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1. Introduction:
In order to realize the goal of automobile lightweight, aluminum/steel hybrid frame is becoming increasing popular all over the world (Xu et al 2017). There are many researches (Lahdo et al 2016, Pourali et al 2017, Meco et al 2015, Shao et al 2015) start focusing on the joining technologies applied on welding steel and aluminum alloy. It is stated by many literature reviews (Xu et al 2017, Martinsen, Hu and Carlson 2015, Groche et al 2014) that a lot of state-of-the-art joining technologies are insufficient to achieve a firm bonding between steel and aluminum alloy with efficiency and effectively. Vaporizing Foil Actuator Welding (VFAW) is a new kind of solid phase joining technologies with great practical potential in welding dissimilar materials (Vivek et al 2013). Based on the fact that VFAW is under researching on its welding process and interface structure (Vivek et al 2014, Hahn et al 2016, Chen et al 2016), this project aims at studying on the failure mechanism of VFAW when it is applied on joining steel and aluminum alloy and figuring out which process parameters contribute the most to the joining defects between steel and aluminum alloy.
2. Research background and literature review:
Automobile light weighting, as an important means to improve fuel economy, has attracted great attention all over the world, and its main approach is the use of light-weight and high-strength materials (Andure et al 2012). Considering the cost and effect of light weighting, multi-material mixing, especially steel-aluminum integrated body frame structure, has become a wise choice for lightweight automobile frame at present (Xu et al 2017), for example, the new Audi A8 abandoned the all-aluminum body structure and adopted an aluminum/steel hybrid frame (see fig.1). According to Martinsen, Hu and Carlson (2015), there are many joining technologies can be used to join steel and aluminum or other dissimilar materials, such as fusion welding, self-piercing riveting (SPR), adhesion, friction stir welding (FSW), high energy beam welding, ultrasonic welding, et al.
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Fig.1 the new Audi A8L multi-material frame
When using thermal fusion joining processes, like resistance spot welding and laser beam welding, it is difficult to achieve reliable joint between dissimilar metals such as aluminum and steel. The reasons are as follows (Shao et al 2015): in the first place, different melting temperatures of dissimilar metals lead to uniform joint composition after solidification; secondly, post-weld joint deformation and residual stress cause usual cracks between two materials; moreover, during the welding process, it is easy to form a hard and brittle intermetallic phases which reduce the plasticity and toughness of the welded joint; last but not least, the surface of aluminum alloy is easily oxidized at high temperature to form high melting point Al2O3 which become an impurity in the joining interface.
The solid phase joining technologies can greatly create plastic deformation by pressure and form a joint at the contact interface, and does not require metal melting, therefore, it can effectively control the formation of intermetallic compounds on the joint surface (Groche et al 2014). On the other hand, due to the low heat input, the aluminum alloy can be prevented from being significantly softened due to excessive temperature, which has great advantages in joining dissimilar materials such as aluminum alloy and steel (Mishra and Ma 2005).
Vaporizing Foil Actuator Welding (VFAW) is a new kind of solid phase joining technologies suggested by Vivek, et al. (2013). In VFAW process, Aluminum alloy and steel are welded by transient collision under high pressure, high speed and high temperature circumstances. Its working principle is shown by fig.2: after charging, high voltage capacitors discharges heavy current toward metal foil (high conductivity metals such as aluminum or copper); then the foil is vaporized instantaneously under the charge of a large pulse current to generate plasma; thereby the vaporized metal foil impacts the Flyer to produce extreme plastic deformation; in the last step, the deformed Flyer impacts the Target at a high speed to produce solid phase joining between flyer sheet and the target sheet. 
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Fig.2 diagrammatic sketch of VFAW (Vivek et al 2013)
A recent research (Hahn et al 2016) suggests that VFAW has good joining performance like Explosive Welding, easy to control energy accurately, good process repeatability, and easy to achieve mechanization and automation, and it has greater impact energy and higher energy efficiency than Electromagnetic Pulse Welding. Compared with friction stir spot welding, the joining performances such as tensile strength and toughness are better with VFAW process (Kapil 2018). Vivek, et al (2014) found that impact speed and impact angle affect VFAW welding performances and interface structure. When the impact velocity is high, and the impact angle is small, the interface produces molten metal; when the impact angle is large, some holes appear in the interface. Further research (Chen et al 2016) showed that the formation of waveform interface is related to the density of Flyer plate and Target plate due to the reason that interfacial layer is formed by residual melt metal spraying along the interface during impact.
In general, Vaporizing Foil Actuator Welding (VFAW) has similarities and differences with Electromagnetic Pulse Welding and Explosive Welding. Their interface waveforms are similar, and all of them are kinds of solid phase joining processes. There is no exaggeration to say that VFAW is a new technology with great application prospects in the future. However, as is mentioned above, when applying VFAW on joining steel and aluminum alloys, different process parameters lead to different interface parameters and distribution of interfacial compounds. VFAW’s mechanism of formation and distribution of interface failure structure as well as the effects of various joining process parameters still need to be further studied.
3. Research objectives
Taking aluminum/steel dissimilar materials for automobile’s frame as the research object, systematically study the behaviors of plastic deformation, metal melting and atomic diffusion and microstructure changes of aluminum/steel materials during VFAW process under different strain paths, strain rates and temperatures. Therefore, reveal the interface bonding mechanism and failure mechanism of aluminum/steel materials under multi-field coupling and complex stress-strain path conditions caused by VFAW and establish the method to characterize structure and performance of aluminum/steel joint produced by high pressure, high speed and high temperature transient collision. More importantly, it will explain the influence of VFAW’s process parameters (such as material properties, strain rate, sheet thickness, mold structure, foil size and discharge current) on microstructure and properties of aluminum/steel joints. The research results can be utilized for developing a method for controlling the joint performance of aluminum/steel dissimilar materials in VFAW process. To summarize, all my research objectives are listed as follows:
a. Formation and distribution of defects in aluminum/steel joint interface produced in VFAW process
b. Contribution of VFAW’s process parameters to the welding strength and joining defects of aluminum alloy and steel joint.
c. Failure criteria for aluminum alloy and steel joined by VFAW process.
4. Methodology and analytical techniques
The main research objects of this project are duplex high-strength steel and high-strength IF steel, and 5000 series, 6000 series and other aluminum alloys which are widely applied on producing automobile frames. In order to modify the strain rate caused by the impact of vaporized metal foil, the discharge energy is monitored through high voltage current oscilloscope to record the discharge current pulse frequency released by high voltage capacitors. Moreover, test and analyze the stress strain of aluminum/steel materials under high strain rate deformation conditions by combining Doppler laser speed test system, high-speed camera system and strain measurement system together. 
This project intends to use the combination of process experiment, numerical simulation and theoretical analysis to study the interface bonding strength and interface microstructure of the joint aluminum/steel dissimilar materials when they are joined by VFAW. Furthermore, explain the most important effect of material properties (such as tensile strength and hardness) and process parameters (such as discharge energy, sheet thickness, impact velocity and impact angle) on joining defects between aluminum alloy steel by statistical calculation, then figure out some possible approaches to control welding performance of VFAW when it is applied on joining steel and aluminum alloy.
In order to observe formation and distribution of defect in joint interface of aluminum/steel, the major testing equipment is Scanning Electron Microscope (SEM). It can take pictures of micro morphology of welding interface between joint aluminum alloy steel, such as the pictures like fig.3. Combined with testing technologies which are Transmission Electron Microscope (TEM) and Electron Microprobe Analysis (EMPA), it will be possible to characterize defective structures such as twins, dislocations, and shrinks formed by the joining of aluminum and steel under different VFAW process parameters. According to the observed testing results, analyze the law of microstructure change during the VFAW joining process of aluminum alloy and steel.
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Fig.3 Micro morphology of welding interface taken by SEM (Acarer and Demir 2008)
[bookmark: _GoBack]Based on the data collected from joint defects tests, derive a relationship model between strain, strain rate and welding interface defect through a numerical simulation approach which is called artificial neural network and genetic algorithm. Combining the plastic deformation laws of aluminum alloy and steel under different temperatures and stresses, use the derived model to predict the formation and distribution of defects in welding interface, and compare the results predicted by the derived model with the results of the actual test. Through testing and analyzing the tensile strength of the welding samples under different VFAW process parameters, combined with the SEM test analysis results, it will be possible to establish the experimental relationship between the interface defective structures and the welding performance. In addition, on the basis of defect prediction analysis and experimental testing, establish mapping relationship between intermetallic phases and interface defect distribution as well as welding performance. 
There are 3 key experiment and test technologies should be applied in this research. The first technology is aluminum/steel joint interface observation and analysis technology. It is indispensable to analyze interface between aluminum alloy and steel because interface structure plays an important role in joining performance of dissimilar materials. The second one is correlation analysis technology for microstructure and intermetallic phases as well as welding performance of interface between aluminum alloy and steel. To clarify the relationship between interface microstructure and welding strength is one of the key research objectives of this project. Through a statistical calculation approach named orthogonal experiment, test the joining performance and interface microstructure and interface parameters under different process parameters, then carry out the multi-factor sensitivity analysis to find out the correlation law of various factors affecting joining performance. The last one is test and analysis technology for dissimilar materials strain rate under VFAW process. When welding aluminum alloy and steel by VFAW, there will be a high-speed impact deformation zone where strain rate of each material is different, therefore, accurate measurement and analysis of strain rates play a significant role in the process control of joining aluminum alloy and steel by VFAW.
To sum up, my research methods include performance of experimental tests of joining aluminum alloy and steel by VFAW with different process parameters, observation and description of defects in joint interface between aluminum alloy and steel and formulation of a relationship model to explain and predict failure welded structure formed between aluminum alloy and steel in VFAW process. In short, the research methods are theoretical analysis, experimental research, test analysis and computational derivation. 
5. Research procedures
My research procedures are composed of four steps.
The first step is data collection and information investigation. In VFAW process, aluminum alloy and steel are welded by transient collision under high pressure, high speed and high temperature circumstances, in other words it is imperative to review plastic deformation behavior of aluminum alloy and steel under multi-field coupling and complex strain path conditions. This step can provide theoretical basis for numerical analysis and experimental study on the formation of wave interface between aluminum alloy and steel produced in VFAW process.
The next step is experiments and tests. The objective of second step is studying microstructure evolution rule of joining aluminum alloy and steel under high speed and high strain rate collision. Through experiments and tests, analyze metal phase transformation, refinement and fracture of high strength steel and aluminum alloy materials under different strain rate joining, as well as formation of crystal grain boundaries and formation of defects such as slip and dislocation. The second step include theoretical and experimental study on the formation of residual defect microstructure in the aluminum/steel interface, establishing the fracture criterion of aluminum/steel collision joint interface under the coupling of heat and force field, testing and analyzing the interatomic diffusion behavior of interface layer under high temperature and high pressure.
The third step is figuring out the effect of process parameters on aluminum/ steel joining performance by VFAW process. The parameters that will be taken into consideration are strain rate, deformation strain, joint shape, discharge energy, Metal foil shape, workpiece size and structure. The experiments and tests are arranged under orthogonal experiment principle, and the results are analyzed by statistical computation. The variation of microstructure in the joint interface under different VFAW process parameters will be tested in this step.
The last step is exploring the influence of microstructure and interface waveform on joining performance for aluminum/steel welded by VFAW. It will provide data and results of observations to establish the characterization method for aluminum alloy and steel joined by VFAW process. Furthermore, the control method to regulate welding strength and performance for joining aluminum alloy and steel under high pressure, high speed and high temperature transient collision can be studied in the final research step of this project.
6. Potential problems
As far as I can consider, there are three potential problems in my research project, the details are as follows:
Problem 1: formation of failure mechanism in joint interface of aluminum / steel under multi field coupling welding conditions of VFAW.
Aluminum/steel can be effectively joined under high-speed impact conditions, but the force field, temperature field and deformation field in the process are complex and special, which brings about complex changes in material properties and structure, thus greatly affecting the formation of aluminum/steel interface. Therefore, it is necessary to reveal the forming mechanism of deformation and joining interface under multi-field coupling and complex deformation paths, so that improve the accuracy of process prediction, and use the VFAW process to control the joint interface in order to achieve efficient joining between aluminum alloy and steel. 
Problem 2: crystallographic evolution mechanism of aluminum/steel materials during VFAW process.
The change of metal phase and crystalline grain of automobile frame aluminum alloy under high-speed and high-pressure deformation has a great influence on the behavior of interfacial metal melting, flow, joining and diffusion. In addition, the high strength steel used for automobile frame will produce more residual structure (twisting, stacking faults, etc.) at the high strain rate deformation. In the process of joining, the content and distribution of martensite in high strength steel become complex due to the thermal isolation effect of dissimilar materials, which leads to the complex strain hardening behavior. Therefore, it is necessary to reveal the evolution law of the structure of the aluminum/steel applied on automobile frame during the high-speed and high-pressure collision joining, and then to regulate the joining strength and performance of VFAW process.
Problem 3: aluminum/steel dissimilar materials high-speed and high-pressure collision joint performance control mechanism of VFAW process
The high-speed and high-pressure collision joining technique provides an outstanding approach for efficient joining of aluminum/steel dissimilar metals in automobile frame. However, the influence of the high-speed and high-pressure deformation during VFAW process on the subsequent joining process of the two materials is still undefined. In addition, the interaction rule of material properties, process parameters and joining performance in the high-speed and high-pressure collision joining of automobile frame aluminum/steel is still unclear. Besides what is mentioned above, it is still lack of characterization and control methods for interface structure and joining performance of the joint between aluminum alloy and steel formed by VFAW process. Therefore, it is necessary to systematically reveal the control mechanism of high-speed and high-pressure collision joining performance of aluminum/steel dissimilar materials during VFAW process to achieve precise joining quality control of multi-material automobile frame.
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