′/𝑄′ → 𝛽/𝑄 

where the SSSS stands for the supersaturated solid solution condition followed by the formation 

of Si and Mg clusters. 𝐺𝑃 𝑧𝑜𝑛𝑒 is believed to be the spherical clusters with uncertain structure. 

In some studies (Li et al., 2012), 𝐺𝑃 𝑧𝑜𝑛𝑒 is named as 𝐺𝑃 𝐼 𝑧𝑜𝑛𝑒 including the pre-𝛽′′ phase 

and the 𝛽′′  phase is named as 𝐺𝑃 𝐼𝐼 𝑧𝑜𝑛𝑒 . The 𝛽′′  is needle-shaped precipitate with a 

monoclinic structure. It is regarded as the dominant hardening phase of the Al-Mg-Si alloys 
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(Du et al., 2012). The composition and lattice parameters of the  𝛽′′ are still controversial. Some 

studies showed that the composition of 𝛽′′ is close to 𝑀𝑔5𝑆𝑖6 (Totten et al., 2018). Meanwhile, 

some studies suggested 𝑀𝑔4𝐴𝑙3𝑆𝑖4 is the most likely composition of  𝛽′′ (Ninive et al., 2014). 

Depending on the content of Cu in the alloy, the  𝑄′ and 𝑄 phases would be generated instead 

of the 𝛽′ and 𝛽  phases and the precipitation sequence would change slightly (Li et al., 2012). 

For example, the aluminium alloy AA6111 is basically the AA6082 with additional copper 

content for strengthening (Mallick, 2010) and its precipitation sequence follows 𝛽′′ → 𝑄′ → 𝑄 

(Weatherly et al., 2001). The 𝛽′ / 𝑄′ is lath-shaped precipitate, while some papers consider it 

as rod-shaped precipitate. As another hardening phase of the Al-Mg-Si alloys, 𝛽′ provides less 

strength compared with  𝛽′′ (Milkereit et al., 2012). The composition of 𝛽′  is commonly 

described as 𝑀𝑔3𝑆𝑖5 (Cayron and Buffat, 2000). The 𝛽 phase is plate-shaped precipitate with 

a composition of  𝑀𝑔2𝑆𝑖 (Vissers et al., 2007). The enrichment of 𝛽 is generally recognized as 

the symbol of overageing or annealing of the Al-Mg-Si alloys (Marioara et al., 2006). A 

comprehensive review of crystal structure and composition of the Al-Mg-Si-(Cu) alloy 

precipitates was performed by Ravi and Wolverton (2004). 

The precipitation hardening process of the Al-Mg-Si alloys is generally characterized through 

the experimental study and many approaches have been utilized including the hardness test 

(Ismail and Bouchra, 1992), electrical resistivity measurement (Seyedrezai et al., 2009), 

differential scanning calorimetry (DSC) (Shen, 2011), positron annihilation spectroscopy (PAS) 

(Banhart et al., 2012), transmission electron microscopy (TEM) (Yin et al., 2016), high 

resolution transmission electron microscopy (HRTEM)  (Yan et al., 2016) and three-dimension 

atom probe (3DAP) (Zhong et al., 2017 (a); Zhong et al., 2017 (b)) . 

According to (Grau et al., 2016; Li et al., 2015 (a); Esmaeili et al., 2003 (b)), the evolution of 

the yield strength of a solution heat treated and naturally aged AA6111 during the artificial 

ageing at 180℃ is presented in Figure 2.5. It was reported that the optimized artificial ageing 

temperature of 6xxx series aluminium alloys is around 180℃, and the length of ageing time 

was between 7 to 10 hours (Wang et al., 2003; Gupta, 2001). In addition, it was found that the 

natural ageing leads to a prolonged hardening process and degraded ultimate tensile strength 

(UTS) of the material at the peak aged condition compared with the solution heat treated sample, 

where 340 MPa 𝑣𝑠 325 MPa was observed in the study on AA6111 (Esmaeili et al. 2003 (b)).  
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Differential scanning calorimetry (DSC) is generally utilized to study the changes of the 

precipitation states during the precipitation hardening process. It measures the heat absorbed or 

released by the sample under a continuous heating process at a constant heating rate within 10 

K/s (Osten et al., 2015). These endothermic and exothermic reactions correspond to the 

dissolution and precipitation processes respectively of the material’s microstructure and are 

plotted in the form of the heat flow as a function of temperature in the thermograms (Perkin 

Elmer Corporation, 2013).  

The DSC thermogram of the as-quenched AA6111 sample and samples aged at 180℃ for 

different time is presented in Figure 2.6 (Esmaeili et al., 2003 (c)). A total of five exothermic 

peaks can be observed in the DSC curve of the as-quenched sample. The results can be 

interpreted in accordance with the precipitation sequence of the Al-Mg-Si alloys. The 

exothermic peak associated with the clusters appears only for the as-quenched sample, which 

implies the formation of clusters has already occurred during the first 5 minutes of the ageing 

process before the measurement. For the most distinct exothermic peak associated with 𝛽′′ for 
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Fig 2.5   The relationship between yield strength and artificial ageing time of the solution 

heat treated and naturally aged AA6111 during ageing at 180℃ (Esmaeili et al., 

2003 (c)) 
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the as-quenched sample, the heat flow decreases and eventually becomes an endothermic trough, 

marked as A in Figure 2.6, for the samples with increased ageing time from 15 minutes to 7 

hours. This reflects the fact that more 𝛽′′ are generated during the artificial ageing so more 

dissolution reactions and endothermic heat are observed during the DSC test, especially for the 

samples at the peak aged condition which is aged at 180℃ for 7 hours. Similar thermograms 

can be found for other types of 6xxx series aluminium alloys, such as AA6022 (Shen, 2011), 

AA6016 (Birol and Karlik, 2006; Birol, 2005 (a)) and AA6005A (Milkereit et al., 2014).  

  

Figure 2.7 (a) shows the microstructure of aluminium alloy AA6111 at the peak aged condition, 

i.e. solution heat treated, water quenched and soaked at 180℃ for 7 hours (Wang et al., 2003). 

Two types of precipitates can be identified according to their geometries and the diffraction 

patterns of the selected area. One is 𝛽′′ with needle shape and circular in the cross section. The 

strain field contrast is clearly visible around these precipitates, which implies the coherence of 

precipitates and the aluminium matrix. The other is identified as  𝑄′  by the lath shape and 

rectangular cross section with larger size. In addition, the extra reflections can be found in the 
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Fig 2.6  The DSC thermograms of the AA6111 samples at as-quenched condition and with 

various ageing time at 180℃ (Esmaeili et al., 2003 (c)) 
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diffraction pattern of the  𝛽′ as shown in Figure 2.7 (b) and (c), demonstrating the difference 

on the geometry between 𝛽′′ and  𝛽′. 

 

Through the morphology analysis of the microstructure using TEM, the typical appearances of 

different precipitates can be used to identify the specific type of precipitation particle as well 

as the precipitation condition of the material. A series of TEM scans for the aluminium alloy 

AA6111 solution heat treated and artificially aged at 180℃ with different time are summarized 

in Figure 2.8 (Ninive et al., 2014; Fallah et al., 2014; Teichmann et al., 2012; Wang et al., 2003). 

For the Figure 2.8 (a) - (d), it can be observed that volume fraction of the precipitates are 

increasing progressively during the ageing process until the peak aged condition. Both 𝛽′′ and 

 𝛽′ can be identified by their appearances. The results are consistent with the increased yield 

strength of the material and the increment of the endothermic trough of the samples with various 

ageing levels at 180℃ in the DSC thermograms. For the over-aged condition, Figure 2.8 (e), 

the needle shaped particles are replaced by the plate-shaped particles with larger dimension and 

lower volume fraction. Such particles can be defined as the 𝑄 phase and are responsible for the 

degraded strength (Teichmann et al., 2013). 

(c) 

Fig 2.7   (a) TEM graph of Al-Mg-Si alloy at the peak aged condition (7 hour at 180℃) 

along <001> direction, (b) Selected area diffraction pattern referring to the 

needle-shaped precipitates 𝛽′′ and (c) Selected area diffraction pattern referring 

to the lath-shaped precipitates 𝑄′ (Wang et al., 2003) 

(a) (b) 
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As one of the most complex alloy systems, there still remain some gaps in understanding the 

effects of the processing parameters on the precipitation hardening behaviour of Al-Mg-Si 

alloys and this has drawn the attention of significant research work (Ernst, 2004). The 

precipitation hardening behaviour highly depends on the artificial ageing time and temperature, 

which control the type, the volume fraction and size distribution of the precipitation particles 

and therefore the strength of the material during the forming and ageing processes (Ozturk et 

al., 2010). Many studies, such as multiple stage ageing (Abdulwahab et al, 2011), pre-ageing 

(Engler et al., 2015) and pre-straining (Kolar et al., 2012) have been conducted to obtain the 

desired types of hardening phase and increase the volume fraction of these particles in order to 

achieve the optimized strength of the alloy in a short time. Given longer ageing time and higher 

ageing temperature, normally over 10 hours and 250℃, the precipitates corresponding to the 

Fig 2.8 TEM graphs of AA6111 sample aged at different conditions (a) 180℃/15 min, (b) 

180℃/30 min, (c) 180℃/1 hour, (d) 180℃/7 hours, (e) 180℃/24 hours (Wang et al., 

2003) 

(a) (b) 

(d) (e) 

(c) 
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peak aged condition would be altered by more stable precipitates. Therefore, some research 

revolves around the overageing and annealing phenomena of the Al-Mg-Si alloys (Li et al., 

2015 (a)). In addition, the interaction of natural ageing and the subsequent artificial ageing of 

the 6xxx series aluminium alloys is also studied by some researchers (Cuniberti et al., 2010; 

Marioara et al., 2003). It has been found that the natural ageing has a degraded effect on the 

subsequent artificial ageing response of the aluminium alloy AW-6082. Compared with the 

samples without natural ageing, longer 𝛽′′ precipitates with lower number density and volume 

fraction were observed for the samples with 7 days of natural ageing at the peak aged condition 

(Cuniberti et al., 2010). Moreover, the main hardening phases such as 𝛽′′  and 𝛽′  can be 

generated only after the dissolution of these clusters during the artificial ageing. A portion of 

the solute atoms Mg and Si have been consumed during this process and thus leads to a 

degradation on the strength of the material after the artificial ageing (Birol, 2005 (b); Mrówka-

nowotnik and Sieniawski, 2005).  

2.2.3 Modelling the precipitation hardening process 

In addition to the experimental study, the modelling and quantification of the precipitation 

hardening process have been performed in the literature (Myhr et al., 2010; Guo and Sha, 2002). 

The modelling work of the precipitation hardening process were mostly based on the “Friedel 

effect” (Friedel, 1964) and Orowan’s theory (Orowan, 1948), as explained in Figure 2.9. In 

these theories, the precipitation particles are regarded as an array of unified sphere shaped 

obstacles. When the gliding dislocation line is blocked by these particles, it bows out. If the 

precipitation particles are small and with low strength, they would be shorn by the moving 

dislocation line with the increasing stress. The strength of the material comes from the 

resistance to shear of these particles. The critical stress enquired to make dislocations move 

through the array of precipitates is referred as critical resolved shear stress (CRSS). It initially 

increases with the particle radius, as shown in Figure 2.10. As the precipitation particles grow 

in size during the ageing, it becomes difficult for the dislocation line to cut through them. The 

Orowan mechanism would dominate the process thereafter. The two positive segments and one 

negative segment of the dislocation would annihilate one another, generating a new dislocation 

bypassing the particle and leaving a loop around the particle. As a result, it becomes easier for 

the dislocation to bypass the particles (Osuch et al., 2018).  
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One of the classical precipitation hardening models utilizing these theories was proposed by 

Shercliff and Ashby (1990 (a)). The model was an overall process model describing the 

Fig 2.9  Precipitation hardening mechanisms: moving dislocations pass small precipitates 

by (a) shearing, whereas large and hard particles are generally bypassed by (b) 

bowing (Martin, 1998) 
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Fig 2.10  Schematic diagram of the critical resolved shear stress (CRSS) versus the size of 

precipitation particles by shearing or bypassed by bowing (Martin, 1998) 
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evolution of the yield strength throughout the artificial ageing process. In this model, the 

material internal state variables, such as solute concentration in the matrix, volume fraction of 

precipitates and mean particle radius were correlated to the yield strength. The strength of the 

alloy is regarded as a combination of the intrinsic strength of the aluminium matrix, the solid 

solution strength which decreases as precipitation proceeds and the combined effects of 

particles shearing and bypassing, as shown in Figure 2.11.  

   

The yield stress of the material 𝜎(𝑡) during the ageing process is expressed as: 

                                                     𝜎(𝑡) = 𝜎𝑖 + Δ𝜎𝑠𝑠 + Δ𝜎𝑝𝑝𝑡                                          (Equ. 2.1) 

where 𝜎𝑖 is the intrinsic strength of pure aluminium, Δ𝜎𝑠𝑠 is solid solution strength and Δ𝜎𝑝𝑝𝑡 

is the contribution of precipitation hardening. 
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Fig 2.11  Schematic diagram of the individual contributions to the yield strength of the 

material (Martin, 1998) 
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The strength induced by the precipitation particles is further expressed by the harmonic mean 

of the contributions of precipitate shearing and bypassing as: 

                                                Δ𝜎𝑝𝑝𝑡 = [
1

Δ𝜎𝑠ℎ𝑒𝑎𝑟𝑖𝑛𝑔
+

1

Δ𝜎𝑏𝑦𝑝𝑎𝑠𝑠𝑖𝑛𝑔
]−1                                (Equ. 2.2) 

The model has been proved capable of predicting the precipitation hardening behaviours of 

AA6082 and AA6016 under different ageing time and temperatures. Moreover, it was applied 

to predict the strength loss of the heat-affected zones of welds due to parabolic thermal cycles 

(Shercliff and Ashby, 1990 (b)). 

Many studies have been built on Shercliff and Ashby’s work and refine the model in a more 

capable and accurate manner. Holmedal et al. studied the effect of non-spherical particles such 

as needle or plate shaped precipitation particles in Al-Mg-Si alloys during the artificial ageing 

heat treatment. Correction factors were proposed accounting for the influence induced by the 

particles’ shape on the growth kinetics (Holmedal et al., 2016). Esmaeili et al. modelled the 

precipitation hardening behaviour of the pre-aged Al-Mg-Si-(Cu) alloy. The volume fraction of 

precipitates during the artificial ageing is expressed as a sum of two parts. One is the volume 

fraction of precipitates in the as-pre-aged material and the other is the portion due to the 

artificial aging process (Esmaeili and Lloyd, 2005). The combined effects of room temperature 

storage and cold deformation on the AA6082 and AA6063 were taken into account in the model 

proposed by Myhr et al. (2015). Furthermore, in addition to simulating the iso-thermal age 

hardening process, the model developed by Sepehrband et al. is able to describe the 

microstructural evolution of the aluminium alloy AA6451 during the non-isothermal annealing 

process. The interactions of recovery, recrystallization and precipitations are considered in the 

model (Sepehrband et al., 2015). 

2.3 Forming technologies for manufacturing sheet aluminium alloy 

components  

Cold stamping is the most widely used forming technology for manufacturing sheet aluminium 

alloy components at present and warm forming has been employed by a few vehicle 

manufacturers in recent years (Zheng et al., 2018 (a); Mori et al., 2009). However, the 

formability of the aluminium sheets is still limited through these processes, especially for 

complex shapes of some automotive panel components (Altan and Ju, 2015; Kaufman, 2008). 
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In light of this, several sheet metal forming technologies, such as solution heat treatment, 

forming and cold-die quenching (HFQ), superplastic forming (SPF) of aluminium alloys and 

W-Temper forming have been developed.  

2.3.1 Solution heat treatment, forming and cold-die quenching (HFQ) 

The Solution Heat Treatment, Forming and In-Die Quenching (HFQ) is a hybrid hot forming 

process, which takes advantage of elevated forming temperature, combines the forming and 

quenching in one process and attains high post-form strength through the subsequent artificial 

ageing (Lin et al., 2008).  

    

In this process, the aluminium blank is first heated to its solutionizing temperature and soaked 

for a specified period of time in the furnace to conduct the solution heat treatment (SHT). The 

SHT temperature for 6xxx series aluminium alloy is approximately 525℃, and the soaking time 

is normally five minutes in the HFQ process (Isadare et al., 2013; Mohamed et al., 2012). Since 

the alloying elements and precipitates mostly dissolve into the aluminium matrix during the 

SHT, there are few obstacles to the movement of the dislocation. The yield stress is largely 

Fig 2.12  Schematic diagram of the HFQ process 

t 

T Supersaturated 

solid solution 
Precipitates 

dissolved 
As received Artificially aged with fine 

distributed precipitates 

1. Solution Heat 

Treatment (SHT) 

3. Hold in the die 

until quenched 

2. Form between 

cold dies 

4. Artificial 

ageing 

Stage 1 Stage 2&3 Stage 4 

𝑻𝑺𝑯𝑻 



  

- 28 - 

 

reduced, and the material becomes increasingly formable, enabling a more complex shape to 

be formed. The hot blank is then transferred to the cold forming tools rapidly, stamped and 

quenched to the ambient temperature. The forming and in-die quenching maintain the 

supersaturated solid solution (SSSS) within the aluminium matrix and promote the precipitation 

hardening of the formed component during the subsequent artificial ageing. The temperature 

profile and microstructure evolution of the material during the HFQ process is schematically 

presented in Figure 2.12.  

Studies have revealed that several types of non-heat treatable and heat treatable aluminium 

alloys can be applied in the HFQ process. For example, El Fakir (2014) studied the influence 

of forming parameters of the HFQ process on the thickness distribution of the formed part using 

AA5754. A feasibility study of HFQ using AA2060 was conducted by Gao et al. (2016). The 

application of HFQ for the AA6082 tailor welded blank was explored by Liu et al. (2016). Fan 

studied the dependence of hardness on solution heat treatment time of AA6A02 under the HFQ 

process (Fan et al., 2013). 

   

The HFQ process has been gaining increasing interest from the automotive industry in recent 

years. In 2015, a door inner component was produced for a LOTUS concept car, as shown in 

Figure 2.13. The geometry of this component is 1500 mm x 830 mm x 200 mm with sharp 

corners and complex central features. After sufficient artificial ageing treatment, the overall 

hardness was over 110 Hv which is 94% of the as delivered T6 temper blank (Politis et al., 

2013). The HFQ process has also been applied by Aston Martin and Morgan Motors to 

Fig 2.13 HFQ formed door inner of LOTUS concept car (Politis et al., 2013) 
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manufacture the A-pillar component (Pugh-Jones, 2017) and cross member component of the 

chassis (TWI, 2018), as presented in Figure 2.14 and Figure 2.15 respectively. 

               

The HFQ process is considered as an attractive forming technology to expand the application 

of aluminium panel components due to the improved formability of the aluminium sheets. It 

enables large components with high complexity to be formed in one action rather than welding 

and joining of small stamped parts. According to the literature (Liu et al., 2016; El-Fakir et al., 

2014), the true fracture strain of AA5754 and AA6082 are over 1.4 at 520℃ and 0.7 at 535℃ 

respectively under a strain rate of 1/s. In addition, it has been reported that the HFQ formed 

cross member components, as shown in Figure 2.15, reduce the number of assembly parts from 

11 pieces to 8 pieces and a mass reduction of 32% or 2.36 kg (Impression Technologies, 2018). 

Components formed by the HFQ process are also characterized by high geometric accuracy, 

since the sheet metal is formed at high temperature and directly quenched to the ambient 

temperature, which restrains the springback and geometry distortion. Moreover, the high post-

form strength can be achieved for the heat-treatable aluminium alloys through the subsequent 

artificial ageing. The hardness of a HFQ formed and aged AA7075 floor panel component was 

found to be 170 Hv, which is over 92% of the original material in T6 temper (Zhang et al., 2016; 

Herrman Praturlon et al., 2014).   

To form the complex shaped component with a high post-form strength, the HFQ process 

requires a long cycle time. According to Cox (2019), the solution heat treatment of the blank 

Fig 2.14  HFQ formed A-pillar of 

Aston Martin DB11 

(Pugh-Jones, 2017) 

Fig 2.15  HFQ formed cross member 

of Morgan Aero 8 sports car 

(TWI, 2018) 
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generally takes 900 seconds and the post-form artificial ageing is up to 8 hours. Furthermore, 

it was found that the ductility of some aluminium alloys, such as AA2024, decreased 

significantly at the solutionizing temperature due to the low strength grain boundaries and 

intergranular fracture (Wang et al., 2011). The forming process therefore needs to be conducted 

in two steps (Gao et al., 2016). In the two-step process, the blank is first heated to the target 

temperature for maximum ductility followed by stamping using heated dies. The formed piece 

is then solution heat treated in a separate furnace and quenched between the cold dies with 

identical geometry to the ambient temperature (Lin et al., 2018).  

2.3.2 Superplastic forming (SPF) of aluminium alloys 

Superplastic forming is a manufacturing process, which makes use of the superplasticity of 

some types of metal alloys and realizes an elongation to failure of 300% to over 1000% under 

the specific forming conditions of temperature and strain rate (Giuliano, 2012). In general, the 

strain rate is lower than 10−3/𝑠 and the forming temperature is greater than 0.5𝑇𝑚 (𝑇𝑚 is the 

melting point) (Rowe, 2012). Given the superior formability, SPF is commonly used for 

forming thin-wall components with large dimensions and extremely high plastic strain level 

into the near-net shape (Mouritz, 2012).  

  

SPF of aluminium sheet is mainly conducted in the form of gas blow forming (Langdon, 2009). 

As an isothermal forming process, the forming tools are either entirely placed within a furnace 

Clamping Force 

Gas 

Blank 

Die 

Heater 

Vent 

Back 
pressure 

Press Platen 

Fig 2.16  Schematic diagram of the gas blowing SPF process (Mechanica Technical 

Solutions, 2019) 
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or assembled with heating platens containing cartridge heaters (Bernart, 2011). The successive 

steps of the forming process are schematically presented in Figure 2.16 (Mechanica Technical 

Solutions, 2019). The aluminium blank is clamped in between the press platen and the die and 

heated to the dedicated forming temperature. Pressure, typically between 10 to 30 bar, is applied 

over the blank through gas injection. Either air or inert gas, e.g. argon gas, can be utilized 

(Degarmo et al., 2003). The sheet is then stretched into the die under the forming pressure. The 

lower cavity can be held under vacuum conditions or with back pressure to realize precise 

control and suppress the cavitation, which leads to the degradation of strength and corrosion 

(Pilling and Ridley, 1986). The forming process proceeds at the high forming temperature until 

the deformed sheet alloy firmly contacts the die.  

The SPF requires the material being processed in advance to develop the uniform and equiaxed 

microstructure, which could also remain stable during the superplastic deformation. The grain 

size of the material is typically less than 10-20 𝜇𝑚 (Ridley, 2011). For example, 6.89 𝜇𝑚 of 

SP8090 observed by Wu (2000) and 8.32 𝜇𝑚 of SP5083 measured by Chentouf et al. (2017). 

Table 2.1 summarizes some SPF aluminium alloys of commercial interest with their 

superplastic properties. 

   

So far, the superplastic forming process of aluminium alloys has been employed in more than 

forty models of aircraft and twenty different models of vehicles (Kappes et al., 2010). For 

example, the front fender of Morgan AeroMax was formed by SPF in 2010, as shown in Figure 

2.17 (Grimes, 2011). The length of this component is more than 2 meters. Bentley has applied 

this technology to craft a more complex-shaped body side panel for the new model Continental 

Table 2.1  The composition, SPF temperature, strain rate and elongation of some superplastic 

aluminium alloys (Ridley, 2011; Smolej et al., 2001; Troeger and Starke, 2000) 
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GT in 2018, realizing an 85 kg weigh reduction over the component in steel, as shown in Figure 

2.18 (Rösner-Kuhn, 2018). 

  

 

In addition to the exceptional formability achieved, the SPF is characterized by the outstanding 

dimensional accuracy and surface finish of the formed components with the springback and 

residual stress being eliminated (Barnes, 2007). Large components with complex features can 

be made as a single piece, reducing the assemblies and weight, which is favourable for 

automotive applications. The post-form strength is well maintained for the non-heat treatable 

aluminium alloys and can be improved by artificial ageing for the heat treatable aluminium 

alloys. According to the study by Chen et al. (2004), the post-form tensile strength of 5083 SPF 

is approximately 300 MPa on UTS and 150 MPa on yield stress, compared with 305 MPa and 

160 MPa respectively for the as-delivered material. For the 7475 SPF, the strength of the as-

formed components was improved from 400 MPa to 550 MPa on UTS and from 250 MPa to 

460 MPa on yield stress after sufficient artificial ageing. Moreover, SPF benefits from the 

reduced tooling cost, as only a female or male die is required (Kridli et al., 2010). 

Fig 2.17  Superplastic formed front fender (left) of Morgan AeroMax (right) (Grimes, 2011) 

Fig 2.18  Superplastic formed body side panel (left) of BENTLEY Continental GT (right) 

(Rösner-Kuhn, 2018) 
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However, SPF is a time-consuming forming process, which can take 0.5 hours or greater to 

produce one component. The lengthy cycle time restricts its application to low volume 

production only (Liu et al., 2011). Some modified SPF processes have therefore been developed 

to improve the production efficiency. Luo utilized the mechanical pre-forming followed by SPF 

and reduced the cycle time to 3 minutes (Luo et al., 2008). Quick Plastic Forming (QPF) 

patented by General Motors was able to keep the cycle time within 5 minutes through a much 

faster deformation rate (Powell, 2012). As the superplastic behaviour of the material only 

occurs at a narrow range of forming temperature and strain rate, precise control on the changing 

forming pressure throughout the forming process is required (Chen et al., 2004). Furthermore, 

the aluminium alloys for the SPF process are generally specially produced to obtain 

superplasticity, which involves extra solution heat treatment, over ageing, cold working and 

recrystallization in addition to the normal aluminium blank production route and leads to high 

material costs (Smolej et al., 2001).  

2.3.3 W-Temper forming 

In addition to forming the aluminium sheets at elevated temperatures, prior heat treatment 

followed by forming at ambient temperature has been reported as a possible approach to 

improve the formability of the aluminium alloys (Li et al., 2015 (b)). W-Temper forming is 

such a process, which lowers the strength of the heat treatable aluminium alloys temporarily 

through solution heat treatment and rapid quenching and increases the ductility of the material 

during the deformation (Sáenz de Argandoña et al., 2015).   

The W-Temper forming process is comprised of four main stages; the temperature history and 

the microstructure evolution of different stages are shown in Figure 2.19. In the first stage, the 

blank is heated to the SHT temperature and maintained in the furnace for the solution heat 

treatment. Secondly, the hot blank is transferred to a water bath using a robot arm and rapidly 

quenched to room temperature in order to achieve the supersaturated solid solution (SSSS) 

microstructure. It is essential that the blank is then formed rapidly, e.g. <10 seconds, to avoid 

the effects of natural ageing which increases the strength of the aluminium sheet during the 

forming process. After forming, the component could be artificially aged to improve the post-

form strength (Mendiguren et al., 2016). 
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The research of W-Temper forming mainly revolves around 7xxx series aluminium alloys at 

present, considering the high strength compared to other series of aluminium alloys. Two 

components utilized in vehicles have been formed in laboratory scale successfully, as shown in 

Figure 2.20. One is a B-pillar panel of a passenger vehicle (Sáenz de Argandoña et al., 2015) 

and the other is a front side member in the chassis of the Volkswagen Touran (Mendiguren et 

al., 2016).  

As a cold forming process in essence, W-Temper forming largely simplifies the forming process 

and shortens the manufacturing cycle time. The forming tools of cold stamping can be directly 

used (Hoffmann et al., 2007). According to (Mendiguren et al., 2016), the blank for the front 

side member was heated to 480℃ in 300 seconds and soaked for another 300 seconds. The 

transfer time takes approximately 7 seconds and no in-die quenching stage is required. In 

addition, the W-Temper forming process offers a moderate improvement on the material’s 

ductility. For aluminium alloy AW-7921, the UTS decreases from 590 MPa to 350 MPa and 

the true fracture strain was increased from 0.1 to 0.25 compared with the material in the T6 

Fig 2.19  Schematic diagram of the W-Temper forming process 

t 

T 

Step 1 Step 2 Step 4 Step 3 

1. Solution Heat 

Treatment (SHT) 
2. Quench in water 

bath 
3. Cold stamping 4.  Artificial ageing 

Artificially aged with fine 

distributed precipitates 

Supersaturated 

solid solution 
Precipitates 

dissolved 
As received Natural ageing 

clusters 

𝑻𝑺𝑯𝑻 

 



  

- 35 - 

 

temper at room temperature (Kumar and Ross, 2016). Schuster et al. (2019) showed that the 

true fracture strain of AA7075-W is 0.26 at room temperature, which is close to the value of 

0.29 for the material under warm forming condition at 320℃. 

 

However, the W-temper is reported to be a highly unstable condition of the material. Due to a 

large number of the quench-in vacancies, the solute atoms can rapidly diffuse and gather into 

clusters and GP zone, leading to a rapid increase in the material strength during the storage 

(Zheng, et al., 2018 (b)). Cao et al. found that the hardness of an Al-Mg-Si-Cu alloy after 

solution heat treatment increased by 37% from 44 Hv to 60 Hv during 3 hours room temperature 

storage (Cao et al., 2013). For the Al-0.48Mg-1.07Si-0.29Cu alloy, the yield strength increased 

from 50 MPa to approximately 100 MPa in 3.5 hours (Rometsch et al., 2011). As a result, the 

time window between solution heat treatment and stamping is narrow. Mohammadi et al. 

claimed that the W-tempered sheets should be formed no longer than 1 hour after SHT 

(Mohammadi et al., 2013). The post-form strength can be enhanced after the subsequent 

artificial ageing, while, the response to artificial ageing is not as pronounced as the hot stamping 

process due to the existence of the natural ageing clusters. Cao et al. reported that one hour 

storage at room temperature after solution heat treatment for an Al-Mg-Si-Cu alloy resulted in 

25 Hv reduction on the artificial ageing response when aged at 170℃ for 30 minutes (Cao et 

al., 2013). Moreover, the W-Temper forming is subject to higher strain level and strain 

hardening effects during the deformation than the hot stamping process, which leads to more 

springback of the formed components. According to the 3D scanning of the front side member 

components, shown in Figure 2.20, formed by hot stamping and W-Temper process 

Fig 2.20  W-Temper formed vehicle B-pillar (left)  (Sáenz de Argandoña et al., 2015) and 

Front side member of Volkswagen Touran (right) (Mendiguren et al., 2016) 
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respectively, it was found that the hot stamping maintained the deviation on geometry of the 

sidewall and flange within 1.5 mm, while the corresponding areas of the W-Temper formed 

component exceeded 3 mm (Mendiguren et al., 2016). 

2.4 Summary  

In this chapter, the mechanical properties and application of Aluminium-Magnesium-Silicon 

(Al-Mg-Si; 6xxx series) alloys have been reviewed. Due to the age hardening characteristics, 

medium/high strength and the moderate formability, 6xxx series aluminium alloys have been 

widely utilized to manufacture light weight panel components especially in the automotive 

industry. The precipitation hardening mechanism of the Al-Mg-Si alloys including the 

precipitation sequence, properties of the precipitation particles are demonstrated. The typical 

TEM graphs of the precipitation particles at different artificial ageing conditions are 

summarized. 𝛽′′  with needle shape and a circular cross section is regarded as the dominant 

hardening phase of the alloy and its volume fraction increases with the artificial ageing process 

before the peak aged condition. The classical theories, Friedel effect and Orowan theory, 

describing the precipitation hardening process are also presented. 

Three sheet metal forming technologies for aluminium alloys including the solution heat 

treatment, forming and cold-die quenching (HFQ), superplastic forming (SPF) of aluminium 

alloys and W-Temper forming are reviewed covering the main forming stages, improvements 

and limitations. These forming technologies have the main advantage of improved formability. 

However, the solution heat treatment, low deformation rate of SPF and artificial ageing process 

for strengthening lead to a prolonged manufacturing cycle time from 3 minutes to over half an 

hour, which may limit these forming technologies to only the low and medium production 

volumes.  

Through the literature review, it was found that the research of sheet metal forming technologies 

generally revolves around the effects of forming temperature and forming speed. Studies on the 

influence of heating rate, especially the ultra-fast heating rate on the heat treatable aluminium 

alloys, are still insufficient. Meanwhile, the forming temperature of these studies are usually 

below a certain level i.e. 250℃ for processes such as cold stamping and warm forming, or as 

high as the SHT i.e. 535℃ for 6xxx series aluminium alloys for different types of hot stamping 

processes. There is a lack of research specifically centring on the forming temperature between 
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300℃  and 500℃ . Moreover, the 6xxx series aluminium blanks are typically produced as 

different tempers, such as the T4 and T6 tempers. The effects of the material temper during the 

ultra-fast heating processes are also not yet clear. In addition, the dedicated test facilities that 

enable the ultra-fast heating of aluminium blanks have yet to be developed. 

Significant progress has been made in the development and application of sheet metal forming 

technologies for aluminium alloys in recent years. While more components have been 

successfully formed and utilized in vehicles, novel forming technologies which can take 

account of formability, post-form strength, manufacturing cycle time, energy consumption and 

equipment & material cost at the same time are desirable to further extend the applications of 

aluminium panels in the automotive industry. 



  

- 38 - 

 

Chapter 3  

Fast light Alloy Stamping Technology 

(FAST) and the dedicated pilot production 

line Uni-Form 

3.1 Introduction   

In this chapter, a novel Fast light Alloy Stamping Technology (FAST) distinguished by an ultra-

fast heating stage is proposed. FAST is aimed at enabling the mass production of complex-

shaped aluminium panel components particularly in the automotive industry with high post-

form strength, short cycle time, minimal energy consumption and equipment required. The 

concept and feasibility of the FAST process are explained in this chapter and the process 

specifications are illustrated. In addition, a pilot production line Uni-Form dedicated for the 

FAST process is developed. Uni-Form is able to realize the ultra-fast heating through contact 

heating, achieve the precision processing parameters control and conduct the forming trials in 

a highly automated manner. The detailed design and the control implementation of Uni-Form 

are demonstrated followed by its performance verification. The Uni-Form system is employed 

to study the mechanical properties of the FAST formed components and investigate the 

manufacturing cycle time of the FAST process in this study. 

3.2 Fast light Alloy Stamping Technology (FAST) 

3.2.1 The FAST concept   

One of the key features of FAST is to utilize an ultra-fast heating rate during the heating stage 

in order to minimize the specific types of microstructure evolution that are detrimental to the 

post-form strength, and shorten the cycle time whilst ensuring sufficient formability.  

Chapter 3 is based on the work in the paper, Luan et al., 2016, Uni-Form: a pilot production line for hot/warm sheet metal 

forming integrated in a cloud based SMARTFORMING platform” Proceedings of The 3rd International Conference on 

Advanced High Strength Steel and Press Hardening and patents (Luan et al., 2018) 
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Previously, most of the research on sheet metal forming technologies for aluminium alloys 

centres on either the forming temperature, such as different varieties of the warm and hot 

forming processes, or the forming speed, such as super plastic forming (SPF) of aluminium 

alloys, as reviewed in Chapter 2. However, studies on the heating rate for aluminium alloys, 

especially on the ultra-fast heating conditions are still limited (Milkereit et al., 2014; Karbasian 

and Tekkaya, 2010; Starink et al., 2004; Höhne et al., 2003; Höhne and Glöggler, 1989). 

Differential scanning calorimetry (DSC) is commonly utilized to investigate the microstructure 

evolution of the aluminium alloys under continuous heating condition at different heating rates 

as reviewed in Section 2.2.2 (Ohmori et al., 2002). Despite the capability of DSC on detecting 

the fast heating process of aluminium alloys, in which the heating rate (𝑇̇) is generally below 

10 K/s (Schawe, 2017; Osten et al., 2015; Perkin Elmer Corporation, 2013), it is widely 

accepted that the individual precipitation and dissolution reactions of the material 

microstructure shifts to higher temperature and are increasingly suppressed when the heating 

rate is increased (Milkereit et al., 2012; Gaber et al., 2007; Ohmori et al., 2002). The reactions 

during the heating process are prone to result in premature over growth in size of the 

precipitation particles and consume the solute atoms (Milkereit et al., 2014). The existence of 

such large and stable particles, such as the 𝛽 phase in the Al-Mg-Si alloys, is detrimental to the 

post-form strength of the material, as explained by the Orowan theory (Orowan, 1948) as shown 

in Section 2.2.3. Meanwhile, based on the research of annealing behaviour of the aluminium 

alloy, a consensus can be reached that the heat treatable aluminium alloys would be 

significantly softened once exposed to high temperature, typically above 300℃, for a long time 

of the order of several hours (Rao et al., 2013). The precipitates become coarse and sufficient 

strength cannot be regained through the artificial ageing unless performed after the solution 

heat treatment (Farshidi et al., 2015). Above all, it can be deduced that the increased heating 

rate, to reduce the heating time, is beneficial to the post-form strength of the heat treatable 

aluminium alloys formed at the elevated temperatures. It is therefore advantageous if one 

forming process can be completed at a time prior to any reactions of the material microstructure 

and make use of the high forming temperature through the ultra-fast heating rate. The improved 

formability, high post-form strength and short cycle time can be achieved at the same time.  

The precipitation reactions and dissolution reactions of the microstructure are generally 

associated to the exothermic and endothermic peaks in the DSC thermograms respectively. By 
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heating the material under different heating rate and plotting the start and end temperature of 

each precipitation and dissolution reaction during a continuous heating process at the specific 

heating rate detected by DSC in a temperature-time diagram, Osten et al. (2015) created a 

continuous heating precipitation/dissolution diagram for several types of Al-Mg-Si alloys with 

a series of heating rates from 0.01 K/s to 5 K/s. 

   

Figure 3.1 is a superposed figure of the FAST process (shown as the red line) and the continuous 

heating precipitation/dissolution diagram of AA6082-T4. The black solid lines with lowercase 

letters correspond to the exothermic precipitation reactions. For example, the ‘start c’ and ‘start 

d’ correspond to the precipitation of 𝛽′′and the precipitation of 𝛽′ respectively. Meanwhile, the 

black dash lines with capital letters represent the endothermic dissolution reactions of different 

types of particles of the material. For example, the ‘start B’ and ‘start H’ represent the 

dissolution of natural ageing clusters of the T4 temper material and the final dissolution of all 

remaining phases respectively (Osten et al., 2015).  

It is theoretically feasible that neither the precipitation nor dissolution reaction is triggered at 

elevated temperatures for the aluminium alloy AA6082 once the ultra-fast heating and 

Start precipitation Start dissolution 

Fig 3.1 The FAST process (shown as red line), overlapped on a continuous heating 

precipitation/dissolution diagram of AA6082-T4 obtained from Osten et al. (2015) 
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quenching are applied and the FAST process is completed within a certain time. As a result, 

FAST is able to eliminate the restrictions on the forming temperature. The forming temperature 

is neither restricted below a certain level to prevent recovery and precipitates coarsening from 

happening, nor is as high as the solution heat treatment temperature (SHT) to fully solutionize 

the aluminium blank for high ductility and achieve high post-form strength through the 

subsequent artificial ageing. The forming temperature selection, as shown by the red dash line 

in Figure 3.1, would therefore only rely on the formability required to form the part, reducing 

the energy consumption and the cycle time, which is a breakthrough when compared to 

traditional warm and hot forming processes. Meanwhile, as recovery and precipitate coarsening 

which are detrimental to the post-form strength are minimized, and the existing hardening 

phases of the material could be preserved during the FAST process, the paint bake cycles 

utilized by automakers are likely to be sufficient for the material to attain its full strength instead 

of requiring post-form artificial ageing. The feasibility of the FAST process will be 

demonstrated experimentally in Chapters 4 and 5. 

Compared with other sheet metal forming technologies for aluminium alloys, the features of 

FAST can be summarized as follows:  

1. FAST takes the advantage of the material properties of AA6082 under ultra-fast heating 

conditions that both the precipitation and dissolution reactions tend to not be triggered 

and minimize the detrimental microstructure evolutions. 

2. FAST provides sufficient formability of the metal blank to form complex shaped 

components, since the forming parameters including the forming temperature and 

forming speed could be pre-defined according to the complexity of the component to be 

formed. 

3. The energy consumption and cost is largely reduced as the forming temperature is kept 

at a minimum level sufficient to just form the component. Also, the ultra-fast heating 

rate, lower forming temperature and reduced pressurized die quenching time all 

contribute to a shorter cycle time.  

4. The elimination of artificial ageing after forming reduces the number of production steps 

and the required equipment, which further facilitates the efficiency and cost 

effectiveness. 
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5. The initial blank temper such as T4 and T6 can be selected and maintained throughout 

the process, which could reduce the unnecessary energy and time consumption for both 

blank manufacturers and press shops in heat treating the material, thus promoting the 

economic efficiency of FAST. 

3.2.2 The FAST process specifications 

Compared with the traditional warm and hot stamping processes for aluminium alloys, the 

FAST process can be completed during the incipient heating stage of these processes, as shown 

in Figure 3.2 (Luan et al., 2018; Sun et al., 2018; Zhang et al., 2018 (a); Zhang et al., 2018 (b); 

Sun et al., 2017). The process begins with heating the aluminium blank with ultra-fast heating 

rate over 100℃/s  to the specific temperature (𝑇𝐹𝐴𝑆𝑇) at which the formability of the blank is 

sufficient to form the component. The proprietary contact heating method is considered to be 

used in order to achieve the heating rate, which is significantly higher than that used in the 

warm forming processes employed by vehicle manufacturers (Harrison et al., 2013 (a)).  

 

Fig 3.2   Schematic diagram of the Fast light Alloy Stamping Technology (FAST) process 

compared with the warm forming process 
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Once heated, the blank is rapidly transferred to the dies (typically within 3 seconds) and 

stamped. The cold forming tools are utilized to ensure the blank is quenched at sufficiently high 

quenching rate during the forming and quenching stage (Luan et al., 2016 (b)). The high 

forming speed is also applied to reduce the heat loss, maintain the temperature and therefore 

the formability of the blank during forming. The formed component is held in the dies under an 

appropriate die closing force until quenched to the precipitation hardening favourable 

temperature (𝑇𝑎𝑔𝑒𝑖𝑛𝑔, 180℃ for 6xxx series aluminium alloys) taking advantage of the useful 

residual heat before the paint bake cycles. In the case that the existing paint bake cycles utilized 

by different automotive manufacturers are not appropriate or sufficient in time and temperature 

for the formed component to regain its full strength, an optional incubation step of the FAST 

process could be applied, where the formed component would be kept in an incubation chamber 

for a short time (up to 5 min), facilitating the paint bake response of the component until it 

eventually regains the full strength through the paint bake cycles.  

3.2.3 Utilization of the automotive paint bake cycles 

Paint bake cycle is an indispensable procedure during vehicle production, where the panels of 

the vehicle are sprayed and coated with a number of layers for decoration and protection 

purposes (Pfanstiehl, 1998). According to different manufacturers, paint bake cycle is 

comprised of two to five sequential steps including the electrodeposited coating, drying the 

vehicle body-in-white and curing the multiple painting layers (Toda et al., 2013; Quainoo and 

Yannacopoulos, 2004). Altogether the paint bake cycle normally takes one to two hours with a 

temperature between 120℃ and 200℃ (Aleris Aluminum Duffel BVBA, 2012).   

   

T
em

p
. 

Time 

P&B  A 

Room 

Temp. 

Fig 3.3  Schematic diagram of paint 

and bake (P&B) scheme A 

 

T 

t 

1 
 

2 

P&B B 

Fig 3.4  Schematic diagram of paint 

and bake (P&B) scheme B  

T 

1 

2 

3 

4 

5 

T
em

p
. 

Time 

 
t 

 



  

- 44 - 

 

The specifications of the paint bake cycle are highly confidential by the automotive 

manufacturers. The paint bake cycles including temperature and duration for two automakers 

(A and B) are shown in Figure 3.3, Figure 3.4 and Table 3.1. The paint bake cycles were 

incorporated into the FAST process to evaluate their effectiveness in this new process.  

 

3.3 Design and implementation of the dedicated test facility: Uni-Form  

3.3.1 Concept and configuration of Uni-Form 

In order to optimise the performance of the FAST process, conduct the forming trials, study the 

mechanical properties of the formed components and explore the effects of forming parameters, 

a dedicated test facility Uni-Form was developed in this study.  

The flow chart of the Uni-Form design process is shown in Figure 3.5. Four objectives including 

ultra-fast heating, precision processing parameters control, modular design and automated & 

programmable were proposed. As a highly integrated test facility, it comprises of a proprietary 

heating device for fast heating, a precisely adjustable conveyor system for transferring the 

specimen, alterable forming tools, and an incubation chamber capable of performing various 

pre-form and post-form heat treatments. 

 Furnace/heater  

The most distinct feature of the FAST process is the ultra-fast heating during the heating stage. 

In order to achieve this ultra-fast heating rate, several heating methods were investigated and 

compared, including resistance heating, contact heating, traditional convection furnace, infrared 

heating and induction heating applied in Uni-Form (Martins et al., 2016; Dynamic System Inc, 

2008; Kadolkar et al., 2004; Schmidt et al., 2003). 

Table 3.1 Temperature and duration of paint and bake (P&B) schemes A and B 

 Type 

Step 
P&B A P&B B 

1 180 ℃, 20 min 190 ℃, 30 min 

2 180 ℃, 20 min 100 ℃, 30 min 

3   180 ℃, 30 min 

4   50 ℃, 5 min 

5   180 ℃, 25 min 
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A decision matrix on the furnace/heater selection was conducted as shown in Table 3.2. Eight 

key factors were considered including heating rate, temperature distribution uniformity, ease of 

integration into a production line, cycle time/complexity for experiment, blank geometry 

/flexibility, material applicability, energy efficiency and cost effectiveness. Each criterion and 

its weighting were determined by considering its importance to the FAST process, ease of 

implementation for automakers and international standards of evaluation of machine tools  

(Bassan, 2019; ISO, 2019; ISO, 2018; Luan et al., 2018 (b); Qin, 2016). Consequently, it was 

gathered from the high heating efficiency, adjustable size of the apparatus and ease of 

integration into the system that contact heating in the form of platen heaters would be the 

optimal heating scheme for Uni-Form. 

 Conveyor System 

The total cycle time of FAST must be kept within 10 seconds with precise control of the transfer 

time and specimen’s positioning, which presents a challenging requirement for the specimen’s 

transferring system. Therefore, three automated handling systems were investigated for the Uni- 
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Fig 3.5  Flow chart of the Uni-Form design procedure 
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 Selected criteria Weight  

1. Resistance 

Heating 
2. Contact Heating 

3. Convection 

Furnace  
4. Infrared heating 

5. Induction 

Heating 

Score 

10/10 
Weighted 

Score 

10/10 
Weighted 

Score 

10/10 
Weighted 

Score 

10/10 
Weighted 

Score 

10/10 
Weighted 

Heating rate 25% 10 2.5 9 2.25 3 0.75 6 1.5 7 1.75 

Temperature distribution 

uniformity 
20% 5 1 10 2 9 1.8 8 1.6 8 1.6 

Ease of integration into a 

production line 
15% 10 1.5 8 1.2 6 0.9 9 1.35 8 1.2 

Cycle time / complexity 

for experiment 
15% 10 1.5 8 1.2 4 0.6 5 0.75 6 0.9 

Blank geo. / flexibility 10% 3 0.3 7 0.7 10 1 8 0.8 6 0.6 

Material applicability for 

aluminium alloys 
5% 8 0.4 10 0.5 10 0.5 6 0.3 7 0.35 

Energy efficiency 5% 10 0.5 6 0.3 4 0.2 8 0.4 8 0.4 

Cost effectiveness 5% 10 0.5 6 0.3 4 0.2 7 0.35 7 0.35 

Total weighted score 100% 8.2 8.45 5.95 7.05 7.15 

Rank (with weighting)   2 1 5 4 3 

 

Explanation Notes:  

1. Score on each criteria of a particular heating method is ranked from 1 to 10, with 10 as highest 

2. Weight of each criteria is ranked from 5% to 25%, with 25% as the most important aspect of heating method used in FAST. 

3. The total score without weighting is a simple addition of all scores together. 

4. The total score with weighting is an addition of all weighted individual scores. 

Table 3.2 Design decision matrix of the heating methods 

- 4
6
 - 
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Selected 

criteria 

1.Robotic Arm  

Universal Robots  

UR 10 

2.Linear Speedfeeder 

AP&T speedfeeder 

40/60 T2 

3.Conveyor System 

Dorner 2200 Precision 

Move 

Grip and 

Movement of 

the blank 

Risk of 

drop/deformation 

Risk of 

drop/deformation 
No drop/deformation 

Requires active 

clamping end-effector 

Requires active 

clamping end-effector 

Rests upon conveyor 

with constant, light 

contact 

Positional 

Accuracy 

Low High High 

Multi-degree 

movement, each with 

tolerances 

Three dimensional 

linear movement 

One dimensional 

movement 

Simplicity of 

Control 

Low Medium High 

Multi-degree 

movement to be 

programmed, as well 

as end-effector 

Three dimensional 

linear movement with 

end-effector 

programming 

One dimensional 

motion with no end-

effector 

Ease of 

Integration  

Difficult Easy Medium 

For linear motion, very 

large working 

envelope required 

Configurable system 

lengths, single sided 

carriage 

Configurable system 

lengths, however two 

conveyors are 

necessary for balance 

Cost 
High Medium Medium 

>£10,000 ~£5,000 ~£5,000 

 

Form, namely the robotic arm (Universal Robots UR 10), the linear speedfeeders (AP&T 

SpeedFeeder 40/60 T2) and the conveyor System (Dorner 2200 Precision Move). A design 

decision matrix had been made as shown in Table 3.3. The belt conveyor was selected 

considering the high positional accuracy and simplicity of control.  

 Forming tools 

The forming tools should be designed as a modular sub-system, where the die and punch can 

be altered as requested with relative ease. This could add the options of conducting forming 

Table 3.3 Design decision matrix of the conveyor system 
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trials for components with different geometries. In the present study, as shown in Figure 3.7, 

U-shape forming tools were used to enable the study of formability and post-form springback. 

 Incubation Chamber 

The incubation chamber is designed to offer a soaking environment ranging from 90 to 250℃ 

for the required duration according to the specific heat treatment and paint bake cycles. 

Feedback control on temperature and time is required. In addition, the incubation chamber 

needs to have adequate thermal insulation to ensure the efficiency of various heat treatments. 

Multiple-layered insulation materials could be used to reduce the exposure of the chamber to 

the external conditions. 

With the four integrated sub-systems, Uni-Form aims to be controlled and programmed 

remotely through a connected computer or by being integrated into a cloud-based online 

platform. The system was designed to be a fully functional and closed-loop sheet material 

forming research system, covering different warm and hot forming processes including FAST 

in an intelligent and precise manner.  

3.3.2 Detailed design of Uni-Form 

The dedicated pilot production line Uni-Form was designed and fabricated, following the 

concept and configuration described in the previous section. The assembly designs of Uni-Form, 

in the form of four main parts, namely the frame, the contact heater, the belt conveyor and the 

incubation chamber, are shown in Figure 3.6.   
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The forming tools installed in Uni-Form are shown in Figure 3.7 including the die, punch and 

blank holders. The overall design of Uni-Form is shown in Figure 3.8 and the assembled Uni-

Form is presented in Figure 3.9. 

 

(c) 

Conveyor C-clamp Middle plate 
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Middle plate Tubular air 
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Fig 3.6 Design of the four main parts of Uni-Form (a) the frame, (b) the platen heater, (c) 

the belt conveyor and (d) the incubation chamber 

Fig 3.7   Design of the forming tools of Uni-Form 
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Fig 3.8  The overall design of Uni-Form  
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Fig 3.9  Uni-Form with all parts assembled on the frame 
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The frame of Uni-Form accommodates all the sub-systems, exposing them to the correct forces 

while holding them in place with sufficient positional accuracy. As shown in Figure 3.6 (a), the 

frame consists of three plates, which are made of EN25 high carbon steel. The middle plate can 

be supported either by the gas springs of the cushion system below the Uni-Form via extended 

pillars as shown in Figure 3.10 or by independent gas springs installed on the bottom plate of 

Uni-Form, which can be seen in Appendix 1 (a).  

As shown in Figure 3.6 (b), two conductive platen heaters were installed on the top plate and 

middle plate of Uni-Form respectively. Eight high performance cartridge heaters (350 watts 

each) were embedded in each platen heater. A maximum temperature of 650℃ and a fast 

heating rate over 100℃/s could be implemented. The position of the cartridge heaters were 

defined by a series of thermal analyses to ensure the temperature uniformity. In addition, a 

combination of the insulation materials Duratec 750 Machinable Ceramic and PROMALIGHT 

1000X-HD insulation board were applied to insulate the platen heaters offering an extremely 

low thermal conductivity of around 0.030 W m ∙ K⁄  to prevent heat loss. A conservative heat 

flow scenario of the entire insulation module at the maximum operating temperature was run 

using PROMAT software and yielded a temperature of 45℃ on the bottom of the furnace, 

which was considered safe in use.  

The conveyor was installed on the middle plate of Uni-Form, as presented in Figure 3.6 (c). In 

order to prevent the specimen adhering to the top platen heater during heating or being stuck in 

the die after forming, two pairs of C-clamp were installed and aligned with the heaters and 

forming tools respectively. The incubation chamber was designed to be structurally 

independent of Uni-Form, as shown in Figure 3.6 (d). A tubular air heater was utilized, which 

is capable of reaching 650℃. The housing of the incubation chamber was made of double-

layered Firefly Millboard FF700 for heat preservation. A Type-K temperature probe which 

contacted the formed components inside the chamber was employed for the temperature 

feedback control. The forming tools of Uni-Form allow for interchangeable punch and die and 

an adjustable blank holding force. The die and punch were installed on the top and bottom plate 

of Uni-Form respectively. A pair of blank holders was installed on the blank holder plate, which 

was supported by two gas springs (DANLY CE750×40) assembled on the middle plate, as 

shown in Figure 3.7. The blank holding force was 10 kN in total and verified by the FUJIFILM 

PRESCALE pressure test paper, as shown in Appendix 1 (b).  
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This pilot production line was installed on a gas spring cushion system, as shown in Figure 3.10. 

This cushion system was designed to provide adjustable supporting force to the installed 

forming tools and for the protection purposes. The 28 individual gas springs of the cushion 

system could be charged to pressure between 10 and 40 bars, realizing the adjustable stamping 

force. In this study, the middle plate of the Uni-Form was supported by 8 extended pillars, 

which were directly connected to the 8 gas springs and provided the contact pressure of the 

platen heaters during the heating stage as highlighted in Figure 3.10. The rest of the gas springs 

were utilized to support the bench of the cushion system and the Uni-Form, providing the die 

closing pressure. In this study, the cushion system was charged to 20 bar and the whole system 

was assembled in a 100 tonne hydraulic press. The Uni-Form in operational condition are 

presented in Figure 3.11 (a) and (b). The layout of the cushion system is further explained in 

Section 4.2.4. The detailed assembly and installation of Uni-Form on the cushion system can 

be found in Appendix 1 (c). 

 
      Fig 3.10  Design of Uni-Form installed on the gas spring cushion system 
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Fig 3.11 Uni-Form installed on the gas spring cushion system in the press 
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The steps of conducting the FAST forming trials using Uni-Form are as follows (Figure 3.12): 

1. The forming parameters such as the forming temperature, soaking time, transfer time, 

heat treatment time, heat treatment temperature, heat treatment cycles are defined in 

the control program 

2. The forming program is uploaded to the control unit of Uni-Form through a connected 

computer or using the online platform 

3. The press on which Uni-Form is installed is switched on 

4. The specimen is placed on the conveyor 

5. The “START” button is pressed on the control panel of Uni-Form 

 

1. Ultra-fast 

heating  

2. Forming   

3. Optional 

incubation  

Fig 3.12 The three main periods in a typical FAST forming trial using Uni-Form 
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6. The FAST forming trial is conducted automatically following the defined forming 

route: 

6.1 The incubation chamber heats to the pre-set working temperature and 

switches to standby 

6.2 The specimen is transferred by the conveyor system to the centre of the platen 

heater 

6.3 The press is triggered and the specimen is pressed between the two platen 

heaters and heated rapidly to the target temperature 

6.4 Once the specimen reaches the target temperature, the press releases and the 

specimen is transferred to the forming tools immediately 

6.5 The alignment of the specimen and the forming tools is achieved accurately 

by the conveyor system 

6.6 The press stamps the specimen into the required shape with desired speed 

(100 mm/s - 400 mm/s) and pressure (10 MPa - 20 MPa) 

6.7 The formed specimen is held in the dies for a pre-set duration (1.0 second - 

4.0 seconds) and then the press is released 

6.8 The conveyor transfers the formed piece into the incubation chamber 

6.9 A temperature sensor contacts the surface of the formed piece and enables 

the feedback control of the incubation chamber 

6.10 The temperature of the incubation chamber is calibrated following the 

defined  heat treatment scheme 

7. Once the heat treatment is completed, the indicator light turns on and the specimen is 

transferred back to the start position 

An “Emergency Stop” button is embedded into the control system for health and safety 

considerations. If the button is pressed, the press releases and stops, the conveyor system 

transfers the blank back to the start position, the platen heaters and incubation chamber would 

be turned off. 

3.3.3 Control implementation and the on-line connection of Uni-Form 

The Uni-Form system is controlled using the embedded C-code through a standard micro-

controller PIC4331 and programmer PICKIT3, as shown in Figure 3.13. The control logic of 

the whole system is presented in Table 3.4. Three devices, namely the conveyor, the press and 
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the incubation chamber are connected and work harmoniously to realize the full functions of 

Uni-Form in an automated way. 

The belt conveyor is controlled by Lenze Variable Speed Controller (LVSC) which offers the 

DC terminal strip control. The working parameters, such as top speed, acceleration, DC break 

time of the belt conveyor are measured by manual commissioning. The accurate timing of the 

belt conveyor transferring metal blanks between different stages are defined in the control 

program. Two pins of the microcontroller are assigned as outputs to LVSC and generate signals 

of 5V 20mA to realize the start and stop of the conveyor. Similar to the control of belt conveyor, 

another two pins are connected to the control unit of the hydraulic press, Phoenix 𝛼. Through 

the short pulse signals, these two pins act as the fire button and reset button of the press.  

The incubation chamber temperature and time are programmed using a RS-485 serial 

communication interface. The temperature probe contacts the formed component in the 

incubation chamber and provides the temperature feedback control. A customized control 

program is made to adjust the power and working time of the heaters in the incubation chamber 

to realize the temperature adjustment. In addition, the belt conveyor is correlated with the 

incubation chamber enabling the formed component to move in and out following the 

predefined heat treatment cycles. The layout of the combined control system is shown in Figure 

3.14. The arrangement of the input and output pins of the microcontroller is shown with 

additional details in Appendix 1(d). 

The Uni-Form is further merged into a multi-objective on line platform SMARTFORMING 

(www.smartforming.com) as a functional module, as presented in Figure 3.15 (Luan et al., 

2016 (c)). Taking advantage of cloud computing, the SMARTFORMING platform enables 

engineers from each industry sector to develop efficient and cost effective processing routes 

and to guide the implementation of the FAST process jointly. Through the online portal www. 

smartforming.com, multiple users can log in to the platform, work simultaneously and remotely. 

The different modules of the SMARTFORMING can either work individually or be linked 

together, such as ‘Uni-Form’ and ‘Tailor’. For example, given the geometry, category of the 

aluminium alloys and expected post-form strength of a formed aluminium alloy sheet metal 

component, the processing route for such a component including the forming temperature, 

forming speed, transfer time and artificial ageing parameters, can be optimized by the module 

‘Tailor’. These parameters would be transferred to the control unit of Uni-Form and the 

forming trials can be conducted automatically.  
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Fig 3.13  The control unit of Uni-Form 
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Fig 3.14  The layout of the combined control system 
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Table 3.4  The control logic of Uni-Form  
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3.3.4 Performance verification of Uni-Form 

A series of performance tests of Uni-Form have been designed and conducted to verify the key 

specifications especially the ultra-fast heating by platen heaters and the automated heat 

treatment cycles by the incubation chamber and belt conveyor have been achieved as designed. 

The test codes follow the British standards on machine tools operating test (British Standard, 

2012; British Standard, 2007). The tests were initiated from the cold run of the individual sub-

system including a full run-through of the belt conveyor capabilities, frame motion analysis, 

press and conveyor system synchronisation tests followed by the warm run of the platen heaters 

and the incubation chamber independently and finally the automated forming trials with all sub-

systems involved. 

The conveyor showed no slippage, sagging or deformation of the specimen during transfer. 

According to 20 trials of different multiple stage processes, the delay of the conveyor between 

full speed and start/stop was on average 0.23±0.2 seconds and the blank stop position varied 

Fig 3.15 The structure of Uni-Form integrated into the multi-objective platform 

SMARTFORMING (Luan et al., 2016 (c)) 
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within 1 mm in each trial, which confirmed the repeatability and high positional accuracy of 

the conveyor. Frame motion tests of Uni-Form confirmed the top and middle plates moved as 

intended and the platen heaters and forming tools withstood the force/moment associated with 

the press. No interference between different components of Uni-Form were found during the 

tests.  

 

The performance of the platen heaters of Uni-Form was measured and calibrated through a 

series of heating tests. The influence of contact pressure and platen heater temperature was 

investigated. As shown in Figure 3.16, the average heating rate with accurate heating 

temperature control is over 100℃/s  and more than 200℃/s at the initial heating stage when 

the gas spring cushion is charged to 20 bar and the heater temperature is 550℃. In addition, the 

temperature uniformity of the platen heater was verified through measuring the temperature 

Fig 3.16   Heating rate of Uni-Form with different platen heater temperatures and the gas 

spring cushion system charged to 20 bar 
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evolution at different positions on the heater. It has been proved that the temperature difference 

between the centre and edge of the heater was within 5%. The temperature profiles for different 

platen heater temperatures and the contact pressures between the blank and platen heaters were 

recorded in the control program of Uni-Form to facilitate the heating parameter selection.  

The multi-cycle heat treatments using the incubation chamber were also verified. Three sets of 

paint bake cycles were programmed, namely 100℃ for 15 minutes, 180℃ for 15 minutes and 

220℃ for 15 minutes covering the main range of heat treatment temperature for the 6xxx series 

aluminium alloys. A U-shape component was loaded on the conveyor and moved in/out from 

the incubation chamber following the defined heat treatment cycles. Three different positions 

namely the top surface, the edge and the sidewall of the component were attached with Type-

K thermocouples recording the temperature evolutions during the test.  

 

As shown in Figure 3.17, the temperature history of the three positions are almost identical, 

demonstrating a homogeneous temperature distribution of the formed component during the 

heat treatment. Moreover, the temperature measured on the specimen correlates well with the 

Fig 3.17   Temperature of the three locations in the incubation chamber under three different 

paint bake cycles  
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defined heat treatment cycles, illustrating the temperature of the incubation chamber can be 

adjusted intelligently and the belt conveyor can move the specimen as programmed in a fully 

automatic way. 

 3.4 Summary  

In this chapter, a novel sheet metal forming technology, Fast light Alloy Stamping Technology 

(FAST) is proposed in light of the industrial needs and the improvement of the existing sheet 

forming technologies for aluminium alloys. Through the comparison of the temperature 

evolution of FAST and the continuous heating precipitation/dissolution diagram of several 

typical Al-Mg-Si alloys, it was found feasible that the precipitation and dissolution reactions of 

the material microstructure could avoid being triggered at elevated temperatures through the 

ultra-fast heating and quenching. Compared with the traditional warm and hot stamping 

processes, the FAST process can significantly save the cycle time and allows for full flexibility 

in the forming temperature selection. As the recovery and the precipitates coarsening are 

minimized and the existing hardening phases of the material could be preserved during the 

process, the paint bake cycles utilized by automakers are likely to be sufficient for the material 

to attain its full strength instead of the post-form artificial ageing.  

A dedicated pilot production line Uni-Form was developed to enable the forming trials of the 

FAST process. The system consists of four main parts: the frame, the platen heaters, the belt 

conveyor and the incubation chamber. Through the programed microcontroller, Uni-Form is 

capable of conducting the forming trials in a highly automated way. The platen heaters provide 

an ultra-fast heating rate over 100℃/s and more than 200℃/s at the initial heating stage. The 

incubation chamber could realize multi-cycle heat treatments with accurate temperature control 

and uniformity of the components.  
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Chapter 4  

Experimental programme of the FAST 

process study 

4.1 Introduction  

In this chapter, the experimental tests that were designed and conducted to study the FAST 

process on aluminium alloy AA6082 are presented. Firstly, the precipitation hardening 

behaviour of AA6082 was investigated through natural ageing tests and artificial ageing tests 

under different ageing time and temperatures. Secondly, the heat treatment tests following the 

FAST process were conducted to demonstrate proof-of-concept and study the performance of 

this forming technology. The effects of the material temper and forming temperature of the 

FAST process were investigated. In addition, comparison tests, in which the specimens were 

heat treated following warm and hot stamping processes with slow heating rate were conducted. 

Paint bake cycles were applied to all the specimens after testing in order to explore the effects 

of such post-form heat treatment on FAST and other forming processes. Transmission electron 

microscopy (TEM) scans were performed on the specimens to gain an understanding of the 

microstructural mechanisms involved in the FAST process. The thermo-mechanical properties 

of AA6082 under the ultra-fast heating conditions were also studied through uniaxial tensile 

tests. Thirdly, forming trials of FAST were performed on the dedicated test facility Uni-Form. 

A range of forming conditions including forming temperatures, forming speeds and material 

tempers were tested in order to explore these effects on the mechanical properties of the formed 

components. Furthermore, a benchmark study on the cycle time was conducted to analyse the 

influence of different forming stages on the production efficiency of FAST and other sheet 

metal forming processes.  

4.2 Test material and test facilities 

Chapter 4 is based on the work, Luan et al., 2016, Characterization of the interfacial heat transfer coefficient for hot stamping 

process, Journal of Physics; Conference Series, 734 and co-authored work, Zhang et al., 2018 (b), Investigating the quench 

sensitivity of high strength AA6082 aluminium alloy during the new FAST forming process, Proceedings of IDDRG2018 – 

37th IDDRG conference Materials Modelling and testing for sheet metal forming 
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4.2.1 Test material 

The material used in this study was commercial sheet aluminium alloy AA6082-T6 with a 

thickness of 1.5 mm, provided by AMAG Austria Metal AG. The composition of the material 

as received is shown in Table 4.1. The geometry of the initial blank is 800 x 600 mm and the 

Vickers hardness is 116±2 Hv. All the blanks were from the same batch and the specimens 

were manufactured by laser cutting with their longitudinal direction parallel to the rolling 

direction of the blank, as shown in Figure 4.1.  

 

 

4.2.2 Gleeble 3800 thermal-mechanical test system   

The Gleeble 3800 thermal-mechanical simulator was used in this study, as shown in Figure 4.2. 

As a highly integrated test facility, Gleeble comprises three main systems: the heating/cooling 

system, the mechanical tension/compression system and the digital control system. Through 

Table 4.1 The chemical composition of AA6082-T6 (AMAG, 2013) 

 

Fig 4.1 The as-delivered AA6082-T6 blank before (left) and after (right) laser cutting 

Blank rolling direction 
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electrical resistance heating, the Gleeble 3800 is able to achieve a heating rate of up to 

10,000℃/s and maintain the steady-state temperature of the specimen during the test. The 

embedded cooling channels in the jaws and the separate quenching apparatus which use 

compressed air/water can apply sufficient cooling to the specimen (Dynamic System Inc, 2008). 

Therefore, the temperature evolution of the specimen can be accurately defined and controlled. 

A pair of jaws are installed in the test chamber, one of which is fixed and the other moves 

forwards and backwards with a tension force of 98.1 kN and a compression force of 196.2 kN. 

The applied load is measured by the load cell within the jaw. The ram speed of the moveable 

jaw is up to 2 m/s with a total stroke of 150 mm, enabling a large range of strain and strain rates 

to be tested. For the uniaxial tensile tests, the C-Gauge is used to record the deformation of the 

specimen through measuring the variation of the width of the specimen at its centre, as shown 

in Figure 4.3.  

 

4.2.3 IHTC-mate 

The heat treatment tests following the temperature profiles of the FAST process and other hot 

and warm forming processes were conducted on the dedicated test rig IHTC-mate (Luan et al., 

2016 (b)), as shown in Figure 4.4. This test rig is designed to be integrated into the Gleeble test 

chamber as shown in Figure 4.5. Four power cables were utilized to connect the IHTC-mate to 

the resistance heating system of Gleeble. Comprised of two blank holders, a die and punch, a 

sliding block and a rig frame, IHTC-mate is able to duplicate different warm and hot forming 

processes, and is especially capable of the ultra-fast heating through resistance heating. The 

sliding block on the frame where the blank holders were installed was made of acetal resin to  

Fig 4.2  Gleeble 3800 system Fig 4.3  C-Gauge 
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Fig 4.4  Design of IHTC-mate test rig 
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Fig 4.5  Assembly of IHTC-mate in the Gleeble test chamber 
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insulate the specimen and blank holders from the rest of the rig. In order to eliminate the 

influence of strain hardening due to the deformation of the specimen, the die and punch with 

flat surface were used in this study. 

For each test, a rectangular specimen was fixed onto the blank holder and positioned between 

the punch and die. A thermocouple was embedded at the centre of the test specimen to realize 

the temperature measurement and feedback control. Two additional thermocouples were 

inserted into the punch and blank holders and connected to the data logger. The specimen was 

heated by direct resistance heating. The temperature evolution profile, forming speed and 

contact pressure in the form of the punch force were programmed in the control system in 

advance. The specimen was heated following the predefined temperature history. Once the 

target temperature was reached, the punch immediately moved towards the specimen, 

compressing against the die and holding with the pre-set die-closing force. When the specimen 

was quenched to the pre-set temperature, the punch moved to its initial position and the 

specimen was cooled in air. The samples were subsequently prepared for the hardness 

measurement. 

4.2.4 100 Tonne ESH high-speed press and the gas spring cushion system 

The ESH 100 tonne high-speed hydraulic press, on which the Uni-Form is installed is shown 

in Figure 4.6. The usable stroke of this press is up to 100 mm and the maximum ram speed is 

600 mm/s. This press was initially controlled by a control cabinet, which used the 

analogue signal control. The control system of Uni-Form was initially designed in line with the 

analogue control. Soon after, the control cabinet was converted into a digital control system as 

shown in Figure 3.13 and the control system of Uni-Form was redesigned for compatibility.  
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Fig. 4.6  100 Tonne ESH high-speed press with analogue control cabinet   
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As shown in Section 3.3.2, a gas-spring cushion system was employed for Uni-Form, which 

was invented by the author’s research group (Wang, 2012). The detailed design of this cushion 

system is presented in Figure 4.7 and 4.8. The system is designed to provide variable supporting 

force for the experimental apparatus positioned above it. A total of 28 gas springs (Design-

Tite® RL5000×100) divided into two groups (Group A and Group B in Figure 4.8) are contained 

in this cushion system. A high pressure nitrogen gas cylinder is utilized to charge the gas springs. 

Two external gas reservoirs are connected to these two groups respectively in order to maintain 

the gas spring pressure and supporting force constant during the test. In this study, the gas 

springs were charged to 20 bar to ensure the sufficient platen heaters pressure and the die closing 

pressure. As shown in Figure 3.10, the middle plate of Uni-Form was supported by eight pillars 

connecting the central eight gas springs, which are high-lighted by red colour in Figure 4.8. As 

such, the rest of the gas springs provide the support for Uni-Form. The detailed calculations of 

the relationship between the pressure of the gas spring cushion and the supporting forces within 

Uni-Form can be found in Appendix 1 (e). 

4.3 Test scheme of the FAST process study 

4.3.1 Precipitation hardening behaviour of AA6082 

The precipitation hardening behaviour of aluminium alloy AA6082 under various ageing 

conditions was studied. The rectangular shaped specimens with dimensions of 120 x 20 x 1.5 

mm were laser cut from the as-delivered blanks. According to the previous experiments (Luan 

et al., 2016 (a)) and literature (Mohamed and Samuel, 2012), the solutionizing temperature 

(𝑇𝑆𝐻𝑇) of the AA6082 was approximately 525℃ and with a soaking time (𝑡𝑆𝐻𝑇) of 0.5 hours.  

To heat the specimens, a chamber furnace (Lenton ECF 12/45) was heated in advance, and a 

pair of iron blocks (160 x 120 x 20 mm) were positioned in the chamber as shown in Figure 4.9 

to act as thermal reservoirs. Once the temperature of the furnace and the iron blocks reached 

the target temperature and was maintained for 2 hours, the specimens were then placed in 

between the two iron blocks, eliminating the temperature fluctuation during the heat treatment. 

This procedure was standardized for all the solution heat treatment and artificial ageing tests in 

this study.  



  

- 70 - 

 

  

For the natural ageing test, the heat treatment temperature profile is shown in Figure 4.10. Since 

the as-delivered blank was in T6 temper (fully artificially aged), the specimens were first 

solution heat treated and quenched in cold water. The measurement on hardness was taken 

immediately after quenching and the samples were further stored at room temperature (𝑇𝑅𝑇). 

The evolution of hardness during natural ageing was measured every 12 hours (t0, t1 … tn,) 

during the first week and was further tested every week during the material’s shelf life of 6 

months and no change was found. The specimen was regarded as T4 temper (naturally aged) 

when its hardness remained constant during the storage and would be utilized in the following 

studies of FAST.  
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Fig 4.9  Equipment used to conduct the solution heat treatment and the artificial ageing 

treatment tests 
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Fig 4.10  Schematic temperature profile of the natural ageing test  
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For the artificial ageing tests, three different ageing temperatures (Tageing), namely 140℃ , 180℃ 

and 220℃ were selected in this study, according to the literature review on the artificial ageing 

of 6xxx series aluminium alloys (Masuda et al., 2010; Birol, 2005 (a), Birol, 2005 (c); Esmaeili 

et al., 2003 (c)). The heat treatment temperature profile can be seen in Figure 4.11. The samples 

for each ageing temperature were taken from the furnace at 2 minutes, 5 minutes and at a time 

intervals of 10 minutes thereafter (𝑡𝐴0
, 𝑡𝐴1

… 𝑡𝐴𝑛
), quenched in cold water and polished for 

hardness measurement.  

The influence of natural ageing was found still evident at some artificial ageing conditions, such 

as 140℃/2 min, 140℃/5 min and 180℃/2 min. Thus, the hardness evolution during the 

subsequent room temperature storage was monitored daily (𝑡𝑠0
, 𝑡𝑠1

… 𝑡𝑠𝑛
) for 7 days. The test 

matrix of the artificial ageing and room temperature (RT) storage study is shown in Table 4.2. 

At least three tests were conducted for each test condition to ensure repeatability. 
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Fig 4.11  Schematic temperature profiles of the artificial ageing tests with additional room 

temperature storage  
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4.3.2 Heat treatment test  

The specimens obtained from the natural ageing study were in T4 temper. The T4 and as-

delivered T6 temper samples were heat treated following the FAST process in order to provide 

the proof-of-concept, explore the performance and study the mechanism of FAST distinguished 

from other sheet forming technologies for aluminium alloys.  

All the heat treatment studies were conducted using the dedicated test facility IHTC-mate, 

following the procedure demonstrated in Section 4.2.3. The rectangular samples were drilled 

with two holes at the ends in order to be assembled on the IHTC-mate. The design of the sample 

is shown in Figure 4.12.  

                

Storage Time 

(𝑡𝐴𝑛
) 

(𝑡𝑠𝑛
) 

Table 4.2   Test matrix of the artificial ageing and room temperature storage study 

Fig 4.12  The geometry of specimens used in the heat treatment tests 

(Dimension in mm) 
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The temperature profile of the FAST heat treatment tests is shown in Figure 4.13 (a). 𝑡ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

accounts for the blank heating time, 𝑡𝑡𝑓 is the blank transfer time and 𝑡𝑓&𝑞 refers to the blank 

forming and in-die quenching time. The target temperature ranged from 300℃ to 450℃ at a 

temperature interval of 50℃ and the heating rate was greater than 100℃/s. As shown in Section 

3.2.2 and 3.2.3, the paint bake cycles of automakers are purposed to be integrated into the FAST 

process in order to verify the performance of FAST under industrial production scenarios. 

Therefore, once the FAST process was completed, the two sets of paint bake cycles were 

applied to the specimens respectively, as shown in Figure 4.13 (b) and (c). The evolution of 

hardness during the test were measured at each stage namely before the FAST process, after 

the FAST process and after the paint bake cycles.  

Fig 4.13  Schematic temperature profile of (a) the heat treatment tests of FAST, (b) Paint 

bake scheme A (P&B A) and (c) Paint bake scheme B (P&B B) 

(a) (b) 

(c) 
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In addition, the heat treatment tests following the traditional warm and hot stamping processes 

with a slow heating rate were conducted on the IHTC-mate using the T4 and T6 temper 

specimens. In warm and hot stamping processes, the specimens are generally heated in a 

chamber furnace or by heated forming tools under a slow heating rate. The difference on the 

temperature evolution between FAST and traditional hot and warm stamping processes can be 

found in Figure 4.13 (a) and Figure 4.14. The heating rates of the chamber furnaces with 

different geometries were measured under different furnace temperatures in the author’s 

laboratory. The experimental data on heating rate is presented in Appendix 1 (f). It was found 

that the average heating rate using the chamber furnace to heat the aluminium blank with a 

thickness of 1.5 mm was approximately 1℃/s, which was in accordance with the warm forming 

process currently used by vehicle manufacturers (Harrison et al., 2013 (a)).  

The temperature history was programed in Gleeble and the same target temperatures, namely 

300℃, 350℃, 400℃ and 450℃, as the FAST processes were applied. All these samples were 

Fig 4.14 Schematic temperature profile of warm/hot stamping processes at a slow heating 

rate of 1℃/𝑠 
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further heat treated using the two paint bake cycles described in Figure 4.13 (b) and (c) 

respectively and the hardness measurements were taken at each stage during the test.  

4.3.3 Strength analysis of the FAST formed components 

The strength analysis of the FAST formed components were conducted through the 

measurement of hardness at different forming stages and the microstructure analysis of 

specimens at specific forming stages of the FAST process using transmission electron 

microscopy (TEM).  

 

A Zwick/Roell Z2.5 universal hardness tester was used for the hardness measurement, as can 

be seen in Figure 4.15. A load of 50N (HV5) and dwell time of 10 seconds were assigned for 

the measurement. The specimens after each stage of the heat treatment test were polished using 

sandpaper to ensure the borders and corners of the indentation were clearly visible. Grit 800 

(P800) and Grit 1200 (P1200) sandpapers were used successively to achieve a “super fine (ISO, 

2013)” surface finish. For each measurement, five indentations were performed to obtain the 

average hardness, as shown in Figure 4.16. 

Fig. 4.15   Zwick/Roell Z2.5 universal 

hardness tester 

   

Fig 4.16  Hardness measurement of the 

polished sample 
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Transmission electron microscopy (TEM) scans were performed on the specimens after the 

FAST process. A FEI Technai F20S/TEM system was employed in this study. The preparation 

of the TEM samples followed a standard processing route (Sridhara Rao et al., 2010), in which 

the samples were mechanically thinned to 100 𝜇𝑚 followed by electropolishing. A disc-shape 

sample 3 mm in diameter was punched from the ground slice, and ion thinning was conducted 

by Gatan Precision Ion Polishing System Model 691. More than fifty images were taken in 

different scales of each sample and all the images were acquired along the <100> direction of 

the aluminium matrix. 

4.3.4 Uniaxial tensile test under the ultra-fast heating conditions 

The stress-strain characteristics of the specimens under the ultra-fast heating conditions were 

studied through the uniaxial tensile tests on Gleeble 3800 thermal-mechanical simulator. The 

dog-bone shaped specimens were designed following the standard test methods for tension 

testing of metallic materials (ASTM International, 2016) and the dimensional limitation of the 

Gleeble test chamber. The gauge length of the specimen, in which the uniform strain occur, was 

calibrated through the digital image correlation (DIC) technique (Liu et al., 2015) and 

determined as 40 mm. The geometry of the specimen is shown in Figure 4.17. 

 

Prior to each tensile test, the specimen is welded with a pair of Type-K thermocouples at the 

centre to measure the real-time temperature and provide feedback control. The specimen was 

clamped by two pairs of grips on the ends and fixed in the jaws of the Gleeble. The C-gauge 

was employed to measure the width change of the specimen. The layout of the tensile test using 

Gleeble is shown in Figure 4.18.  

Fig 4.17   The geometry of specimens used in the uniaxial tensile tests (Dimension in mm) 
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The temperature profile of the uniaxial tensile test is shown in Figure 4.19. The specimen was 

heated up to the target temperature (𝑇1 , 𝑇2 …) under the ultra-fast heating rate greater than 

100℃/s, soaked for 3 seconds duplicating the transferring process of FAST and then tensile 

Fig 4.18  Layout of the uniaxial tensile test in Gleeble 
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  Fig. 4.19  Schematic temperature profile of uniaxial tensile test 

 

525℃ 

𝑡ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑡𝑠𝑜𝑎𝑘𝑖𝑛𝑔 𝑡𝑡𝑒𝑛𝑠𝑖𝑙𝑒 
𝑡𝑒𝑠𝑡
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tested to failure. The target temperatures ranged from 300℃ to 450℃ with different strain rates 

from 0.1/s to 5/s representing the typical conditions encountered in the sheet metal forming 

process. The tests were also conducted at the room temperature (RT). The test matrix is shown 

in Table 4.3. At least three tests were conducted for each test condition to ensure repeatability. 

 

 

 

 

 

 

4.4 FAST forming trials via Uni-Form 

4.4.1 Forming of the U-shape components 

Uni-Form was used to conduct the FAST forming trials, as shown in Figure 4.20. For this work, 

U-shape forming tool was installed on the Uni-Form, which a typical geometry used in sheet 

metal forming testing (Wang et al., 2017; Black, 2013; Liu et al., 2002). Referring to the 

relevant international standards (British Standard, 2017 (b); ASTM International, 2012) and the 

geometry of test rig adopted by Jaguar Land Rover on springback studies, the design of the 

forming tools is shown in Figure 4.21 (Bhattacharya et al., 2011 (a); Stanton et al., 2009). 

The specimen was designed as an H-shaped rectangular blank with four prongs for transferring 

through the conveyor system and minimizing the heat loss of the central section during the 

transfer compared with the normal rectangular shaped specimen. The dimensions of the 

rectangular section of the blank were 240 × 86 × 1.5 mm. The design of the specimen can be 

found in Figure 4.22. The specimens were laser cut from the as-delivered blanks in T6 temper 

and heat treated into the T4 temper using the chamber furnace (Lenton 20-302112 special oven), 

as shown in Figure 4.23 (a).  

                         Temperature  (℃) 

Strain Rate 𝜀̇ (1 𝑠⁄ ) 

300 350 400 450 RT 

0.1 √     √  

1 √ √ √ √ √ 

5 √     √  

Table 4.3  Test matrix of the uniaxial tensile test under ultra-fast heating conditions 

(For AA6082 in T6 and T4 tempers) 
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Fig 4.20  Layout of the forming trial test in Uni-Form  

Heat 

Treatment 
Fast 

Heating 

 

Forming 

A 

A 

50 mm 

72 mm 

R=5mm 

1.5 mm 

57.35 mm 
75.3 mm 

R=5mm 

Punch 

Die 

Blank 

Holder 

Blank 

R=5mm 

Fig 4.21   The geometry of the U-shape forming tools 

  

Fig 4.22   The geometry of specimens used in the forming trial tests  

(Dimension in mm) 
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Prior to each test, the specimen was first placed on the designated position on the conveyor. 

Once the test began, the specimen was transferred to the platen heater, and was compressed and 

heated to the target temperature. Secondly, the press was released and the hot specimen was 

transferred to the forming tools. Finally, the U-shape component was formed and quenched to 

180℃ in the closed dies. The paint bake scheme A (P&B A) was conducted using the chamber 

furnace (Instron EC/613), as shown in Figure 4.23 (b) and the paint bake scheme B (P&B B) 

was carried out using the incubation chamber of Uni-Form. The properties of the formed 

components, such as springback, post-form strength and surface roughness were subsequently 

studied. 

 

 

 

 

 

 

 

                 Temperature  (℃) 

Speed (mm/s) 
RT 300 350 400 450 

100 √ √ √ √ √ 

150   √     

250  √    

380   √     

Fig 4.23  (a) Lenton 20-302112 special oven for solution heat treatment 

(b) Instron EC/613 chamber furnace for paint bake scheme A 

(a) (b) 

Table 4.4  Test matrix of the FAST forming trials  
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The effects of material temper, forming speed and forming temperature of the FAST process 

were explored. The forming temperature ranged from room temperature to 450℃ and the 

forming speed varied from 100 mm/s to 380 mm/s. Table 4.4 demonstrates the test matrix of 

the forming trials and the formed components are presented in Appendix 3.  

4.4.2 Benchmark study on cycle time  

Cycle time is the fastest repeatable time in which one part can be produced during the 

manufacturing process (Roser, 2015). Specific to sheet metal forming processes, the cycle time 

accounts for the length of time transforming a metal blank to a formed component with the 

required mechanical properties. The cycle time consists of the pre-treatment of the metal blank, 

the heating time, transferring time, forming and quenching time, and the post-form processing 

time. Minimising the cycle time is highly desirable in the automotive industry, due to the 

tremendous potential savings on manufacturing cost and the increased production rate. There 

are also many other benefits of shorter cycle time, such as being able to diagnose problems in 

a forming process quicker, allowing for faster process correction and refinement (Roser, 2016).  

               

In this study, the FAST process at two different target temperatures, 300℃ and 450℃, and three 

sheet metal forming processes for aluminium alloy, HFQ, W-Temper and cold stamping were 

conducted in the laboratory by producing an identical U-shape component to determine each 

Fig 4.24   Cycle time measurement approaches: (a) computer program, 

(b) thermocouple and data logger (pico TC-08) 

(a) (b) 

Time defined and monitored in 

deci-seconds for each forming 

stage executed by Uni-From 
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cycle time. The manufacturing cycle time for the warm forming process was obtained from the 

literature (Harrison et al., 2013 (a)).   

Two approaches were utilized to record the cycle time, namely the computer program of the 

Uni-Form (C) and the thermocouple & data logger (D), as shown in Figure 4.24. The cycle time 

of the FAST forming trials was monitored and exported from the control program of Uni-Form 

in MPLAB X IDE in term of each forming stage. For other forming processes, the cycle times 

were obtained by calibrating the specimen’s temperature evolution profile by the data logger 

(pico TC-08) during the forming process.  

The cycle time of these six forming processes were recorded in terms of four main sections; the 

pre-processing time, the heating time, the forming time and the post-processing time. The 

measuring methods applied, corresponding to each stage of the different forming technologies, 

are summarized in Table 4.5, where NA represents not applicable and L represents data obtained 

from the literature.  

   

4.5 Summary 

In this chapter, a series of experiments centred on the FAST process for the aluminium alloy 

AA6082 have been designed and conducted. The precipitation hardening behaviour of AA6082 

under different ageing temperatures and time were studied via natural ageing and artificial 

ageing tests. The proof-of-concept and the performance of FAST was investigated through the 

Table 4.5  Cycle time measurement approaches for different forming technologies 
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heat treatment tests on the developed test facility IHTC-mate. The effects of heating rate, 

material temper, forming temperature and paint bake cycles were explored. Hardness 

measurement was applied in all tests to verify the strength of the specimens and evaluate the 

performance of FAST at each forming stage. TEM observation was also employed to the 

specimens after the FAST process, and would be correlated with the hardness measurement in 

the discussion of the mechanism of FAST in Chapter 5. In addition, the thermo-mechanical 

properties of AA6082-T4 and T6 under the ultra-fast heating conditions were studied through 

the uniaxial tensile tests on Gleeble. These tests enabled the influence of material temper, 

temperature and strain rate to be investigated. Through the forming trials on the dedicated pilot 

production line, the influence of forming temperature, forming speed and material temper on 

the mechanical properties of the formed components using FAST were studied. Moreover, the 

benchmark study on cycle time of FAST and other forming processes provided an insight into 

the key factors influencing the production efficiency. 
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Chapter 5  

Results and discussion of the experimental 

investigation of FAST 

5.1 Introduction  

In this chapter, the detailed results of the experimental study outlined in the previous chapter 

are presented and discussed to characterise the FAST process for aluminium alloy AA6082 in 

a comprehensive way. The natural ageing and artificial ageing tests were performed to 

investigate the effects of artificial ageing temperature, artificial ageing time and ambient 

temperature storage on the precipitation hardening behaviour of AA6082. Moreover, the 

mechanisms of FAST were investigated through the heat treatment tests and the strength 

analysis of the FAST processed AA6082-T4 and T6 specimens. Transmission Electron 

Microscopy (TEM) scans were employed and correlated with the strength analysis to gain an 

in-depth understanding of the microstructural mechanisms. In addition, uniaxial tensile tests 

were conducted to illustrate the thermo-mechanical properties of AA6082 in different tempers 

under the ultra-fast heating conditions. 

5.2 Precipitation hardening behaviour of AA6082 under different ageing 

conditions 

5.2.1 Natural ageing of AA6082 

Figure 5.1 presents the natural ageing curve of aluminium alloy AA6082-T6 solution heat 

treated at 525℃ for 30 minutes, water quenched and stored at room temperature. It is clear that 

the hardness of the material increased from 48 Hv and exhibited a quick rise to 74 Hv during 

the first day. The hardness continued to increase although at a lower rate to around 80 Hv on 

the fifth day, after which the hardness began to stabilise. The sample was further stored for 6 

months 

Chapter 5 is based on the co-authored paper work, Zhang & Luan et al., 2019, Development of the post-form strength prediction 

model for a high-strength 6xxx aluminium alloy with pre-existing precipitates and residual dislocations, International Journal 

of Plasticity, 119, 230-248 (Zhang, Luan et al., 2019) 
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months and the evolution of hardness during natural ageing was tested at a time interval of 7 

days. As shown in Figure 5.2, the hardness of the naturally aged sample remained stable at 

approximately 80 Hv during storage. The results including the peak hardness and the general 

trend in hardness variation correspond to other research on natural ageing of other 6xxx series 

aluminium alloys (Yin et al., 2016). 

   

The AA6082-T6 after solution heat treatment and water quenching is at the supersaturated solid 

solution (SSSS) condition, where all the particles within the microstructure have been dissolved 

into the aluminium matrix. As a result, the hardness of the material reaches its minimum value 

of approximately 48 Hv.  In general, the increase of hardness during room temperature storage 

occurs by the generation and growth of clusters (the so-called natural ageing clusters) with high 

number density, which has larger resistance to dislocation shearing compared with the 

supersaturated aluminium matrix.  

As shown in Figure 5.1, the hardness initially increases rapidly followed by a decreasing growth 

rate and an eventual plateau. This behaviour can be explained by the decrease of the natural 
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Fig 5.1  The natural ageing curve of aluminium alloy AA6082-T6 solution heat treated at 

525℃ for 30 minutes, water quenched and stored in open air 
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ageing cluster growth rate during storage. Immediately after the solution heat treatment and 

quenching, the solute atoms are randomly distributed in the solid solution in the aluminium 

matrix. The high vacancy concentration facilitates the formation of clusters, which interact with 

dislocations and increase the strength of the material. As the natural ageing proceeds, the 

number of solutes in solid solution and the vacancies decrease and the solute–dislocation 

interactions become weaker (Cuniberti et al., 2010). Meanwhile, the ambient temperature 

cannot provide sufficient activation energy for the formation of other hardening phases during 

storage. As a result, the strength of the material plateaus after 5 days. The clustering is also 

reflected by the variation of the material electrical conductivity. As reported in the study by 

Birol (2005 (a)), the conductivity of naturally aged AA6016 was found to decrease quickly in 

the first 10 hours and then slowly during the following 10 days.  

 

In addition, some studies suggested that the shear resistance of the natural ageing cluster may 

change during the natural ageing process due to the alteration of its composition, which results 

in the change of the hardening rate (Banhart et al., 2010). As reported by Gupta and Lloyd 

(1999), the formation of clusters is initially dominated by the silicon considering its higher 
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Fig 5.2  The effect of room temperature storage of the naturally aged samples  
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diffusivity and lower solubility followed by the formation of magnesium cluster and Si-Mg 

cluster. The natural ageing clusters could only be visualized by the three-dimensional atom 

probe (3DAP) due to the tiny geometry of these particles and the weak scattering contrast 

(Banhart et al., 2011). Therefore, the subtle changes of the quenched samples during room 

temperature storage is still not fully understood. 

5.2.2 Artificial ageing of AA6082 

The artificial ageing tests of the AA6082 were conducted at 140 ℃ , 180 ℃  and 220 ℃ 

respectively. The temperature range was selected based on the previous artificial ageing studies 

of 6xxx series aluminium alloys (Polat et al., 2015; Ozturk et al., 2010; Ismail et al., 1992) and 

the fact that a temperature of 180℃ has been widely recognized as the optimum artificial ageing 

temperature for the alloy (Mukhopadhyay et al., 2012).  
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Fig 5.3   Isothermal artificial ageing curves of AA6082-T6 solution heat treated at 525℃ 

for 30 minutes, water quenched and aged at different temperatures at 140℃, 

180℃ and 220℃ 
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The artificial ageing curves for different ageing temperatures are presented in Figure 5.3, in 

which the time is presented logarithmically. It is noticed that the solutionized samples in all 

three artificial ageing conditions witnessed a fast increase of hardness in the early ageing stage, 

where the trend was similar to that of natural ageing. By the prolonged ageing time, the hardness 

of the samples continued to increase but at a much lower rate, reached the peak value before 

beginning to decrease with time. The hardness of the as-delivered AA6082-T6 material (117 

Hv) and as-quenched condition (48 Hv) are highlighted by the blue dash line in Figure 5.3 as 

reference. The increased artificial ageing temperature facilitated the material to reach the peak 

hardness in a shorter time. When the artificial ageing temperature was 220℃, it took just 20 

minutes to reach the peak hardness, while, it took 9 hours and 15 hours for the 180℃ and 140℃ 

ageing conditions respectively. However, the high artificial ageing temperature led to a lower 

peak hardness and earlier overageing. The peak hardness of the 220℃ condition was 107 Hv 

compared to the peak hardness of 114 Hv at 140℃ and 117 Hv when aged at 180℃.  

In general, the variation of hardness with artificial ageing temperatures and time is attributed to 

the vacancy assisted diffusion mechanism and the different precipitates formed during the 

artificial ageing process. The initial fast increase in hardness for all three artificial ageing 

temperatures is due to the high rate of the formation of clusters and/or precipitates facilitated 

by the high concentration of the quenched-in vacancies. Meanwhile, it has been proved that 

both diffusion process and precipitation process are faster at higher temperature rather than 

those at lower temperature (Polat et al., 2015; Ninive et al., 2014), which contributes to the 

rapid growth in hardness when the artificial ageing temperature is 220℃. Accompanied by the 

successive formation of GP zones, coherent precipitates of the metastable phases 𝛽′′ and 𝛽′ 

were formed as the artificial ageing proceeded. The hardness continued to increase and the peak 

hardness corresponded to the optimized size and volume fraction of such precipitates, as 

reviewed in Section 2.2.2. The vacancies rapidly diminished and eventually became eliminated 

from the aluminium matrix during the ageing process, which resulted in the reduction of the 

precipitation hardening rate for all three conditions. Beyond the peak value, the hardness began 

to subsequently fall, which indicated the overageing. This is due to the increased size of the 

finely distributed precipitates and enlarged grain size, which make the dislocation bowing occur 

easier with fewer obstacles to confine the dislocation movement.  
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Following the artificial ageing tests, the aged samples were stored in open air for 7 days to 

explore the pre-ageing treatment effects on the stabilization of the mechanical properties of the 

aluminium alloy AA6082 during natural ageing. The hardness variations of the samples aged 

at three different temperatures are shown in Figure 5.4, Figure 5.5 and Figure 5.6 respectively. 

It is clear that when the artificial ageing was conducted at 180 ℃ and 220 ℃ the natural ageing 

effects had been largely suppressed, reflected in the stable hardness of almost all aged samples 

during the subsequent one week room temperature storage. While, for the sample artificially 

aged at 180℃ and 220℃ for 2 minutes, the hardness increased from 60.4 Hv to 68.3 Hv and 

from 65.0 Hv to 73.3 Hv after one week storage. The natural ageing effects were still present 

for samples aged at 140℃, especially for those artificial aged less than 30 minutes. The results 

imply that the prior artificial ageing at 180℃ and 220℃ are able to suppress the subsequent 

natural ageing and the hardness increase of the material. Similar results were also obtained for 

AA6061, AA6111 and AA6016 (Zhong et al., 2017 (a)). It was suggested that the diminishing 

of the vacancies in the microstructure is suppressed or delayed by the prior artificial ageing and 

reduces the effect of the natural ageing during storage (Zhong et al., 2017 (b)).  

 

Fig 5.4  Influence of the room temperature storage time on the hardness of AA6082-T6 

(solution heat treated and artificially aged at 140℃) 
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Fig 5.5  Influence of the room temperature storage time on the hardness of AA6082-T6 

(solution heat treated and artificially aged at 180℃)   
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Fig 5.6  Influence of the room temperature storage time on the hardness of AA6082-T6 

(solution heat treated and artificially aged at 220℃) 
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5.3 Mechanism study of FAST: heat treatment test and strength analysis 

5.3.1 Effects of forming temperature on the microstructure evolutions of T4 

tempered 6082 aluminium alloy during the FAST process  

The heat treatment tests following the FAST process were conducted using the T4 tempered 

6082 aluminium alloy at different target temperatures. Figure 5.7 shows the hardness evolution 

from the initial hardness, to the hardness attained after the FAST process (FAST) at two 

different target temperatures of 300℃  and 450℃ , and finally the hardness following the 

application of paint bake scheme A (P&B A) and paint bake scheme B (P&B B) respectively. 

When the FAST process was conducted at 300℃, the hardness of the T4 specimens reduced 

from 80.5 Hv to 52.8 Hv. A strength of over 105 Hv was achieved using either paint bake cycles, 

with no additional heat treatments required. When the FAST process was conducted at 450℃, 

the hardness of the T4 specimens decreased to approximately 48 Hv, and could be regained 

subsequently through either paint bake schemes. The paint bake response (PBR) of the material 

was as high as 66 Hv. Two more tests on the T4 specimens were conducted at 350℃ and 400℃, 

as shown in Figure 5.8. A similar trend could be found for these two conditions, a post-form 

strength of over 110 Hv can be achieved using the paint bake cycles. For the T4 tempered 

specimens at all FAST process conditions, a strength level of over 95% of the material at the 

peak aged condition could be obtained using paint bake scheme B, and more than 90% could 

be obtained using paint bake scheme A. 

The microstructure of naturally aged Al-Mg-Si alloys mainly consists of natural ageing clusters. 

The supersaturated solid solution (SSSS) condition of the aluminium matrix obtained by 

solution heat treatment and water quenching is fully altered by the formation of natural ageing 

clusters during the room temperature storage, with both quenched-in vacancies and solute atoms 

largely consumed in this process. This results in a degeneration of the paint bake and ageing 

responses of the material when it is directly subject to the artificial ageing after stamping (Yan 

et al., 2016; Abouarkoub et al., 2015; Marceau et al., 2013). According to the DSC study of 

AA6111 after solution heat treatment and quenching and at naturally aged conditions, a 

remarkable endothermic trough which corresponds to the dissolution of the natural ageing 

cluster could be observed before the exothermic peak relating to the formation of 𝛽′′ (Birol, 

2005 (a)). This reveals the delay of the age hardening process of the naturally aged samples 

compared 
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Fig 5.7  Hardness evolution of AA6082-T4 samples under the FAST process at different 

target temperatures of 300℃ and 450℃ and different paint bake cycles 

 

Fig 5.8  Hardness evolution of AA6082-T4 samples under the FAST process at different 

target temperatures of 350℃ and 400℃ and different paint bake cycles 
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compared with the solutionized ones. In addition, it was suggested that the main hardening 

phase of Al-Mg-Si alloys, 𝛽′′, can be generated only after the dissolution of these clusters and 

zones through the TEM scans of AA6082 at different precipitation conditions (Marioara et al., 

2003). These factors prevent the T4 material from being formed and paint bake treated without 

additional pre-treatments.  

In the FAST process, the metal blank is heated to an elevated temperature at an ultra-fast heating 

rate. For the T4 specimens, the elevated temperature not only promotes the formability of the 

metal blank, but also dissolves the natural ageing clusters without the detrimental effects on the 

microstructure given the paint bake response of the T4 specimens in all the tests. The dissolution 

of the clusters results in a microstructure similar to that of the solution heat treated condition of 

the material. As shown in Figures 5.7 and Figure 5.8, the hardness of the T4 specimens 

measured after application of the FAST process decreased from 80 Hv to 52.8 Hv at 300℃. 

This value kept decreasing with increasing forming temperature down to 48 Hv at 450℃ which 

is the value identical to the hardness of the as-quenched specimens. This can be explained by 

the progressive dissolution of the natural ageing clusters in the FAST process for T4 tempered 

samples with increased temperature. As the clusters would be extensively dissolved, this 

enhances the PBR of the material and allows it to attain the high post-form strength in the 

subsequent paint bake cycles.  

To analyse the microstructure evolutions during the FAST process, TEM scans were therefore 

conducted using AA6082-T4 specimens at specific FAST stages, namely the T4 specimen after 

the FAST process at 300℃; after the FAST process at 450℃ and after the FAST process at 

450℃ with paint bake scheme A, as shown in Figure 5.9 (a), (b) and (c) respectively (Zhang et 

al., 2019). 

As reviewed in Section 2.2.2, the precipitation sequence of Al-Mg-Si alloys follows: 

𝑆𝑆𝑆𝑆 → clusters → GP zones (GP I ZONE, including the pre−𝛽′′ phase) 

→ 𝛽′′(GP II ZONE) → 𝛽′/𝑄′ → 𝛽/𝑄 

In Figure 5.9 (a), two types of precipitates in the <100> Al zone axis orientation can be observed. 

One is dot-like with an average radius of approximately 3.9 nm and finely dispersed in the 
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aluminium matrix. The other is needle-shaped, which can be found by the circular end-on view 

and the strain contrast around them. According to the energy-dispersive X-ray spectroscopy 

(EDS) analysis of these dot-like spherical shaped precipitates, the ratio of Mg to Si was between 

1 and 1.5. It is widely accepted that the pre-𝛽′′  has a ratio of Mg to Si of over 1 and is spherical 

shaped with a radius of approximately 3 nm (Marioara et al., 2003). Hence, the dot-like 

precipitates are determined as the pre- 𝛽′′  phase considering the morphology and its 

composition 

 

   

50 nm 

(a) 

50 nm 

(b) 

Fig 5.9   TEM micrographs of (a) the T4 specimen after the FAST process at 300℃, (b) the 

T4 specimen after the FAST process at 450℃ and (c) the T4 specimen after the 

FAST process at 450℃ and paint bake scheme A 

50 nm 

(c) 
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composition. The needle-shaped precipitates are identified as 𝛽′′  phase given their shape, 

orientation, strain contrast and the temperature history of the FAST process. When the 

temperature was increased to 450℃, it was clear that some precipitates grew in size despite an 

only 1.5 second increase in the heating time, as shown in Figure 5.10 (b). Meanwhile, the 

dissolution of the precipitates is evident, as their volume fraction is found to reduce at this 

condition, which illustrates that both precipitation and precipitate dissolution occur 

simultaneously. The difference on hardness between these two FAST processed samples, 

namely FAST T4 300℃ and FAST T4 450℃, is only 3 to 4 Hv and both have a similar paint 

bake response. However, the different target temperatures lead to different microstructures in 

the material, which are also distinct from those observed from solution heat treated samples 

(Mrówka-Nowotnik et al., 2015, Mrówka-Nowotnik and Sieniawski, 2005; Humphreys et al., 

2004).  

Although some precipitates grow in size during the fast heating, the limited heating time due to 

the ultra-fast heating rate largely restricts the number of such precipitates and maintains the 

solute atoms in the aluminium matrix rather than consuming them to form over-sized 

precipitates. The 𝛽′′ phase is therefore able to precipitate out of the aluminium matrix and 

provide an effective paint bake response. In addition, no long lath-shaped or plate-shaped 

precipitates were observed in Figures 5.9 (a) and (b), which are regarded as 𝛽 phases in the Al-

Mg-Si alloys, illustrating that overageing and annealing hardly occur in the FAST process 

between 300℃ and 450℃. As a result, the degradation of strength was not found after the paint 

bake cycles. Figure 5.9 (c) shows the micrograph for the specimen after the FAST process at 

450℃ and paint bake scheme A. The needle-shaped precipitates can be recognised according 

to their circular end-on view and the strain field contrast around their face-on view. These 

particles were distributed homogeneously within the aluminium matrix. Considering the shape, 

size, orientation, relationship of the precipitates and the hardness of the sample, which was as 

high as the original T6 material, the needle-shaped precipitates were identified as 𝛽′′.  

A schematic diagram, which summarizes the microstructure evolutions during FAST process 

of the T4 tempered 6082 aluminium alloy at different forming temperatures is presented in 

Figure 5.10. 

 



  

 

 

 

 

Fig 5.10   Schematic illustration of the microstructure evolutions during the FAST process 

of T4 tempered 6082 aluminium alloys at 300℃  and 450℃ 
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5.3.2 Effects of forming temperature on the microstructure evolutions of T6 

tempered 6082 aluminium alloy during the FAST process 

The heat treatment tests following the FAST process were also conducted on the as delivered 

AA6082-T6 at different target temperatures. Two typical forming temperatures of 300℃ and 

450℃ were selected. Figure 5.11 shows the hardness evolution from the initial hardness, to the 

hardness attained after the FAST process (FAST), and finally the hardness following the 

application of paint bake scheme A (P&B A) and paint bake scheme B (P&B B) respectively. 

When the FAST process was conducted at 300℃, the hardness of the T6 temper specimens 

reduced from 117 Hv to 93 Hv. A hardness over 113 Hv was achieved using either paint bake 

cycles. When the FAST process was conducted at 450℃ , the hardness of the specimens 

decreased to 49 Hv and increased to 106 Hv and 108 Hv after P&B A and P&B B respectively, 

with no additional heat treatments required. 

    

For the T6 specimens, the leading phase of the microstructure is 𝛽′′ where the hardness achieves 

a peak value of 117 Hv. As shown in Figure 5.11, the hardness of the T6 specimen after applying 

Fig 5.11  Hardness evolution of AA6082-T6 samples under the FAST process at different 

target temperatures of 300℃ and 450℃ and different paint bake cycles 
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FAST at 300℃ only decreased by 24 Hv, implying that there was not a simple precipitate 

dissolution process like the dissolution of natural ageing clusters in the T4 tempered specimens. 

In general, the decrease in hardness of Al-Mg-Si alloys is mainly attributed to two reasons. The 

first is the dissolution of the existing hardening phases such as the solution heat treatment of 

the material in which all the precipitates are dissolved in the aluminium matrix and the 

dissolution of the natural ageing clusters. The second is the precipitates over-growing in size 

and decreasing in number density such as the over ageing process as explained in Section 5.2. 

Considering the target temperature of the FAST process is greater than the artificial ageing 

temperature of 6xxx series aluminium alloys, which is between 170℃ to 190℃, and lower than 

the solution heat treatment temperature of 525℃, it could be deduced that part of the pre-

existing hardening phase 𝛽′′ grew to 𝛽′ or even 𝛽  phases, and the hardness thus decreased. 

Meanwhile, the remainder of the pre-existing 𝛽′′ phase would remain. As the limited heating 

time minimizes the consumption of solute atoms, both GP zones and pre-𝛽′′ would transform 

to 𝛽′′ phases in the paint bake cycles, providing the high post-form strength. 

When the temperature was increased to 450℃, the hardness of the T6 samples reduced to 48 

Hv, which is identical to the T4 samples tested at the same forming condition. Meanwhile, the 

paint bake responses of the T6 temper specimens are similar to the T4 temper ones, in which 

the full strength could be regained after the paint bake cycles. This demonstrates that the 

dissolution dominated the microstructure evolution of the T6 temper specimens at this 

temperature as with the T4 temper specimens. Meanwhile, the ultra-fast heating rate significant 

reduces the exposure of the material to the unfavourable elevated temperatures and it is 

supposed to minimize the coarsening of the pre-existing hardening phases such as the 𝛽′′ into 

the stable 𝛽 phase. The detrimental effects could hardly be found on the paint bake response of 

the FAST processed T6 specimens at 450℃.This would be further explained by the specimens 

tested under the slow heating process to 450℃ as presented in Section 5.3.3.  

Although the hardness of the T6 temper specimens after FAST at 450℃ was almost the same 

as the as-quenched condition, a difference on microstructure may exist between these two 

conditions, since the temperature is not as high as the solution heat treatment (SHT) temperature 

(𝑇𝑆𝐻𝑇 ) and the samples are not soaked at 𝑇𝑆𝐻𝑇  for a long time during the FAST process. 

According to the study of solution heat treatment of AA6082 (Garrett et al., 2005), the 

According heat



 

 

 

 

 

Fig 5.12   Schematic illustration of the microstructure evolutions during the FAST process 

of T6 tempered 6082 aluminium alloys at 300℃  and 450℃ 
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precipitates dissolve into the material and diffuse throughout the whole structure during the 

SHT and a more homogeneous microstructure could be obtained with increased soaking time. 

Despite the FAST process at 450 ℃  being unable to provide a highly homogeneous 

microstructure as with solutionizing conditions, the sufficiently dissolved pre-existing 

precipitates such as the 𝛽′′, 𝛽′ and the minimized undissolved 𝛽 phase contribute to the high 

paint bake response as well as the high post-form strength of the material during the paint bake 

cycles. In addition, it can be found that the hardness of the T6 specimens tested at 450℃ after 

paint bake cycles is approximately 5 Hv lower than those tested at 300℃ with the same paint 

bake treatment. This implies that the 𝛽 phase that is generated during the heating process could 

further grow in size compared with the samples fast heated to 300℃, and cause the slight 

degradation on the final hardness of the material. 

The microstructure evolution during the FAST process at 300℃ and 450℃ for the T6 tempered 

material consist of several distinct reactions, where the phase formation, dissolution and 

alteration of number density occur simultaneously, especially given the initial microstructure 

of the material which contains plenty of metastable hardening phase 𝛽′′  and the target 

temperature of the FAST process is between the normal ageing temperature and the solution 

heat treatment temperature. According to the analysis, a summative diagram of microstructure 

evolutions can be drawn in Figure 5.12. 

5.3.3 Effects of slow heating rate on the microstructure evolutions during the 

traditional warm and hot stamping processes of AA6082-T4 and T6  

Heat treatment tests following the traditional warm/hot stamping processes with slow heating 

rate at 1℃/s were conducted. The hardness evolution of the T4 and T6 tempered alloy from the 

initial hardness, to the hardness after the slow heating process (SLOW) to 300℃ and after two 

different paint bake schemes are presented in Figure 5.13. 

When the samples were slow heated to 300℃, the hardness of the T4 tempered sample slightly 

increased from 79.5 Hv to 82 Hv while that of the T6 tempered sample decreased from 117 Hv 

to 88 Hv. Unlike the FAST process, a very limited paint bake response (PBR) can be found for 

both materials. The hardness increased by only 2 Hv for the T4 tempered specimens after P&B 

A and no further improvement was observed even when a longer paint bake process (P&B B) 
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was applied. For the T6 tempered specimens, the PBR is 3.7 Hv for the P&B A and 4.2 Hv for 

the P&B B. 

  

In general, the strengthening mechanism of precipitation hardening aluminium alloys is that the 

precipitates and the stress fields caused by lattice distortion around the precipitates impede the 

movement of the dislocations. As the dominant hardening phase of AA6082, 𝛽′′ is a metastable 

phase compared with other types of precipitates such as 𝛽′ and 𝛽 during heat treatment (Ninive 

et al., 2014). The growth in the size of 𝛽′′ and the decrease in its number density cannot be 

avoided given the long heating time of several minutes and the high temperature which is higher 

than the normal artificial ageing temperature but lower than the solution treatment temperature 

of the material in the heating processes with slow heating rate of 1℃/s.  

For the T4 tempered material, the natural ageing cluster was dissolved during heating 

considering the target temperature of 300℃. Since the hardness almost remained unchanged for 

the material after the heating process, it was deduced that the precipitation hardening and over-

ageing, where the precipitates over-grow in size, occurred simultaneously, while neither of 

them dominates the whole process. The effects of these two processes on the material hardness  

Fig 5.13  Hardness evolution of  T4 and T6 tempered AA6082 under a low heating process 

at 1℃/s to target temperature of 300℃ with different paint bake cycles 



 

 

 

Fig 5.14   Schematic illustration of the microstructure evolutions during the conventional 

warm forming process of T4 and T6 tempered 6082 aluminium alloys at 300℃  
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counteract each other and a quasi-static state of the material was achieved. The PBR was found 

only 2 Hv during both paint bake treatments, therefore the material is supposed to be at the 

over-aged condition, where the stable hardening phase 𝛽 was extensively generated consuming 

the solute atoms in the aluminium matrix and the specimens lost response to the paint bake 

treatment.  

For the T6 specimen, the pre-existing hardening phase 𝛽′′ was abundant before heating and the 

forming temperature of 300℃ was much lower than the solutionzing temperature of 525℃ to 

dissolve these particles, and so the remaining hardness after the heating process was higher than 

that for the T4 specimens by 6 Hv. However, the slow heating rate prolonged the heating time 

and led to the overgrowth of the existing precipitates, resulting in the degradation on hardness 

after heating and the limited PBR as the T4 tempered specimens. The schematic diagram 

summarizing the microstructure evolutions during conventional warm forming process of T4 

and T6 tempered 6082 aluminium alloy at 300℃ is shown in Figure 5.14. 

 

When the target temperature of the slow heating process was increased to 450℃, the hardness 

evolution of the T4 and T6 tempered alloy from the initial hardness, to the hardness after the 

Fig 5.15  Hardness evolution of T4 and T6 tempered AA6082 under a low heating process 

at 1℃/s to target temperature of 450℃ with different paint bake cycles 
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slow heating process (SLOW) and after two different paint bake schemes are presented in 

Figure 5.15. Similar to the FAST process at 450℃, the hardness of both T4 and T6 tempered 

samples dropped to 47 Hv after heating. However, the hardness of both types of materials can 

be hardly increased to over 90 Hv after the paint bake treatments. The hardness was only 78.4 

Hv and 87.8 Hv for the AA6082-T4 and 68.6 Hv and 84.1 Hv for the AA6082-T6 after P&B A 

and P&B B respectively. 

Compared with the specimens tested at 300℃ under the slow heating conditions, the remarkable 

decrease on hardness after heating to 450℃ and subsequent increase on hardness after paint 

bake cycles demonstrates that the dissolution of the pre-existing precipitates, i.e. natural ageing 

clusters for the T4 tempered material and 𝛽′′ and 𝛽′ for the T6 tempered material, is more 

pronounced when heated to 450℃. Therefore, the precipitation hardening and a PBR over 39 

Hv could be observed in both T4 and T6 tempered materials. Meanwhile, strength of the 

AA6082-T6 sample is lower than the AA6082-T4 sample after paint bake cycles by 9.8 Hv 

after P&B A and 3.7 Hv after P&B B respectively. This could be explained by the higher 

number density of the 𝛽 phase in the T6 tempered specimens compared to the T4 tempered 

specimens after slow heating to 450℃. The number density of 𝛽′′ is much higher in the T6 

tempered material before the heating process. This metastable phase strengthens the material 

initially, but the larger number of 𝛽′′ means that more 𝛽 will be transformed to and degrade the 

strength of the material. Meanwhile, 450℃ is not sufficiently high to dissolve these stable 𝛽 

phase that was generated during the slow heating process, which leads to the lower hardness of 

the T6 tempered specimens after paint bake treatments compared with the T4 tempered 

specimens. 

In addition, the higher target temperature of 450℃ leads to a longer heating time and more 𝛽 

phase precipitates are generated during the slow heating process especially for the T6 tempered 

specimens. As a result, the strength of AA6082-T6 samples after heating to 450℃ and paint 

bake treatment is less than the T6 tempered samples processed at 300℃ by 23 Hv after P&B A 

and 8 Hv after P&B B. Moreover, recrystallization also occurs during the slow heating to 450℃, 

which leads to a worse paint bake response and softer material compared with the specimens 

slow heated to 300℃. According to the Electron Back-Scattered Diffraction (EBSD) and TEM 

analysis of non-isothermal annealed AA6451, recrystallization was found to initiate at 300℃  

and



 

 

 

 

 
Fig 5.16   Schematic illustration of the microstructure evolutions during the conventional 

warm forming process of T4 and T6 tempered 6082 aluminium alloys at 450℃  

- 1
0
5
 - 



 

- 106 - 

 

and proceeds through a nucleation and growth mechanism. A recrystallized dislocation-free 

microstructure was achieved at 380℃ (Sepehrband et al., 2015).  

The schematic diagram demonstrating the microstructure evolutions during conventional hot 

stamping process of T4 and T6 tempered 6082 aluminium alloy at 450℃ is shown in Figure 

5.16. 

Paint bake treatment is usually claimed to be too short with too low a temperature for the 

precipitate hardening potential of aluminium alloys to be exploited in such treatment (Birol, 

2006). However, this could be due to the pre-treatment or prior heating process not being 

suitable for the subsequent paint bake cycles. For the age hardening aluminium alloys, once the 

precipitates over-grow in size extensively during the slow heating process, the full strength can 

no longer be regained through the paint bake treatments or other ageing processes, and would 

necessitate a full solution heat treatment of the metal blank. The FAST process is able to 

maintain the pre-existing hardening phases of the specimens, enhancing the paint bake response 

and eliminating the solutionizing requirement of the materials simultaneously through the ultra-

fast heating and precision processing parameters control. This demonstrates that the heating 

rate is more critical than the forming temperature for heat treatable aluminium alloys during 

warm and hot stamping processes in terms of the post-form strength, and that paint bake cycles 

are sufficient for 6xxx series aluminium alloys to regain their full strength, when the appropriate 

forming technology, such as FAST, is applied.  

5.4 Thermo-mechanical properties of T4 and T6 tempered 6082 

aluminium alloys under ultra-fast heating conditions 

The thermo-mechanical properties of AA6082-T4 and T6 under ultra-fast heating conditions 

were obtained from uniaxial tensile tests. Figure 5.17 shows the experimental results of the 

materials tested at different temperatures (300℃, 350℃, 400℃ and 450℃) at a strain rate of 1/s. 

The flow curves for AA6082-T4 and T6 at room temperature can be found in Appendix 2.  
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Fig 5.17  Stress-strain curves of (a) AA6082-T4 and (b) AA6082-T6 under the ultra-fast 

heating condition with different target temperatures at a strain rate of 1/s 
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AA6082-T4 and T6 showed strong temperature sensitivity under the test conditions. The flow 

stress of both materials decreased and the ductility increased remarkably with increasing 

temperature. The FAST process achieved a true fracture strain of 0.50 and 0.32 for the T4 and 

T6 specimens at 300℃ with ultimate tensile strength (UTS) of 133.1 MPa and 180.4 MPa 

respectively. When the FAST process was conducted at 450℃, the true fracture strain as high 

as 0.85 for both T4 and T6 specimens was achieved and the UTS was approximately 48 MPa. 

The ultimate tensile strength and the failure strain are extracted from Figure 5.11 and plotted in 

Figure 5.18. 

 

At elevated temperatures, the deformation mechanisms of aluminium alloys are thermally 

activated (Hosford and Caddell, 2011; Kashyap et al., 2009). When the forming temperature 

increases, the enhanced thermal vibration of the lattice results in the lower strength of the 

obstacles that impedes the movement of the dislocations. As the dislocation mobility is 

improved, the material becomes softer and more ductile. In addition, additional slip systems 

can be activated when the forming temperature is increased to 300℃. According to a study of 

AA6016-T4, additional slip systems were observed when the forming temperature was higher 

than 250℃ (Kurukuri et al., 2009). In these activated slip planes, as the deformation proceeds, 

the recovery becomes more obvious and reduces the dislocation density, which results in the 

lower flow stress.  
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Fig 5.18  (a) Ultimate tensile stress (UTS) and (b) true fracture strain of AA6082-T4 and 

AA6082-T6 under the ultra-fast heating condition with different target 

temperatures at a strain rate of 1/s 
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As shown in Figure 5.17, the work hardening of the AA6082-T4 is more evident compared with 

T6 tempered material under the same temperature. The flow behaviour of heat treatable 

aluminium alloys at elevated temperatures is influenced by multiple dynamic mechanisms such 

as the recovery, strain hardening, precipitation and/or precipitates coarsening. For the AA6082-

T6, the work hardening is diminished due to precipitate coarsening, since the metastable 

hardening phase 𝛽′′ in the T6 material is more prone to coarsening and softens the material 

during the test. In addition, it was reported the dynamic recovery effect increases with 

increasing temperature and varies with the material temper. The dynamic recovery was found 

to be more pronounced for the material in T6 temper compared with the W and T4 tempers 

when forming at 300℃, which led to the lower hardening effect during the deformation (Lee et 

al., 2004).  

In addition, it can be found that the difference between the flow behaviour of AA6082 in T4 

and T6 tempers becomes smaller with increased forming temperature and becomes almost 

identical at 450℃, which has good agreement with the hardness measurements at the same 

forming condition. When the forming temperature increases to 450℃, as discussed in Section 

5.3, the dissolution of the precipitates dominates the microstructure evolution, the precipitates 

in both T4 and T6 temper specimens are substantially dissolved, which results in the similar 

microstructure as well as the flow behaviour.  

 

Fig 5.19  Stress-strain curves of (a) AA6082-T4 and (b) AA6082-T6 under the ultra-fast 

heating condition with different strain rates at 450℃ 
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The effect of strain rate at a temperature of 450℃ is shown in Figure 5.19. In general, the flow 

stress increased and the true fracture strain reduced with increasing strain rate from 0.1/s to 5/s, 

which demonstrates the strain rate sensitivity of the material at 450℃. The increased flow stress 

attributes to the strain rate hardening effect, which increases the work hardening capability of 

the material. Meanwhile, the strain rate can be understood in terms of the duration for the 

specimens exposed at elevated temperatures. Lower strain rate allows more time for the static 

recovery and results in a reduced flow stress. In addition, the recovery leads to the annihilation 

of dislocations, which reduces the localized straining and results in better ductility at lower 

strain rate (Kumar et al., 2014; Lin et al., 2005).  

   

Figure 5.20 summarizes the stress of AA6082-T4 at a strain level of 0.2 for different strain rates 

and forming temperatures. The stress and strain rate was plotted on a log-log scale. The linear 

relationship suggests the power-law viscoplastic behaviour of the material. The slope of the line 

represents the strain rate hardening exponent m, which indicates the hardening effects of the 

material during the deformation and benefit for the uniform deformation during the forming 

Strain rate (1/s) 

 

S
tr

es
s 

(M
P

a)
 

Fig 5.20  Flow stress of AA6082-T4 at a strain level of 0.2 with different strain rates (0.1/s, 

1/s and 5/s) at different temperatures 
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processes (Hosford and Caddell, 2011). It is clear that the strain rate sensitivity is increased 

with the increasing forming temperature for the AA6082-T4 and the m value raised from 0.021 

to 0.137 when the forming temperature was increased from 300℃ to 450℃.  

5.5 Application of FAST on AA6082 in other pre-aged tempers  

In addition to the naturally aged T4 and artificially aged T6 temper specimens, the FAST was 

applied to the AA6082 with other artificial aged conditions. A new material temper TX 

dedicated to the FAST process was proposed where the specimens are solution heat treated and 

artificially aged to different levels. Four TX temper materials, namely TX1 (180℃/2 min), TX2 

(180℃/5 min), TX3 (180℃/10 min) and  TX4 (180℃/40 min) were prepared in this study. The 

initial hardness of the specimens after the ageing treatment are 60 Hv, 70 Hv, 80 Hv and 110 

Hv, as shown in Figure 5.5 and Figure 5.21.  

The heat treatment tests following the FAST process were conducted at two typical forming 

temperatures of 300℃ and 450℃ for the four types of TX tempered samples. The samples were 

prepared and stored at room temperature for 7 days before the tests. The hardness evolution of 

the specimens during the FAST process at 300℃ and two paint bake cycles are summarized in 

Figure 5.21. 
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Fig 5.21  Hardness evolution of AA6082 in different TX tempers ( TX1 , TX2,  TX3  and 

TX4 ) under the FAST process at 300℃ with different paint bake cycles  
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As presented in Section 5.2.2, the hardness of the samples after solution heat treatment and 

artificial ageing at 180℃ for 5 minutes or greater would remain stable during the storage due 

to the precipitation hardening particles that suppress the formation of natural ageing clusters. 

The hardness of all samples except for those in the TX1 temper remained unchanged during 

storage, while the hardness of  TX1 tempered samples increased from 60.4 Hv to 70 Hv during 

storage. When the FAST process was applied, the hardness of the  TX1 tempered specimens 

reduced to 59.5 Hv. For the TX2  and TX3  tempered specimens, the initial hardness was 

unchanged at 70 Hv and 80 Hv respectively after the FAST process. Only the TX4 temper 

specimens witnessed a decreased hardness from 110.2 Hv to 89.9 Hv. In the meantime, the 

adequate increase due to paint bake cycles can be found on all four types of specimens after 

both paint bake treatments. For the TX1 samples, the hardness increased to 104.3 Hv after P&B 

A and 110.1 Hv after P&B B. The hardness is found to be slightly higher in TX2 and TX3 

samples. The TX4 samples achieved the maximum hardness compared with three other types 

after the paint bake cycles, where the hardness was as high as 113.2 Hv and 115.4 Hv after 

P&B A and P&B B respectively, or more than 95% of the as-delivered T6 condition. 

As discussed in Section 5.3.1 and 5.3.2, the hardness evolution of the specimens under the 

FAST process at 300℃ is comprised of different reactions of the precipitation particles and the 

dominant mechanism is highly dependent on the initial material temper. For example, the 

reaction of the TX1  tempered samples during the FAST process is similar to that of the T4 

tempered samples, where the dissolution of natural ageing cluster is primary, especially given 

the TX1 samples are still influenced by the room temperature storage with increased hardness. 

Although the initial hardness is lower and the artificial ageing time is much shorter compared 

with the as-delivered T6 temper specimens, the performance of TX4 specimens resembles that 

of the T6 tempered specimens, in which the hardness reduces by 20 Hv after the FAST process. 

This implies that part of the existing 𝛽′′ grow in size and part of the hardening phase remains, 

leading to the reduction on the hardness after FAST. For the TX2 and TX3 tempers, it can be 

deduced that the cumulative effect of precipitation hardening process and existing hardening 

precipitate coarsening leads to the unchanged hardness before and after FAST. Considering the 

PBR of all types of samples, FAST demonstrates the capability of retaining the existing 

precipitates and minimizing the coarsening in the microstructure during the heating and forming 
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processes and sufficient primary hardening phase 𝛽′′ can be generated during the paint bake 

cycles. 

The hardness evolution of the four types of TX tempered specimens after the FAST process at 

450 ℃  is shown in Figure 5.22. The hardness of all TX  tempered samples reduced to 

approximately 48 Hv and increased to over 105 Hv after P&B A and over 110 Hv after P&B B. 

The paint bake response of TX1 is the highest compared with the other three types of TX 

tempered specimens, in which the hardness values achieved were as high as 110 Hv and 117 

Hv after two paint bake cycles respectively. Meanwhile, it is noticed that the PBR and the final 

hardness gradually decreases with the increased pre-ageing time from TX1 to TX4. Although 

the difference is only within 5 Hv, the trend is clear according to the repeated tests. For the 

TX4 samples, the hardness increased to 106 Hv after P&B A and 112 Hv after P&B B. 

 

The mechanism of FAST at 450℃ is more unified for all types of TX tempered materials, where 

the dissolution of the pre-existing precipitation particles dominates the microstructure evolution. 

The hardness evolution after the FAST process and the paint bake cycles are similar to the T4 

and T6 temper materials. As explained in Section 5.3.2, 450℃ is not sufficiently high to 
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Fig 5.22  Hardness evolution of AA6082 in different TX tempers ( TX1 , TX2,  TX3  and 

TX4 ) under the FAST process at 450℃ with different paint bake cycles  
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dissolve all the precipitates during the ultra-fast heating process. Instead, the coarsening of 

precipitates could occur simultaneously. The longer pre artificial ageing time of the 

TX4 tempered material results in more hardening phase 𝛽′′ within the material initially, and the 

more apparent reduction of strength once the hardening phase coarsens after the FAST process. 

For actual production, the T4 tempered material should be utilized instead of T6 material when 

higher formability is required, and FAST processed at 450℃, as the paint bake response is better 

and the cost of raw material production of T4 material is much lower. However, the T6 

tempered material is able to remain higher strength after the FAST process and results in 

quicker recover to its full strength during the paint bake cycles when the process is conducted 

at 300℃.  In addition, the TX tempered material provides a flexible approach in the material 

selection of the FAST process. The material can be produced with strength at different levels 

and the FAST process is able to maintain the strength after heating and forming. Therefore, the 

aluminium sheet can be tailor manufactured into different TX tempered conditions according to 

the requirement on formability and existing paint bake cycles of the vehicle manufacturers. 

Through making the most of the paint bake cycles to regain the full strength of the formed 

components, the TX  temper can further reduce the cost of the FAST process for blank 

manufacturers and press shops. 

5.6 Summary 

In this chapter, the precipitation hardening behaviour of AA6082 was studied. 180℃ was the 

optimized artificial temperature and the peak hardness 117 Hv could be achieved in 9 hours. 

Higher artificial ageing temperature, such as 220℃, facilitated the precipitation hardening 

process to 20 minutes, while that was at the expense of a reduction in peak hardness by 10%. 

The artificial ageing at 180℃ and 220℃ after the solution heat treatment can suppress the 

influence of subsequent natural ageing due to the existence of the precipitation hardening 

phases.  

The mechanism of FAST was investigated through the heat treatment tests and the TEM scans 

of the FAST processed specimens. For the naturally aged AA6082-T4, the FAST process mainly 

dissolves the natural ageing cluster and generates the pre- 𝛽′′ phase, which facilities the 

precipitation hardening response of the material. For the artificial aged AA6082-T6, the FAST 

process cause several different reactions of microstructure simultaneously. When the forming 
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temperature is 300℃ , part of the pre-existing hardening phase 𝛽′′ remains and precipitate 

coarsening occurs. Due to the ultra-fast heating process, the coarsening is minimized. When the 

forming temperature is 450℃, the dissolution of the precipitates dominates the evolution of the 

microstructure. As the detrimental effects of the specimens exposed at inadaptable elevated 

temperatures are suppressed in the FAST process, the desired post-form strength can be 

achieved with only the paint bake cycles rather than solution heat treatment and post-form 

artificial ageing. The FAST process was further applied to the AA6082 in other pre-aged 

tempers. It was found that FAST could maintain the initial strength of the material throughout 

the process, and sufficient post-form strength can be achieve by paint bake cycles. Therefore, 

the aluminium sheet can be tailor manufactured instead of using the T4 and T6 tempers, making 

the most of the paint bake cycles and reducing the cost of the process. 

The ductility of AA6082 under the ultra-fast heating condition was studied and the effects of 

temperature, strain rate and material temper were assessed. Through heating the metal blank to 

the elevated temperature, FAST provides a much lower flow stress during stretching and a 

larger elongation to failure compared with the cold stamping condition. The failure strain is 

over 0.50 and 0.32 for the AA6082-T4 and T6 at 300℃ and as high as 0.85 for both materials 

at 450℃. 
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Chapter 6  

Forming trials of the FAST process: study of 

the formed components and the benchmark 

study on cycle time 

6.1 Introduction 

This chapter focuses on the forming trials of the FAST process using the dedicated pilot 

production line Uni-Form. It consists of the study of the formed components and a benchmark 

study on the manufacturing cycle time. The properties of the formed U-shape components, 

including springback, post-form strength and surface roughness, are presented. The effects of 

forming temperature, forming speed and material temper were analysed in order to characterise 

the FAST process in practical forming scenarios. A benchmark study of the manufacturing 

cycle time was conducted. In this study, the cycle times of FAST and four alternative sheet 

metal forming technologies for producing an identical demonstrator U-shape component were 

evaluated. The different stages of each forming technology were compared and the key factors 

influencing the cycle time were investigated.  

6.2 Study of the FAST formed U-shape components 

6.2.1 Springback analysis of formed components 

U-shape components are one of the representative parts in sheet metal forming and therefore a 

typical geometry used in sheet metal forming testing (Stanton et al., 2010; Stanton et al., 2009). 

In this study, the FAST forming trials of U-shape components were conducted using the 

dedicated pilot production line Uni-Form at a forming temperature from 300℃ to 450℃ and a 

forming speed from 100 mm/s to 380 mm/s, using the AA6082 in T4 and T6 tempers in order 

to identify the effects of forming temperature, forming speed and material temper on the 

springback behaviour of AA6082 under the FAST forming conditions.  
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The T4 tempered material formed at 300℃ with different forming speeds are displayed in 

Figure 6.1. Example components formed using T4 and T6 tempered material are presented in 

Appendix 3. 

 

 

Fig 6.1 Three formed U-shape components using AA6082-T4 at different forming 

conditions ① 300℃, 150 mm/s; ② 300℃, 380 mm/s; ③ 300℃, 250 mm/s  

① 

② 

③ 

Fig 6.2  The profile measurement of the formed component using CMM (a) LK G-90C CMM 

machine, (b) Space coordinates obtained using the CAMIO software 

 

 (a)  

 

 (b)  
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The profile of the formed components was measured using the LK G-90C Coordinate 

Measuring Machine (CMM), as shown in Figure 6.2 (a). Five different positions on the bottom 

surface, two sidewalls and two flanges respectively of the component outer surface were 

selected and measured. The space coordinates of these positions were obtained through the 

dedicated software CAMIO, as shown in Figure 6.2 (b). The outer surface of the formed 

components were replotted in Solidworks using the coordinates and the springback angles were 

measured. Both the front and back profiles of the component were examined and the average 

springback angles were calculated. 

According to the international standards on springback evaluation and previous studies on 

springback conducted by automakers (British Standard, 2017 (b); Bhattacharya et al., 2011 (a)), 

two angles were selected for describing the springback condition of the formed component, as 

shown in Figure 6.3. One is the flange springback 𝜃𝐴  and the other is sidewall springback 𝜃𝐵.  

   

Figure 6.4 shows the effect of forming temperature on springback at a forming speed of 100 

mm/s for T4 and T6 tempered alloys after the FAST process. It is clear that the both flange 

springback and the sidewall springback decrease with increasing the forming temperature from 

300℃ to 450℃ and flange springback is generally larger than the sidewall springback.  

For the components formed by AA6082-T4, the flange springback decreased by 48.4% from 

7.54° to 3.57° and the sidewall springback reduced by 54.4% from 3.73° to 1.70°. In addition, 

it can be seen that the springback of T6 tempered alloy is more sensitive to the increase of the 

forming temperature compared to T4. The flange springback witnessed a drop by 62.6% from 

Fig 6.3  Schematic drawing of the different springback angles studied for the formed 

component; 𝜃𝐴 the flange springback and 𝜃𝐵 the sidewall springback  
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10.41° to 3.89° and the sidewall springback experienced a reduction by 71.2% from 5.93° to 

1.71°.  

 

In general, springback refers to the elastic recovery of the nonuniform residual stress in the 

formed component once the forming load is removed (Altan and Tekkaya, 2012(a)). The flange 

springback is closely related to the sidewall springback and it can be regarded as the integration 

of the incremental springback angles of the specific sections of the sidewall. Therefore, the 

flange springback is generally larger than the sidewall springback. Similar results can be found 

in the U-shape study of AA6xxx-T61 (Bhattacharya et al., 2011 (b); Oliveira et al., 2007).  

When the forming temperature is increased, the decrease of the springback is mainly due to the 

material’s flow behaviour at elevated temperatures. As demonstrated in Section 5.4, the yield 

stress of AA6082-T4 and T6 decreases with increased forming temperature. The decreased 

yield stress as well as lower flow stress lead to less stored elastic energy at the same strain level. 

Therefore, the changes of the strain due to the elastic recovery is smaller when the applied 

forming load is released. Meanwhile, the lower yield stress leads to lower deformation 

resistance. In the sections of the component where the bending deformation occurs, the ratio of 

Temperature (℃) 

Fig 6.4  Effect of forming temperature on the springback for AA6082-T4 and T6 at a  forming 

speed of 100 mm/s 
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the plastic deformation is improved, which results in reduced springback angles. This can also 

be utilized to explain the effect of material temper on the springback of these two materials, 

since the AA6082 in T6 temper exhibits much greater yield stress compared to the T4 temper 

when the forming temperature is below 450℃. Through the springback analysis of aluminium 

alloys AA5082-O, AA6016-T4 and AA6111-T4, Deng et al. (2017) and Asnafi (2001) also 

found that the higher yield strength of the material leads to the increased springback.  

In addition, both the tensile and compressive stress states of the outer and inner surfaces of the 

metal blank especially at the two bending corners decrease during the draw-in process with 

increased forming temperature, which is due to the overall stress level of the material decreasing 

with increasing temperature. This leads to smaller residual bending moment within the formed 

component after stamping. Moreover, according to the numerical study of the U-shape 

springback using AA5754-O, a reverse bending effect due to the tangential stress distribution 

on the outer and inner surfaces of the formed part could be observed with the increased forming 

temperature from 25℃  to 250℃ , which keeps the sidewall straight and reduces the flange 

springback (Kim et al., 2008). Similar stress distribution which showed the reverse bending 

effect of the aluminium U-shape component formed at elevated temperatures of 250℃ can also 

be found in Wang et al. (2017). 

It is shown in Figure 6.4 that the difference between both types of springback angles of the 

AA6082-T6 and T4 becomes smaller when increasing the forming temperature from 300℃ to 

450℃. When the forming trials were conducted at 450℃, the springback angles became almost 

identical for both materials. This is consistent with the difference of the flow stress of these two 

materials at each forming temperature, as shown in Section 5.4. The difference of ultimate 

tensile stress (UTS) reaches the maximum of approximately 40 MPa between the AA6082-T6 

and T4 materials at 300℃, which corresponds to the maximum difference on springback of 

these two materials among all four forming temperatures. When the forming temperature was 

at 450℃ , the almost identical thermo-mechanical behaviours of AA6082-T4  and T6  were 

observed with the same springback for the formed components.  

In summary, the springback can be significantly reduced through increasing the forming 

temperature in the FAST process, due to the significant reduction of flow stress of the material 

and thus the residual bending moment within the formed component. 
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The effect of forming speed on the springback angles at a forming temperature of 300℃ for 

AA6082-T4 and T6 after the FAST process is presented in Figure 6.5. It is worth mentioning 

that the forming speed in this study is much faster compared with other studies on springback 

and more representative of industrial production scenarios (Laurent et al., 2011; Naka and 

Yoshida, 1999). Similar to the forming temperature, the forming speed makes a significant 

difference on the springback angle of the formed components. In the case of AA6082-T4, the 

flange springback decreased by 59.7%  from 7.54° at 100 mm/s to 3.04° at 380 mm/s, and a 

reduction of 63.3% from 3.73° to 1.37° for the sidewall springback. For the AA6082-T6, the 

springback angles also show a considerable fall from 10.41° to 7.21° (30.7%) and from 5.93° 

to 3.76° (36.6%) for the flange and sidewall springback respectively, when the forming speed 

was increased from 100 mm/s to 380 mm/s. 

  

Generally, the springback of the T6 tempered alloy is more severe than the T4 tempered alloy 

in all tested forming speeds at 300℃. This is due to the higher flow stress induced by the 

material temper at the same forming condition and thus the higher residual bending moment as 
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Fig 6.5 Effect of forming speed on the springback for AA6082-T4 and T6 at a forming 

temperature of 300℃ 
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discussed previously. According to the strain rate hardening effects, higher forming speed 

corresponds to larger strain rate during the deformation and leads to higher flow stress. In some 

studies on springback of AA5754, it was found that the increased forming speed leads to larger 

springback, which was the opposite of the results observed in this study (Choi and Huh, 2014; 

Kim et al., 2008). However, it needs to be clarified that such forming processes were conducted 

at isothermal conditions and within a relative low forming speed ranging from 1 mm/s to 20 

mm/s. In light of the stress strain curves obtained for AA6082-T4 at different strain rates and 

different temperatures as shown Section 5.4, it is clear that the strain rate hardening for AA6082 

is not pronounced at 300℃, which implies the strain rate hardening does not dominate the 

forming processes which are conducted at 300℃. The FAST forming trial is a typical non-

isothermal forming process, in which the blank is hot and the forming tools are cold. Hence, it 

can be deduced that the change on the flow stress driven by the temperature of the specimen 

have the decisive effect on the springback in the FAST process. The higher forming speed 

significantly reduces the duration of the forming stage, which results in a higher temperature as 

well as lower flow stress retained by the blank from contacting the punch until fully deformed 

within the forming tools. Hence it can be concluded that the increased forming speed would be 

beneficial to restrain the springback in the FAST process within the test forming speed range at 

a forming temperature of 300℃. 

6.2.2 Surface roughness of the formed components  

The visual appearance of the formed component is an important factor of the overall product 

quality to the end-users, especially for the outer panel components of vehicles (Bensalah et al., 

2014). Despite the anodizing, phosphating and painting processes to improve the surface finish 

of the formed components (European Aluminium Association, 2002 (b)), the surface roughness 

(Ra) of the panel components used for Class A surfaces, which are directly visible on a vehicle, 

should be within 0.6 μm to 1.2 μm (Chang, 2016).  

In this study, the outer surface of the formed components were measured using the Wyko 

NT9100 Optical Profiling System, as shown in Figure 6.6. The surface was divided into nine 

sections as shown in Figure 6.7. For each section, at least five measurements were taken to 

obtain the average surface roughness. Four formed components corresponding to four different 

forming conditions were measured, namely FAST at 300℃ using AA6082-T4 and AA6082-T6 
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and FAST at 450℃ using these two materials. The surface roughness of the as-delivered T6 

blank was also measured as the reference. In addition to the traditional surface roughness, such 

as Ra (British Standard, 2002), the research on three dimensions (3D) surface topography has 

been gradually conducted in recent years, which meets the need for giving a comprehensive 

description of 3D surfaces specifically for the precision machining and milling purposes (Cheng 

et al., 2017; British Standard, 2016 (a); British Standard, 2016 (b); Dong et al., 1994). As the 

dedicated measuring equipment is required (Stout and Blunt, 2000) and the evaluation the 

surface roughness in this study follows the requirements of automakers, the 3D surface 

roughness was not considered in this study. 

    

As is shown in Figure 6.8, the average surface roughness (Ra) for the as delivered AA6082-T6 

blank is 487.74 nm. The surface roughness of the forming tools is around 500 nm. When the 

FAST process was conducted at 300℃, the surface roughness of the T4 and T6 components 

were 510.32 nm and 499.13 nm. These values increased to 597.88 nm and 584.5 nm 

respectively when the forming temperature was raised to 450℃ . In general, the T6 temper 

material shows better surface finish compared with the T4 and the higher forming temperature 

results in the deterioration on the surface roughness of the formed components for both 

materials. According to the friction study of aluminium alloys at elevated temperatures 

(Holmberg and Matthews, 2009), it was found that the adhesion as well as the average 

coefficient of friction increased with increasing forming temperature from 25℃ to 450℃ (Hu 

Fig 6.7  Formed component with marked 

outer surface for measurement 

Fig 6.6 Wyko NT9100 Optical 

Profiling System  
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et al., 2017; Dohda et al., 2015). The surface of the blank becomes softer and more susceptible 

to the contact with the forming tools, which results in a rougher surface of the formed 

component.  

In this study, the surface roughness of the FAST formed components meets the requirement of 

the automotive industry within 600 nm, which demonstrates the capability of FAST to maintain 

a proper surface finish after heating and forming. In addition, the FAST process is able to reduce 

the forming temperature to the minimum level required to form the components, which further 

facilitates a better surface finish of the formed components.  

   

6.2.3 Post-form strength study of the formed components 

The formed U-shape components after in-die quenching were transferred to the incubation 

chamber of Uni-Form to apply the paint bake cycles, and the hardness was subsequently 

FAST, 300℃, 

100 mm/s 
FAST, 450℃, 

100 mm/s 

As delivered 

condition  

Fig 6.8   Surface roughness of the formed components top surface using AA6082-T4 and T6 

at different forming conditions  
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measured. Three positions on the inner surface of the formed components, namely the centre of 

the bottom surface, the centre of the sidewall and the edge of the bottom surface were selected 

to provide the representative overall post-form strength of the formed components.  

Figure 6.9 shows the hardness of the T4 tempered specimen formed at 450℃ and 100 mm/s 

after paint bake treatments. The hardness of the position 1, 2 and 3 are 107.7 Hv, 105.3 Hv and 

106.8 Hv respectively after P&B A and 111.3 Hv, 111.8 Hv and 112.3 Hv after P&B B. It can 

be found that the hardness of position 2 is slightly lower than the other two positions. This can 

possibly be due to the quenching rate of the sidewall being lower than the bottom surface and 

edge area which contacts with the dies firmly during the deformation. The diffusion controlled 

precipitation hardening is dependent on the quenching rate and higher quenching rate leads to 

better precipitation hardening response (Luan et al., 2016 (b); Milkereit et al., 2012). 

   

In general, the hardness of the formed components after paint bake cycles is consistent with the 

hardness of the samples in the FAST heat treatment tests at the same forming conditions, as 
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Fig 6.9  Post-form hardness of AA6082-T4 formed at 450℃ 100mm/s after P&B A and 
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presented in Section 5.3. The post-form strength of all formed components using AA6082-T4 

and T6 reaches the hardness as high as 105 Hv on different locations after P&B A and over 110 

Hv after P&B B, which is more than 95% of the as-delivered T6 material strength. The hardness 

of the formed components after paint bake cycles was utilized to calibrate and validate a unified 

post-form strength prediction model, which was proposed to model the precipitation hardening 

behaviour of 6xxx series aluminium alloys after deformation and subsequent artificial ageing. 

The details can be found in the co-authored studies (Zhang et al., 2019; Zhang et al., 2018 (a)). 

6.3 Benchmark study on cycle time of the FAST process and other forming 

technologies 

The sectors most commonly employing sheet metal forming are the civil aviation and the 

automotive industries, especially in the manufacture of inner and outer panels of vehicles. The 

component requirements have become increasingly demanding in terms of achieving greater 

mechanical properties at lower cost and shorter cycle time (Altan and Tekkaya, 2012 (a); Altan 

and Tekkaya, 2012 (b)). Such a requirement is expected given how the effectiveness of 

producing a body-in-white (BIW) significantly affects the business performance of automakers, 

particularly for high volume production. For example, for the full aluminium bodied Jaguar XJ 

model with a production volume of more than 30,000 vehicles per year, the mass of the BIW 

was around 295 kg, more than 259 kg of which was made by sheet metal stamping (Hirsch, 

2014). Every 10 second improvement in the cycle time would lead to a 3.47 days reduction in 

the total labour and machine time, with significant cost savings. 

Various factors of the stamping process influence the quality of the final component and the 

manufacturing efficiency (Karbasian and Tekkaya, 2010). Among these factors are the forming 

temperature, forming speed, quenching rate, and the required post-form treatments. Research 

has widely been conducted to correlate these factors to the quality of the formed components 

(Kiliclar et al., 2016; Fan et al., 2013; Abedrabbo et al., 2006). However, the analyses of these 

factors on the manufacturing cycle times is still limited. Only a few studies focusing on 

semiconductor manufacturing and high speed milling have been conducted in the past (Monreal 

and Rodriguez, 2003; Akcalt et al., 2001). In this study, an evaluation of the manufacturing 

cycle time for producing a U-shape component was conducted. Six sheet metal forming 

processes including the FAST at different forming temperatures, HFQ, W-Temper, traditional 

warm forming and cold stamping were employed and evaluated.  
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Fig 6.10  Temperature evolution and forming stages of FAST, W-Temper, HFQ, warm 

forming and cold stamping processes 
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All the forming processes were duplicated in the laboratory to produce an identical U-shape 

demonstrator component. The cycle time of the warm forming from literature (Harrison et al., 

2013 (b)) was used as the reference. The FAST process was conducted using the Uni-Form with 

two forming temperatures of 300℃ and 450℃. For the HFQ process, the aluminium sheet was 

first heated to the solution heat treatment temperature and soaked for 5 minutes in the chamber 

furnace, transferred to the die, and formed and quenched in a single operation. The formed piece 

was then held in the closed dies until fully quenched. Similar to the HFQ process, in the W-

Temper process the specimen was solution heat treated, but then transferred to a quenching tank 

before stamping at ambient temperature. The temperature profiles of these forming processes 

compared with the FAST process are shown in Figure 6.10 and the forming stage description 

of different forming processes is demonstrated in Table 6.1. 

Table 6.1 Description of forming stages of W-Temper, cold stamping,  

warm forming and HFQ processes 

Process  Period Stage Nomenclature 

W-Temper 

a-b 
Solution heat treatment 

(heating) 
𝑡ℎ 

b-c 
Solution heat treatment 

(soaking) 

c-d Blank transfer 

𝑡𝑓 d-e Water quenching 

e-f Stamping 

f-i Artificial ageing  𝑡𝑝 

Cold stamping o-e Stamping 𝑡𝑓 

Warm forming 

e-g Blank heating 𝑡ℎ 

g-h Blank transfer 
𝑡𝑓 

h-i Stamping 

HFQ 

e-j 
Solution heat treatment 

(heating) 
𝑡ℎ 

j-k 
Solution heat treatment 

(soaking) 

k-l Blank transfer 

𝑡𝑓 
l-m 

Stamping and in-die 

quenching 

m-n Artificial ageing 𝑡𝑝 
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Five forming trials were conducted for each forming process and the cycle time was recorded 

and averaged. It should be noted that a much more comprehensive table could be drawn taking 

into account all the stages involved in the different processes, such as blank destacking, die and 

punch lubrication and the formed component cleaning, some of which are identical across all 

sheet metal forming processes (Swift and Booker., 2013). However, the present research is 

limited to those stages that, according to various studies (Neugebauer et al., 2012; Karbasian 

and Tekkaya, 2010), are the most significant, and have the greatest effects on the cycle time. 

The stage times considered in this analysis were classified as the heating time 𝑡ℎ, forming time 

𝑡𝑓 and post processing time 𝑡𝑝. The heating time represents the time required to conduct the 

heat treatment, the forming time is the sum of the blank transfer, die closing, forming and in-

die quenching time, and the post processing time accounts for any post-form heat treatments.  

Table 6.2 presents the average manufacturing cycle time for different forming processes. For 

confidentiality, the specific heating rate and heating times for the FAST process are not shown 

in the table. 

Heating is the most substantial factor influencing the cycle time, with various cutting-edge 

equipment being developed for warm and hot stamping processes (Kolleck and Veit, 2011). As 

the most time consuming procedure in the forming processes at elevated temperatures, any 

reduction in heating time will significantly reduce the overall manufacturing cycle time. 

Chamber furnaces of different geometries, as shown in Section 4.3.1 and  4.4.1, were used to 

study the cycle time of W-Temper, warm forming and HFQ processes. The average heating rate 

measured was around 1℃/s, which is consistent with statistical results obtained from the current 

automakers using chamber furnace or tunnel furnaces. For example, the warm forming process 

for aluminium sheet used by Ford takes approximately 180 seconds to heat the specimen to 

200℃ (Harrison et al., 2013 (a)). Through utilizing contact heating with platen heaters in the 

FAST process, the average heating rate can be improved significantly from 1℃/s to nearly 

200℃/s, reducing the heating time from more than 500 seconds to less than 2.5 seconds. This 

suggests that the heating process is an area where substantial improvements can be made in 

terms of increasing the production efficiency. Moreover, the solution heat treatment is not 

compulsory in the FAST process and soaking of the metal blank for 300 seconds is no longer 

needed, which reduces the target heating temperature and the required heating time.2013).



 

 

 

 

 

 

Table 6.2  Cycle time and specifications of the six forming processes for producing the U-shape components 

 

 

 

 

No. Forming Tech Material 

Forming  

Temp  

(°C) 

Forming 

Speed 

 (mm/s) 

Ave 

heating  

rate 

(°C/s) 

  Cycle time 

  Heating 

time (s)                

  Forming     

Time (s)    

  Post Proc. 

Time (s) 

Total time  

(s) 

      

1 FAST AA6082-T6 300 250 ~200   < 2   5.7   None <7.5 

2 FAST AA6082-T4 450 250 ~200   < 2.5   6.2   None <8.5 

3 W-Temper AA6082-T6 25 250 ~1   525+300   16.5    𝑡𝑎𝑔𝑖𝑒𝑛𝑔 841.5+𝑡𝑎𝑔𝑖𝑒𝑛𝑔 

4 Cold stamping  AA6082-T4 25 250 NA   NA   4.4   None 4.4 

5 Warm forming AA6082-T6 200 N/A ~1   180   15   None 195 

6 HFQ AA6082-T6 535 250 ~1   525+300   14.4    𝑡𝑎𝑔𝑖𝑒𝑛𝑔 839.4+𝑡𝑎𝑔𝑒𝑖𝑛𝑔 

- 1
3
0
 - 
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As reported by Karbasian and Kolleck (Karbasian and Tekkaya, 2010; Kolleck and Veit, 2011), 

the cycle time of hot stamping processes mainly lies on the furnace residence time and the die 

closing time. In industrial production using warm forming, the time from the moment the blank 

exits the furnace to the end of the forming operation is approximately 15 seconds (Harrison et 

al., 2013 (b)). The forming time of FAST was 5.7 seconds and 6.2 seconds for forming 

temperature of 300℃ and 450℃ respectively. As the formed components were only held and 

quenched to the paint bake temperature 180℃, it took 0.5 seconds longer under the forming 

condition at 450℃. The HFQ process requires more time to fully quench the aluminium blank 

in the closed dies, which leads to a higher forming time compared with FAST. In the W-Temper 

process, the forming is conducted at room temperature without subsequent holding, although 

the metal blank needs to be transferred twice, namely from the furnace to the quenching tank 

and to the press, resulting in a total forming time of 16.5 seconds. The duration of the forming 

time is highly dependent on the forming process specifications and times of transfer between 

different forming stages. The FAST process is able to achieve a forming time of only 1.8 

seconds longer than cold stamping. The forming times for the other forming processes in which 

a conventional chamber furnace and solution heat treatment are involved are almost the same, 

ranging from 14.4 s (HFQ) to 16.5 s (W-Temper process).  

The distinct feature of FAST is that the microstructure and strength of the metal blank are 

maintained at elevated temperatures, compared with the HFQ and W-Temper processes where 

the precipitates are extensively dissolved prior to stamping in order to improve the formability. 

The subsequent artificial ageing process usually takes as long as 8 hours (Cox, 2019) to improve 

the post-form strength, while the FAST and cold stamping processes do not require additional 

post-form artificial ageing processes. The formed components can be directly used in welding 

assembly and paint bake cycles. Hence, a separate furnace for post-form artificial ageing is not 

required in OEMs, which could lead to tremendous reduction in cycle time and manufacturing 

costs. 

A shorter cycle time results in higher productivity, efficiency and lower energy consumption. 

Tier 1 suppliers and OEMs exercise strict control over the cycle time and make continuous 

efforts to reduce it to remain competitive. In this study, it was found that improvement on the 

heating process has the most significant effect on cycle time reduction. The elimination of an 

additional post-form ageing process also reduces the cycle time of the FAST process. Since the 
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ultra-fast heating rate can be achieved through the proprietary conductive platen heaters and the 

solution heat treatment as well as the post-form artificial ageing is not required, FAST can 

maintain the cycle time within 8.5 seconds, which is only 4.31% of the time of the warm 

forming process that is currently utilized in the automotive industry. 

6.4 Summary 

In this chapter, the forming trials of the FAST process using the dedicated pilot production line 

Uni-Form are presented. Through forming a representative geometry U-shape component from 

the AA6082 in T4 and T6 tempers, it is found that the springback can be significantly reduced 

by increasing the forming temperature from 300℃ to 450℃ and increasing forming speed from 

100 m/s to 380 m/s. When the forming temperature is 450℃, the flange and sidewall springback 

can be reduced to approximately 3.7° and 1.7° respectively for both materials. This is mainly 

due to the flow stress especially the yield stress that reduces with increased forming temperature, 

which leads to a smaller residual bending moment in the formed components. The surface 

roughness of the FAST formed components from AA6082-T4 and T6 at different forming 

temperatures is generally lower than 600 nm, which meets the requirement of the vehicle body-

in-white in the automotive industry. In addition, the post-form strength of all FAST formed 

components shows that a hardness as high as 110 Hv, which is more than 95% of the as-

delivered T6 tempered material can be achieved after the application of paint bake cycles. 

Furthermore, the benchmark study of the manufacturing cycle time reveals that the heating 

method strongly determines the overall manufacturing cycle time of the sheet metal forming 

processes at elevated temperatures. Through the ultra-fast heating and the precision processing 

parameters control, the FAST process can be performed in less than 8.5 seconds, which is only 

4.31% of the time of the warm forming process currently utilized in the automotive industry.  

 

 

 

 

 



 

- 133 - 

 

Chapter 7  

Conclusions and suggestions for future work 

7.1 Conclusions 

This study presents the development of an innovative sheet metal forming technology Fast light 

Alloy Stamping Technology (FAST) utilizing the heat treatable aluminium alloy AA6082 in 

different tempers. Different aspects of this new forming technology, including the introduction 

of the concept, the influence of forming temperature and material temper, and the thermo-

mechanical behaviour of the alloy were investigated and compared to traditional forming 

technologies. The effect of ultra-fast heating rate and slow heating rate on the material 

properties during the heating, forming and post-form heat treatment processes are thoroughly 

studied. A pilot production line Uni-Form dedicated to the FAST process which realized the 

ultra-fast heating and precision processing parameters control was designed and fabricated as 

part of this study. Laboratory scale forming trials using FAST were conducted on Uni-Form, 

and the properties of the formed components were analysed. The key findings of this study are 

summarized as follows: 

7.1.1 Fast light Alloy Stamping Technology (FAST) and the mechanism of ultra-

fast heating on the AA6082-T4 and T6 during the FAST process 

A novel sheet metal forming technology, Fast light Alloy Stamping Technology (FAST) was 

proposed, verified and extensively investigated in this study. In this process, the material is 

directly heated to the specific temperature at which the formability of the blank is sufficient to 

form the component with an ultra-fast heating rate over 100℃/s in order to minimize the 

detrimental microstructure evolutions during the heating and stamping stages and achieve the 

desired post-form strength with only paint bake cycles instead of post-form artificial ageing 

process.  

Heat treatment tests following the FAST process were conducted on the naturally aged T4 and 

artificially aged T6 tempers AA6082 at the target forming temperatures between 300℃ and 
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450℃. The paint bake cycles of two vehicle manufacturers were applied on the samples after 

the FAST process to evaluate the material properties following the industry accepted treatment 

processes. The experimental results have revealed that the post-form strength of the formed and 

paint baked component is generally more than 90% (105 Hv) and in some cases over 95% (110 

Hv) of the as-delivered T6 temper (116±2 Hv) blank without other post-form heat treatments.  

For the T4 tempered material, the FAST process mainly dissolves the natural ageing clusters 

and generates the pre- 𝛽′′ phase during the ultra-fast heating, facilitating the precipitation 

hardening response of the material. For the T6 tempered material, the microstructure evolutions 

involve several distinct reactions such as the phase formation, dissolution and alteration of 

number density simultaneously. The initial microstructure of the material contains plenty of 

metastable hardening phase 𝛽′′ and the target temperature of the FAST process is between the 

normal ageing temperature and the solution heat treatment temperature. When the forming 

temperature is close to 300℃, a portion of the pre-existing hardening phase 𝛽′′ remains and a 

portion of the precipitates coarsen. The ultra-fast heating rate significantly shortens the heating 

time and minimizes the coarsening. When the forming temperature is increased to 450℃, the 

dissolution of the precipitates dominates the evolution of the microstructure. As the exposure 

of the material to elevated temperatures is minimised, full strength of the material can be 

regained through the paint bake cycles due to the minimal formation of the stable 𝛽 phase in 

the microstructure. In addition, the TEM scans of samples for specimens after the FAST process 

prove that the majority of  β'' phase, the dominant hardening phase of Al-Mg-Si alloys, seldom 

coarsen after heating and forming, and distribute extensively within the microstructure after the 

paint bake cycles. 

Uniaxial tensile tests under the ultra-fast heating condition have been performed for both 

materials in this study. Through heating the metal blank to an elevated temperature, FAST 

provides a much lower flow stress during deformation and a larger elongation to failure 

compared with traditional cold stamping. When FAST is conducted at 300℃, the true fracture 

strain is over 0.50 and 0.32 for the AA6082-T4 and T6 with the ultimate tensile strength of 

133.1 MPa and 180.4 MPa respectively. When the FAST is conducted at 450℃, the true fracture 

strain is increased to 0.85 for both materials and the ultimate tensile strength is 48 MPa. 
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7.1.2 The effects of slow heating rate in the forming technologies for the heat 

treatable aluminium alloys 

While the FAST process implements ultra-fast heating, the existing warm and hot stamping 

processes generally employ furnace heating or heated forming tools where a much lower 

average heating rate of approximately 1℃/s is applied. According to the heat treatment tests, 

it has been found that either AA6082-T4 or AA6082-T6 samples once heated under a low 

heating rate of approximately 1℃/𝑠  to temperatures between 300℃ and 450℃, a post-form 

strength greater than 90 Hv is difficult to achieve through subsequent paint bake cycles or 

artificial ageing treatment. Instead, only 58.1% to 76.9% of the material full strength can be 

recovered for the AA6082-T4 and T6 under such forming conditions.  

The reason for such degradation in strength is due to the low heating rate that leads to a 

prolonged heating time and exposes the heat treatable aluminium alloys to unfavorable elevated 

temperatures such as 300℃  to 450℃  for an excessive duration (more than 300 seconds). 

Precipitate coarsening becomes severe and the over-sized precipitates could not be dissolved 

within this temperature range, which extensively consumes the solute atoms in the aluminium 

matrix and is detrimental to the precipitation hardening of the material during the post-form 

heat treatment. This demonstrates the advantages of ultra-fast heating rate of FAST and the 

reason why warm forming of aluminium alloys is generally performed at forming temperatures 

below 250℃ and the solution heat treatment is compulsory in some hot stamping processes for 

aluminium alloys. Since the heating rate is determined by the applied heating method, the 

heating schemes which are capable of ultra-fast heating rates such as contact heating and 

resistance heating are more beneficial to the post-form strength of the heat treatable aluminium 

alloys formed at elevated temperatures. 

7.1.3 Dedicated pilot production line: Uni-Form 

Based on the successfully validated FAST process, a dedicated pilot production line Uni-Form 

has been designed and fabricated to perform the forming experiments. In the design of this test 

facility, several schemes were considered and evaluated especially for realizing the ultra-fast 

heating and automated operation. Contact heating and belt conveyor were selected in light of 

the heating efficiency and ease of implementation on the pilot production line.  
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Uni-From is comprised of four main subsystems, including a pair of proprietary conductive 

platen heaters, a precisely adjustable belt conveyor for transferring the specimen, 

interchangeable forming tools and an incubation chamber capable of various pre- and post-form 

heat treatments. The system is mounted on a hydraulic press with a gas spring cushion system 

positioned on the machine bed, which provides an adjustable stamping force. This test facility 

has the capability of providing an ultra-fast heating rate of up to around 200℃/s and a forming 

temperature up to 650℃. The temperature uniformity of the heating system varies by only 5% 

between the centre and the edge of the platen heater. The time control accuracy is as high as 

0.1 seconds and the positioning error is within 1 mm. The Uni-Form is controlled by a 

microchip PIC4331. The forming parameters including the forming temperature, forming speed, 

transfer time and post-form heat treatments are programmed in advance and the forming trials 

can be conducted in a fully automated manner. As a ready-to-deploy pilot production line that 

has been verified through daily laboratory usage, this invention has enormous potential and could 

be scaled up directly to a real production line for conducting sheet material forming processes. 

7.1.4 FAST forming trials and the formed components  

The forming trials of the FAST process were conducted using the dedicated pilot production 

line to study the effects of material temper, forming temperature and forming speed on the 

properties of formed components. A U-shape component was selected as the demonstrator 

geometry to be formed.  

It is found that the springback can be significantly reduced by increasing the forming 

temperature from 300℃ to 450℃ and forming speed from 100 mm/s to 380 mm/s in the FAST 

process. When the forming temperature is 450℃, the flange and sidewall springback can be 

reduced to approximately 3.7° and 1.7° respectively for both AA6082-T4 and T6. This is mainly 

due to the reduction in yield stress and flow stress, and a lower residual bending moment in the 

formed components with increased forming temperature. The surface roughness of the formed 

components from both materials at different forming temperatures of 300℃  and 450℃  is 

generally within 600 nm, which meets the requirement of the vehicle body-in-white in the 

automotive industry. In addition, an overall post-form strength as high as 110 Hv, which is 

more than 95% of the as-delivered T6 temper blank can be achieved after the application of 

paint bake cycles.  
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Furthermore, a benchmark study on the manufacturing cycle time has been conducted to 

produce the identical U-shape component using five sheet metal forming processes including 

FAST, W-Temper, cold stamping, warm forming and HFQ. It is found that FAST is able to 

maintain the manufacturing cycle time within 8.5 seconds from original blank to the formed 

component, which is only 4.31% of the time of the warm forming process currently utilized by 

automakers.  

 7.2 Suggestions for future work 

7.2.1 Integration of cryogenic treatment into FAST  

Different from forming an aluminium blank at elevated temperatures in the warm and hot 

stamping processes, cryogenic forming or cryogenic treatment is another approach to improve 

the formability of aluminium alloys. The metal blank is chilled to cryogenic temperatures at      

-180℃ by soaking in liquid nitrogen and subsequently stamping. It has been found that the 

dislocation density experiences a significant increase due to the suppressed recovery at 

cryogenic temperatures, which result in larger elongation to failure in uniaxial tensile test and 

higher strain to failure in formability tests (Lee and Lin, 2016; Park et al., 2011). In addition, 

the influence of the Portevin-Le Chatelier (PLC) effect is avoided through the cryogenic 

treatment. Both uniform elongation and fracture elongation can be improved (Schneider et al., 

2013; Vanhove et al., 2011). 

Since FAST is able to retain the material initial microstructure and promote the ductility of the 

material at elevated temperatures and the cryogenic treatment is capable of optimising the 

material’s microstructure leading to better ductility, a further improvement on ductility and 

formability of the heat treatable aluminium alloys is expected. Moreover, considering the 

incubation chamber of the Uni-Form can be converted into a freezer through connecting with a 

liquid nitrogen tank, the tests could be conducted in a fully automated way. 

7.2.2 Further investigation of the heat treatable aluminium alloys in 𝐓𝐗 temper 

applied in the FAST process 

Traditional material tempers used in the sheet metal forming processes include naturally aged 

T4 temper and artificially aged T6 temper. The newly proposed TX temper is a flexible material 

temper, which is produced through pre-artificial ageing of the material to different levels. 
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Alloys with various initial strength can be obtained. Since FAST is able to conserve the initial 

material microstructure and maintain its strength after the heating and forming, the difference 

of the initial strength results in different levels of formability and requirements on the post-form 

heat treatment/paint bake cycles to regain the full strength. In other words, the aluminium sheet 

can be tailor produced according to complexity of the designated component and the existing 

paint bake cycles of different vehicle manufacturers. The full strength could be regained by 

making the most of the existing paint bake cycles, saving time and cost for both material 

manufacturers and press shops.  

The TX temper provides extra flexibility on forming parameter selection in addition to the 

forming temperature in the FAST process. However, the temper effects would gradually be 

diminished with the increased forming temperature from 300℃ to 450℃. The cumulative effect 

of the forming temperature and the material temper on the material formability and paint bake 

response can be further explored in future studies. The temper effect can also be incorporated 

into the material flow behaviour modelling in addition to the effects of forming temperature 

and strain rate.  

7.2.3 Standardization of the formability test for the heat treatable aluminium 

alloys at elevated forming temperature 

According to this study, it has been found that the heating process i.e. the heating rate and the 

heating time, make a great difference on the material strength of heat treatable aluminium alloys. 

The microstructure of the material undergoes obvious alterations at elevated temperatures 

within the range of 300℃ and 450℃ even for a few seconds. This results in significant changes 

to the ductility and formability of the material at elevated forming temperatures. However, the 

current formability studies for the heat treatable aluminium alloys mainly concentrate on the 

influence of forming temperature and forming speed. The effects of heating rate and heating 

time are sometimes not considered, which leads to inaccurate formability data. Hence, there is 

an urgent need to standardize the formability tests for the heat treatable aluminium alloys at 

elevated forming temperatures. The heating rate, heating time and material temper should be 

clearly defined for these standards. For the FAST process, the forming tools of the Uni-Form 

can be re-designed and the formability of AA6082-T4, AA6082-T6 and AA6082-TX under 

ultra-fast heating conditions could be obtained. 
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7.2.4 Life cycle assessment (LCA) of the FAST process  

Life cycle assessment (LCA) is a methodology which has come to the fore in recent years and 

is widely applied to systematically evaluate the impact of a process or a product to the 

environment (Raugei et al., 2015). In general, it takes all stages of a process or product's full 

life from raw material to final disposal into consideration, and presents values in terms of 

cumulative prime energy demand (in MJ), Global warming potential (in kg, 𝐶𝑂2 ), and 

acidification potential (in kg, 𝑆𝑂2) through the specific assessment processes. Similar to the 

cycle time, LCA is another key indicator of a process or product to support the business strategy 

or product declarations. Therefore, an LCA should be conducted for the FAST process. It can 

be expected that the FAST leads to energy savings and a more environmentally friendly process 

and provides a net positive contribution to the reduction of the car industry’s environmental 

impact. 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 140 - 

 

References 

ABDULWAHAB, M., MADUGU, I. A., YARO, S. A., HASSAN, S. B. & POPOOLA, A. P. 

I., 2011, Effects of multiple-step thermal ageing treatment on the hardness characteristics 

of A356.0-type Al–Si–Mg alloy, Materials & Design, 32, 1159-1166 

ABEDRABBO, N., POURBOGHRAT, F. & CARSLEY, J., 2006, Forming of aluminium 

alloys at elevated temperatures – Part 1: Material characterization, International Journal 

of Plasticity, 22, 314-341 

ABOUARKOUB, A., THOMPSON, G. E., ZHOU, X., HASHIMOTO, T. & SCAMANS, G., 

2015, The Influence of Prolonged Natural Aging on the Subsequent Artificial Aging 

Response of the AA6111 Automotive Alloy, Metallurgical and Materials Transactions A, 

46 (9), 4380-4393 

AKCALT, E., NEMOTO, K. & UZSOY, R., 2001, Cycle-time improvements for 

photolithography process in semiconductor manufacturing, IEEE Transactions on 

Semiconductor Manufacturing, 14 (1), 48-56. 

ALERIS ALUMINUM DUFFEL BVBA, 2013, Production of formed automotive structural 

parts from AA7xxx-series aluminium alloys, EU Patent no. EP 2 581 218 A1 

ALTAN, T. and JU, L., 2015, R&D Update: Forming aluminum alloys at elevated temperatures, 

Part 1, Stamping Journal, 5/6, 16-17 

ALTAN, T. and TEKKAYA, A. E., 2012 (a), Sheet Metal Forming: Fundamentals, ASM 

International, ISBN: 978-1-61503-842-8 

ALTAN, T. and TEKKAYA, A. E., 2012 (b), Sheet Metal Forming: Processes and Application, 

ASM International, ISBN: 978-1-61503-844-2 

AMAG ROLLING GMBH, 2013, Inspection Certificate according to EN 10204-3.1, Ref 

0420164198, Austria 

AMERICAN SOCIETY FOR TESTING MATERIALS (ASTM), 1936, Symposium on high-

strength constructional metals, ASTM Philadelphia, No. 46456  

AMJAD, S., NEELAKRISHNAN, S. & RUDRAMOORTHY, R., 2010, Review of design 

considerations and technological challenges for successful development and deployment 

of plug-in hybrid electric vehicles, Renewable and Sustainable Energy Reviews, 14, 

1104-1110 



 

- 141 - 

 

ASNAFI, N., 2001, On springback of double-curved autobody panels, International Journal of 

Mechanical Sciences, 43 (1), 5-37 

ASTM INTERNATIONAL, 2016, E8/E8M-16a Standard Test Methods for Tension Testing of 

Metallic Materials, West Conshohocken, PA; ASTM International, doi: 

https://doi.org/10.1520/E0008_E0008M-16A 

ASTM INTERNATIONAL, 2012, E2492-07(2012) Standard Test Method for Evaluating 

Springback of Sheet Metal Using the Demeri Split Ring Test, West Conshohocken, PA; 

ASTM International, doi: https://doi.org/ 10.1520/E2492-07R12 

BACH, R., 2019, ALUMINIUM IN TRANSPORT [EB/OL], [cited 04/03/2019], Available 

from : https://www.aluminiumleader.com/application/transport/ 

BANHART, J., LIU, M., YONG, Y., LIANG, Z., CHANG, C. S. T., ELSAYED, M. & LAY, 

M. D. H., 2012, Study of ageing in Al–Mg–Si alloys by positron annihilation 

spectroscopy, Physica B: Condensed Matter, 407, 2689-2696 

BARNES, A. J., 2007, Superplastic Forming 40 Years and Still Growing, Journal of Materials 

Engineering and Performance, 16, 440-454 

BASSAN, D, 2019, Centro Ricerche Fiat (CRF), Private talk in 30-Month Project Meeting of 

LoCoMaTech (H2020:NMBP-08-2016), Coventry, UK, 05/02/2019 

BENEDYK, J. C., 2010, Chapter 3: Aluminium alloys for lightweight automotive structures, 

Materials, design and manufacturing for light weight vehicles, Woodhead Publishing 

Limited, ISBN: 978-1-84569-463-0 

BENSALAH, W., LOUKIL, N., WERY, M. D. & AYEDI, H. F., 2014, Assessment of 

Automotive Coatings Used on Different Metallic Substrates, International Journal of 

Corrosion, 838054, 1-12 

BERNART, G., 2011, Chapter 3: Processes and equipmenty for superplastic forming of metals, 

Superplastic Forming of Advanced Metallic Materials Methods and applications, 

Woodhead Publishing, ISBN: 978-1-84569-753-2 

BHATTACHARYA, R., STANTON, M., DARGUE, I. & WILLIAMS, G., 2011 (a), Premium 

Vehicle Lightweight Technologies (PVLT) Advanced Material Forming, Presentation in 

Lightweight Technology Showcase, The University of Warwick 

BHATTACHARYA, R., STANTON, M., DARGUE, I., AYLMORE, R. & WILLIAMS, G., 

2011 (b), Experimental Evaluation of Springback in Aluminium Alloys Using Optical 

Measurement and Numerical Analysis, AIP Conference Proceedings, 1353, 241-246 



 

- 142 - 

 

BIROL, Y., 2006, Restoration of the bake hardening response in a naturally aged twin-roll cast 

AlMgSi automotive sheet, Scripta Materialia, 54, 2003-2008 

BIROL, Y. and KARLIK, M., 2006, The interaction of natural ageing with straining in a twin-

roll cast AlMgSi automotive sheet, Scripta Materialia, 55, 625-628 

BIROL, Y., 2005 (a), Pre-aging to improve bake hardening in a twin-roll cast Al–Mg–Si alloy, 

Materials Science and Engineering A, 391, 175-180 

BIROL, Y., 2005 (b), Effect of natural ageing on the performance of pre-ageing to improve 

bake-hardening response of a twin-roll cast Al–Mg–Si alloy, Zeitschrift für Metallkunde, 

96, 380-384  

BIROL, Y., 2005 (c), Pre-straining to improve the bake hardening response of a twin-roll cast 

Al–Mg–Si alloy, Scripta Materialia, 52, 169-173 

BLACK, S., 2013, Jaguar Land Rover, Forming Lightweight Materials for High Volume 

Production: Aluminium Focus, Presentation in Global Automotive Lightweight Materials 

conference, Detroit, USA, 25/04/2013  

BRITISH STANDARD, 2017 (a), BS EN 515:2017 Aluminium and aluminium alloys - 

Wrought products - Temper designations, The British Standards Institution   

BRITISH STANDARD, 2017 (b), BS ISO 24213:2017 Metallic materials - Sheet and strip - 

Method for springback evaluation in stretch bending, The British Standards Institution   

BRITISH STANDARD, 2016 (a), BS EN ISO 25178-1:2016 Geometrical product 

specifications (GPS) - Surface texture: Areal - Part 1: Indication of surface texture, The 

British Standards Institution   

BRITISH STANDARD, 2016 (b), BS EN ISO 25178-2:2016 Geometrical product 

specifications (GPS) - Surface texture. Areal – Part 2: Terms, definitions and surface 

texture parameters, The British Standards Institution   

BRITISH STANDARD, 2012, BS ISO 230-1:2012 Test code for machine tools - Part 1: 

Geometric accuracy of machines operating under no-load or quasi-static conditions, The 

British Standards Institution   

BRITISH STANDARD, 2007, BS ISO 230-3:2007 Test code for machine tools - Part 3: 

Determination of thermal effects, The British Standards Institution  

BRITISH STANDARD, 2002, BS EN ISO 1302:2002 Geometrical product specifications 

(GPS) - Indication of surface texture in technical product documentation, The British 

Standards Institution   



 

- 143 - 

 

BUTLER JR, J. F., 2015, Breakthrough Technology for Next Generation Auto Sheet, 

Presentation in 30th Metal Bulletin International Aluminium Conference, Vancouver, 

Canada, 03/09/2015 

CAO, L., ROMETSCH, P. A. & COUPER, M. J., 2013, Clustering behaviour in an Al-Mg-Si-

Cu alloy during natural ageing and subsequent under-ageing, Materials Science and 

Engineering A, 559: 257-261 

CAVALIERE, P., 2002, Hot and Warm forming of 2618 aluminium alloys, Journal of Light 

Metals, 2, 247-252 

CAYRON, C. and BUFFAT, P. A., 2000, Transmission electron microscopy study of the 𝛽′ 

phase (Al-Mg-Si alloys) and QC phase (Al-Cu-Mg-Si alloys): ordering mechanism and 

crystallographic structure, Acta Materialia, 48 (10), 2639-2653 

CHANG, J., 2016, Analysis of the influence of electrophoretic roughness on waterborne 

compact process, Modern Paint & Finish, 9, 52-55 

CHENG, K., NIU, Z., WANG, R., RAKOWSKI, R. & BATEMAN, R., 2017, Smart Cutting 

Tools and Smart Machining: Development Approaches, and Their Implementation and 

Application Perspectives, Chinese Journal of Mechanical Engineering, 30 (5), 1162-

1176. 

CHENTOUF, S. M., BELHADJ, T., BOMBARDIER, N., BRODUSCH, N., GAUVIN, R. & 

JAHAZI, M., 2017, Influence of predeformation on microstructure evolution of 

superplastically formed Al 5083 alloy, The International Journal of Advanced 

Manufacturing Technology, 88 (9), 2929-2937 

CHOI, M. K. and HUH, H., 2014, Effect of Punch Speed on Amount of Springback in U-

bending Process of Auto-body Steel Sheets, Procedia Engineering, 81, 963-968 

COX, D., 2019, Impression Technologies Ltd, Private talk in 30-Month Project Meeting of 

LoCoMaTech (H2020:NMBP-08-2016), Coventry, 05/02/2019 

CUNIBERTI, A., TOLLEY, A., CASTRO RIGLOS, M. V. & GIOVACHINIA, R., 2010, 

Influence of natural aging on the precipitation hardening of an AlMgSi alloy, Materials 

Science and Engineering A, 527, 5307-5311 

DEGARMO, E., BLACK, J. & KOHSER, R., 2003, Materials and Processes in Manufacturing 

(9th ed.), Wiley, ISBN: 0-471-65653-4 



 

- 144 - 

 

DENG, L., WANG, X., JIN, J. & XIA, L., 2017, Springback and hardness of aluminum alloy 

sheet part manufactured by warm forming process using non-isothermal dies, Procedia 

Engineering, 207, 2388-2393 

DJUKANOVIC, G., 2019, Aluminium Alloys in the Automotive Industry: a Handy Guide, 

[EB/OL], [cited 2019/03/05], Available from: https://aluminiuminsider.com/aluminium-

alloys-automotive-industry-handy-guide/ 

DOHDA, K., BOHER, C., REZAI-ARIA, F. & MAHAYOTSANUN, N., 2015, Tribology in 

metal forming at elevated temperatures, Friction, 3(1), 1-27 

DONG, W. P., SULLIVAN, P. J. & STOUT, K. J., 1994, Comprehensive study of parameters 

for characterising three-dimensional surface topography: III: Parameters for 

characterising amplitude and some functional properties, Wear, 178(1), 29-43. 

DU, Q., TANG, K., MARIOARA, C. D., ANDERSEN, S. J., HOLMEDAL, B. & 

HOLMESTAD, R., 2017, Modeling over-ageing in Al-Mg-Si alloys by a multi-phase 

CALPHAD-coupled Kampmann-Wagner Numerical model, Acta Materialia, 122, 178-

186 

DUCKER WORLDWIDE, 2017, Aluminium content in North American Light Vehicles 2016 

to 2028, Summary Report, Ducker Worldwide LLC 

DUCKER WORLDWIDE, 2016, Aluminum Content in Cars - Summary Report (Public 

version) for European Aluminium, Ducker Worldwide LLC 

DUCKER WORLDWIDE, 2012, EAA Aluminium penetration in cars Final Report (Public 

version), Ducker Worldwide LLC 

DYNAMIC SYSTEM INC, 2008, Gleeble system and application, 2008, Gleeble User Training 

Guide Book 

EL-FAKIR, O., 2015, Studies on the solution heat treatment, forming and in-die quenching 

process in the production of lightweight alloy components, PhD thesis, Imperial College 

London, London, UK 

EL-FAKIR, O., WANG, L., BALINT, D., DEAR, J. P., LIN, J. & DEAN, T.A., 2014, 

Numerical study of the solution heat treatment, forming, and in-die quenching (HFQ) 

process on AA5754, International Journal of Machine Tools and Manufacture, 87, 39-48 

ENGLER, O. , SCHÄFER, C. & MYHR, O. R., 2015, Effect of natural ageing and pre-straining 

on strength and anisotropy in aluminium alloy AA 6016, Materials Science and 

Engineering A, 639, 65-74 



 

- 145 - 

 

ENGLER, O. and HIRSCH, J., 2002, Texture control by thermomechanical processing of 

AA6xxx Al–Mg–Si sheet alloys for automotive applications—a review, Materials 

Science and Engineering A, 336, 249-262 

ERNST, F., 2004, Precipitation hardening of Al–Si–Mg alloys, Materials Laboratory III, 

EMSE-290, 1-29 

ESMAEILI, S and LLOYD, D. J., 2005, Modeling of precipitation hardening in pre-aged 

AlMgSi(Cu) alloys, Acta Materialia, 53, 5257-5271 

ESMAEILI, S., LLOYD, D. J. & POOLE, W. J., 2003 (a), A yield strength model for the Al-

Mg-Si-Cu alloy AA6111, Acta Materialia, 51, 2243-2257 

ESMAEILI, S., LLOYD, D. J. & POOLE, W. J., 2003 (b), Modeling of precipitation hardening 

for the naturally aged Al-Mg-Si-Cu alloy AA6111, Acta Materialia, 51, 3467-3481 

ESMAEILI, S., WANG, X., LLOYD, D. J. & POOLE, W. J., 2003 (c), On the precipitation-

hardening behavior of the Al-Mg-Si-Cu alloy AA6111, Metallurgical and Materials 

Transactions A, 34, 751-763 

EUROPEAN ALUMINIUM ASSOCIATION, 2013, The Aluminium Automotive Manual 

Applications-Car Body-Body structure [EB/OL], [cited 04/03/2019], Available from: 

https://www.european-aluminium.eu/media/1543/1_aam_body-structures.pdf 

EUROPEAN ALUMINIUM ASSOCIATION, 2002 (a), The Aluminium Automotive Manual 

Products - Rolled products, [cited 04/03/2019], Available from: https://www.european-

aluminium.eu/media/1538/aam-products-1-rolled-products.pdf 

EUROPEAN ALUMINIUM ASSOCIATION, 2002 (b), The Aluminium Automotive Manual 

Manufacturing-Surface finishing, [cited 04/03/2019], Available from: https://www.europ 

          ean-aluminium.eu/media/1529/aam-manufacturing-4-surface-finishing.pdf 

EUROPEAN COMMISSION, 2017, Proposal for a Regulation of the EP and of the Council 

COM/2017/676 setting emission performance standards for new passenger cars and for 

new light commercial vehicles as part of the Union's integrated approach to reduce CO2 

emissions from light-duty vehicles and amending Regulation (EC) No 715/2007 (recast),  

EUROPEAN PARLIAMENT AND THE COUNCIL OF THE EUROPEAN UNION, 2014, 

Regulation (EU) No 333/2014 of the European Parliament and of the Council of 11 March 

2014 amending Regulation (EC) No 443/2009 to define the modalities for reaching the 

2020 target to reduce CO 2 emissions from new passenger cars, Official Journal of the 

European Union, L 103/15 



 

- 146 - 

 

EUROPEAN PARLIAMENT AND THE COUNCIL OF THE EUROPEAN UNION, 2009, 

Consolidated version of Regulation (EC) 443/2009 of the European Parliament and of the 

Council of 23 April 2009 setting emission performance standards for new passenger cars 

as part of the Community's integrated approach to reduce CO2 emissions from light-duty 

vehicles, , Official Journal of the European Union, L 140/1 

FALLAH, V., KORINEK, A., RAEISINIA, B., GALLERNEAULT, M. & ESMAEILI, S., 

2014, Early-Stage Precipitation Phenomena and Composition-Dependent Hardening in 

Al-Mg-Si-(Cu) Alloys, Materials Science Forum, 794-796, 933-938 

FAN, X., HE, Z., ZHENG, K. & YUAN, S., 2015, Strengthening behavior of Al–Cu–Mg alloy 

sheet in hot forming–quenching integrated process with cold–hot dies, Materials & 

Design, 83, 557-565 

FARSHIDI, M. H., KAZEMINEZHAD, M. & MIYAMOTO, H., 2015, Microstructure and 

mechanical properties of an Al-Mg-Si tube processed by severe plastic deformation and 

subsequent annealing, Materials Science and Engineering A, 640, 42-50 

FINCH, D. M., Wilson, S. P. & Dorn, J. E., 1946, Deep Drawing Aluminium Alloys at Elevated 

Temperatures: Part I. Deep Drawing Cylindrical Cups, Transactions ASM, 36, 254-289 

FORD MOTOR COMPANY, 2019, Body of Work [EB/OL], [cited 04/03/2019], Available 

from : https://corporate.ford.com/articles/winning-portfolio/f-150-body-of-work.html 

FRIEDEL, J., 1964, Dislocations, Pergamon Press, ISBN: 978-0-08013-523-6 

GABER, A., GAFFAR, M. A., MOSTAFA, M. S. & ZEID, E. F. A., 2007, Precipitation 

kinetics of Al–1.12 Mg2Si–0.35 Si and Al–1.07 Mg2Si–0.33 Cu alloys, Journal of Alloys 

and Compounds, 429, 167-175 

GAO, H., WENG, T., LIU, J., LI, C., LI, Z. & WANG, L., 2016, Hot stamping of an Al-Li 

alloy: a feasibility study, Manufacturing Review, 3-9 

GARRETT, R. P., LIN, J. & DEAN, T. A., 2005, Solution Heat Treatment and Cold Die 

Quenching in Forming AA 6xxx Sheet Components: Feasibility Study, Advanced 

Materials Research, 6-8, 673-680 

GIULIANO, G., 2011, Superplastic Forming of Advanced Metallic Materials Methods and 

Applications, Woodhead Publishing, ISBN: 978-1-84569-753-2 

GLADMAN, T., 1999, Precipitation hardening in metals, Materials Science and Technology, 

15:1, 30-36, DOI: 10.1179/026708399773002782 



 

- 147 - 

 

GRACIO, J. J., BARLAT, F., RAUCH, E. F., JONES, P. T., NETO, V. F. & LOPES, A. B., 

2004, Artificial aging and shear deformation behaviour of 6022 aluminium alloy, 

International Journal of Plasticity, 20 (3), 427-445 

GRAU, V. N., CUNIBERTI, A., TOLLEY, A., RIGLOS, V. C. & STIPCICH, M., 2016, Solute 

clustering behavior between 293K and 373K in a 6082 Aluminum alloy, Journal of Alloys 

and Compounds, 684, 481-487 

GRIMES, R., 2011, Chapter 11: Superplastic forming of aluminium alloys, Superplastic 

Forming of Advanced Metallic Materials Methods and applications, Woodhead 

Publishing, ISBN: 978-1-84569-753-2 

GROHMANN, T., 2016, Forming of AMAG 7xxx Series Aluminium Sheet Alloys, 

Proceedings of  the New Developments in Sheet Metal Forming conference, Stuttgart, 

Germany 

GUNGOR, B., KALUC, E., TABAN, E. & SIK, A., 2014, Mechanical, fatigue and 

microstructural properties of friction stir welded 5083-H111 and 6082-T651 aluminum 

alloys, Materials & Design, 56, 84-90 

GUO, Z. and SHA, W., 2002, Quantification of Precipitation Hardening and Evolution of 

Precipitates, Materials Transactions, 43, 1273-1282 

GUPTA, A. K., LLOYD, D. J. & COURT, S. A., 2001, Precipitation hardening in Al–Mg–Si 

alloys with and without excess Si, Materials Science and Engineering A, 316, 11-17 

GUPTA, A. K. and LLOYD, D. J., 1999, Study of precipitation kinetics in a super purity Al-

0.8 Pct Mg-0.9 Pct Si alloy using differential scanning calorimetry, Metallurgical and 

Materials Transactions A, 30 (13), 879-890 

HARRISON, N. R., ILINICH, A. & FRIEDMAN, P. A., 2013 (a), Optimization of High-

Volume Warm Forming for Lightweight Sheet, SAE Technical Paper, 2013-01-1170, 

https://doi.org/10.4271/2013-01-1170 

HARRISON, N. R., ILINICH, A., FRIEDMAN P. A., SINGH, J. & VERMA, R., 2013 (b), 

Presentation: Optimization of High-Volume Warm Forming for Lightweight Sheet, SAE 

2013 World Congress & Exhibition, Detroit, USA 

HIRSCH, J., 2014, Recent development in aluminium for automotive applications, 

Transactions of Nonferrous Metals Society of China, 24 (7), 1995-2002 



 

- 148 - 

 

HERRMAN PRATURLON, A., COMOGLIO, M., DURANTE, S. & LIN,  J., 2014, Libertà 

Di Progettazione E Alleggerimento Con L’alluminio, Trattamenti E Finiture, September, 

53-60 

HOFFMANN, H., SO, H. & STEINBEISS, H., 2007, Design of Hot Stamping Tools with 

Cooling System, CIRP Annals, 56 (1), 269-272 

HÖHNE, G. W. H., HEMMINGER, W. F. & FLAMMERSHEIM, H. -J., 2003, Differential 

Scanning Calorimetry An Introduction for Practitioners (2nd ed.), Springer-Verlag Berlin 

Heidelberg, ISBN: 978-3-642-05593-5 

HÖHNE, G. W. H. and GLÖGGLER, E., 1989, Some peculiarities of the DSC-2/-7 (Perkin-

Elmer) and their influence on accuracy and precision of the measurements, 

Thermochimica Acta, 151, 295-304 

HOLMBERG, K. and MATTHEWS, A., 2009, Coatings Tribology - Properties, Mechanisms, 

Techniques and Applications in Surface Engineering (2nd ed.), Elsevier Science,  ISBN: 

978-0-444-52750-9 

HOLMEDAL, B., OSMUNDSEN, E. & DU, Q., 2016, Precipitation of Non-Spherical Particles 

in Aluminum Alloys Part I: Generalization of the Kampmann–Wagner Numerical Model, 

Metallurgical and Materials Transactions A, 47 (1), 581-588 

HOSFORD, W. F. and CADDELL, R. M., 2011, Metal Forming Mechanics and Metallurgy 

(4th ed.), Cambridge University Press, ISBN: 978-1-107-00452-8 

HU, Y., WANG, L., POLITIS, D. J. & MASEN, M. A., 2017, Development of an interactive 

friction model for the prediction of lubricant breakdown behaviour during sliding wear, 

Tribology International, 110, 370-377 

HUNSICKER, H. Y. and STUMPF, H. C., 1965, History of Precipitation Hardening, 

Proceeding of the Metallurgy & Materials Society Conference, Vol. 27 The Sorby 

Centennial Symposium on the History of Metallurgy (C. S. Smith ed.), Gordon and 

Breach, New York, 271 - 311 

IMPRESSION TECHNOLOGIES, 2018, HFQ Friction Stir Welded (FSW) cross member, 

[EB/OL], [cited 2017/10/22], Available from: http:// http://hfqtechnology.com/#tab62 

ISADARE, A. D., AREMO, B., ADEOYE, M. O., OLAWALE, O. J. & SHITTU, M. D., 2013,  

Effect of heat treatment on some mechanical properties of 7075 aluminium alloy, Journal 

of Materials Research, 16, 190-194 



 

- 149 - 

 

ISMAIL, Z. H. and BOUCHRA, B., 1992, Age-hardening characteristics of an AlMgSi alloy, 

Acta Physica Hungarica, 71, 3-7 

ISO, 2019, ISO 14955-4:2019 - Machine tools - Environmental evaluation of machine tools - 

Part 4: Principles for measuring metal-forming machine tools and laser processing 

machine tools with respect to energy efficiency, International Organization For 

Standardization 

ISO, 2018, ISO 14955- 2:2018 - Machine tools - Environmental evaluation of machine tools - 

Part 2: Methods for measuring energy supplied to machine tools and machine tool 

components, International Organization For Standardization  

ISO, 2013, ISO BS 6344-3:2013 - Coated abrasives. Grain size analysis. Determination of grain 

size distribution of microgrits P240 to P2500, International Organization For 

Standardization  

JAGUAR LAND ROVER LIMITED, 2019, Lightweight aluminium architecture [EB/OL], 

[cited 04/03/2019], Available from: https://www.jaguar.co.uk/about-jaguar/reliability/ 

aluminium.html 

JEFFRIES, Z., 1929, Two decades of precipitation hardening alloys, Metals and Alloys, 1 (1), 

3-5 

JOHNSON, T. and JOSHI, A., 2017, Review of Vehicle Engine Efficiency and Emissions, SAE 

International, 2017-01-0907, 1-23 

KADOLKAR, P. B., LU, H., BLUE, C. A., ANDO, T. & MAYER, R., 2004, Application of 

rapid infrared heating to aluminium forgings, Proceedings of 25th Forging Industry 

Technical Conference, Detroit, USA 

KAPPES, J., WAGNER, S. & SCHATZ, M., 2010, Superplastic Sheet Metal Forming with 

Focus on the Warm Bulge Test and its In-Process Monitoring, International Journal of 

Material Forming, 3 (1), 1135-1138 

KARBASIAN, H. and TEKKAYA, A. E., 2010, A review on hot stamping, Journal of Materials 

Processing Technology, 210, 2103-2118 

KASHYAP, B. P., HODGSON, P. D., ESTRIN, Y., TIMOKHINA, I., BARNETT, M. R. & 

SABIROV, I., 2009, Plastic Flow Properties and Microstructural Evolution in an 

Ultrafine-Grained Al-Mg-Si Alloy at Elevated Temperatures, Metallurgical and Materials 

Transactions A, 40 (13), 3294 



 

- 150 - 

 

KAUFMAN, J. G., 2008, Properties of aluminum alloys: Tensile, creep, and fatigue data at 

high and low temperatures, ASM International, ISBN: 978-0-87170-839-7 

KILICLAR, Y., DEMIR, O. K., ENGELHARDT, M., ROZGIĆ, M., VLADIMIROV, I. N., 

WULFINGHOFF, S., WEDDELING, C., GIES, S., KLOSE, C., REESE, S., TEKKAYA, 

A. E., MAIER, H. J. & STIEMERE, M., 2016, Experimenral and numerical investigation 

of increased formability in combined quasi-static and high speed forming processes, 

Journal of Materials Processing Technology, 237, 254-269 

KIM, H. S. & KOÇ, M., 2008, Numerical investigations on springback characteristics of 

aluminum sheet metal alloys in warm forming conditions, Journal of Materials Processing 

Technology, 204, 370-383 

KOLAR, M., PEDERSEN, K. O., GULBRANDSEN-DAHL, S. & MARTHINSEN, K., 2012, 

Combined effect of deformation and artificial aging on mechanical properties of 

Al−Mg−Si Alloy, Transactions of Nonferrous Metals Society of China, 22, 1824−1830 

KOLLECK, R. and VEIT, R., 2011, Current and Future Trends in the field of Hot Stamping of 

Car Body Parts, Proceedings of  the 3rd International Conference on Steels in Cars and 

Trucks, SCT 2011, 67-74 

KRIDLI, G. T., FRIEDMAN, P. A. & BOILEAU, J. M., 2010, Chapter 7: Manufacturing 

processes for light alloys. Materials, Design and Manufacturing for Lightweight Vehicles, 

Woodhead Publishing Limited, ISBN: 978-1-84569-463-0, 235-274 

KUMAR, M. and ROSS, N. G., 2016, Influence of temper on the performance of a high-

strength Al–Zn–Mg alloy sheet in the warm forming processing chain, Journal of 

Materials Processing Technology, 231, 189-198 

KUMAR, M., SOTIROV, N. & CHIMANI, C. M., 2014, Investigations on warm forming of 

AW-7020-T6 alloy sheet, Journal of Materials Processing Technology, 214 (8), 1769-

1776 

KURUKURI, S., MIROUX, A., GHOSH, M. & VAN DEN BOOGAARD, A. H., 2009, Effect 

of temperature on anisotropy in forming simulation of aluminum alloys, International 

Journal of Material Forming, 2 (1), 387-390 

LANGDON, T. G., 2009, Seventy-five years of superplasticity: historic developments and new 

opportunities, Journal of Materials Science, 44 (22), 5998-6010 

LAURENT, H., COËR, J., GRÈZE, R., MANACH, P. Y., ANDRADE-CAMPOS, A., 

OLIVEIRA, M. C. & MENEZES, L. F., 2011, Mechanical Behaviour and Springback 



 

- 151 - 

 

Study of an Aluminium Alloy in Warm Forming Conditions, ISRN Mechanical 

Engineering, 2011, 9 

LEE, W. S. and LIN, C. R., 2016, Deformation behavior and microstructural evolution of 7075-

T6 aluminum alloy at cryogenic temperatures, Cryogenics, 79, 26-34 

LEE, M., SOHN, S., KANG, C., SUH, D. & LEE, S., 2004, Effects of pre-treatment conditions 

on warm hydroformability of 7075 aluminum tubes, Journal of Materials Processing 

Technology, 155-156, 1337-1343 

LI, H., MAO, Q., WANG, Z., MIAO, F., FANG, B. & ZHENG, Z., 2015 (a), Enhancing 

mechanical properties of Al–Mg–Si–Cu sheets by solution treatment substituting for 

recrystallization annealing before the final cold-rolling, Materials Science and 

Engineering A, 620, 204-212 

LI, H., GUO, X., WANG, W., SUN, Z., LIU, H., ZHENG, X. & TAO, J., 2015 (b), Forming 

performance of an as-quenched novel aluminum-lithium alloy, The International Journal 

of Advanced Manufacturing Technology, 78 (1), 659-666 

LI, K., SONG, M., DU, Y. & FANG, X., 2012, Effect of Minor Cu Addition on the Precipitation 

Sequence of an As-Cast Al-Mg-Si 6005 Alloy, Archives of Metallurgy and Materials, 57, 

457-467 

LI, D. and GHOSH, A. K., 2004, Biaxial warm forming behavior of aluminum sheet alloys, 

Journal of Materials Processing Technology, 145, 281-293 

LIAO, L., 2014, The Precipitation Hardening and Annealing Behavior of a Laminated Al Alloy 

System, PhD thesis, University of Waterloo, Ontario, Canada 

LIN, J., BALINT, D., WANG, L., DEAN, T. A. & FOSTER, A. D., 2018, Method of forming 

a component of complex shape from sheet material, United States Patent, Patent No:US 

9,950,355 B2 

LIN, J., DEAN, T. A., GARRETT, R. P. & FOSTER, A. D., 2008, A process in forming high 

strength and complex-shaped Al-alloy sheet components, British Patent, WO 

2008059242 A2, UK 

LIN, J., LIU, Y. & DEAN, T. A., 2005, A review on damage mechanisms, models and 

calibration methods under various deformation conditions. International Journal of 

Damage Mechanics, 14 (4), 299-319 



 

- 152 - 

 

LIU, J, WANG, A., GAO, H., EL-FAKIR, O., LUAN, X., WANG, L. & LIN, J., 2016, Studies 

on the Hot Forming and Cold-Die Quenching of AA6082 Tailor Welded Blanks, Key 

Engineering Materials, 716, 941-947 

LIU, J., WANG, L., LEE, J., CHEN, R., EL-FAKIR, O., CHEN, L., LIN, J. & DEAN, T. A., 

2015,  Size-dependent mechanical properties in AA6082 tailor welded specimens, Journal 

of Materials Processing Technology, 224: 169-180. 

LIU, J., TAN, M., AUE-U-LAN, Y., JARFORS, A. E. W., FONG, K. & CASTAGNE, S., 2011, 

Superplastic-like forming of non-superplastic AA5083 combined with mechanical pre-

forming, The International Journal of Advanced Manufacturing Technology, 52 (1), 123-

129 

LIU, G., LIN, Z., BAO, Y. & CAO, J., 2002, Eliminating springback error in U-shaped part 

forming by variable blankholder force, Journal of Materials Engineering and 

Performance, 11, 64 

LUAN, X., ZHANG, Q., SUN, Y., EL-FAKIR, O. & WANG, L., 2018 (a), Fast light Alloy 

Stamping Technology (FAST) for manufacturing light-weight components from 

aluminium alloys, British patent, ready for submission 

LUAN, X., SUN, Y., ZHANG, Q., EL-FAKIR, O.,CAI, Z., WU, G. & WANG, L., 2018 (b), A 

unified production system for forming lightweight panel components, British patent, 

internal case no. 9230, under review 

LUAN, X., EL-FAKIR, O., GAO, H., LIU, J. & WANG, L., 2016 (a), Formability of AA6082-

T6 at warm and hot stamping conditions, Key Engineering Materials, 716, 107-113  

LUAN, X., LIU, X., FANG, H., JI, K., EL-FAKIR, O. & WANG, L., 2016 (b), Characterization 

of the interfacial heat transfer coefficient for hot stamping process, Journal of Physics; 

Conference Series, 734, 032079 

LUAN, X., ZHANG, Q., EL-FAKIR, O., GHARBI, M. M. & WANG, L., 2016 (c), Uni-Form 

: a pilot production line for hot/warm sheet metal forming integrated in a cloud based 

SMARTFORMING platform 1–5, Proceedings of The 3rd International Conference on 

Advanced High Strength Steel and Press Hardening (ICHSU 2016), Xi’an, China, August  

LUO, Y., LUCKEY, S. G., FRIEDMAN, P. A. & PENG, Y., 2008, Development of an 

advanced superplastic forming process utilizing a mechanical pre-forming operation, 

International Journal of Machine Tools and Manufacture, 48 (12), 1509-1518 



 

- 153 - 

 

LUTSEY, N. P., 2010, Review of technical literature and trends related to automobile mass-

reduction technology, Institute of Transportation Studies, University of California. 

MALLICK, P. K., 2010, Materials, Design and Manufacturing for Lightweight Vehicles, 

Woodhead Publishing Limited, ISBN: 978-1-84569-463-0 

MARCEAU, R. K. W, DE VAUCORBEIL, A., SHA, G., RINGER, S. P. & POOLE, W. J., 

2013, Analysis of strengthening in AA6111 during the early stages of aging: Atom probe 

tomography and yield stress modelling, Acta Materialia, 61 (19), 7285-7303 

MARIOARA, C. D., NORDMARK, H., ANDERSEN, S. J. & HOLMESTAD, R., 2006, Post-

𝛽′′ phases and their influence on microstructure and hardness in 6xxx Al-Mg-Si alloys, 

Journal of Materials Science, 41, 471-478 

MARIOARA, C. D., ANDERSEN, S. J., JANSEN, J. & ZANDBERGEN, H. W., 2003, The 

influence of temperature and storage time at RT on nucleation of the 𝛽′′ phase in a 6082 

Al–Mg–Si alloy, Acta Materialia, 51, 789-796 

MARTIN, J. W., 1998, Precipitation hardening (2nd ed.), Butterworth-Heinemann, Oxford, 

1998, ISBN: 0-7506-3885-0 

MARTINS, J. M. P., ALVES, J. L., NETO, D. M., OLIVEIRA, M. C. & MENEZES, L. F., 

2016, Numerical analysis of different heating systems for warm sheet metal forming, The 

International Journal of Advanced Manufacturing Technology, 83, 897-909 

MASUDA, T., TAKAKI, Y., SAKURAI, T. & HIROSAWA, S., 2010, Combined Effect of 

Pre-Straining and Pre-Aging on Bake-Hardening Behavior of an Al-0.6 mass%Mg-1.0 

mass%Si Alloy, Materials Transactions, 51, 325-332 

MENDIGUREN, J., ARGANDONA, E. S. D., GALDOS, L., 2016, Hot stamping of AA7075 

aluminum sheets, IOP Conference Series: Materials Science and Engineering, 159, 

012026 

MIAO, W. F. & LAUGHLIN, D. E., 1999, Precipitation hardening in aluminum alloy 6022, 

Scripta Materialia, 40, 873-878 

MILKEREIT, B., GIERSBERG, L., KESSLER, O. & SCHICK, C., 2014, Isothermal Time-

Temperature-Precipitation Diagram for an Aluminum Alloy 6005A by In Situ DSC 

Experiments, Materials, 7, 2631-2649 

MILKEREIT, B., WANDERKA, N., SCHICK, C. & KESSLER, O., 2012, Continuous cooling 

precipitation diagrams of Al-Mg-Si alloys, Materials Science and Engineering A, 550, 

87-96 



 

- 154 - 

 

MILLER, W. S., ZHUANG, L., BOTTEMA, J., WITTEBROOD, A. J., DE SMET, P., 

HASZLER, A. & VIEREGGE, A., 2000, Recent development in aluminium alloys for 

the automotive industry, Materials Science and Engineering A, 280, 37-49 

MOHAMED, M. S., FOSTER A. D., LIN, J., BALINT, D. & DEAN T. A., 2012, Investigation 

of deformation and failure features in hot stamping of AA6082: Experimentation and 

modelling, International Journal of Machine Tools & Manufacture, 53, 27–38 

MOHAMED, A. M. A. and SAMUEL, F. H., 2012, A Review on the Heat Treatment of Al-Si-

Cu/Mg Casting Alloys, Heat Treatment - Conventional and Novel Applications, InTech 

Open, ISBN: 978-953-51-0768-2 

MOHAMMADI, A., VANHOVE, H., VAN BAEL, A. & DUFLOU, J., 2013, Enhanced 

Formability of Age-Hardenable Aluminium Alloys by Incremental Forming of Solution-

Treated Blanks, Key Engineering Materials, 1662-9795, 164-171 

MONREAL, M. and RODRIGUEZ, C. A., 2003, Influence of tool path strategy on the cycle 

time of high-speed milling, Computer-Aided Design, 35 (4), 395-401. 

MORI, K., NISHIJIMA, S. & TAN, C. J., 2009, Two-stage cold stamping of magnesium alloy 

cups having small corner radius, International Journal of Machine Tools and 

Manufacture, 49 (10), 767-772 

MOTROLIX LLC, Ford F-Series Sales Numbers, 2019 [EB/OL], [cited 04/03/2019], Available 

from: http://fordauthority.com/fmc/ford-motor-company-sales-numbers/ford-sales-numb 

ers/ ford-f-series-sales-numbers/ 

MOURITZ, A. P., 2012, Chapter 7: Processing and machining of aerospace metals, 

Introduction to Aerospace Materials, Woodhead Publishing, ISBN: 978-1-85573-946-8 

MRÓWKA-NOWOTNIK, G., SIENIAWSKI, J., KOTOWSKI, SŁ., NOWOTNIK, A. & 

MOTYKA, M., 2015, Hot Deformation of 6xxx Series Aluminium Alloys, Archives of 

Metallurgy and Materials, 60 (2), 1079-1084 

MRÓWKA-NOWOTNIK, G. and SIENIAWSKI, J., 2005, Influence of heat treatment on the 

microstructure and mechanical properties of 6005 and 6082 aluminium alloys, Journal of 

Materials Processing Technology, 162, 367-372 

MYHR, O. R., GRONG, Ø. & SCHÄFER, C., 2015, An Extended Age-Hardening Model for 

Al-Mg-Si Alloys Incorporating the Room-Temperature Storage and Cold Deformation 

Process Stages, Metallurgical and Materials Transactions A, 46 (12), 6018-6039 



 

- 155 - 

 

MYHR, O. R., GRONG, Ø. & PEDERSEN, K. O., 2010, A Combined Precipitation, Yield 

Strength, and Work Hardening Model for Al-Mg-Si Alloys, Metallurgical and Materials 

Transactions A, 41 (9), 2276-2289 

NAKA, T. and YOSHIDA, F., 1999, Deep drawability of type 5083 aluminium–magnesium 

alloy sheet under various conditions of temperature and forming speed, Journal of 

Materials Processing Technology, 89-90, 19-23 

NATIONAL HIGHWAY TRAFFIC SAFETY ADMINISTRATION (NATSA, USA), 2008, 

Corporate Average Fuel Economy (CAFE) standards-Average Fuel Economy Standards, 

Passenger Cars and Light Trucks (Model Years 2011-2015), 49 , CFR Parts 523, 531, 

534, 536, 537 

NEUGEBAUER, R., SCHIECK, F., POLSTER, S., MOSEL, A., RAUTENSTRAUCH, A., 

SCHÖNHERR, J. & PIERSCHEL, N., 2012, Press hardening - An innovative and 

challenging technology, Archives of Civil and Mechanical Engineering, 12, 113-118 

NINIVE, P. H., STRANDLIE, A., GULBRANDSEN-DAHL, S., LEFEBVRE, W., 

MARIOARA, C. D., ANDERSEN, S. J., FRIIS, J., HOLMESTAD, R. & LØVVIK, O. 

M., 2014, Detailed atomistic insight into the 𝛽′′  phase in Al-Mg-Si alloys, Acta 

Materialia, 69, 126-134 

OHMORI, Y., DOAN, L. & NAKAI, K., 2002, Ageing Processes in Al-Mg-Si Alloys during 

Continuous Heating, Materials Transactions, 43, 246-255 

OLIVEIRA, M. C., ALVES, J. L., CHAPARRO, B. M. & MENEZES, L. F., 2007, Study on 

the influence of work-hardening modeling in springback prediction, International Journal 

of Plasticity, 23 (3), 516-543 

OROWAN, E., 1948, Theory of yield strength without particle shear, Institute of Metals 

Symposium on Internal Stress, London, 451 

OSTEN, J., MILKEREIT, B., SCHICK, C. & KESSLER, O., 2015, Dissolution and 

Precipitation Behaviour during Continuous Heating of Al–Mg–Si Alloys in a Wide Range 

of Heating Rates, Materials, 8, 2830-2848 

OSUCH, P., WALKOWICZ, M., KNYCH, T. & DYMEK, S., 2018, Impact of the Direct 

Ageing Procedure on the Age Hardening Response of Al-Mg-Si 6101 Alloy, Materials 

(Basel, Switzerland), 11(7), 1239, 1-13 



 

- 156 - 

 

OZTURK, F., SISMAN, A., TOROS, S., KILIC, S. & PICU, R. C., 2010, Influence of aging 

treatment on mechanical properties of 6061 aluminum alloy, Materials & Design, 31 (2), 

972-975 

PANAGOPOULOS, C. N., GEORGIOU, E. P. & GAVRAS, A. G., 2009, Corrosion and wear 

of 6082 aluminum alloy, Tribology International, 42, 886-889 

PARK, W., CHUN, M., HAN, M., KIM, M. H. & LEE, J. M., 2011, Comparative study on 

mechanical behavior of low temperature application materials for ships and offshore 

structures: Part I—Experimental investigations, Materials Science and Engineering A, 

528 (18), 5790-5803 

PEKGULERYUZ, M., 2013, Chapter 5: Alloying behavior of magnesium and alloy design. 

Fundamentals of Magnesium Alloy Metallurgy, Woodhead Publishing, ISBN: 978-0-

85709-088-1, 152-196 

PERKIN ELMER CORPORATION, 2013, Differential Scanning Calorimetry Beginner's 

Guide [EB/OL], [cited 04/03/2019], Available from: http://www.perkinelmer.com/ 

CMSResources/Images/46-74542GDE_DSCBeginnersGuide.pdf 

PFANSTIEHL, J., 1998, Automotive Paint Handbook: Paint Technology for Auto Enthusiasts 

& Body Shop Professionals, Penguin, ISBN: 978-1-55788-291-2 

PILLING, J. and RIDLEY, N., 1986, Effect of hydrostatic pressure on cavitation in superplastic 

aluminium alloys, Acta Metallurgica, 34 (4), 669-679 

POLAT, A., AVSAR, M. & OZTURK, F., 2015,Effects of the artificial-aging temperature and 

time on the mechanical properties and springback behavior of AA6061, Journal of 

Engineering Materials and Technology, 49, 487-493 

POLITIS, D. J. , LI, N., WANG, L. & LIN, J., 2013, An industrial system enabling the use of 

a patented, lab-proven materials processing technology for Low Cost forming of 

Lightweight structures for transportation industries, Final Report Summary, EU project 

code: FP7-NMP-2013-SME-7 (604240-2 LoCoLite) [EB/OL], [cited 04/03/2019], 

Available from : https://cordis.europa.eu/project/rcn/110785/results/en 

POLMEAR, I., STJOHN, D., NIE, J. F. & QIAN, M., 2017, Light Alloys Metallurgy of the 

Light Metals (5th ed.), Butterworth-Heinemann Boston, ISBN: 978-0-08-099431-4 

POWELL, B. R., LUO, A. A. & KRAJEWSKI, P. E., 2012, Chapter 7: Magnesium alloys for 

lightweight powertrains and automotive bodies, Advanced Materials in Automotive 

Engineering, Woodhead Publishing, 150-209, ISBN: 978-1845695613  



 

- 157 - 

 

PUGH-JONES, Y., 2017, Aston Martin DB11, Presentation in Global Automotive Lightweight 

Materials, Birmingham UK, 27/4/2017 

QIN, Y, 2016, Fast Heating Technologies for Metal Blanks, Technical report to EU Horizon 

2020 project (H2020-NMP-08-2016) – Low Cost Materials Processing Technologies for 

Mass Production of Lightweight Vehicles, The University of Strathclyde 

QUAINOO, G. K. and YANNACOPOULOS, S., 2004, The effect of cold work on the 

precipitation kinetics of AA6111 aluminum, Journal of Materials Science, 39, 6495-6502 

RAMESH, R., BHATTACHARYA, R. & WILLIAMS, G., 2012, Effect of ageing on the 

mechanical behaviour of a novel automotive grade Al–Mg–Si alloy, Materials Science 

and Engineering A, 541, 128-134 

RAO, P. N., SINGH, D. & JAYAGANTHAN, R., 2013, Effect of annealing on microstructure 

and mechanical properties of Al 6061 alloy processed by cryorolling, Materials Science 

and Technology, 29 (1), 76-82 

RAUGEI, M., MORREY, D., HUTCHINSON, A. & WINFIELD, P., 2015, A coherent life 

cycle assessment of a range of lightweighting strategies for compact vehicles, Journal of 

Cleaner Production, 108, 1168-1176 

RAVI, C. and WOLVERTON, C., 2004, First-principles study of crystal structure and stability 

of Al–Mg–Si–(Cu) precipitates, Acta Materialia, 52, 4213-4227 

RICARDO PLC, 2011, LowCVP study demonstrates the increasing importance of measuring 

whole life carbon emissions to compare vehicle performance, technical report for 

LowCVP Annual Conference - Just over the Horizon: mobility to 2020 and beyond, 

Canary Wharf, UK  

RIDLEY, N., 2011, Chapter 1: Metals for superplastic forming, Superplastic Forming of 

Advanced Metallic Materials Methods and applications, Woodhead Publishing, ISBN: 

978-1-84569-753-2 

ROMETSCH, P. A., CAO, L. F., XIONG, X. Y. & MUDDLE, B. C., 2011, Atom probe 

analysis of early-stage strengthening behaviour in an Al-Mg-Si-Cu alloy, 

Ultramicroscopy, 111 (6), 690-694 

ROSER, C., 2016, Faster, Better, Cheaper in the History of Manufacturing: From the Stone 

Age to Lean Manufacturing and Beyond (1st ed.), Productivity Press, ISBN: 978-

1498756303 



 

- 158 - 

 

ROSER, C., 2015, How to Measure Cycle Time - Part 1 [EB/OL], [cited 10/22/2017], Available 

from: http://www.allaboutlean.com/measure-cycle-time-part-1/ 

RÖSNER-KUHN, M., 2018, Hydro Introduces New Alloys for Superplastic Forming of 

Complex Automotive Components, [cited 04/03/2019], Available from: https://www.Lig 

htmetalage.com/news/industry-news/flat-rolled-sheet/article-hydro-introduces-new-

alloys-for-superplastic-forming-of-complex-automotive-components/ 

ROWE, J., 2012, Advanced materials in automotive engineering, Woodhead Publishing, ISBN: 

978-1-84569-561-3 

SÁENZ DE ARGANDOÑA, E., GALDOS, L., ORTUBAY, R., MENDIGUREN, J. & 

AGIRRETXE, X., 2015, Room Temperature Forming of AA7075 Aluminum Alloys: W-

Temper Process, Key Engineering Materials, 651-653, 199-204 

SANDERS, R. E., 2001, Technology Innovation in Aluminium Products, JOM, 53 (2), 21-25 

SANTOS, M. C., MACHADO, A. R., SALES, W. F., BARROZO, M. A. S. & EZUGWU, E. 

O., 2016, Machining of aluminum alloys: a review, The International Journal of 

Advanced Manufacturing Technology, 86, 3067-3080 

SATO, T. and MATSUDA, K., 2003, History of research and development of Al-Mg-Si alloys, 

Journal of Japan Institute of Light Metals, 53 (11), 449-453 

SCAMANS, G., 2017, Aluminium Automotive Sheet Alloys, [EB/OL], [cited 03/05/2019], 

Available from: https://www.innovaltec.com/aluminium-automotive-sheet-alloys-blog/ 

SCHAWE, E. K. J., 2017, Flash DSC 1: A novel fast differential scanning calorimeter, 

Proceedings of the 27th World Congress of the Polymer Processing Society, Marrakesch, 

Marokko 

SCHMIDT, F. M., LE MAOULT, Y. & MONTEIX, S., 2003, Modelling of infrared heating of 

thermoplastic sheet used in thermoforming process, Journal of Materials Processing 

Technology, 143-144, 225-231 

SCHNEIDER, R., HEINE, B., GRANT, R., KELSCH, R., GERSTNER, F. & HÄGELE, T., 

2013, Low temperature mechanical properties of wrought aluminium alloys applicable to 

the automotive sector, WOMag, 01, 1-8 

SCHUSTER, P., SCHUSTER, P., ÖSTERREICHER, J., KIROV, G., SOMMITSCH, C., 

KESSLER, O. & MUKELI, E., 2019, Characterisation and Comparison of Process 

Chains for Producing Automotive Structural Parts from 7xxx Aluminium Sheets, Metals, 

9, 305, 1-15 



 

- 159 - 

 

SEPEHRBAND, P., WANG, X., JIN, H. & ESMAEILI, S., 2015, Microstructural evolution 

during non-isothermal annealing of a precipitation-hardenable aluminum alloy: 

Experiment and simulation, Acta Materialia, 94, 111-123 

SEYEDREZAI, H., GREBENNIKOV, D., MASCHER, P. & ZUROB, H. S., 2009, Study of 

the early stages of clustering in Al–Mg–Si alloys using the electrical resistivity 

measurements, Materials Science and Engineering A, 525 (1), 186-191 

SHELLER, M., 2014, Aluminum Dreams: The Making of Light Modernity, The MIT Press, 

ISBN: 978-0-262-02682-6 

SHEN, C. H., 2011, Pre-treatment to improve the bake-hardening response in the naturally aged 

Al-Mg-Si alloy, Journal of Materials Science & Technology, 27, 205-212 

SHERCLIFF, H. R. and ASHBY, M. F., 1990 (a), A process model for age hardening of 

aluminium alloys—I. The model, Acta Metallurgica et Materialia, 38, 1789-1802 

SHERCLIFF, H. R. and ASHBY, M. F., 1990 (b), A process model for age hardening of 

aluminium alloys—II. Applications of the model, Acta Metallurgica et Materialia, 38, 

1803-1812 

SMOLEJ, A., GNAMUŠ, M. & SLAČEK, E., 2001, The influence of the thermomechanical 

processing and forming parameters on superplastic behaviour of the 7475 aluminium 

alloy, Journal of Materials Processing Technology, 118 (1), 397-402 

SRIDHARA RAO, D. V., KUTTANELLORE, M. & HUMPHREYS, C., 2011, TEM specimen 

preparation techniques, Microscopy: Science, Technology, Applications & Education, 

1232-1244 

STACEY, M., 2016, Aluminium: Flexible and Light, Cwningen Press, ISBN: 978-0-9930162-

3-3 

STANTON, M., MASTERS, I., BHATTACHARYA, R., DARGUE, I., AYLMORE, R. & 

WILLIAMS, G., 2010, Modelling and Validation of Springback in Aluminium U-Profiles 

International Journal of Material Forming, 3,163-166 

STANTON, M., BHATTACHARYA, R., WILLIAMS, G. & DARGUE, I., 2009, The 

production and examination of u-profiles for assessing springback. Proceedings of the 7th 

International Conference on Manufacturing Research, 371-375 

STARINK, M. J., 2004, Analysis of aluminium based alloys by calorimetry: quantitative 

analysis of reactions and reaction kinetics, International Materials Reviews, 49, 191-226 



 

- 160 - 

 

STOUT, K. J. and BLUNT, L., 2000, Three Dimensional Surface Topography (2nd ed), Penton 

Press, ISBN: 978-1-85-718026-8 

SUN, Y., LUAN, X., CAI, Z. & WANG, L., 2018, Method of forming parts from reinforced 

thermoplastic composites, British patent, internal case no. 9020, under review 

SUN, Y., LUAN, X., JI, K., CAI, Z., EL-FAKIR, O., LIU, X. & WANG, L., 2017, Fast warm-

stamping of ultra-high strength steel, British Patent, applied, patent application 

number:1713741.5 

SWIFT, K. G. and BOOKER, J. D., 2013, Manufacturing Process Selection Handbook : From 

design to manufacture, Elsevier Science, ISBN: 978-0-08-099360-7, 122-125 

TAKATA, K., 2013, Warm Forming of Aluminium Alloys, Nippon Steel Technical Report, 

103, 104-109 

TEICHMANN, K., MARIOARA, C. D., PEDERSEN, K. O. & MARTHINSEN, K., 2013, The 

effect of simultaneous deformation and annealing on the precipitation behaviour and 

mechanical properties of an Al–Mg–Si alloy, Materials Science and Engineering A, 565, 

228-235 

TEICHMANN, K., MARIOARA, C. D., ANDERSEN, S. J. & MARTHINSEN, K., 2012, The 

Effect of Preaging Deformation on the Precipitation Behavior of an Al-Mg-Si Alloy, 

Metallurgical and Materials Transactions A, 43, 4006-4014 

THE WHITE HOUSE, 2010, Driving Efficiency: Cutting Costs for Families at the Pump and 

Slashing Dependence on Oil, Fuel Economy Report, Executive Office of the President, 

1-10 

THYSSENKRUPP MATERIALS (UK), 2016, Aluminium Alloy 6082 Material Data Sheet 

07/2016 [EB/OL], [cited 04/03/2019], Available from: https://www.thyssenkrupp-

materials.co.uk/media/material_data_sheets/aluminium/aluminium_alloy_6082_nb.pdf 

TISZA, M. and CZINEGE, I., 2018, Comparative study of the application of steels and 

aluminium in lightweight production of automotive parts, International Journal of 

Lightweight Materials and Manufacture, 1, 229-238 

TODA, K., SALAZAR, A. & SAITO, K., 2013, Automotive Painting Technology: A 

Monozukuri-Hitozukuri Perspective, Springer Science & Business Media, ISBN: 978-

94-007-5095-1 

TOROS, S., OZTURK, F. & KACAR, I., 2008, Review of warm forming of aluminum–

magnesium alloys, Journal of Materials Processing Technology, 207, 1-12 



 

- 161 - 

 

TOTTEN, G. E., TIRYAKIOGLU, M. & KESSLER, O., 2018, Encyclopedia of Aluminum and 

Its Alloys, CRC Press - Taylor & Francis Group, ISBN: 9781466510807 

TROEGER, L. P. and STARKE, E. A., 2000, Microstructural and mechanical characterization 

of a superplastic 6xxx aluminum alloy, Materials Science and Engineering A, 277 (1), 

102-113 

TWI, 2018, TWI combines heritage with innovation for the Morgan Motor Company, [EB/OL], 

[cited 03/05/2019], Available from: https://www.twi-global.com/media-and-

events/press-releases/2018-07-twi-combines-heritage-with-innovation-for-the-morgan-

motor-company 

UN-NOOR, F., PADMANABAN, S., MIHET-POPA, L., MOLLAH, N. M. & HOSSAIN, E., 

2017, A Comprehensive Study of Key Electric Vehicle (EV) Components, Technologies, 

Challenges, Impacts, and Future Direction of Development, Energies, 10 (8), 1-84  

VANHOVE, H., MOHAMMADI, A. & DUFLOU, J. R., 2016, Incremental forming of 

aluminium alloys in cryogenic environmen, AIP Conference Proceedings, 1769, 1, 

070020, 1-6 

VERDIER, M., BRECHET, Y. & GUYOT, P., 1998, Recovery of Al- Mg Alloys: Flow Stress 

and Strain-hardening Properties, Acta Materialia, 47, 127-134 

VISSERS, R., VAN HUIS, M. A., JANSEN, J., ZANDBERGEN, H. W., MARIOARA, C. D. 

& ANDERSEN, S. J., 2007, The crystal structure of the β′ phase in Al–Mg–Si alloys, 

Acta Materialia, 55 (11), 3815-3823 

WANG, A., ZHONG, K., EL-FAKIR, O., LIU, J., SUN, C., WANG, L., LIN, J. & DEAN, T. 

A., 2017, Springback analysis of AA5754 after hot stamping: experiments and FE 

modelling, The International Journal of Advanced Manufacturing Technology, 89, 1339-

1352 

WANG, L., 2012, Gas spings cushion system, Unpublished confidential document, Imperial 

College London 

WANG, L., STRANGWOOD, M., BALINT, D., LIN, J.& DEAN, T. A., 2011, Formability 

and failure mechanisms of AA2024 under hot forming conditions, Materials Science and 

Engineering A, 528 (6), 2648-2656 

WANG, X., EMBURY, J. D., POOLE, W. J., ESMAEILI, S. & LLOYD, D. J., 2003, 

Precipitation strengthening of the aluminum alloy AA6111, Metallurgical and Materials 

Transactions A, 34, 2913-2924 



 

- 162 - 

 

WEATHERLY, G. C., PEROVIC, A., MUKHOPADHYAY, N. K., LLOYD, D. J. & 

PEROVIC, D. D., 2001, The precipitation of the Q phase in an AA6111 Alloy, 

Metallurgical and Materials Transactions A, 32 (2), 213-218 

WOOD, L., WANG, J., DUONG, L., REINERS, T. & SMITH, R., 2018, Stock Market 

Reactions to Auto Manufacturers’ Environmental Failures, Journal of Macromarketing, 

38 (4), 364–382 

WU, H. Y., 2000, Cavitation characteristics of a superplastic 8090 Al alloy during equi-biaxial 

tensile deformation, Materials Science and Engineering A, 291 (1), 1-8 

YAN, L., LI, Z., ZHANG, Y. A., XIONG, B., LI, X., LIU, H., HUANG, S. & YAN, H., 2016, 

Pre-aging on early-age behavior and bake hardening response of an Al-0.90Mg-0.80Si-

0.64Zn-0.23Cu alloy, Progress in Natural Science: Materials International, 26, 398-403 

YIN, D., XIAO, Q., CHEN, Y., LIU, H., YI, D., WANG, B. &  PAN, S., 2016, Effect of natural 

ageing and pre-straining on the hardening behaviour and microstructural response during 

artificial ageing of an Al–Mg–Si–Cu alloy, Materials & Design, 95, 329-339 

ZHANG, Q., LUAN, X., DHAWAN, S., POLITIS, D. J., DU, Q., GHARBI, M. M. & WANG, 

L., 2019,  Constitutive modelling of the age hardening responses of an Al-Mg-Si alloy 

with pre-existing precipitates and residual dislocations, International Journal of Plasticity, 

119, 230-248 

ZHANG, Q., DHAWAN, S., LUAN, X., DU, Q., LIU, J. & WANG, L., 2018 (a), Investigation 

and Constitutive Modelling of High Strength 6xxx Series Aluminium Alloy: Precipitation 

Hardening Responses to FAST (Fast Light Alloy Stamping Technology) and Artificial 

Ageing, Materials Science Forum, 941, 814-820 

ZHANG, Q., LUAN, X., DHAWAN, S., POLITIS, D. J., CAI, Z. & WANG, L., 2018 (b), 

Investigating the quench sensitivity of high strength AA6082 aluminium alloy during the 

new FAST forming process, IDDRG2018 - 37th IDDRG conference Materials Modelling 

and testing for sheet metal forming, Waterloo Canada 

ZHANG, Q., JI, K., EL-FAKIR, O., LIU, X. & WANG, L., 2016, Determination of Processing 

Windows for the Hot Stamping of AA7075, Key Engineering Materials, 716, 402-412 

ZHENG, K., POLITIS, D. J., WANG, L. & LIN, J., 2018 (a), A review on forming techniques 

for manufacturing lightweight complex—shaped aluminium panel components, 

International Journal of Lightweight Materials and Manufacture, 1, 55-80 



 

- 163 - 

 

ZHENG, G. W., LI, H., LEI, C., FU, J., BIAN, T. J. & YANG, J. C., 2018 (b), Natural aging 

behaviors and mechanisms of 7050 and 5A90 Al alloys: A comparative study, Materials 

Science and Engineering A, 718, 157-164 

ZHONG, H., ROMETSCH, P. A., WU, X., CAO, L. & ESTRIN, Y., 2017 (a), Influence of pre-

ageing on the stretch formability of Al-Mg-Si automotive sheet alloys, Materials Science 

and Engineering A, 697, 79-85 

ZHONG, H., ROMETSCH, P. A., ZHU, Q., CAO, L. & ESTRIN, Y., 2017 (b), Effect of pre-

ageing on dynamic strain ageing in Al-Mg-Si alloys, Materials Science and Engineering 

A, 687, 323-331 



  

- 164 - 

 

Appendix 

Appendix 1 Uni-Form related information 

Appendix 1(a) The middle plate of Uni-Form supported by four gas springs  

 

 

 

 

4 independent gas springs 

Fig. A1 Layout of Uni-Form with direct gas spring support 
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Appendix 1(b) The Fujifilm Prescale pressure test paper 

 

 

 

 

 

 

Figure A2  

Pressure test paper 

LLLWC 

 

 

 

 

 

Figure A3  

Pressure test paper 

LLWC 

 

 

 

 

 

Figure A4 

 Pressure test paper 

LWC 
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Appendix 1(c) Assembly and installation of Uni-Form 

 

 

 

 

 

 

Step 1 Step 2 Step 3 

Step 4 Step 5 Step 6 

Step 7 Step 8 Step 9 

Figure A5 The assembly of Uni-Form 
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Figure A6 The installation of Uni-Form 
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Appendix 1(d) Pins layout of the microcontroller 

 

Figure A7 Microcontroller PIC4331 pin arrangement 
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Appendix 1(e) Relationship between gas spring cushion charged pressure and the 

corresponding forces within Uni-Form 

 

 

𝐹𝑝𝑖𝑙𝑙𝑎𝑟 + 𝐹𝑏𝑙𝑎𝑛𝑘 = 𝐹𝑖𝑛𝑛𝑒𝑟 𝑔𝑎𝑠 𝑐𝑢𝑠ℎ𝑖𝑜𝑛 − 𝑔𝑚𝑚𝑖𝑑 𝑝𝑙𝑎𝑡𝑒 − 4𝐹𝑠𝑝𝑟𝑖𝑛𝑔 (Eq. A1) 

 

𝐹𝑝𝑖𝑙𝑙𝑎𝑟𝑑𝑝𝑖𝑙𝑙𝑎𝑟 = 𝐹𝑏𝑙𝑎𝑛𝑘𝑑𝑏𝑙𝑎𝑛𝑘 (Eq. A2) 

 

𝐹𝑝𝑖𝑙𝑙𝑎𝑟 = 𝐹𝑏𝑙𝑎𝑛𝑘

𝑑𝑏𝑙𝑎𝑛𝑘

𝑑𝑝𝑖𝑙𝑙𝑎𝑟
 (Eq. A3) 

 

𝐹𝑏𝑙𝑎𝑛𝑘 (1 +
𝑑𝑏𝑙𝑎𝑛𝑘

𝑑𝑝𝑖𝑙𝑙𝑎𝑟
) = 𝐹𝑖𝑛𝑛𝑒𝑟 𝑔𝑎𝑠 𝑐𝑢𝑠ℎ𝑖𝑜𝑛 − 𝑔𝑚𝑚𝑖𝑑 𝑝𝑙𝑎𝑡𝑒 − 4𝐹𝑠𝑝𝑟𝑖𝑛𝑔 (Eq. A4) 

 

𝑃ℎ𝑒𝑎𝑡 =
𝐹𝑖𝑛𝑛𝑒𝑟 𝑔𝑎𝑠 𝑐𝑢𝑠ℎ𝑖𝑜𝑛 − 𝑔𝑚𝑚𝑖𝑑 𝑝𝑙𝑎𝑡𝑒 − 4𝐹𝑠𝑝𝑟𝑖𝑛𝑔

𝐴𝑏𝑙𝑎𝑛𝑘 ℎ𝑒𝑎𝑡 (1 +
𝑑𝑏𝑙𝑎𝑛𝑘

𝑑𝑝𝑖𝑙𝑙𝑎𝑟
)

 
(Eq. A5) 

 

Figure A8 Force analysis of Uni-Form (the heating stage) 
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After calculation, the relation between gas spring cushion charged pressure and contact heating 

pressure can be plotted in Figure A9. Similarly the relationship between forming pressures and 

the gas spring cushion charged pressure can be found in Figure A10. 
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Figure A9  The relationship between the heating pressure and the gas spring cushion charged 

pressure of Uni-Form 

 

Figure A10 The relationship between the forming pressure and the gas spring cushion 

charged pressure of Uni-Form 
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Appendix 1(f) Heating rate of chamber furnace  

 

  

            

              

 

             Par.   

...No. 
Time (s) 

Heating Rate 

(℃/s) 
1 652 0.46 
2 621 0.48 
3 626 0.48 
4 648 0.46 
5 630 0.48 

AVE 635.4 0.47 
 

             Par.   

...No. 
Time (s) 

Heating Rate 

(℃/s) 
1 460 0.76 
2 431 0.81 
3 488 0.72 
4 476 0.74 
5 442 0.79 

AVE 459.4 0.76 
 

             Par.   

...No. 
Time (s) 

Heating Rate 

(℃/s) 
1 126 2.38 
2 129 2.33 
3 128 2.34 
4 150 2.00 
5 143 2.10 

AVE 135.2 2.23 
 

             Par.   

...No. 
Time (s) 

Heating Rate 

(℃/s) 
1 463 0.86 
2 446 0.90 
3 460 0.87 
4 475 0.84 
5 488 0.82 

AVE 466.4 0.86 
 

             Par.   

...No. 
Time (s) 

Heating Rate 

(℃/s) 
1 490 0.92 
2 511 0.88 
3 482 0.93 
4 500 0.90 
5 488 0.92 

AVE 494.2 0.91 
 

             Par.   

...No. 
Time (s) 

Heating Rate 

(℃/s) 
1 490 1.07 
2 478 1.10 
3 474 1.11 
4 472 1.11 
5 483 1.09 

AVE 479.6 1.09 
 

Table A1 Heating time 

 (Furnace 300℃ and target temp. 300℃) 

Table A2 Heating time 

 (Furnace 350℃ and target temp. 350℃) 

Table A3 Heating time 

 (Furnace 350℃ and target temp. 300℃) 

Table A4 Heating time 

 (Furnace 450℃ and target temp. 450℃) 

Table A5 Heating time 

 (Furnace 400℃ and target temp. 400℃) 

Table A6 Heating time 

 (Furnace 525℃ and target temp. 525℃) 



  

- 172 - 

 

Appendix 2 Flow stress of AA6082-T6 and T4 at room temperature 
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Fig A11  Stress-strain curves of AA6082-T4 and T6 at room temperature 

AA6082-T6 

AA6082-T4 
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Appendix 3 U-shape components formed by FAST using Uni-Form 

Appendix 3(a) U-shape components for temperature test 

 

 

 

 

 

The diameter of the 

drill is 0.65 mm 

Figure A12 U-shape component for the temperature test during heating and forming 

process (The thermocouple was inserted into the middle hole of the blank as 

highlighted in the red circle) 

10 mm 

Figure A13  U-shape component for the temperature test of the incubation chamber 

(Three thermocouples were attached at three locations as highlighted in the 

red circle) 
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Appendix 3(b) Formed U-shape components using AA6082-T4 and -T6 

 

 

Figure A14 FAST formed AA6082-T4 U-shape components using Uni-Form 

50 mm 

Figure A15 FAST formed AA6082-T6 U-shape components using Uni-Form 

50 mm 
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