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Executive summary 

Electrically assisted (EA) rapid heat treatment is a promising alternative heat 

treatment method, in which the microstructure and mechanical properties of a metal 

alloy are modified by simply applying pulsed electric current for a short duration 

in sheet metal forming process. The effectiveness of EA rapid heat treatment can 

be explained by the combination of the athermal effect of electricity and the thermal 

effect of rapid resistance heating. 

Even though the performance of EA rapid heat treatment in sheet metal forming 

process surpasses that of conventional heat treating, the mechanism of electrical 

effect is not clearly identified yet. Also, the quantitative effect of electric current 

on the microstructure and resultant mechanical behavior has not been evaluated yet. 

The purpose of this study is to provide a precise processing technique in sheet metal 

forming (i.e., EA manufacturing), and to elucidate the post-EA rapid heating 

microstructure and mechanical behavior of the metal alloy during EA 

manufacturing process. 

Firstly, a modified EA rapid heating of Al-Si coated hot stamping steel is 

suggested. The intermetallic evolution in the coating during heating is 

experimentally investigated. In the modified EA rapid heating, a continuous electric 

current for a suitable duration is applied to a specimen to heat it to a temperature 

slightly below the melting temperature of the coating. The temperature of the 
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specimen is then kept constant for specified dwell time. The result of the 

microstructural analysis shows that the modified EA rapid heating could effectively 

increase the thickness of the intermetallic layer between the coating and steel 

substrate much faster than conventional furnace heating and induction heating. The 

effectiveness of EA rapid heating may be due to the athermal effect of the electric 

current on the mobility of atoms, in addition to the well-known resistance heating 

effect. EA rapid heating also provides a technical advantage in that partial 

austenization can be easily achieved by properly placing the electrodes, as 

demonstrated in the present study. 

Secondly, through the understanding of the mechanism of electricity effect 

during EA rapid heating, the effect of EA annealing on the mechanical behaviors 

of pre-strained two different aluminum alloys during EA dual-stage forming are 

experimentally investigated. First, a specimen is deformed to a specific pre-strain 

by uniaxial tension and then automatically unloaded. After that, the pre-strained 

specimen is subjected to EA annealing by electric current with a fixed subsecond 

duration. Finally, the specimen is reloaded until fracture. Experimental results show 

that application of electric current with a subsecond duration induces EA annealing 

to both pre-strained aluminum alloys. The electric current also increases total 

achievable elongation until fracture during EA dual-stage forming for both 

aluminum alloys. However, analysis of the stress-strain behavior during reloading 

and microstructural observations suggests that the quantitative effects of electric 
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current on the post-EA annealing mechanical behavior and resultant microstructure 

are strongly dependent on the type of aluminum alloy. Together, our findings 

indicate that while EA annealing is effective at improving the productivity of dual 

stage forming of an aluminum alloy, the composition of the aluminum alloy should 

be carefully considered in the design of the forming process utilizing the concept 

of EA annealing. 

From this study, the concept of EA rapid heat treatment in sheet metal forming 

is suggested. Also, the intermetallic evolution of Al-Si coated hot stamping steel, 

and the mechanical behavior of pre-strained two different aluminum alloys during 

EA rapid heating are investigated clearly. The optimal condition to achieve the 

efficiency of the process is suggested considering both microstructure and 

mechanical behavior aspects. Through the athermal effect of electric current on the 

mobility of atoms, in addition to the well-known resistance heating effect, EA rapid 

heating is a feasible technique to apply in the real industry with the significant 

benefits in cycle time reduction. 
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Chapter 1 

Introduction 

1.1 Sheet metal forming 

Sheet metal forming is among the basics of metalworking processes, where a 

sheet blank is plastically deformed into a complex three-dimensional geometry 

between tools to obtain the desired final configuration. Sheet metal forming 

operations are classified into two main processes. One is cold sheet metal forming, 

where the process is performed at lower than the recrystallization temperature. The 

other is warm or hot sheet metal forming, where the process is operated at elevated 

temperatures, such as hot stamping of boron steel or warm forming of aluminum 

alloy. In general, sheet metal forming also is classified according to the geometry 

of the formed part as clearly summarized in Table 1.1 

Following are some general characteristics of sheet metal forming: 

 The workpiece with a high ratio of surface area to thickness is entirely or 

partially subjected to plastic deformation. 

 The plastic deformation is most commonly large and is the main factor to 

cause significant changes in shape. The sheet thickness reduction is not 

desirable since it can lead to necking and failure. 

 Little or no material is removed during the forming process. 
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 Cold sheet metal forming may lead to increased mechanical properties, such 

as yield strength and tensile strength, due to the plastic strain accumulation. 

Since the final part geometry could simply be produced in a very short time 

with scrap diminishing, sheet metal forming is a potential process to save both 

energy and material in manufacturing. However, the attempt to improve the 

efficiency of sheet metal forming process still attracts attention in both academia 

and industry.  
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Table 1.1 Commonly used sheet forming processes 

Bending and straight flanging processes 

Brake bending Hemming Roll forming 

Roll bending Tube bending Flanging 

Hole flanging Joggling  

Blank preparation 

Sheet leveling and straightening Shearing, blanking, and 

piercing 

 

Deep drawing 

Deep drawing (using hard dies) Sheet hydroforming with 

punch 

Sheet hydroforming with 

die 

Fluid bladder (diaphragm) 

forming 

Malformed process Drop hammer forming 

Hot stamping   

Stretch forming 

Stretch forming asymmetric 

parts 

Linear stretch forming Creep forming 

Age forming Die quench forming Bulging 

Tube hydroforming Expanding Dimpling 

Electromagnetic forming Explosive forming  

Incremental forming 

Spinning Shear forming  

Hybrid forming processes 

Ironing Coining Noising 
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1.2 Electroplasticity review 

In the 1960s, the change of the dislocation movement in a superconductor 

during the transition between the superconducting stage and the normal stage had 

been extensively investigated. According to Tittmann and Bommel, the dislocation 

contribution to the ultrasonic absorption of superconducting lead was significantly 

less in the normal state than in the superconducting state [1,2]. Subsequently, many 

research studies have shown the similar phenomena occur to other mechanical 

properties, which influenced by the interaction of the dislocations and the 

conduction electrons, such as stress relaxation [3], flow stress change [4,5]. Even 

though the interaction between dislocation and electrons in metals was 

demonstrated, the exact underlying mechanism of this interaction remains 

controversial.  

In 1969, Troistkii reported that the interaction between dislocations and 

electrons also exhibited when applying a high electric current pulse during the 

plastic deformation of metal [6]. Investigated on the flow stress reduction of zinc, 

cadmium, tin, lead, and indium during the pulsed current application, Troistkii 

suggested the term “electroplasticity” for the first time to imply the effect of electric 

current on the mechanical properties during deformation. However, the selected 

materials in Troistkii’s works somehow are still classified in the group of 

superconducting elements. Thenceforward, many scholars have studied to 
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demonstrate the effect of electric current on various metal alloys. Xu et al. 

suggested that the nucleation rate of strain-free grains during the recrystallization 

of cold-worked α-Ti could be promoted by electric current [7]. Chen et al. applied 

5 A/mm2 of pulsed electric current to Sn/Ag reaction couples and found that the 

electric current could either enhance or retard the growth of intermetallic 

compounds depending on the flow direction of electrons [8]. The investigations 

indicated that the electroplasticity is not limited to the superconducting elements. 

At the early stages, the electroplasticity was investigated by applying 

continuous electric current to various metal alloys. In 2007, Andrawes et al. 

reported that applying electric current continuously would significantly reduce the 

energy needed to deform 6061-T6511 aluminum alloy without considerable heating 

the workpiece [9]. Also, the flow stress reduction of various metals (titanium-based 

alloys, iron, copper, and aluminum) influenced by a continuously applied electric 

current was evidenced in the work of Perkins et al. [10]. Although applying 

continuous electric current during metals’ forming shows a great benefit in 

deformation force reduction, the achievable elongation decreases which leading to 

earlier fracture is an unavoidable impediment as clearly demonstrated by Ross et 

al. [11]. 

To address the limited formability of metals under a continuous electric current, 

applying high current density electropulsing during deformation has been 
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considered. In 2008, Roth et al. applied a pulsed electric current during the 

deformation of 5754 aluminum alloy and achieved elongation increases of nearly 

400% of the gauge length [12]. Following this, Salandro et al. established the effect 

of electric current on aluminum alloys by examining the displacement of selected 

material during the tensile test [13]. The authors also proposed pulsing parameter 

sets which could be utilized to achieve the intended elongation during the tensile 

test of AZ31B-O magnesium alloy [14].  

In order to understand the nature that accounts for the electroplasticity, many 

scholars have examined the effect of electric current on the mechanical behaviors 

of metals based on the microstructure aspect. Heigel et al. studied the 

microstructural alterations of 6061-T6511 aluminum alloy caused by applying 

pulsed current during deformation and found that both the number and size of 

precipitates are significantly affected [15]. The relationship between microstructure 

properties and the effect of electric current on C101 pure copper during the micro-

extrusion test was examined by Siopis et al. [16,17]. It was concluded that the flow 

stress reduction influenced by pulsed current increases with increasing prior cold 

work and decreasing the grain size of the as-received specimen. Recently, Kim et 

al. studied the full width at half maximum (FWHM) of aluminum alloys and 

indicated the occurrent of annealing when applying pulsed electric current due to 

the annihilation of dislocations [18,19]. The authors also reported that electric 

current itself plays a distinct role in accelerating the formation of early-stage 
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precipitates from a supersaturated stage. Overall, investigating the effect of electric 

current on metals under microstructural observation has proved that the athermal 

effect caused by an electric current is distinct from the thermal effect caused by 

resistant heating.  

With a foundation of the athermal effect contributed in electroplasticity, some 

researches commenced evaluating the effect of electric current on the mechanical 

behavior of metals. Kronenberger et al. determined the effects of electron flow on 

the 6061-T6511 aluminum alloy by subtracting out the obtained effects of resistive 

heating from a suggested finite element analysis model [20]. Bunget et al. suggested 

the term electroplastic effect coefficient to identify the amount of electric current 

effects that directly aids in deformation [21]. Two methods as mechanical-based 

and thermal-based approach to establish the electroplastic effect coefficient also are 

proposed by the authors. For the flow stress under electric current of metals, 

Salandro et al. proposed a methodology and examples of empirical modeling 

fabricated for both constant current density and non-constant current density [22]. 

In a study by Roh et al. a mathematical expression to describe the global stress-

strain behaviors of 5052-H32 aluminum alloys under a pulsed electric current is 

suggested [23]. The empirical model is constructed utilizing two electroplastic 

coefficients as material constant and the other accounts for the effects of electric 

current density and electric pulse period. Even though the exact path of the stress-

drop at the applying electric current still not obviously described, the proposed 
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empirical model exhibited a well prediction for the upper boundary of the ratchet 

shape stress-strain curve. 

In general, even though a completely satisfactory explanation for the underlying 

physics that account for the electroplasticity mechanism of metals has not been 

provided yet, the application utilizing the electroplasticity phenomena is great 

potential in both academic and industrial fields.
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1.3 Electrically assisted manufacturing 

Recently, the application of electric current in the conventional manufacturing 

process is widely investigated due to the positive eletroplasticity effects as clearly 

indicated in chapter 1.2. The manufacturing process utilizing electroplasticity 

effects (i.e. electrically assisted manufacturing) is a promising alternative technique 

attempting to improve productivity, efficiency, and material properties [24,25]. A 

study on electrically assisted manufacturing (EAM) has been distributed into two 

main topics. One is electrically assisted forming, where electric current is applied 

to the workpiece during deformation [26]. The other is electrically assisted heat 

treatment, where the application of electric current is implemented without 

deformation [27]. For both topics, the principal benefits influenced by electric 

current include mechanical properties improvement and microstructure evolution. 

In association with the increase of studies on electric current effects, the 

research into EAM process also rapidly expands. These processes include bulk 

deformation processes [28-30] and sheet metal forming processes [31,32] as 

summarized in figure 1.3.1. Additionally, EAM is considered to apply for other 

processes such as joining processes [33,34] and material-removal processes [35]. 

In comparison with conventional manufacturing process, the utilized EAM 

process exhibits various advantages. Since the electric current is basically 

generated by the power source, the required working place is much smaller and 
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simpler than that of conventional process equipped heating furnace as shown in 

figure 1.3.2. Also, conventional process requires excess time to heat up and 

maintain elevated temperatures of both the furnace and workpiece. Meanwhile, for 

EAM process, the temperature of the workpiece is rapidly heated to the intended 

temperature in a significantly shorter process time without heating the mold. 

Especially, the common drawbacks of conventional processes induced by elevated 

temperatures such as a wrap, surface oxidation could overcome in EAM due to the 

effectiveness of electric current at a relatively lower temperature. Therefore, EAM 

is a space-economizing and energy-saving manufacturing process while 

effectiveness enhancing the product quality. 
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Figure 1.1 Conventional hot forming process and electrically assisted 

manufacturing process 
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Figure 1.2 A list of electrically assisted manufacturing processes

Manufacturing process

Bulk deformation

Forging

Rolling

Drawing

Sheet metal forming

Deep drawing

Embossing

Blanking

Joining

Friction stir welding

Pressure welding

Cutting
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1.4 Thesis motivation 

Various scholars have been argued for the effectiveness of electroplasticity on 

metals recently. Electrically assisted manufacturing is a potential concept for 

conventional manufacturing processes based on the effects of electric current on 

metals. However, the application of EAM in the real industry process still exists 

impediment due to the lack of a clear understanding of electroplasticity mechanism. 

Also, the quantification of electroplasticity on the microstructure and resultant 

mechanical behavior is not evaluated yet. The purpose of this study is to provide a 

precise processing technique in sheet metal forming and to elucidate the post-EA 

rapid heating microstructure and mechanical behavior of the metal alloy during 

EAM process. 
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Chapter 2 

Intermetallic evolution of Al-Si coated hot stamping steel 

during modified electrically assisted rapid heating 

2.1 Introduction 

In the automotive industry, due to the pressing demands of not only safety 

performance but also respect for the environment, the use of ultra-high-strength 

steel (UHSS) for lightweight automotive structures is a frequently considered 

strategy. UHSS is known to provide mechanical characteristics, including high-

strength-to-density ratio and improved toughness, which satisfy the requirements 

of body-in-white component manufacturing such as B-pillar reinforcements, inner 

roof rails, and longitudinal rear rails.  

However, applying UHSS to traditional sheet forming technologies induces 

various well-known technical difficulties. As the strength of the steel sheet 

increases, the essential forming load increases, and thus, the springback becomes 

larger [1–3]. The deformed parts can lack precision and contribute to structural 

defects such as cracks, wrinkles, and rough surfaces. Moreover, a high forming load 

during forming may cause deterioration of the forming equipment.  
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In order to overcome these drawbacks, hot stamping has been effectively used 

as a forming technology for UHSS. Hot stamping is a non-isothermal process 

carried out at high temperatures with the intention of eliminating springback [4]. 

Boron steel (typically 22MnB5) is commonly used as a material in the hot stamping 

process. Many researchers have carried out studies to investigate the 

thermomechanical flow properties of hot stamping steel during the hot stamping 

process. Merklein and co-researchers demonstrated that the forming ability of the 

hot stamping steel depends on the temperature, strain rate, and cooling rate [5,6]. 

In the hot stamping process, a boron steel sheet is heated slightly above the γ→α 

transition temperature for a relevant dwell time to allow homogeneous 

austenization. Then, the heated sheet with a reduced flow stress (about 200 MPa) 

is deformed and subsequently die-quenched to achieve a tensile strength of about 

1350 MPa [7–9]. It is well known that the rapid cooling rate during die quenching 

creates a microstructure with a refined martensitic phase arrangement and 

uniformly distributed hardness without cracking [10].  

The heating process is extremely important in hot stamping. Commonly 

employed methods are conventional heating using roller hearth furnaces [11] or 

induction heating using eddy currents [12,13]. Electrically assisted (EA) rapid 

heating (known as a smart hot stamping process), which was suggested by Mori et 

al. [14] can be an alternative heat treatment method in which the temperature is 

rapidly increased by resistance heating. This method can also induce partial heating 
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in which a specific area of the specimen can be selectively heated. Therefore, EA 

rapid heating allows for forming inhomogeneous characteristic components such 

as the automotive B-pillar. For the automotive B-pillar, it is beneficial if the upper 

part has a martensitic structure to resist intrusion crashes, whereas the bottom part 

has a mixed bainitic and martensitic structure to absorb the crash impact. In hot 

stamping, as a result of the elevated temperature, oxidation and decarburization on 

the surface of the heated steel sheet are generally inevitable. To prevent the 

aforementioned negative phenomena and to improve the corrosion resistance, a thin 

aluminized coating covering the surface of the boron steel substrate is frequently 

used [15]. There are two major types of hot-dip aluminized coatings currently used 

for hot stamping sheets. The first type consists of an Al–Si alloy (7–11 wt% Si) 

which provides considerable coating resistance to oxidation and corrosion at 

elevated temperatures. The second type is pure aluminum with high reflection, 

which is mainly applied for reflective surface purposes [10]. Therefore, the first 

type (Al–Si coating) is extensively used to manufacture automotive hot stamping 

components and is the main subject of the present study.  

During the hot stamping process, the transformation of the Al–Si coating to an 

Al–Si–Fe intermetallic layer is imperative. The intermetallic layer, which is 

thermodynamically stable at temperatures higher than the melting temperature of 

the original Al–Si alloy, will protect the steel substrate from inner penetrating 

oxidation and surmount the thermal expansion coefficient mismatch between the 
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coating and steel substrate. In conventional methods, the intermetallic evolution 

could be naturally achieved via the slow heating rate. Borsetto et al. [16] showed 

that the steel diffusion process from the coating–substrate interface to the coating 

layer is thermally activated during hot stamping. Gui et al. [17] reported 

transformation of the Al– Si coating into Fe–Al intermetallic compounds after 

austenizing at 920 °C for 5 min. It was also shown that the coating was composed 

of multiple intermetallic layers and a diffusion layer after heat treatment [18]. 

However, in the case of EA rapid heating, the development of intermetallic phases 

can be more difficult. Due to the rapid heating rate, the melting phenomenon 

dominates prior to a sufficient degree of intermetallic evolution in the Al–Si coating. 

In the present study, a solution to this technical difficulty is described (the modified 

EA rapid heating) and the corresponding intermetallic evolution of the Al–Si 

coating during the heating process is experimentally investigated. 

2.2 Experimental procedures 

Commercially available 22MnB5 boron steel sheets (thickness of 1.1 mm) with 

hot-dipped coating layers (20 µm Al-10 wt% Si) on the top and the bottom surfaces 

were used. The chemical composition of the primary steel substrate sheet is listed 

in Table 2.1. The presence of Mn and B elements in the chemical composition is 

beneficial to increase the hardenability and retard the heterogeneous nucleation of 
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ferrite at the austenite grain boundaries. Specimens with a size of 250 mm × 80 mm 

were prepared from the boron steel sheet along the rolling direction. 
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Table 2.1 Chemical compositions (in wt.%) of the hot stamping steel sheet 

C Mn Si Al Ti B Fe 

0.20-

0.25 

1.10-

1.30 

0.15-

0.35 

0.02-

0.06 

0.02-

0.05 

0.002-

0.004 

At 

balance 
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The experimental setup for the modified EA rapid heating consists of a power 

supply, two connecting cable wires, flat copper electrodes, and the test specimen, 

as schematically described in Fig. 2.1. A Vadal SP-1000U welder (Hyosung, South 

Korea) was used to generate a pulsed electric current and was operated using a 

programmable pulse controller. The copper electrodes were used to homogeneously 

distribute the electric current flowing through the specimen from the cathode to the 

anode. In order to avoid electric sparks at the electrode-specimen interface, the 

specimen was cleaned using ethanol prior to the experiment and tightly clamped 

using a press clamp. A set of bakelite insulators was used to insulate the 

experimental setup and guarantee the safety of the entire system. 
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Figure 2.1 A schematic of the experimental set-up
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The modified EA rapid heating of the Al–Si-coated hot stamping steel specimen 

is schematically described in Fig. 2.2. First, the specimen is rapidly heated to a 

temperature slightly lower than the melting temperature of the Al–Si coating 

(570 °C) by a continuous electric current. A pulsed electric current with a short 

duration is then applied to the specimen to keep the temperature isothermal for the 

specified dwell time. In the actual hot stamping process with modified EA rapid 

heating, the specimen would be heated by a continuous current again over the full 

austenization temperature after the isothermal dwell time, as described by the 

dashed line in Fig. 2.2. However, in the present study, the specimen was 

immediately water-quenched after the dwell time to observe the intermetallic 

evolution in the Al–Si coating during the dwell time by the pulsed electric current. 

The mechanical and microstructural properties of hot-stamped steels after full 

austenization followed by quenching have been discussed in many reports and will 

not be repeated here. 

In the modified EA rapid heating experiment, the specimen was heated using 

the electric current parameters listed in Table 2.2, which were selected as a result 

of separately conducted preliminary studies. Three different dwell times, 0, 10, and 

25 s, were considered in the modified EA rapid heating experiments. The 

temperature history along the surface of the specimen was monitored by an infrared 

thermal imaging camera (FLIR-T621, FLIR Systems, Oregon, USA) throughout 

the experiment. High-temperature black paint was applied to the surface of the 
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specimen to stabilize the emissivity. The thermal imaging camera was then 

calibrated based on preliminary tests using a K-type thermocouple. 

To evaluate the effect of electric current on the intermetallic evolution in the 

Al–Si coating, comparative experiments were also carried out utilizing two 

conventional heating methods, furnace heating (FH) and induction heating (IH). In 

furnace heating, the specimen was placed in a resistant furnace (Nabertherm 

Labotherm N7/H/B150, Nabertherm GmbH, Germany) to reach the target 

temperature of 570 °C, and it was held at the target temperature for 25 s before 

water quenching. Note that the heating rate of the furnace heating was 

approximately 3 °C/s, which is significantly lower than that of modified EA rapid 

heating. Therefore, the specimen in the furnace heating was actually exposed to an 

elevated temperature for a significantly longer time than the specimen in the 

modified EA rapid heating. In the furnace heating test, a K-type thermocouple was 

physically attached to the surface of the specimen to monitor the temperature 

history. During induction heating, the temperature of the specimen was increased 

to the target temperature of 570 °C in 3 s and held constant over the 25 s dwell time. 

Once again, a K-type thermocouple was used to monitor the temperature history. It 

is well known that induction heating utilizes eddy currents, which is a skin (or 

surface) effect [19]. Therefore, the heating mechanism of induction heating is quite 

different than that of directly applying an electric current to the specimen. Thermal 

homogeneity during induction heating is mainly achieved by thermal conduction. 
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Table 2.2 Process parameter for modified electrically assisted rapid heating 

Specimen 

Continuous electric 

current 
A pulsed electric current 

Electric 

current 

density* 

(A/mm2) 

Duration 

(sec) 

Electric 

current 

density* 

(A/mm2) 

Duration 

(sec) 

Period 

(sec) 

Number 

of pulses 

EA-0 

57 3 

- - - - 

EA-10 
14 2 2 

3 

EA-25 6 

*Base on the original cross-sectional area of the specimen 
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Figure 2.2 A schematic of the procedure of modified electrically assisted rapid 

heating 
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Microstructural analysis was performed via confocal laser scanning microscopy 

and a field emission gun scanning electron microscope (FE-SEM, Merlin compact, 

Carlzeiss, Germany) equipped with energy-dispersive X-ray spectroscopy (EDS). 

Samples for the microstructural analysis were obtained from the tested specimens 

using a low-cycling diamond saw with dimensions of 1 mm × 1 mm. Then, they 

were embedded in an electrically conductive polymer matrix. The cross sections of 

the samples were then prepared along the direction of the electric current by 

standard metallographic grinding and polishing finished with a 1-µm diamond 

suspension followed by electropolishing using 10% perchloric acid. 

2.3 Results and Discussion 

In modified EA rapid heating, the average temperature of the heated region of 

the specimen reached the target temperature in 3 s (average heating rate of 190 °C/s) 

and was held nearly constant for the given dwell time, as shown in the temperature 

history of the EA-25 specimen (Fig. 2.3a). The temperature profile long the length 

of the EA-25 specimen at 1 s after the initiation of the dwell period also confirms 

that the temperature of the heated region was nearly uniform along the length at the 

target temperature (Fig. 2.3b). As marked in Fig. 2.3b, the temperature profile along 

the length of the specimen clearly shows three different temperature regions, a high-

temperature (heated) region, transition region, and unheated region. At the edges of 

the electrodes, temperature transition regions exist, and unheated regions are 
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observed underneath the electrodes. The temperature history and profile in Fig. 2.3 

confirm that the dwell at the target temperature could be easily achieved by 

applying a properly designed pulsed electric current.  
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(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

 

Figure 2.3 (a) Temperature history of EA-25 specimen, (b) temperature profile 

along the length of the EA-25 specimen at 1 s after the initiation of the dwell 

period 
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The results of the SEM-EDS analysis on the cross section of the heated region 

show that the intermetallic evolution was significantly accelerated by the electric 

current. The thickness of the Al-Si coating of the as-received specimen prior to 

heating experiment was measured to be 18.48 ± 1.6 µm. The cross-section of the 

as-received specimen consists of three separate zones as marked in Fig. 2.4. Zone 

I describe the Al-Si coating, which has silicon aggregates embedded in the 

aluminum matrix. Note that the silicon element in the coating composition 

contributes to diminish the coating thickness and to flatten the interface between 

the coating and the boron steel substrate during hot dip process [20-22]. Zone II is 

the a thin Fe2SiAl7 intermetallic layer between the coating and the steel substrate, 

which was induced from the earlier hot dip process. This zone is discontinuous 

along the length of the specimen with the maximum thickness close to 2.3 µm. Zone 

III is simply the boron steel substrate. 
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Figure 2.4 Cross-sectional SEM-EDS micrograph of as-received specimen
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The cross-sectional microstructures of the coating after the heating experiments 

are shown in Fig. 2.5. Note that silicon has a similar atomic radius and molecular 

weight to aluminum. Therefore, it is assumed that silicon behaves similarly to 

aluminum in the coating for the microstructure analysis, and the coating is assumed 

to follow the binary Al–Fe diagram in the present study [23]. At the dwell 

temperature (570 °C), the intermetallic evolution in the coating depends on the 

diffusion between aluminum–silicon in the coating and boron steel substrate [24].   
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(a) (b) 

(c) (d) 

(e) 

 

 

 

 

Figure 2.5 Cross-sectional SEM-EDS micrograph of (a) CH specimen, (b) IH 

specimen, (c) EA-0 specimen, (d) EA-10 specimen, (e) EA-25 specimen
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As indicated in Fig. 2.5 and summarized in Fig. 2.6, compared to the as-

received specimen, the thickness of the intermetallic layer (zone II) of the heat-

treated specimens increased for all three of the heating methods. It is very 

interesting to note that the diffusion process between the coating and boron steel 

substrate was significantly enhanced in the modified EA rapid heating process 

compared to furnace or induction heating. Even with a dwell time of 0 s, the 

intermetallic layer of the specimen after the modified EA rapid heating (5.04 ± 0.66 

µm) became thicker than the intermetallic layers of the specimens obtained after 

furnace heating (3.75 ± 0.13 µm) and induction heating (3.24 ± 0.58) with dwell 

times of 25 s. Note that the results of furnace heating and induction heating are 

quite similar. In contrast to furnace and induction heating, the intermetallic 

evolution of the coating was nearly completed in the modified EA rapid heating 

process (9.56 ± 0.8 µm) with a dwell time of 25 s. Note that a thin oxide layer 

(Al2O3) was observed at the outer surface of coating for all the heat-treated 

specimens, probably due to heating in air and quenching in water.
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Figure 2.6 Intermetallic thickness (CH furnace heating, ID induction heating) 
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The growth of the intermetallic phases is governed by chemical reactions at the 

interfaces and interdiffusion between different phases [25, 26]. The phase 

constituents of the intermetallic layer (zone II) were quite different depending on 

the heating method and dwell time, as listed in Table 2.3. The phase constituents 

were determined by comparing the composition obtained from the SEM–EDS 

analysis to Al–Fe equilibrium phase diagrams.  

The coating of the EA-0 specimen (dwell time of 0 s) has an intermetallic layer 

composed of Fe4Al13, FeAl3, and Fe2Al5 intermetallics, while the Fe4Al13 

intermetallic appears as a main component of the intermetallic layer. Note that a 

thin bright layer of FeAl3/Fe2Al5 was identified at the interface between the Fe4Al13 

layer and steel substrate. For the EA-10 specimen (dwell time of 10 s), the 

intermetallic phases are quite similar to those of the EA-0 specimen, except that the 

intermetallic layer became thicker. The circular islands in zone I of the EA-10 

specimen were identified as the FeAl3 intermetallic. Note that these intermetallic 

compounds, which have a relatively higher aluminum content, are reported to have 

a quite low fracture toughness of 1 MPa m1/2 and high hardness of 900–1150 

HV0.05 [27]. Due to the inherent brittleness, these intermetallic compounds may 

promote the formation and propagation of cracks in the coating, which eventually 

cause damage of the steel substrate.  
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The coating of the EA-25 specimen (dwell time of 25 s) exhibits complete 

intermetallic evolution, as mentioned above. A sandwiched FeAl intermetallic 

having a high iron content was observed between the aluminum-rich intermetallic 

Fe2SiAl7 and steel substrate, while a very thin layer of FeAl2 intermetallic was 

identified along the interface between the FeAl and Fe2SiAl7 intermetallics. The 

FeAl phase possesses a high fracture toughness of up to 26 MPa m1/2 and low 

hardness of 300–650 HV0.05 [28]. This intermetallic is reported to counteract crack 

formation in the coating [27]. 

This result suggests that the modified EA rapid heating effectively completed 

evolution of the intermetallic phases with a dwell time of 25 s and induced a 

beneficial intermetallic layer in the coating–substrate interface. The effectiveness 

of the modified EA rapid heating process may be due to the athermal effect of the 

electric current (in addition to the well-known resistance heating effect) on the 

mobility of atoms, as reported in the studies of the effect of electric current on the 

recrystallization kinetics [29] and the diffusion during electrically assisted brazing 

[30]. By further accelerating the mobility of atoms in the coating and steel substrate, 

modified EA rapid heating can expedite diffusion between the Al–Si coating and 

boron steel substrate. 
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Table 2.3 Phase constituents of intermetallic layer (zone II) * 

Specimen EDS point 
Thickness 

(µm) 
Phase constituents 

Chemical composition 

(at. %) 

Fe Si Al 

As-received A 2.19 ± 0.68 Fe2SiAl7 19.42 12.82 67.75 

CH A 3.75 ± 0.13 FeAl3 21.01 12.42 66.58 

ID A 3.24 ± 0.58 Al rich 12.51 17.40 70.09 

EA-0 
A 

5.04 ± 0.66 
Fe4Al13 18.39 13.13 68.47 

B  23.39 9.85 66.75 

EA-10 
A 

6.51 ± 0.26 
Fe4Al13 or FeAl3 18.39 13.13 68.47 

B Fe2Al5 23.39 9.85 66.75 

EA-25 

A 

9.56 ± 0.8 

Fe2SiAl7 20.87 11.05 68.09 

B FeAl2 31.68 4.47 63.85 

C FeAl 51.08 1.35 47.56 

*Zone I and zone III are always the Al-Si coating and the steel substrate, respectively; no 

zone I remains in case of EA-25 
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2.4 Summary 

Modified electrically assisted (EA) rapid heating of Al–Si coated hot stamping 

steel was suggested, and the intermetallic evolution in the coating during the 

heating process was experimentally investigated. As shown in the result of the 

microstructural analysis, the modified EA rapid heating effectively completed 

evolution of intermetallic phases with a dwell time of 25 s and induced a ductile 

intermetallic phase, which contributes to prevent crack formation in the coating. 

The completion of intermetallic evolution was clearly impossible for conventional 

furnace or induction heating with the same dwell time. The effectiveness of EA 

rapid heating may be due to the athermal effect of the electric current on the 

mobility of atoms, in addition to the well-known resistance heating effect. The 

modified EA rapid heating suggested in the present study provides a clear technical 

advantage over conventional heating methods. By effectively and significantly 

reducing the heating time necessary to stabilize the Al–Si coating, the cycle time of 

the hot stamping process can be significantly reduced. Also, the modified EA rapid 

heating process provides an additional technical advantage in that partial heating 

can be easily achieved by properly placing the electrodes as demonstrated in the 

present study.
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Chapter 3 

The effect of pre-strain and subsequent electrically- 

assisted annealing on the mechanical behaviors of two 

different aluminum alloys 

3.1 Introduction 

Lightweight materials are widely used in the automotive industry for energy 

conservation and due to environmental considerations [1]. Among the many 

lightweight materials available, aluminum alloys become promising candidates due 

to their unique properties such as high strength-to-weight ratio and excellent 

corrosion resistance [2,3]. More specifically, non-heat treatable Al-Mg alloys and 

heat treatable Al-Mg-Si alloys have the potential for use in automotive body panel 

applications [4]. However, in comparison with conventional ferrous alloys, limited 

formability of those aluminum alloys is a considerable impediment to using them 

to manufacture complex components at room temperature.  

To address the limited formability of aluminum alloys, researchers have 

investigated various manufacturing processes. For example, a preform annealing 

method (dual stage forming) to produce stamped sheet metal panels using 

aluminum alloys has been proposed [5-7]. In dual stage forming, an aluminum alloy 

sheet is preformed to a substantial amount of strain without fracture. Then, the 
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preformed part is subjected to either partial or entire annealing to remove work 

hardening through static recovery or recrystallization. The second stage involves 

further plastically deforming the part from the preforming stage to achieve the final 

part geometry. Li et al. [8] reported that 40% total effective elongation was 

achieved with 20% pre-strained non-heat treatable aluminum alloys after annealing. 

Wang et al. [9] also proved that the ductility of heat treatable aluminum alloys was 

improved by two-stage forming with annealing. According to Fang et al. [10], a 

desired grain structures for typical applications of non-heat treatable aluminum 

alloy could be simply achieved by a proper combination of cold deformation and 

subsequence annealing process. Although the dual stage forming method is 

effective and clearly improves formability, it is still far from being entirely 

satisfactory, since it is time-consuming to perform and requires a large workspace 

for annealing between forming stages. The forming process must be stopped, and 

the part needs to be transferred between the forming and heating areas. 

For these reasons, dual stage forming with electrically assisted (EA) annealing 

was proposed as an alternative to conventional dual stage forming. Dual stage 

forming with EA annealing (or simply, EA dual stage forming) is a new 

manufacturing process based on the combination of the athermal effect of 

electricity and the thermal effect of resistance heating on the material properties of 

metals (electroplasticity) [8-16]. In EA dual stage forming, electric current is 
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applied to produce rapid EA annealing to the material deformed in the preforming 

stage [17].   

EA dual stage forming has various technical advantages over conventional dual 

stage forming. As reported in recent studies [13,17], the athermal effect of electric 

current can significantly reduce process time at elevated temperatures to annihilate 

strain hardening from the preforming stage. Also, rapid heating to the target 

temperature by resistance heating can further reduce the total process time. In 

addition, the annealing facility can be simplified and consequently workspace for 

annealing can be significantly reduced. Finally, by careful placement of electrodes, 

the workpiece can be partially heated to facilitate optimization of the mechanical 

properties of the formed part. 

However, as reported in Kim et al. [18], the effect of electric current on the 

mechanical properties of metallic materials can differ according to alloy 

composition and heat treatment conditions. Depending on the given metallic 

material, electric current can increase formability, which is desirable, or accelerate 

formation of microstructural damages, which is undesirable [19]. Therefore, in the 

design of EA dual stage forming of aluminum alloys, the effect of electric current 

on the post-EA annealing mechanical behavior of different aluminum alloys needs 

to be evaluated. In the present study, we experimentally investigated and compared 

the post-EA annealing mechanical behaviors of two different pre-strained 

commercial aluminum alloys.  
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3.2 Experimental procedures 

Commercially available 1.2 mm-thick non-heat treatable Al-Mg alloy (5182-O) 

sheets and 1.6 mm-thick heat treatable Al-Mg-Si alloy (6061-T6) sheets were used 

in the experiment. The chemical compositions of these alloys are listed in Table 3.1. 

Tensile specimens with a gauge width of 12.5 mm and a gauge length of 50 mm 

were prepared along the rolling direction according to ASTM-E08 [20].  
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Table 3.1 The mechanical compositions of materials 

Chemical compositions 

Aluminum 

alloys* 

Alloying element (wt%) 

Si Fe Cu Mn Mg Cr Zn 

6061 – T6 0.4 0.7 0.15 0.15 0.8 0.04 0.25 

5182 – O 0.2 0.35 0.15 0.2 4.0 0.1 0.25 

* Al is at balance 
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As schematically described in Fig. 3.1, the specimen was first pre-strained 

(deformation stage I) in quasi-static uniaxial tension using a universal testing 

machine (DTU 900 MHN, Daekyung technology, South Korea) to a prescribed 

strain and automatically unloaded. The pre-strained specimen was then subjected 

to short duration EA annealing followed by air cooling for 3 min. In deformation 

stage II, simple quasi-static tension was applied to the EA annealed specimen until 

fracture. For both stages I and II, the specimen was deformed with a constant 

displacement rate of 3 mm/min (engineering strain rate of 10-3 s-1 based on the 

original gauge length of the specimen). A non-contact high-resolution laser 

extensometer (LX500, MTS systems corporation, USA) was used to measure the 

displacement.
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Figure 3.1 A schematic of the experimental procedure. The blue and red lines 

indicate the strain state and the applied electric current density, respectively
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Experimental set-up for EA annealing comprised a programmable DC power 

supply (Vadal SP–1000U welder, Hyosung, South Korea), electric cables, two 

copper electrodes, and an infrared thermal imaging camera (FLIR-T440, FLIR 

Systems, Oregon, USA), as shown in Fig. 3.2. As illustrated in the inset of Fig. 3.2, 

a sliding mechanism was employed in EA annealing. Bakelite insulators were used 

to ensure that electric current was applied only to the specimen for the safety. 

Bakelite insulators connected to electrodes slid along the length direction of the 

specimen to avoid bending of the specimen due to thermal expansion during EA 

annealing. The temperature history and temperature profile along the length of the 

specimen were monitored during EA annealing by the infrared thermal imaging 

camera. A high-temperature black thermal paint was sprayed on one surface of the 

specimen to stabilize emissivity. The emissivity used for infrared thermal imaging 

was calibrated based on preliminary tests using a K-type thermocouple. 
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Figure 3.2 A schematic of experimental set-up for EA annealing 
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In the present study, two different pre-strain levels (65%εUTS and 85%εUTS) 

were selected, as listed in Table 3.2. The strain of εUTS is the engineering strain at 

the maximum uniform elongation. Therefore, the pre-strains of 65%εUTS and 

85%εUTS correspond to 65% and 85% of the engineering strain at maximum 

uniform elongation, respectively. For each pre-strain level, three different true 

electric current densities (100, 125, and 140 A/mm2) based on the actual cross-

sectional area of the pre-strained specimen were applied to the pre-strained 

specimen to induce EA annealing. For simplicity, the duration of electric current 

was set to the constant of 0.75 sec for all experiments. To verify the repeatability 

of the result, at least three specimens were tested for each parameter set. 
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Table 3.2 The experimental parameters 

Material Pre-strain level 
Engineering strain 

(%) 

True electric 

current density
*
 

(A/mm
2
) 

5182-O 

As-received (No pre-strain, No current) 

65% ε
UTS

 12 

No EA (No current) 

100 

125 

140 

85% ε
UTS

 15.7 

No EA (No current) 

100 

125 

140 

6061-T6 

As-received (No pre-strain, No current) 

65% ε
UTS

 6 

No EA (No current) 

100 

125 

140 

85% ε
UTS

 7.9 

No EA (No current) 

100 

125 

140 

*Duration of 0.75 sec 
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In addition to evaluation of mechanical properties during reloading after EA 

annealing, microstructural analyses of cross-sectional samples of the as-received 

specimens and the pre-strained specimens prior to and after EA annealing were 

conducted using an X-ray diffractometer (D8-Advanced, Brucker miller co., 

Boston, MA, USA) with a Cu radiation source operating at 40 kV and an FE-SEM 

(Quanta 200F FEI, Hillsboro, OR, USA) equipped with an EBSD system 

(Digiview4, EDAX, Mahwah, NJ, USA). Samples for microstructural analyses 

were prepared using a standard metallographic grinding technique followed by 

electropolishing with 10% perchloric acid and 90% ethanol at a temperature of 

about -20°C and voltage of 20 V. 
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3.3 Initial properties of as-received, and pre-strained specimen: mechanical 

behavior, and microstructure 

As expected, the engineering stress-strain curves of the tensile tests (Figs. 3.3(a) 

and (b)) show that the reloading curves of pre-strained specimens without EA 

annealing went back to and followed the baseline curves of the as-received 

specimens (no pre-strain) in general for both selected aluminum alloys, when the 

reloading curves were constructed based on the initial gauge length and initial 

cross-sectional area prior to pre-strain. 

For the 6061-T6 alloy, a modest bump was observed in the flow stress of the 

reloading curves on account of strain aging [21]. Transformation of the reloading 

curves in Figs. 3.3(a) and (b) to engineering stress-strain curves during stage II (or 

stage II engineering stress-strain curves, Figs. 3.3(c) and (d)) based on the gauge 

length and cross-sectional area at the initiation of reloading clearly demonstrates 

the effect of pre-strain (strain hardening) on the mechanical behavior of both 

selected aluminum alloys. 
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Figure 3.3 As-received and reloading without EA annealing engineering stress-

strain curves of (a, c) 5182-O aluminum alloys, and (b, d) 6061-T6 aluminum 

alloys: constructed based on the initial gauge length and initial cross-sectional 

area prior to pre-strain 
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Broadening of X-ray diffraction peaks indicates the lattice distortions, such as 

dislocations accumulation in the crystal. In analysis of the profiles of diffraction 

peaks, the full width at half maximum (FWHM) is sensitive to variations in 

microstructure under the same instrumental conditions and finite crystallite size 

[22]. In the present study, we assumed that the instrumental broadening 

contribution of the diffractometer was consistent for every measurement due to 

identical operational conditions. We also assumed that the finite crystallite domain 

size was entirely equivalent to the tested specimens. Based on these assumptions, 

FWHM analysis was used to evaluate lattice distortions, including dislocations.  

For both selected aluminum alloys, pre-strain induced an increase in FWHM, 

as shown in Figs. 3.4(a) and (b). The results indicate comparable distortion of the 

individual grains by plastic deformation in stage I. As the magnitude of the pre-

strain increased, dislocation density increased due to dislocation multiplication or 

formation of new dislocations. Therefore, it is logical that the FWHMs of the 

85%εUTS pre-strained specimens (specimens pre-strained to 85%εUTS) were higher 

than those of the 65%εUTS pre-strained specimens (specimens pre-strained to 

65%εUTS) for both aluminum alloys. The inverse pole figure (IPF) maps of the as-

received and pre-strained specimens (Figs. 3.5(a) and (b)) show equiaxed and 

uniformly distributed grains in both aluminum alloys. Average grain sizes of the 

as-received specimens were measured as 16±7 µm and 24±10 µm for the 5182-O 

alloy and the 6061-T6 alloy, respectively. No specific change in grain size was 
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observed for either pre-strain level (65%εUTS and 85%εUTS) of either aluminum 

alloy. 
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Figure 3.4 The effect of pre-strain to the FWHM profiles of (a) 5182-O, and (b) 

6061-T6 aluminum alloys 
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Figure 3.5 Inverse pole figure maps of as received and pre-strained specimens 

prior to EA annealing for (a) 5182-O, and (b) 6061-T6 aluminum alloys

As-received 65%ε
UTS

 85%ε
UTS

 

16±7 µm 15±6 µm 15±6 µm 

As-received 

24±10 µm 23±10 µm 27±12 µm 

65%ε
UTS

 85%ε
UTS
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3.4 Temperature during EA annealing 

Due to resistance heating, heat was generated instantly in all tested specimens 

when electric current was applied during EA annealing. However, with the 

subsecond duration used in the present study, exposure of the specimen to an 

elevated temperature was relatively short in comparison with conventional heat 

treatment, which can easily be longer than 20 min [23]. For example, as shown in 

Fig. 3.6(a), with a true electric current density of 140 A/mm2, the temperature of 

the 85%εUTS pre-strained specimen of the 6061-T6 alloy rapidly reached the peak 

temperature of 390°C in 0.75 sec and decreased to room temperature in 45 sec. The 

increase in true electric current density led to an increase in peak temperature (Fig. 

3.6(a)). For each alloy, temperature responses (peak temperatures) to the applied 

electric current of specimens with different pre-strain levels were quite similar since 

the true electric current density was used (Fig. 3.6(b)). At the same true electric 

current density, the 5182-O alloy reached a higher temperature than the 6061-T6 

alloy due to the former’s higher electrical resistivity. 
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Figure 3.6(a) Temperature histories of 85%εUTS pre-strained 6061-T6 specimens 

subjected to EA annealing, (b) average temperature peaks as a function of true 

electric current density of pre-strained specimens during EA annealing, and (c) 

temperature profile of 85%εUTS pre-strained 6061-T6 specimen subjected to 100 

A/mm2 of electric current density
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3.5 Mechanical properties after EA annealing 

Reloading curves of the pre-strained specimens subjected to EA annealing (EA 

annealed specimens) were also transformed into stage II engineering stress-strain 

curves based on the actual gauge length and cross-sectional area at initiation of 

reloading. Representative stage II engineering stress-strain curves in addition to the 

baseline engineering stress-strain curves of the as-received specimens are presented 

in Fig. 3.7. Using stage II engineering stress-strain curves, the post-EA annealing 

yield strength (or simply, the post-EA yield strength) and the post-EA annealing 

elongation (or simply, the post-EA elongation), as defined in Fig. 3.7(a), of the EA 

annealed specimens were compared with those of the pre-strained specimens 

without EA annealing.
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Figure 3.7 The engineering stress-strain curves based on the gauge length and 

cross-sectional area at initiation of reloading (stage II) of pre-strained specimens 

after EA annealing of 5182-O aluminum alloys: (a) 65%εUTS, and (b) 85%εUTS; 

6061-T6 aluminum alloys: (c) 65%εUTS, and (d) 85%εUTS 
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Plots of post-EA yield strength as a function of the true electric current density 

suggest that annealing occurred to all the pre-strained specimens as a result of 

application of an electric current with a subsecond duration of 0.75 sec, as shown 

in Figs. 3.8(a) and (b). For both aluminum alloys, the post-EA yield strength clearly 

decreased after EA annealing. At the current density of 140 A/mm2, the post-EA 

yield strength of both aluminum alloys for both pre-strain values became 

significantly lower than the baseline yield strength (no pre-strain) for each 

aluminum alloy. While both aluminum alloys showed a reduction in post-EA yield 

strength (i.e., reduction in work hardening) as a result of EA annealing, a 

comparison of the results shown in Figs. 3.8(a) and (b) suggests that the effect of 

electric current on post-EA yield strength, i.e., the extent of EA annealing, differed 

depending on the selected aluminum alloy. In the electric current density range 

selected in the present study, the post-EA yield strength of the 5182-O aluminum 

alloy decreased nearly linearly for both pre-strain levels. However, the post-EA 

yield strength of the 6061-T6 aluminum alloy showed a more rapid decrease as the 

electric current density increased from 125 to 140 A/mm2, thus resulting in an 

almost non-linear decrease. Furthermore, while post-EA yield strength became 

lower than the baseline yield strength in the interval between the electric current 

densities of 125 A/mm2 and 140 A/mm2 for the 5182-O aluminum alloy, the post-

EA yield strength of the 6061-T6 aluminum alloy was already lower than the 

baseline value at the electric current density of 125 A/mm2. 
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Figure 3.8 The effect of the electric current density on the post-EA yield strength 

of EA annealed (a) 5182-O, and (b) 6061-T6 pre-strained specimens. Each data 

point represents the average of three experimental results. Dispersion bars are 

based on the standard deviation 
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As a result of EA annealing, post-EA elongation of all pre-strained specimens 

increased in both aluminum alloys, as shown in Figs. 3.9(a) and (b). Note that post-

EA elongation of the 85%εUTS pre-strained specimen was consistently lower than 

that of the 65%εUTS pre-strained specimen for both aluminum alloys due to the 

accumulation of more dislocations at the higher pre-strain level. Different effects 

of EA annealing on post-EA mechanical behavior (the mechanical behavior after 

EA annealing) according to the aluminum alloy were more pronounced in the post-

EA elongation. For the pre-strained 5182-O specimens, as the electric current 

density increased, post-EA elongation clearly increased. Post-EA elongation of the 

pre-strained specimens did not fully regain their as-received elongation values, 

even though post-EA yield strength showed full annealing as the applied electric 

current density increased, as shown in Fig. 3.8(a).  

Electric current had a different effect on the formability of the pre-strained 

6061-T6 alloy. When an electric current density of 100 A/mm2 was applied, the 

pre-strained 6061-T6 specimens exhibited an increase in post-EA elongation, 

which can be explained by EA annealing. However, a further increase in electric 

current density did not induce additional improvement of post-EA elongation in the 

pre-strained 6061-T6 specimens. Note that the reduction in post-EA yield strength 

at higher electric current densities for the pre-strained 6061-T6 specimens, as 

shown in Fig. 3.8(b), was significant. The different post-EA elongation recoveries 
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of the pre-strained 5182-O and 6061-T6 specimens will be discussed further in the 

section on microstructural analysis.  
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Figure 3.9 The effect of the electric current density on the post-EA elongation of 

EA annealed (a) 5182-O, and (b) 6061-T6 pre-strained specimens. Each data 

point represents the average of three experimental results. Dispersion bars are 

based on the standard deviation 
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A major objective of annealing in dual stage forming of an aluminum alloy is 

to retain the formability of the selected alloy to complete the entire forming process 

(stage I prior to annealing and stage II after annealing) without failure. Therefore, 

it is reasonable to evaluate the effect of EA dual stage forming on total achievable 

elongation until fracture. Total achievable elongation (or total achievable 

engineering strain) can be simply calculated by the summation of the total 

achievable displacements during stages I and II divided by the initial gauge length 

of the specimen, as presented in Figs. 3.10(a) and (b). For the 5182-O aluminum 

alloy, EA annealing led to a significant increase in total achievable elongation for 

both pre-strain levels. For example, the total achievable elongation of the 85%εUTS 

pre-strained specimen subjected to EA annealing with 140 A/mm2 increased by 

about 1.5 times compared to that of the as-received specimen. Further, as the 

current density increased, the total achievable elongation increased for both pre-

strain levels. This result is consistent with the effects of electric current on the 

mechanical properties of 5XXX series aluminum alloys reported previously [17]. 

In other words, as electric current density increased, the extent of EA annealing 

increased. 

However, for the 6061-T6 aluminum alloy, even though the total achievable 

elongation was increased by EA annealing, the increase in total achievable 

elongation was less significant than that observed for the 5182-O aluminum alloy. 

More importantly, the magnitude of the increased total achievable elongation did 
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not change much as the electric current density increased. However, as will be 

discussed in detail below, microstructural analysis clearly revealed a higher extent 

of EA annealing with a higher electric current density for both aluminum alloys 

selected in the present study.  
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Figure 3.10 The effect of the electric current density on the total achievable 

elongation of (a) 5182-O, and (b) 6061-T6 pre-strained specimens subjected to 

EA annealing. Each data point represents the average of three experimental 

results. Dispersion bars are based on the standard deviation  
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3.6 Microstructures after EA annealing 

To evaluate the effect of EA annealing on microstructure, EA annealed 

specimens were removed from the experiment without reloading. The FWHMs of 

the EA annealed specimens were then compared with those of the as-received and 

pre-strained specimens without EA annealing. As shown in Fig. 3.11, EA annealing 

clearly reduced the FWHMs of both aluminum alloys for both pre-strains levels 

(65%εUTS and 85%εUTS). For both aluminum alloys and both pre-strain levels, an 

increase in electric current density led to a further decrease in FWHM. The 

reduction in FWHM corresponds to the reduction in dislocation density [17]. 

Therefore, the results in Fig. 3.11 confirm that electric current induced annealing 

to all the pre-strained specimens of both aluminum alloys.  
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Figure 3.11 The effect of pre-strain and electric current density on the FWHM 

profile of 5182-O aluminum alloys: (a) 65%εUTS, and (b) 85%εUTS; 6061-T6 

aluminum alloys: (c) 65%εUTS, and (d) 85%εUTS  
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For the 5182-O aluminum alloy, the FWHMs of both 65%εUTS and 85%εUTS 

pre-strained specimens subjected to EA annealing with 140 A/mm2 became lower 

than that of the as-received specimen, as shown in Figs. 3.11(a) and (b). This 

suggests that full annealing, possibly to the extent of grain growth after 

recrystallization, occurred in the pre-strained specimens subjected to EA annealing 

with 140 A/mm2, and these results are consistent with the tensile test results shown 

in Figs. 3.7(a) and (b).  

However, for the 6061-T6 aluminum alloy, the FWHMs of both 65%εUTS and 

85%εUTS pre-strained specimens subjected to EA annealing with 140 A/mm2 were 

reduced to values similar to those of the as-received specimen, as shown in Figs. 3. 

11(c) and (d), while the post-EA yield strengths of those specimens were 

significantly lower than the yield strength of the as-received specimen, as shown in 

Figs. 3.7(c) and (d). This discrepancy can be a result of the effect of high electric 

current density and the resultant peak temperature during EA annealing on the 

precipitates in the pre-strained 6061-T6 specimens. With the athermal effect of 

electric current, which can significantly accelerate the mobility of atoms [17,24,25], 

it is believed that some extent of solid solutioning occurred to the pre-strained 6061-

T6 specimens during the EA annealing with 140 A/mm2, even though the measured 

peak temperature during the EA annealing was lower than the general solid solution 

temperature (approximately 530°C) of 6061 aluminum alloys.  
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This argument is supported by the comparison (Fig. 3.12) of the stress-strain 

curve of the pre-strained specimen subjected to EA annealing with 140 A/mm2 and 

that of the specimen (without pre-strain) subjected to 530°C conventional solid 

solution treatment in 1 hour using a furnace followed by water quenching. As 

shown in Fig. 3.12, serrations occurred in the stress-strain curve of the 

conventionally solid solution treated specimen, as a typical result of solid solution 

treatment [18]. The stress-strain curve of the pre-strained specimen subjected to EA 

annealing with 140 A/mm2 also showed slight serrations, which strongly suggest 

the occurrence of some extent of solid solutioning. The fact that the post-EA yield 

strength (183 MPa) of the pre-strained specimen subjected to EA annealing with 

140 A/mm2 is between the yield strengths of the as-received (271 MPa) and the 

conventionally solid solution treated specimen (71 MPa) clearly corresponds to the 

occurrence of some extent of solid solutioning during the EA annealing. Hence, the 

results suggest that the electric current density of 140 A/mm2 induced both 

annealing and solid solutioning in the pre-strained 6061-T6 alloy. 
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Figure 3.12 The engineering stress-strain curves of as-received and conventional 

solid solution treatment specimens compared to that of the 85%εUTS pre-strained 

specimen subjected to EA annealing with 140 A/mm2: constructed based on the 

initial gauge length and initial cross-sectional area prior to pre-strain 
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IPF maps and the grains with 0° < GOS (grain orientation spread) < 1° are 

shown in Fig. 3.13 (5182-O aluminum alloy) and 3.14 (6061-T6 aluminum alloy). 

The recrystallized grains were identified based on the GOS value and they were 

distinguished from the deformed grains on the basis of a maximum GOS value of 

1° in the present study. 

Pre-strained specimens of the 5182-O aluminum alloy subjected to EA 

annealing with 140 A/mm2 showed a microstructure with full recrystallization 

followed by grain growth (Fig. 3.12). These results are consistent with that the post-

EA yield strengths at 140 A/mm2 was lower than the original (as-received) yield 

strength, as shown in Figs. 3.7(a), (b) and 3.8(a). The results shown in Figs. 3.12(a) 

and (b) also suggest that the effect of electric current on grain growth after 

recrystallization of pre-strained specimens depended on the pre-strain level. For the 

same true electric current density of 140 A/mm2, the average grain size of the 

65%εUTS pre-strained specimen (58 ± 22 µm) became much larger than that of the 

85%εUTS pre-strained specimen (30 ± 10 µm) after EA annealing. This difference 

in grain size corresponds to the slightly lower post-EA yield strength of the 

65%εUTS pre-strained specimen compared to that of the 85%εUTS pre-strained 

specimen, as shown in Fig. 3.8(a). This can be explained by the effect of pre-strain 

level (i.e., the extent of deformation) on recrystallized grain size during annealing 

[26]. As deformation increased, the rate of nucleation increased. In other words, the 

higher pre-strain level provided more nuclei per unit volume for new grains than 
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the lower pre-strain level. As a result, the new grains met with each other at the 

surface earlier due to a larger number of new grains, and consequently grain size 

became finer in the specimens with the higher pre-strain level. 

While the occurrence of full annealing with grain growth in the pre-strained 

5182-O aluminum alloy was confirmed by EBSD analysis, insufficient recovery of 

elongation by EA annealing (Fig. 3.9(a)) could be explained by the slightly non-

uniform temperature distribution along the gage length during EA annealing. 

Electrodes contacting the specimen functioned as heat sinks, and regions with a 

lower temperature were unavoidable near the ends of gage section, as shown in Fig. 

3.6(c). The lower temperature near the ends of the gage section led to a lower extent 

of EA annealing in those regions (nonuniform EA annealing along the length of 

gage section), since EA annealing is a combined result of the athermal effect of 

electric current and the elevated temperature resulting from resistance heating [17]. 

Nonuniform EA annealing along the length of the gage section reduced the actual 

length of the fully annealed region so that it was shorter than the length of the gage 

section of the pre-strained specimen. 
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Figure 3.13 The inverse pole figure maps of EA annealed 5182-O aluminum 

alloys: (a) 65%εUTS, and (b) 85%εUTS pre-strain 
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For the 6061-T6 aluminum alloy, a fully annealed (recrystallized) grain 

structure was not clearly observed in both 65%εUTS and 85%εUTS pre-strained 

specimens subjected to EA annealing. With the highest electric current density of 

140 A/mm2, a few fully annealed grains were observed, as shown in Fig. 3.14. This 

is consistent with the FWHM measurements shown in Figs. 3.11(c) and (d). The 

IPF maps in Fig. 3.14 therefore do not show specific changes in grain size after EA 

annealing. These results support the argument that the significantly reduced post-

EA yield strength of the EA annealed 6061-T6 specimens was due to the combined 

effects of both EA annealing and EA solid solution treatment. 

For the 6061-T6 alloy, the lower extent of EA annealing, which did not reach 

the extent of full annealing with recrystallization, and the effect of non-uniform 

temperature distribution along the gage length during EA annealing may not fully 

explain the effect of electric current on formability, since the increase in electric 

current density did not induce additional improvement in post-EA elongation in the 

pre-strained 6061-T6 specimen (Fig. 3.9(b)). The insignificant improvement of 

post-EA elongation with increasing electric current density for the pre-strained 

6061-T6 aluminum alloy may be due to acceleration of microvoid formation around 

precipitates when electric current was applied [18]. These microvoids play a critical 

role in the formation of cracks by weakening the bonding force between precipitate 

particles and matrix, consequently promoting early fractures in 6061-T6 aluminum 

alloys during EA dual stage forming.  
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Figure 3.14 The inverse pole figure maps of EA annealed 6061-T6 aluminum 

alloys: (a) 65% εUTS, and (b) 85% εUTS pre-strain  
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3.7 Summary 

The effects of electric current with subsecond duration on the mechanical 

behaviors and microstructures of two different aluminum alloys were investigated 

to confirm the concept of dual stage forming with rapid EA annealing. 

Experimental results clearly demonstrated that subsecond rapid EA annealing by 

electric current can effectively modify the mechanical behavior of aluminum alloys 

during stage II of dual stage forming. However, the results also suggest that the 

effect of electric current on mechanical behavior and microstructure can vary 

significantly depending on not only electric current parameters but also 

deformation history (i.e., the amount of preforming in dual stage forming) and the 

chemical composition of the selected aluminum alloy, as summarized in Table 3.3. 

In particular, the beneficial effect of EA annealing on formability was limited for 

the precipitation hardening Al-Mg-Si aluminum alloy selected in the present study 

relative to the non-heat treatable Al-Mg aluminum alloy. Therefore, while the 

concept of rapid EA annealing has the potential to improve the productivity of dual 

stage forming of aluminum alloys, the chemical composition of the target 

aluminum alloy should be carefully considered in the design of forming process 

utilizing the concept of rapid EA annealing.  
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Table 3. A summary of electric current effects 

Properties Condition 
5182-O 6061-T6 

65%εUTS 85%εUTS 65%εUTS 85%εUTS 

Post-EA 

yield 

strength 

By electric 

current 
Decrease Decrease Decrease Decrease 

Increase of 

current density 
Linear decrease Linear decrease 

Non-linear 

decrease 

Non-linear 

decrease 

Post-EA 

elongation 

By electric 

current 
Increase Increase Increase Increase 

Increase of 

current density 
Increase Increase Nearly invariable Nearly invariable 

Total 

achievable 

elongation 

By electric 

current 

Significant 

increase 

Significant 

increase 
Increase Increase 

Increase of 

current density 
Increase Increase Nearly invariable Nearly invariable 

Dislocation 

density 

By electric 

current 
Decrease Decrease Decrease Decrease 

Increase of 

current density 
Further decrease Further decrease Further decrease Further decrease 

Microstruct-

ures 

At the electric 

current density 

of 140 A/mm2 

Recrystallization 

followed by grain 

growth 

Recrystallization 

followed by grain 

growth 

Partial 

recrystallization 

with some extent 

of solid 

solutioning 

Partial 

recrystallization 

with some extent 

of solid 

solutioning 
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Chapter 4 

Conclusion 

Electrically assisted (EA) rapid heat treatment is a promising alternative heat 

treatment method, in which the microstructure and mechanical properties of a metal 

alloy are modified by simply applying pulsed electric current for a short duration 

in sheet metal forming process. The reduced flow stress and increased ductility, 

which are often called the electroplastic effect, are generally observed in 

electrically assisted forming process. Many scholars have been proposed to explain 

the effectiveness of the electric current to formability of metals during forming 

process. In certain instances, the mechanical behavior of metals when applying 

electric current could be nicely described based on the thermal effect which caused 

by resistive Joule heating. However, from the report of many other studies, the well-

known resistive Joule heating is not enough to clearly clarify this phenomenon 

without considering the athermal electroplastic factor of the electron wind effect. 

Recently, the combination of the athermal effect of electricity and the thermal 

effect of rapid resistance heating is widely employed to explain the effectiveness of 

EA rapid heat treatment during forming. 

Even though the performance of EA rapid heat treatment in sheet metal forming 

process surpasses that of conventional heat treating, the mechanism of electricity 
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effect is not identified. Also, the quantitative effect of electric current on the 

microstructure and resultant mechanical behavior is not evaluated yet. 

The objective of present study is mainly consisted of two parts. Firstly, the 

intermetallic evolution of Al-Si coated hot stamping steel during EA rapid heating 

is experimentally investigated based on the microstructure analysis. Also, a 

modified EA rapid heating of Al-Si coated hot stamping steel is suggested. Based 

on the understanding of electric current assisted phenomenon, finally, the effect of 

EA annealing on the mechanical behaviors of two different pre-strained aluminum 

alloys is reported. 

Firstly, Al-Si coating on hot stamping steel normally transfers to brittle 

intermetallic phase which induces poor mechanical properties to the steel substrate. 

Thus, the modified EA rapid heating of Al-Si coated hot stamping steel was 

suggested in chapter 2 in order to improve the intermetallic evolution during the 

heating process. In the modified EA rapid heating, a continuous electric current for 

a suitable duration is applied to a specimen to heat it to a temperature slightly below 

the melting temperature of the coating. The temperature of the specimen is then 

kept constant for specified dwell time. The result of the microstructural analysis 

shows that the modified EA rapid heating could effectively increase the thickness 

of the intermetallic layer between the coating and steel substrate much faster than 

conventional furnace heating and induction heating. The effectiveness of EA rapid 
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heating may be due to the athermal effect of the electric current on the mobility of 

atoms, in addition to the well-known resistance heating effect. EA rapid heating 

also provides a technical advantage in that partial austenization can be easily 

achieved by properly placing the electrodes, as demonstrated in the present study. 

Secondly, through the understanding of the mechanism of electricity effect 

during EA rapid heating, the effect of EA annealing on the mechanical behaviors 

of pre-strained two different aluminum alloys during EA dual-stage forming are 

experimentally investigated in chapter 3. At first, a specimen is deformed to a 

specific pre-strain by uniaxial tension and then automatically unloaded. After that, 

the pre-strained specimen is subjected to electrically assisted annealing by electric 

current with a fixed subsecond duration. Finally, the specimen is reloaded until 

fracture. Experimental results show that application of electric current with a 

subsecond duration induces electrically assisted annealing to both pre-strained 

aluminum alloys. The electric current also increases total achievable elongation 

until fracture during electrically assisted dual stage forming for both aluminum 

alloys. However, analysis of the stress-strain behavior during reloading and 

microstructural observations suggest that the quantitative effects of electric current 

on the post-electrically assisted annealing mechanical behavior and resultant 

microstructure are strongly dependent on the type of aluminum alloy. With the 

electric current density of 140 A/mm2, a full recrystallization followed by grain 

growth occurs in the pre-strained Al-Mg alloy specimens. For the pre-strained Al-
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Mg-Si alloy specimens, the electric current density of 140 A/mm2 induces both 

annealing and solid solutioning. Together, our findings indicate that while 

electrically assisted annealing is effective at improving the productivity of dual 

stage forming of an aluminum alloy, the composition of the aluminum alloy should 

be carefully considered in the design of forming process utilizing the concept of 

electrically assisted annealing since the beneficial effect was limited for the 

precipitation hardening 6061-T6 aluminum alloy. 

From this study, the concept of EA rapid heat treatment in sheet metal forming 

is suggested. Also, the intermetallic evolution of Al-Si coated hot stamping steel, 

and the mechanical behavior of pre-strained two different aluminum alloys during 

EA rapid heating is investigated clearly. The optimal condition to achieve the 

efficiency of the process is accomplished considering both microstructure and 

mechanical behavior aspects. Through the athermal effect of electric current on the 

mobility of atoms, in addition to the well-known resistance heating effect, EA rapid 

heating is a feasible technique to apply in the real industry with the significant 

benefits in process cycle time reduction.  
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