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ABSTRACT

Weight reduction is always an important topic in the automobile industry, for energy and natural resource savings. To achieve this goal, a lot of studies have been conducted on the dissimilar welding to join aluminum with steel. In the present work, a novel idea is come up to apply high-entropy alloys as interlayers into the dissimilar welding between aluminum and steel. In the past decades, high-entropy alloys (HEAs) have drawn great attention due to their unique single-phase microstructures and outstanding mechanical properties as structural materials. In this work, three tasks are come up for the investigation: using current HEAs on the dissimilar welding, design HEAs with desired properties based on the prior work, and conduct welding study and analysis on dissimilar welding with designed HEAs.

In the first task, the Al0.1CoCrFeNi and Al0.3CoCrFeNi HEAs are selected to be the interlayers. The insights obtained in this study offer an understanding of how the current face-centered cubic (FCC) HEAs will work on dissimilar welding. In the second task, due to the problems that exist in the first task, new HEAs that fit with the dissimilar welding need to be developed. In order to fulfill this task and find out the best HEAs for trial, a technique, high throughput calculation (HTC) which is based on calculations of phase diagrams (CALPHADs), is applied for the search of the vast compositional space of HEAs. New HEAs with desired properties are designed, fabricated, and characterized. In the third task, a welding study is conducted with the designed HEAs. Solidification analysis with CALPHAD is conducted, based on the model came up by Dr. Sindo Kou. A criterion for solidification cracking is applied to evaluate the susceptibility. The present work shows that with newly designed HEAs by the second task, a fusion zone with the mixing of the aluminum alloys, steel, and HEAs is obtained for the first time. New HEA compositions are proposed for future work. 
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Introduction 

1.1 [bookmark: _Toc80026770]Objective and motivation
The goal of this proposal is to (1) provide an understanding of Al0. high-entropy alloys (HEAs) serving as intermedia materials in resistance spot welding (RSW) between selected aluminum alloys and steels; (2) based on the fundamental study of welding results obtained from the present work, design and develop HEAs that are more suitable in the Al – steels dissimilar welding coupled with experiments and simulation methods. The proposed work will take advantage of the integration of alloys design and processing, mechanical testing, microstructural characterization, and simulation modeling. 
Welding is a basic and important fabrication process in industry. There are many welding methods, such as shield - metal - arc welding, gas welding, laser - beam welding, electron - beam welding, resistance - spot welding, etc. Among these welding methods, resistance - spot welding is one of the most important welding methods in the auto industry. In the automobile industry, to assemble a car body, 7,000 to 12,000 spots of welding are needed according to the size of the car [1]. In the resistance - spot welding, the overlapping sheets are positioned between the electrodes with a water - cooling condition, and then are heated by a large electronic current within a short time. Besides, resistance - spot welding can be completely automated with industrial robots on assembly lines, which is beneficial to the productivity and cost. With the relatively - mature resistance - spot welding technique, the cost of auto fabrication is greatly decreased. An important topic in the automobile industry is weight reduction, for energy and nature resource savings. Among the light - weight materials, aluminum alloys are attractive structural alloys for the weight reduction in the automobile body. However, considering strength, cost, and joining processing, multi - material structures are in practice. Taking the material supply into account, aluminum alloys and steels are the most promising materials for the automobile. However, welding aluminum alloys to steels is always a great challenge even up to now due to the reasons that: large electrochemical difference of 1.22 volts; different thermal properties; dissimilar thermal expansion; different heat capacity and thermal conductivity; large difference of the melting points (around 660 °C for Al alloys and around 1500 °C for steels); and nearly zero solid solubility of iron in aluminum. These lead to distortion, formation of cracks and porosity, and formation of brittle intermetallics after the welding process. An idea is come up by this proposal to apply HEAs as an interlayer in the RSW between Al alloys and steels. 
The proposed work will integrate (1) the HEAs alloy design and processing, (2) welding experiments and mechanical tests, (3) microstructural characterizations, and (4) calculation of phase diagrams (CALPHADs). The results are expected to offer an initial understanding of applying HEAs into RSW between selected Al alloys and steels, and encourage the development of advanced HEAs. Above all, the proposed study could offer a new approach to solve the challenge of dissimilar welding between Al alloys and steels with HEAs, and contribute to the development of novel and advanced HEAs.  

  
1.2 [bookmark: _Toc80026771] Hypothesis
The author of this proposal hypothesizes that suitable HEAs could be served in the RSW as an interlayer between Al alloys and steels due to the reasons that: (1) the concept of HEAs with single phase and high mixing of configurational entropy could avoid the formation of brittle intermetallics; (2) good self - weldability of some single phase HEAs as reported in the previous studies; (3) with superior corrosion and fatigue properties, HEAs have great potential to serve as a welding joint in the aspect of mechanical property. A schematic to explain how the welding for these three materials are shown in Figure 1.1. 
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Description automatically generated] [bookmark: _Ref79958689][bookmark: _Toc79961436]Figure 1.1. Schematic of applying HEAs into RSW between Al alloys and steels.
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Literature Review
							
[bookmark: _Toc80026773]2.1 High Entropy alloys
Great research attention has been drawn to HEAs in recent time. Unlike conventional alloys, which are based on one or two principal elements, HEAs are defined as alloys that are composed of five or more elements, with atomic concentrations of each element varying from 5 to 35 at.% [2]. The purpose of this alloy design is to maximize the configurational entropy, ∆Sconf, to suppress the formation of intermetallics or order phases and easily obtain solid-solution phases, such as face-center-cubic (FCC), body-center-cubic (BCC), and hexagonal-close-packed (HCP) structures [3-13]. Recent studies have revealed that HEAs have superior properties, such as high yield strength, high strength at elevated temperatures, excellent corrosion resistance, and good fatigue properties [2-6, 10, 14-18].

[bookmark: _Toc80026774]2.2 CALPHAD
The CALPHAD approach, which primarily aims at calculating phase equilibria and thermodynamic properties of complex multi-component, multi-phase systems, emerged in the late 1950s and became an active research field since the 1970s [19, 20]. The essence of the CALPHAD approach is to obtain self-consistent thermodynamic descriptions of the lower order systems: binaries and ternaries, in terms of known thermodynamic properties and phase equilibrium data. A thermodynamic description (or usually called thermodynamic database) compiles the Gibbs energy functions of a system being studied. The advantage of this method is that the separately measured phase diagrams and thermodynamic properties can be represented by the same thermodynamic description of a materials system in question. More importantly, a multi-component thermodynamic database can be built up through those of the constituent lower order systems using geometric models, and such a database enables us to calculate phase diagrams of the multi-component systems that are experimentally unavailable. 
The primary task of phase-diagram calculations is therefore to build a thermodynamic database, i.e., to develop the Gibbs energy functions of all the phases in the system to be studied. According to the physical nature of the phases in the metallic alloys, they are usually categorized as: disordered solution phases, ordered intermetallic phases, and stoichiometric compounds (or called line compounds). The thermodynamic models to be used to describe these three types of phases are presented below. The equations are given for a binary system, and they can be extrapolated to a multi-component system using geometric models, such as Muggianu model [21].  
The Gibbs energy of a binary solution phase can be written as:
                                          [image: ]	       (1)
where the first term on the right hand of the equation represents the reference states with xi, the mole fraction of a component, i, and [image: ], the Gibbs energy of a pure component, i, with an φ structure; the second term is the ideal mixing term with R, the gas constant, and T, the temperature; the last term is the excess Gibbs energy of mixing with Lν, the interaction coefficient, and ν, the power of the polynomial series. When ν = 0, it is a regular solution model, and when ν = 0 and 1, it is a sub-regular solution model, and so on. The liquid phase and disordered solid-solution phases can be described by this model.
An ordered intermetallic phase is described by a variety of sublattice models, such as the compound-energy formalism [22]. In these models, the Gibbs energy is a function of the sublattice species concentrations and temperature. The Gibbs energy of a binary intermetallic phase, described by a two-sublattice compound-energy formalism, [image: ], can be written as:	 
               [image: ]                   (2)
where [image: ]and[image: ]are the species concentrations of a component, i, in the first and second sublattices, respectively. The first term on the right hand of the equation represents the reference state with the mechanical mixture of the stable or hypothetical compounds: A, [image: ], [image: ], and B. [image: ] is the Gibbs energy of the stoichiometric compound, [image: ], with an [image: ] structure. The value of [image: ] can be obtained experimentally, if [image: ] is a stable compound. For a hypothetical compound, its Gibbs energy can be obtained by ab initio calculations. The second term is the ideal mixing Gibbs energy, which corresponds to the random mixing of species on each sublattice. The last three terms are the excess Gibbs energies of mixing. The “L” parameters in these terms are model parameters whose values are optimized, using the experimental phase-equilibrium data and thermodynamic-property data. These parameters can be temperature dependent. Intermetallic phases, such as B2 phase, can be described by the compound-energy formalism.


The Gibbs energy of a binary stoichiometric compound, , , is described only as a function of temperature:

                                                          	                                      (3)





where  is the mole fraction of component, i, and  represents the Gibbs energy of component, i with an  structure; , which is normally a function of temperature, represents the Gibbs energy of formation of the stoichiometric compound. If is a linear function of temperature:		 

    				                      (4)


then  and  are the enthalpy and entropy of formation of the stoichiometric compound, respectively. 
The procedure of developing a thermodynamic description for a binary system are: (i) determine the phases in the system, (ii) select a proper thermodynamic model for each phase, (iii) collect the available experimental and theoretical data on the system, and (iv) optimize the model parameters for each phase. The Gibbs-energy functions thus obtained can be used to calculate the phase stability for the binary system. The strategy of building a multi-component thermodynamic database starts with deriving the thermodynamic description of every constituent binary in the system. There are [image: ] constituent binaries in an n-component alloy system, where	 
                                                                              [image: ]	                                           (5)
[bookmark: _Toc420995900][bookmark: _Toc422997487]To develop a reliable database, the Gibbs energies of these binaries must be developed in a self-consistent manner and be compatible with each other. Three binaries form a ternary, and a preliminary thermodynamic description can be obtained by combining the three constituent binaries using geometric models, such as the Muggianu model [21]. In some cases, a ternary database developed in this way can describe a ternary system fairly well, while in most cases, ternary interaction parameters are necessary to better describe the ternary system. If a new phase appears in the ternary, which is not in any of the constituent binaries, a thermodynamic model is selected for this ternary phase, and its model parameters are optimized, using the experimental information for this ternary phase. There are a total of [image: ] ternary systems in an n-component system. After thermodynamic descriptions of all the ternaries are established, the model parameters are simply used to describe quaternary and higher-order systems using an extrapolation approach. High-order interaction parameters are usually not necessary because although interactions between binary components are strong, in ternary systems they become weaker, and in higher-ordered systems they become negligibly weak [23, 24]. 

[bookmark: _Toc80026775]2.3 Current research on HEA welding
The research of HEAs which are related to welding techniques, are ongoing in recent years [25-33]. Xing-Wu et al. prepared the Al2CrFeCoCuTiNix by laser cladding on substrate Q235 steel, then investigated the microstructure and properties [25]. They found a good combination of the bounding between HEAs cladding layer and the substrate steel, together with that the surface cladding layer has higher hardness and good corrosion resistance [25]. Victor et al. uses AlCoCrFeNi as a filler metal and deposit it on a steel support by tungsten inner gas (TIG) welding process [26].  They found the AlCoCrFeNi HEA has higher hardness than the base carbon steels [26]. Komarasamy et al. applied friction stir – processing (FSP) on the Al0.1CoCrFeNi HEA and studied the microstructure [27]. Grain refinement from several millimeters in as-received condition to 0.35 – 15 micrometers after FSP is found [27]. An extensive increase of the yield strength is observed after grain refinement [27]. 
In 2015, Wu et al. from ORNL research group investigated the weldability of the single FCC phase CrMnFeCoNi HEA by electron beam welding [28]. They found the grain structure of the fusion zone (FZ) is controlled by the solidification behavior of the welding pool, together with no formation of cracking in the FZ [28]. Figure 2.1 shows the (a) grain structure with annealing twins of the initial CrMnFeCoNi HEA; (b-e) shows that neither solidification cracking nor cracks in or near the heat affected zone (HAZ) were observed from the top surface and the transverse surface of the samples after welding; (f) EDS mapping shows uniform elemental distribution is still maintained after welding in the whole samples [28]. The no cracking behavior is attributed to the narrow freezing range (~ 60°C) of the CrMnFeCoNi HEA and large high temperature solid solution between most pairs of two elements (for example, complete solid solution between Ni and Co) [28]. The welded materials maintained the strength and ductility of the base materials (BM) at both room and cryogenic temperatures, which indicated good weldability in this condition [28].
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Description automatically generated with medium confidence]
[bookmark: _Ref79958730][bookmark: _Toc79961437]Figure 2.1. Backscattered electron images of (a) the initial alloys, (b) the top surface, and (c) the transverse surface of the weld. (d, e) EBSD images of the top surface and the transverse surface of the weld, respectively. (f) Elemental distribution around the weld [28].



In 2017, Zhu et al. reported a study on friction stir welding of the as-cast Al0.3CoCrFeNi HEA [29].  Figure 2.2 (a) and (b) show the crossing section of the welded samples with the welding speed of 50 and 30 mm/min, respectively; (c-g) illustrate the microstructure of the different four region, BM, HAZ, thermomechanically affected zone (TMAZ) and stir zone (SZ), of the samples, which shows that grain refinement structure, no phase transformation and no precipitate in the SZ [29]. The SZ shows the highest hardness, which corresponds to the microstructure [29]. 
In 2018, Sokkalingam et al. reported an investigation on using the laser beam welding technique on the as – cast Al0.5CoCrFeNi HEA [32]. The microstructure of the as-welded samples shows a typical FZ microstructure with dendritic structure with a reduction in BCC phase due to the minimal segregation of the ratio at the interdendrites, which corresponds to the reduction in the hardness of the FZ, comparing to the BM [32].   
[image: A picture containing diagram
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[bookmark: _Ref79958794][bookmark: _Toc79961438]Figure 2.2. Macrostructure of the cross section of FSWed joints with speed of (a) 50 mm/min and (b) 30 mm/min. (c–f) Correspond to the microstructure of the BM, HAZ, TMAZ, and SZ, respectively with speed of 30 mm/min. (g) Shows the enlarged microstructure of the marked rectangular region in the (b) [29].











[bookmark: _Toc80026776]
Study on Fe-Al dissimilar welding with Al0.3CoCrFeNi HEAs interlayers


[bookmark: _Toc80026777]3.1 Introduction
To reduce fuel consumption and enhance fuel efficiency, aerospace and automotive industries have put great attention on weight reduction of component. Considering the aspects of performance, cost, and weight, introducing aluminum alloys to steels body are one of the most attractive alloy combinations to reduce weight in machine bodies. Owing to efficiency and volume of production, resistance spot welding (RSW) is one of the most important joining methods in automotive industries. To produce the hybrid structure of Aluminum alloys and steels, a technology to make dissimilar Al/Fe joints is needed, especially with RSW since it is very commonly used in the industries. However, due to the great intrinsic difference in thermal, electrical and mechanical properties, brittle intermetallic compounds are always formed in the welding joint between aluminum alloys and steels which will lead to degradation of mechanical properties [34-42]. Shanglu et al. investigated the welding of the aluminum alloy, 6061 - T6 [Al - 0.04Cr - 0.3Cu - 0.7Fe - 1.0Mg - 0.15Mn - 0.6Si - 0.15Ti - 0.25Zn, weight percent (wt.%)], to zinc - coated steel (0.05 to 0.25% carbon content) by the cold - metal - transfer method [41]. Cracking and lack of fusion between steels and aluminum alloys are observed. Torkamany et al. studied the welding of the carbon steel (Fe - 0.4Mn - 0.04C wt.%) to 5754 aluminum alloy (Al - 0.12Si - 0.04Cu - 0.25Mn - 3.009Mg - 0.08Cr - 0.006Ni - 0.37Fe wt.%) by Nd with laser welding [39]. Pores and pre-crack are found, along with the Fe - Al intermetallics.  Ranfeng et al. reported the resistance - spot welding on the aluminum alloy, A5052 (Al - 2.2Mg - 0.27Fe - 0.19Cr - 0.09Si - 0.049Mn - 0.027Cu - 0.005Zn wt.%), to steel SPCC (Fe - 18Cr - 0.85Si - 1.25Mn - 0.06C - 0.04P - 0.02S wt.%), and austenitic - stainless steel SUS304 (Fe - 18.0Cr - 0.85Si - 1.25Mn - 0.06C - 0.04P - 0.02S - 8.0S wt.%) [36]. After the tensile tests, the strength of aluminum self - weld joint, A5052/A5052, is higher than the joints of A5052/SPCC and A5052/SUS304, which indicates that the joints between aluminum alloys and steels are not favorable. Satonaka et al. developed a new method termed the resistance - spot welding with a cover plate between the aluminum and electrode, to obtain higher temperature in the weld [43]. Ranfeng et al. then used this method to weld the aluminum A5052 to steel SPCC and steel SUS304 and obtain joints between the aluminum and steels with higher strength [35]. However, a large amount of Fe - Al intermetallics are still formed, which greatly affect the mechanical property of the joints.

[bookmark: _Toc80026778]3.2 Materials and Methods
[bookmark: _Toc80026779]3.2.1 Materials
The materials used in this investigation were JAC980 high-strength low-alloy steel with 1.0 mm thickness, 5754 aluminum alloys with 2.0 mm thickness, and Al0.3CoCrFeNi HEA with 0.25 mm thickness. The chemical compositions of the steel and 5754 aluminum alloys are given in Table 3.1. 
[bookmark: _Toc428278253]

[bookmark: _Ref79958854][bookmark: _Toc79961355]Table 3.1. Chemical composition of JAC 980 steel and 5754 aluminum alloy (by wt. %).
	Materials
	Si
	C
	Mn
	P
	S
	Al
	Mo
	Ti
	V
	Cr
	Fe

	JAC 980YL
(USS)
	0.012
	0.11
	2.32
	0.012
	0.005
	0.05
	0.36
	0.001
	0.001
	0.23
	Bal

	Al 5754
	<0.40
	/
	<0.50
	/
	/
	Bal
	/
	<0.15
	/
	<0.30
	<0.40





3.2.2 Experimental details
The Al0.3CoCrFeNi HEA is firstly casted into an ingot (2’’×6’’×15’’). Then the ingot was hot rolled to plates of 0.125 inch thickness. After hot rolling, the plate was then cold rolled to foils of 0.25 mm and 0.5 mm thickness. The cold-rolled HEA foils were then subjected to a homogenization treatment at 1,200 °C for 3 hours and water quenched. The HEA foils were prepared with up to 1200 grits to remove surface oxidation and cleaned by acetone. Before welding, the steel and aluminum sheets were prepared by grade 400 SiC abrasive paper polishing and degreased with acetone. The joint configuration of these three materials is shown in Figure 3.1. 
After welding, samples for microstructural characterization were prepared by cross-sectioning the center of the welding nugget which is perpendicular to the samples’ surface plane. The samples were then ground, polished up to 1200 grit SiC paper. The morphology of the welding joint was examined by the optical microscope. The microstructure and chemical composition of the samples were characterized by the scanning electron microscopy (SEM) with the energy-dispersive spectroscopy (EDS). 
Nano-indentation hardness tests were performed at room temperature using a Keysight Technologies G200 Nano-indenter with a Berkovich diamond (3-sided pyramidal tip) in continuous stiffness measurement mode with a constant loading rate of 400 µNs-1.  The depth dependent hardness and elastic modulus were calculated using the Oliver and Pharr method.  Approximately 15-20 indents were taken per sample to ensure a proper statistical analysis of the data.  Specimens were indented to a maximum depth of 800 nm in which the data below 100 nm was discarded due to high scatter caused by surface defects.

[image: Shape

Description automatically generated with low confidence]
[bookmark: _Ref79959006][bookmark: _Toc79961439]Figure 3.1. Geometry and dimensions of specimens for welding (not to scale, dimensions in mm) 



3.2.3 Nano-indentation
Nano-indentation hardness tests were performed at room temperature using a Keysight Technologies G200 Nano-indenter with a Berkovich diamond (3-sided pyramidal tip) in continuous stiffness measurement mode with a constant loading rate of 400 µNs-1.  The depth dependent hardness and elastic modulus were calculated using the Oliver and Pharr method [44, 45].  Approximately 15-20 indents were taken per sample to ensure a proper statistical analysis of the data.  Specimens were indented to a maximum depth of 800 nm in which the data below 100 nm was discarded due to high scatter caused by surface defects in the sample.  
To examine the indentation size effect (ISE) [46] of the alloys, the hardness was plotted according to the following equation:[bookmark: _Hlk524978988]



(6)




where H is the nanoindentation hardness, H0 is the hardness associated with either the statistically stored dislocations, h is the indentation depth, and h*are terms which characterize the depth dependence of the hardness.



(7)




θ is the angle between the sample surface and the surface of the indenter (assumed to be conical θ is taken to be 19.7 o [47]), b is the Burgers vector, α is a geometric constant equal to 0.5 [46], and μ is the shear modulus. 

[bookmark: _Toc80026780]3.3 Results and discussions
[bookmark: _Toc80026781]3.3.1 Joint microstructure
Figure 3.2 shows the welding joint between 5754 aluminum alloy, HEA, and JAC980. Pores and cracking are observed. Clear welding nugget is formed between JAC980 steel and the HEA. 

[bookmark: _Toc80026782]3.3.2 Joint properties
To evaluate the mechanical properties of interfacial intermetallic compound layers, a nanoindentation test was performed, and the nanoindentation positions are shown in Figure 3.3. From the top to the bottom in Figure 3.3, it is 1) Al side 100 micro away from the interface Al/HEA; 2) Al side 50 micro away from the interface Al/HEA; 3) interdendrite layer; 4) HEA; 5) steel side away the interface steel/HEA; 6) steel side away from the interface steel /HEA. 
Figure 3.4 shows the mean hardness of different spot as the indentation depth changes. As the indentation depth increases, the hardness of Al stays around 1.5 GPa. While Al0.3CoCrFeNi HEA has similar hardness with the interdendrites. Steel has the highest hardness. To negate the surface effect of nano-indentation, Nix-Gao Extrapolation is applied to obtain the bulk hardness. Figure 3.5 (a) shows the extrapolation of different spot. From Figure 3.5 (b) we can see that, after removing the surface effect, the hardness of the interdendrite (~3.5 GPa) is clearly higher than the HEA (~2 GPa) and the 5754 Al (~1.3 GPa). This strongly suggest that the interdendrite layer could be intermetallics which cause higher hardness. 
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[bookmark: _Ref79959023][bookmark: _Toc79961440]Figure 3.2. Optical image of the welding joint.
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[bookmark: _Ref79959038][bookmark: _Toc79961441]Figure 3.3. Measured location of the nano-indentation. From top to bottom, it is 1) Al side 100 micro away from the interface Al/HEA; 2) Al side 50 micro away from the interface Al/HEA; 3) Interdendrite layer; 4) HEA 5) Steel side away the interface steel/HEA; 6) Steel side away from the interface steel /HEA
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[bookmark: _Ref79959073][bookmark: _Toc79961442]Figure 3.4. Mean hardness versus indentation depth curves with different location 1) Al side 100 micro away from the interface Al/HEA; 2) Al side 50 micro away from the interface Al/HEA; 3) Interdendrite layer; 4) HEA 5) Steel side away the interface steel/HEA; 6) Steel side away from the interface steel /HEA
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[bookmark: _Ref79959090][bookmark: _Toc79961443]Figure 3.5. (a) Nix-Gao hardness versus (indentation depth)-1; (b) Nix-Gao extrapolated hardness of 6 spots.




	


[bookmark: _Toc80026783]3. 4 Conclusions
In summary, the RSW results show that fusion zone between steel and HEA has formed, while little mixing is observed between the HEA and Al alloys. The failure of joining HEA and Al could be due to the high melting temperature of the HEA. The EDX results show that no diffusion happen between HEA and the Al alloys. The nanoindentation results suggest that intermetallics is formed between Al and the HEA on the Al side, which could worsen the mechanical property of the weld.
[bookmark: _Toc420995908][bookmark: _Toc422997495][bookmark: _Toc80026784]

High-entropy alloys design with CALPHAD based high throughput method and experiments


[bookmark: _Toc80026785]4.1 Introduction

Multi-principal-element alloys (MPEA), or what are also called high-entropy alloys (HEAs) in many studies, have drawn a great deal of interest in the research field in recent years [2, 48-50]. Compared to conventional alloys which usually contains one principal element (e.g. Fe in steels, Al in aluminum alloys) and remain most of the properties of the base element, HEAs are defined as alloys that contain four or more elements with equimolar or near equimolar atomic percent of each element [2, 48]. This alloy design strategy is to maximize the configurational entropy of the solid solution phase and thus depress the formation of brittle intermetallics. Thus, HEAs possess a lot of unique outstanding properties such as high strength and good ductility at elevated temperature [51, 52], excellence fatigue resistance [10, 14, 53-56], creep resistance [57, 58], etc. The superior mechanical properties of HEAs, for example, the high strength and good plasticity of the refractory HEA NbTaTiV at elevated temperature [52], is attributed to the stable single solid solution microstructure without secondary phase segregation. Therefore, the design of HEAs with solid solution phases is one of the fundamental goals of HEAs design. 
Generally, in the aspects of thermodynamics, the stability of a specific phase in an alloy system is determined by its corresponding Gibbs free energy (ΔG). For an alloys system, when the Gibbs energy of solid solution phase (ΔGSS) is lower than the Gibbs energy of intermetallics phases (ΔGIM), the formation of solid solution phase will be more favorable and thus there will be a large probability to form solid solution alloys. And that’s how the concept of high-entropy alloys works, since high configurational entropy is beneficial for the solid solution phase by reducing the overall Gibbs free energy of solid solution phases. Compared to time-consuming and costly experimental HEAs design, there are couple methods for HEAs design. The density function theory (DFT) method can provide detailed ΔG calculations of specific phases of an alloy system. However, due to the complicated phases in a HEAs system, it is highly computational resource consuming and restricted to limited atoms number (such as hundreds) [59-61]. Molecular dynamics (MD) method is another simulation method to calculate the ΔG of individual phases which can be under larger scale, but the application of this method to design HEAs is limited due to the lack of potential between elements [62, 63]. The formation rules, which are also called empirical rules, are popular criterions to predict whether specific compositions will form single phase or not [7, 64, 65]. This concept comes from the classic Hume-Rothery rules which are used to predict whether two metals are soluble [66, 67]. These parameters include mix of enthalpy, ΔHmix, mix of entropy, ΔSmix, and the extended Hume-Rothery rules such as atomic radius difference, electronegativity, and valence electron concentration difference [7]. 
[bookmark: _Hlk29474118][bookmark: _Hlk29474428]Phase diagrams, which represents the state of a material as a function of its composition, temperature and pressure, are widely used as an effective and intuitive method for alloy design and further processing. The calculation of phase diagrams (CALPHAD) method, which is adopted to be used as the main method for HEAs design in this study, is currently the only method to calculate phase diagram and predicting phase formation for multi-element alloy systems (element number > 3) [49, 68-70]. Although CALPHAD is argued that some complicated intermetallic phases with very low ΔG will be predicted as stable phase for HEAs in some studies [65, 71], CALPHAD has enough accuracy for real world applications, at the same time, avoid heavy experimental work and thus increase efficiency [72]. A lot of CALPHAD calculation effort has been put on the design and development of HEAs, especially one of the research focus is to look for single phase HEAs composition [50, 66, 67, 73]. Senkov et al conducted high throughput CALPHAD to calculate the phases of equimolar HEA compositions from 3 elements to 6 elements [50, 67]. He pointed out that the increase of elements of a HEA system will increase the configurational entropy but not necessarily promote the solid solution formation, since the more elements are involved in an alloy systems the higher possibility it will bring stable intermetallics [50]. This is one of the reasons that the definition of HEAs is broadened from equimolar or near equimolar, to alloy systems that each element has a molar fraction ranging from 5 – 35% [66]. There is also some examples showing that single phase formation can be found at the none-equimolar compositions, while the equimolar composition is not single phase, e.g. Al2.8CoCrCuFeNi and AlCoCrCuFeNi [2]. In fact, the vast advantage of composition and phase space will not be fully utilized for HEAs if the focus is only on equimolar or near equimolar compositions. Nevertheless, limited studies focus on the overall single solid solution formation of a HEA system when each element is ranging from 5 – 35 at. %. 
In this present study, a novel CALPHAD based high throughput calculation (HTC) method, which is implemented by Pandat software[74-76], will be applied to an element pool (Al, Cu, Fe, Ni, Mn, Co, Cr, Ti, Zr). The HEA screening process is shown in Figure 4.1. The first step is to pick up the elements pool of the simulation from the current PanHEA database. Then, high throughput calculations will be performed for solidification process of 221 compositions for each element combo. Afterwards, point calculation is performed to find out single phase compositions. Equilibrium solidification analysis will be conducted to study the singe phase temperature range for specific composition candidates. At the end, microstructural characterization experiments will be conducted to verify the simulation results. The single-phase solid solution ability of these 35 HEA systems will be discussed. It is the first study to propose for a high throughput CALPHAD calculation within an element pool with non-equimolar compositions, which offer a way to screen HEA compositions with targeted properties.

[bookmark: _Toc80026786]4.2 Methodology
[bookmark: _Toc80026787]4.2.1 High throughput calculations method based on CALPHAD	
The traditional CALPHAD method is powerful to visualize the temperature vs ratio of single element changes [69]. However, it doesn’t reflect the change of the whole system by one time. Senkov et al. evaluates over 13,000 equimolar alloy systems by CALPHAD, but the limitation of the work is that the binary and ternary databases are not fully described [50, 67]. 


[image: Graphical user interface, text, application, chat or text message

Description automatically generated]
[bookmark: _Ref79959127][bookmark: _Toc79961444]Figure 4.1. Equilibrium solidification analysis of Al2Cu10Fe20Ni30Mn38 by CALPHAD


The HTC method in present work, is implemented in a modulus in Pandat software with the database PanHEA2018_TH. In the HTC method, different step size can be set up and lead to different amount of calculation results. For example, for a 5 element system ABCDE, if we fix one of the element A as balance (which is mandatory in the software setting), let every other elements change from 5% to 35% with a step size of 10 (that means, the element changes from 5%, 15%, 25% to 35%), it will generate 221 results which fulfill the definition of HEAs. When the step size is set as 5, there could be 2075 results. When it goes to step size of 3, there will be over 10,000 calculation results. Data analysis will be critical after these high throughput calculation.

[bookmark: _Toc80026788]4.2 Methodology
[bookmark: _Toc428278470][bookmark: _Hlk78131701][bookmark: _Toc80026789]4.2.1 High throughput calculations method based on CALPHAD	
The traditional CALPHAD method is powerful to visualize the temperature vs ratio of single element changes [69]. However, it cannot see the whole system change by one time. Senkov et al. evaluates over 13,000 equimolar alloy systems by CALPHAD, but the limitation of the work is that the binary and ternary databases are not fully described [50, 67]. The HTC method in present work, is implemented in a modulus in Pandat software with the database PanHEA2018_TH. In the HTC method, different step size can be set up and lead to different amount of calculation results. For example, for a 5 element system ABCDE, if we fix one of the element A as balance (which is mandatory in the software setting), let every other elements change from 5% to 35% with a step size of 10 (that means, the element changes from 5%, 15%, 25% to 35%), it will generate 221 results which fulfill the definition of HEAs. When the step size is set as 5, there could be 2075 results. When it goes to step size of 3, there will be over 10,000 calculation results. Data analysis will be critical after these high throughput calculation.

[bookmark: _Toc80026790]4.2.2 Credibility of the HTC and CALPHAD simulations through Pandat
The CALPHAD method is capable of producing reliable and accurate enough phase diagram results. Its credibility is almost fully based its thermodynamic database, since CALPHAD phase diagram can be regarded as the extrapolation of the thermodynamic binary descriptions and ternary descriptions [69]. Senkov et al comes up with a credibility criteria for CALPHAD calculation in multi-element alloy system with two parameters: fAB, the fraction of fully thermodynamically assessed binary systems, and, fAT, the fraction of fully thermodynamically assessed ternary systems [50]. If all relevant binary and ternary description are included in the database, then the fAB = 1 and fAT = 1, and the credibility of the calculation results on this system is considered to be high. In this present work, the PanHEA_2018_TH database contains all the binary and ternary descriptions between the selected elements (Al, Cu, Co, Cr, Fe, Ni, Mn, Ti, Zr). Therefore, the credibility of the CALPHAD calculations is considered to be high and reliable.  

[bookmark: _Toc80026791]4.2.3 Experimental details
The HEAs were fabricated by arc melting. The purity of all the elements is larger than 99.9%. To ensure the homogeneity, the alloy ingots were flapped and melted at least 5 times. For the heat treated Al2Cu10Fe20Mn38Ni30, the heat treatment condition was 900°C for 3 hours. The microstructure and elemental distribution of the HEAs were examined with scanning electron microscopy (SEM, ZEISS EVO) couple with energy-dispersive spectroscopy (EDS). The crystal structure was examined with the X-ray diffraction (XRD, Panalytical Empyrean). The samples for these experiments were polished by the vibration polishing method after grinding with the 1200 grit SiC paper. 

[bookmark: _Toc80026792]4.3 Results
[bookmark: _Toc80026793]4.3.1  HTC and CALPHAD results analysis
In the current work, 221 solidification calculations, with a step size of 10, are conducted for each element combo among Al-Cu-X-X-X (X = Co, Cr, Fe, Ni, Mn, Ti, Zr), totally there 7,735 calculations for the initial procedure. The numbers of single FCC, BCC, and HCP generated by each element combo are shown in Table 4.1. 12 out of 35 element combos are found to have single FCC compositions, 3 of them could potentially have BCC compositions, and 0 HCP compositions are found through the simulation. Compositions among the element pool show a stronger tendency to form FCC single phase, compared with forming BCC and HCP single phase. From the table, the Al-Cu-Fe-Ni-Mn, Al-Cu-Fe-Co-Ni, and Al-Cu-Co-Ni-Mn element combos exhibit 40, 36, and 34 FCC single phase compositions, excessively higher than other element combos. The goal of this work is to screen the alloy system with strongest FCC single phase formation ability, the discussion will be focus on single FCC phase. 


[bookmark: _Ref79959151][bookmark: _Toc79961356]Table 4.1. HTC results containing the numbers of types of single phases (FCC, BCC, and HCP) with step size of 10.
	
	Elements
	FCC
	BCC
	HCP

	1
	Al
	Cu
	Cr
	Co
	Fe
	1
	3
	0

	2
	Al
	Cu
	Cr
	Co
	Ni
	8
	0
	0

	3
	Al
	Cu
	Cr
	Co
	Ti
	0
	0
	0

	4
	Al
	Cu
	Cr
	Co
	Zr
	0
	0
	0

	5
	Al
	Cu
	Cr
	Co
	Mn
	1
	0
	0

	6
	Al
	Cu
	Cr
	Fe
	Ni
	9
	0
	0

	7
	Al
	Cu
	Cr
	Fe
	Ti
	0
	0
	0

	8
	Al
	Cu
	Cr
	Fe
	Zr
	0
	0
	0

	9
	Al
	Cu
	Cr
	Fe
	Mn
	0
	5
	0

	10
	Al
	Cu
	Cr
	Ni
	Ti
	0
	0
	0

	11
	Al
	Cu
	Cr
	Ni
	Zr
	0
	0
	0

	12
	Al
	Cu
	Cr
	Ni
	Mn
	3
	0
	0

	13
	Al
	Cu
	Cr
	Ti
	Zr
	0
	0
	0

	14
	Al
	Cu
	Cr
	Ti
	Mn
	0
	0
	0

	15
	Al
	Cu
	Cr
	Zr
	Mn
	0
	0
	0

	16
	Al
	Cu
	Co
	Fe
	Ni
	36
	1
	0

	17
	Al
	Cu
	Co
	Fe
	Ti
	0
	0
	0

	18
	Al
	Cu
	Co
	Fe
	Zr
	0
	0
	0

	19
	Al
	Cu
	Co
	Fe
	Mn
	11
	0
	0

	20
	Al
	Cu
	Co
	Ni
	Ti
	2
	0
	0

	21
	Al
	Cu
	Co
	Ni
	Zr
	0
	0
	0

	22
	Al
	Cu
	Co
	Ni
	Mn
	34
	0
	0

	23
	Al
	Cu
	Co
	Ti
	Zr
	0
	0
	0

	24
	Al
	Cu
	Co
	Ti
	Mn
	0
	0
	0

	25
	Al
	Cu
	Co
	Zr
	Mn
	0
	0
	0

	26
	Al
	Cu
	Fe
	Ni
	Ti
	7
	0
	0

	27
	Al
	Cu
	Fe
	Ni
	Zr
	0
	0
	0

	28
	Al
	Cu
	Fe
	Ni
	Mn
	40
	0
	0

	29
	Al
	Cu
	Fe
	Ti
	Zr
	0
	0
	0

	30
	Al
	Cu
	Fe
	Ti
	Mn
	0
	0
	0

	31
	Al
	Cu
	Fe
	Zr
	Mn
	0
	0
	0

	32
	Al
	Cu
	Ni
	Ti
	Zr
	0
	0
	0

	33
	Al
	Cu
	Ni
	Ti
	Mn
	1
	0
	0

	34
	Al
	Cu
	Ni
	Zr
	Mn
	0
	0
	0

	35
	Al
	Cu
	Ti
	Zr
	Mn
	0
	0
	0





The Al-Cu-Fe-Ni-Mn combo has the most FCC single phase number among the 35 element combos, which is considered to have the strongest ability to form FCC single phase among the 35 element combos. Further calculation with a step size of 5 are conducted on the selected Al-Cu-Fe-Ni-Mn system. 

[bookmark: _Toc80026794]4.3.2  Equilibrium solidification analysis of selected candidate
The equilibrium solidification simulation of a selected composition candidate, Al2Cu10Fe20Ni30Mn38, is shown in Figure 4.2. The y axis represents the fraction of phases, while the x axis represents the Temperature change. From the right side to the left side of the figure, it can be regarded as an alloy from the high temperature liquid state to the low temperature solid state. It can be observed that the during the solidification process, FCC structure is the first solid phase forming at 1219°C and finish at 1131°C. The FCC single phase structure remains until the temperature decreases to 415°C. Then B2 phase starts to form. Then BCC and some intermetallic phases will be formed later under equilibrium condition. The equilibrium solidification result shows a promising possibility of the Al2Cu10Fe20Ni30Mn38 to be FCC single phase. This result also gives us a guidance of how to select the homogenization temperature. In this case, 900 °C for 4 hours could be a suggested heat treatment condition in the later experimental verification part. This HEA composition also shows a much lower solidus melting temperature, compared to a lot of the reported HEAs, such as Al-Co-Cr-Fe-Ni and refractory HEA [3]. 
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[bookmark: _Ref79959173][bookmark: _Toc79961445]Figure 4.2. Equilibrium solidification analysis of Al2Cu10Fe20Ni30Mn38 by CALPHAD


















[bookmark: _Toc80026795]4.3.3  Experimental verification
In this work, the designed alloys Al2Cu10Fe20Ni30Mn38 was fabricated and further heat-treated. After heat treatment and polish of samples, XRD, SEM and EDX characterization are performed on the selected composition. 
From the XRD pattern as shown in Figure 4.3, the crystal structure of the heat treated Al2Cu10Fe20Ni30Mn38 were FCC structure where typical (111) (200) (220) and (311) FCC peaks were shown. No second phase peaks are observed in the XRD pattern. The XRD results suggest the composition has a FCC single phase. 
Figure 4.4 demonstrates the microstructure of the heat-treated Al2Cu10Fe20Ni30Mn38. A dendrite structure is observed. The spot EDX locations are also shown in the Figure 4.4. The spot EDX results in Table 4.2 show that the Al is less than the nominal compositions, while the Fe has more than the nominal composition. This could be due to evaporation of aluminum during fabrication. After all, the mean value of the chemical composition of the Al2Cu10Fe20Ni30Mn38 sample is comparable with the nominal composition. The standard deviation of the EDX result all less than 2%, which exhibits that the elements are homogeneously distributed after heat treatment. 
From the CALPHAD line analysis shown in Figure 4.2, the Al2Cu10Fe20Ni30Mn38 is predicted to have FCC single phase. The experiment results further verify that this composition after heat treatment will have FCC single phase. The experimental results agreed well with the CALPHAD prediction. 
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[bookmark: _Ref79959203][bookmark: _Toc79961446]Figure 4.3. XRD pattern of Al2Cu10Fe20Ni30Mn38 by CALPHAD
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[bookmark: _Ref79959247][bookmark: _Toc79961447]Figure 4.4. SEM image of the Al2Cu10Fe20Mn38Ni30










[bookmark: _Ref79959262][bookmark: _Toc79961357]Table 4.2. Chemical compositions of Al2Cu10Fe20Mn38Ni30 by EDX
	Spectrum
	Al
	Mn
	Fe
	Ni
	Cu

	Spectrum 5
	1.56
	35.13
	23.86
	29.31
	10.14

	Spectrum 1
	1.62
	36.35
	20.92
	29.59
	11.51

	Spectrum 2
	1.56
	35.64
	22.47
	29.53
	10.79

	Spectrum 3
	1.49
	35.68
	22.36
	29.60
	10.86

	Spectrum 4
	1.47
	36.03
	21.30
	29.78
	11.41

	Mean
	1.54
	35.77
	22.18
	29.56
	10.94

	STDVEA
	0.06
	0.46
	1.15
	0.17
	0.55













[bookmark: _Toc80026796]4.4 Discussion
A screening methodology developed in this present study allows us to quickly identify, screen and analyze around 10,000 MPEA compositions at non-equiatomic compositions for required microstructure and specific melting ranges. The thermodynamic properties, such as phase present, solidus temperature, and liquidus temperature, can be determined by each alloy composition using CALPHAD calculations with Pandat software and PanHEA database developed by CompuTherm LLC. The screening process, properties calculation and further analysis are facilitated with Pandat. 
[bookmark: _Toc80026797]4.4.1  Distribution of solid solution phase by their crystal structure and elements
Among FCC, BCC and HCP single phases, FCC has the highest count of the calculated compositions of 153, BCC is the second of 9, while no HCP single phase is found in the calculation. The detail count of compositions of each single phase is shown in Figure 4.5. The observed distribution of single phases of the calculated Al-Cu-X-X-X (X = Co, Cr, Fe, Ni, Mn, Ti, Zr) can be correlated with the number of elements having these respective crystal structures. Of the 9 elements in the present study, 6 of them have FCC structure (Al, Cu, Ni, Co), 5 of them have BCC structure (Fe, Mn, Cr), 3 of them have HCP structure (Co, Zr, Ti) at room temperature [77]. In the case of fixing the Al and Cu in the alloy system, the ratio of FCC elements increases, which promote the formation of FCC single phase. 
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[bookmark: _Ref79959325][bookmark: _Toc79961448]Figure 4.5. Counts of single FCC, BCC and HCP solid solution phases



Different elements contribute differently in the Al-Cu-X-X-X (X = Co, Cr, Fe, Ni, Mn, Ti, Zr) system. Figure 4.6 Shows the counts of FCC single phase per element. Zr has 0 count in the calculated FCC single phase compositions. As a BCC promoter, Zr in the HEA composition more tend to form BCC rather than FCC, which is well reported in reported studies [77-79]. Ni has the highest count to promote FCC in our current calculation. 

[bookmark: _Toc80026798]4.4.2  Liquidus melting temperature distribution of the Al-Cu-Fe-Ni-Mn system
One of the important purpose of the present HEA design is to find HEA composition that with high possibility to form FCC single phase while have a melting temperature between Al-alloy and steel. Among our 35 Al-Cu-X-X-X (X = Co, Cr, Fe, Ni, Mn, Ti, Zr) calculated system, the Al-Cu-Fe-Ni-Mn has the highest amount of FCC single phase in the calculation with step size of 10, as shown in Table 4.1. Having a further look of the melting temperature of the FCC single phase compositions in the Al-Cu-Fe-Ni-Mn system is necessary. Figure 4.7 shows the liquidus melting temperature range of the 275 calculated FCC single-phase compositions of Al-Cu-Fe-Ni-Mn system with step size of 5 calculation. The whole melting range is between 1,015 °C to 1,332 °C, which is obviously lower than the Al0.1CoCrFeNi and Al0.3CoCrFeNi which are around 1,400 °C [49]. Since the alloy system contains large amount of Al and Cu, the system could have lower liquidus melting point than most of the reported HEAs which are drawn more attention in elevated temperature application., while at the same time maintaining the ability to form FCC single phase.
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[bookmark: _Ref79959347][bookmark: _Toc79961449]Figure 4.6. Counts of single FCC phase compositions per element










[image: Chart, surface chart

Description automatically generated]
[bookmark: _Ref79959357][bookmark: _Toc79961450]Figure 4.7. Temperature distribution of the 275 calculated FCC single-phase compositions of Al-Cu-Fe-Ni-Mn system.










[bookmark: _Toc80026799]4.5 Conclusions
In summary, a novel simulation method to design and develop HEAs is proposed with high-throughput CALPHAD. It can be concluded in the following:
1. In the current work, the phase stability of 35 HEA systems from Al-Cu-X-X-X (X=Co, Cr, Fe, Ni, Mn, Ti, and Zr) is investigated by the high-throughput CALPHAD method. The Al-Cu-Fe-Ni-Mn is found to have the strongest for single FCC phase formation ability among the 35 systems. Compared with the classic Al-Co-Cr-Fe-Ni, the Al-Cu-Fe-Ni-Mn HEA system shows a better FCC single phase formation ability. 
2. Further simulation with more data result suggests Al-Cu-Fe-Ni-Mn has 275 FCC single-phase compositions out of 2075 data points. The solidus temperature range of the calculated FCC single-phase compositions are between 1015°C to 1332°C.
3. Suggested candidate composition Al2Cu10Fe20Ni30Mn38 is obtained by the CALPHAD line analysis. This composition is fabricated by arc-melter and heated-treated. The XRD, SEM and EDX results confirmed this composition has FCC single phase structure. 
[bookmark: _Toc420995910][bookmark: _Toc422997497]

1. [bookmark: _Toc80026800]
Dissimilar welding between al-alloys and steel with Al2Cu10Fe20Ni30Mn38 high-entropy alloys

[bookmark: _Toc80026801]5.1 Introduction
Weight reduction of component is always an important topic in the aerospace and automotive industries. Considering the aspects of performance, cost, and weight, introducing aluminum alloys to steels body are one of the most attractive alloy combinations to reduce weight in machine bodies. Owing to efficiency and volume of production, resistance spot welding (RSW) is one of the most important joining methods in automotive industries. To produce the hybrid structure of Aluminum alloys and steels, a technology to make dissimilar Al/Fe joints is needed, especially with RSW since it is very commonly used in the industries. However, due to the great intrinsic difference in thermal, electrical and mechanical properties, brittle intermetallic compounds are always formed in the welding joint between aluminum alloys and steels which will lead to degradation of mechanical properties [34-42]. Shanglu et al. investigated the welding of the aluminum alloy, 6061 - T6 [Al - 0.04Cr - 0.3Cu - 0.7Fe - 1.0Mg - 0.15Mn - 0.6Si - 0.15Ti - 0.25Zn, weight percent (wt.%)], to zinc - coated steel (0.05 to 0.25% carbon content) by the cold - metal - transfer method [41]. Cracking and lack of fusion between steels and aluminum alloys are observed. Torkamany et al. studied the welding of the carbon steel (Fe - 0.4Mn - 0.04C wt.%) to 5754 aluminum alloy (Al - 0.12Si - 0.04Cu - 0.25Mn - 3.009Mg - 0.08Cr - 0.006Ni - 0.37Fe wt.%) by Nd with laser welding [39]. Pores and pre-crack are found, along with the Fe - Al intermetallics.  Ranfeng et al. reported the resistance - spot welding on the aluminum alloy, A5052 (Al - 2.2Mg - 0.27Fe - 0.19Cr - 0.09Si - 0.049Mn - 0.027Cu - 0.005Zn wt.%), to steel SPCC (Fe - 18Cr - 0.85Si - 1.25Mn - 0.06C - 0.04P - 0.02S wt.%), and austenitic - stainless steel SUS304 (Fe - 18.0Cr - 0.85Si - 1.25Mn - 0.06C - 0.04P - 0.02S - 8.0S wt.%) [36]. After the tensile tests, the strength of aluminum self - weld joint, A5052/A5052, is higher than the joints of A5052/SPCC and A5052/SUS304, which indicates that the joints between aluminum alloys and steels are not favorable. Satonaka et al. developed a new method termed the resistance - spot welding with a cover plate between the aluminum and electrode, to obtain higher temperature in the weld [43]. Ranfeng et al. then used this method to weld the aluminum A5052 to steel SPCC and steel SUS304 and obtain joints between the aluminum and steels with higher strength [35]. However, a large amount of Fe - Al intermetallics are still formed, which greatly affect the mechanical property of the joints.
One of the directions of the Fe - Al welding is to put interlayer. HEAs, are come up with as the interlayer materials. In chapter 3, RSW trials have been conducted with Al0.3CoCorFeNi HEA. However, lack of mixing is observed between HEA and Al alloys, where the failure initiates during mechanical tests. To solve this problem, in chapter 4, a FCC single phase HEA composition with lower liquidus melting temperature, Al2Cu10Fe20Ni30Mn38, is developed via high throughput CALPHAD method. In this chapter, welding trial will be conducted with this new HEA Al2Cu10Fe20Ni30Mn38. The solidification process will be predicted by CALPHAD with Scheil-Gulliver model to better understand the solidification range and phase formation of the nuggets [68, 80, 81]. A model which is come up with by Sindo Kou will be applied in this study to understand the solidification susceptibility [82-95]. Finally, based on the solidification range of the welding nugget, future HEA candidate compositions are suggested after HEA modification. 

[bookmark: _Toc80026802]5.2 Materials and Methodology 
[bookmark: _Toc80026803]5.2.1 Materials
The materials used in this investigation were JAC980 high-strength low-alloy steel with 1.0 mm thickness, 5754 aluminum alloys with 2.0 mm thickness, and Al0.2Cu10Fe20Ni30Mn38 HEA interlayer. The chemical composition of JAC980 steel and 5754 aluminum alloys are given in Table 3.1.

[bookmark: _Toc80026804]5.2.2 Experimental details
The Al0.2Cu10Fe20Ni30Mn38 HEAs were fabricated by arc melting. The purity of all the elements is larger than 99.9%. To ensure the homogeneity, the alloy ingots were flapped and melted at least 5 times. After that, the Al0.2Cu10Fe20Ni30Mn38 is sealed in vacuum glass tube and heat treated at 900°C for 3 hours. The microstructure and elemental distribution of the HEAs were examined with scanning electron microscopy (SEM, ZEISS EVO) couple with energy-dispersive spectroscopy (EDS). The crystal structure was examined with the X-ray diffraction (XRD, Panalytical Empyrean). The HEA foils were prepared with up to 1200 grits to remove surface oxidation and cleaned by acetone.
Resistance spot welding were performed in the condition of 12kA, 1100lb, 10cycles. The top and button electrodes are both Cu-Zr, 2” radius nose. The thickness of the Al0.2Cu10Fe20Ni30Mn38 HEA foil is 0.42 mm. The schematic of the cladding of the three materials is shown in Figure 5.1.

[bookmark: _Toc80026805]5.2.3 Solidification and phase analysis with CALPHAD
To better understand the phase formation and solidification process of the welding nugget, solidification simulation will be conducted via Pandat software with PanHEA 2019 database. A Scheil-Gulliver model will be applied during the simulation, as it assuming a non-equilibrium solidification process with very fast cooling rate [68, 80, 81]. To better understand the microstructure of the welding nugget, a phase construction after the solidification process ends will be calculated. The input elemental composition information will come from the EDS experiments. 

[bookmark: _Toc80026806]5.2.4 A model to evaluate the susceptibility of solidification cracking
Cracking especially solidification cracking happens very often during dissimilar welding. To evaluate the susceptibility of solidification cracking, a criterion for cracking during solidification will be calculated for the nugget.  
In the paper “ A criterion for cracking during solidification” 2015, Sindo Kou derive the below equation [82]:
                           [image: Diagram

Description automatically generated with medium confidence]             (8)


[image: Shape

Description automatically generated with low confidence]
[bookmark: _Ref79959383][bookmark: _Toc79961451]Figure 5.1. Geometry and dimensions of specimens for welding (not to scale, dimensions in mm) 










And the criterion index is |dT/d(fS1/2)| near (fS)1/2 = 1, where fS is the fraction of solid, and T is the temperature. The susceptibility of solidification cracking increases as the  |dT/d(fS1/2)| near (fS)1/2 = 1 increases [82].  Figure 5.2 shows an example of different |dT/d(fS1/2)| near (fS)1/2 = 1 values of (a) Al alloy A356; (b) Al alloy A206. A lower |dT/d(fS1/2)| near (fS)1/2 = 1 represents that near the end of the solidification, the channel between grains will be shorter. Liquid feeding will be easier and less likely to cause crack initiation and crack propagation. On the contrary, the channel between grains will be longer when |dT/d(fS1/2)| near (fS)1/2 = 1 increases, which will make it harder for feeding and thus more likely for crack initiation and propagation. In the current study, the |dT/d(fS1/2)| near (fS)1/2 = 1 will be calculated with the solidification curve mentioned above. 
In the current work, this model will be applied to evaluate the cracking susceptibility of the welding nugget. The nugget composition will be obtained from the EDX results after welding test. The fraction of solid versus temperature curve will be obtained from the solidification analysis via CALPHAD. The criterion index |dT/d(fS1/2)| near (fS)1/2 = 1 will be calculated. In the discussion part, new HEA compositions will be discussed to lower the cracking susceptibility. 
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[bookmark: _Ref79959401][bookmark: _Toc79961452]Figure 5.2. Effect of |dT/d(fS1/2)| near (fS)1/2 = 1 on liquid feeding: (a) Al alloy A356; (b) Al alloy A206. The S/L interfaces can be approximated by curves of T vs. (fS)1/2 = 1 especially near the grain boundary GB, where (fS)1/2 = 1. Note that ac = eg and bd = fh [82].

[bookmark: _Toc80026807]5.3 Experimental Results
[bookmark: _Toc80026808]5.3.1 Microstructure of welding joint
Figure 5.3 shows the appearance of the joint obtained at 12 kA for 10 cycles. Compared to what are presented in chapter 3, the joint shows a mixing of the three materials. Cracking and pores can be observed. The cracking direction is along with the applied force direction from the electrodes. The pores are observed in the aluminum alloys side which could highly be susceptible to be happen due to the re-solidification of the aluminum alloys from liquid state during welding. It is the first time observing a mixing zone of the steel, HEA layer, and the aluminum alloys. 
The SEM microstructure is exhibited in the Figure 5.4. From Figure 5.4(a) and Figure 5.4(b), a dendritic structure was observed at the center of the nugget. As at a higher magnitude, Figure 5.4(c) exhibits a spinodal decomposition phenomenon, which suggests that multi phases may exist in the welding joint. 
The EDS results which point to the marked spot from Figure 5.3 is shown in Table 5.1. Spot 2 contains as high as 90.8% Al, which refers to the 5754 base materials. Spot 4 shows a composition that close to the Al2Cu10Fe20Ni30Mn38 HEA composition. The spots 1, 3, 5a, 5b, 6a, and 6b show close values of mixing of Mg, Al, Mn, Fe, Ni, and Cu. Even though the spot 1, 3, 5a, 5b, 6a, and 6b are measured from different location of the nugget, which suggests that the nugget composition is relatively unified. Further evaluation of the welding nugget will be in the discussion part. 
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[bookmark: _Ref79959417][bookmark: _Toc79961453]Figure 5.3. Appearance of the JAC 980 steel – HEA – 5754 aluminum welding joint.  
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[bookmark: _Ref79959428][bookmark: _Toc79961454]Figure 5.4. (a) SEM image of the JAC 980 steel – HEA – 5754 aluminum welding joint; (b) selected area from (a); (c) selected area from (b).  










[bookmark: _Ref79959561][bookmark: _Toc79961358]Table 5.1. Chemical composition of spots that shown in Fig 5.2.
	Numbered Location
	Mg
	Al
	Mn
	Fe
	Ni
	Cu

	1
	0.67
	21.5
	16.5
	44.1
	12.5
	4.33

	2
	4.16
	90.8
	1.77
	1.26
	1.40
	0.56

	3
	0.71
	21.4
	16.3
	44.9
	12.2
	4.25

	4
	0.24
	6.91
	13.5
	66.0
	9.55
	3.29

	5a
	0.61
	21.1
	16.5
	44.7
	12.5
	4.25

	5b
	0.66
	20.0
	17.0
	44.6
	12.9
	4.40

	6a
	0.61
	18.4
	16.7
	47.0
	12.6
	4.34

	6b
	0.58
	20.2
	16.3
	45.9
	12.4
	4.23






















[bookmark: _Toc80026809]5.4 Discussion
[bookmark: _Toc80026810]5.4.1  Solidification and phase analysis by CALPHAD 
To start the simulation of solidification, first of all, the nugget composition needs to be obtained from the EDX results. Here, the spots 1, 3, 5a, 5b, 6a, and 6b from Figure 5.3 are selected since they are the measurement of the nugget. The average value and standard deviation of the data of the selected spots are shown in Table 5.2. The standard deviation of the data are small enough to make sure the average value reflects the chemical composition of the whole nugget during the CALPHAD simulation. 
Figure 5.5 presents the simulated solidification path of the nugget composition which listed in the Table 5.2, using the Scheil-Gulliver model (assuming a very high cooling rate). Following the blue line in Figure 5.5, the solidification path of the nugget can be forecast, which is Liquid  Liquid + BCC  Liquid + BCC + B2  Liquid + BCC + B2 + FCC  Liquid + BCC + B2 + FCC + Laves phase. The primary solidified phase is BCC. As the content of Al reaches around 20%, the nugget compositions has disordered BCC and ordered B2, which is consistent with many published experimental results with AlxCoCrFeNi [96-98]. The fraction of final possible phases obtained from the simulation results is shown in Table 5.3. The final nugget composition is predicted to have ~29% FCC, ~49.6% BCC, ~19.6% B2 and some minor phases. The high amount of the FCC, BCC and B2 phases are related to the microstructure in Figure 5.4. It should be notice that the high amount of B2 phase (19.58%) could lead to a brittle mechanical behavior of the welding joint. 

[bookmark: _Ref79959578][bookmark: _Toc79961359]Table 5.2. The average chemical compositions of selected spots
	Element
	Mg
	Al
	Mn
	Fe
	Ni
	Cu

	Avg at. %
	0.64
	20.4
	16.6
	45.2
	12.5
	4.3

	Standard deviation
	0.048166
	1.174166
	0.266458
	1.062073
	0.231661
	0.066933
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[bookmark: _Ref79961203][bookmark: _Toc79961455]Figure 5.5. Solidification calculation of calculated welding joint with Scheil-Gulliver model by CALPHAD









Table 5.3. The fraction of final possible phases
	Fraction of final possible phases (%)

	BCC
	B2
	FCC
	Laves_C15

	49.6076
	19.5840
	29.0128
	1.7957

















[bookmark: _Toc80026811]5.4.2  Cracking susceptibility evaluation on the welding joint
Figure 5.6 shows the curve of T vs (fS)1/2 for the nugget composition shown in Table 5.2. The nugget composition has a very high steepness |dT/d(fS1/2)| near (fS)1/2 = 1. This can be seen, for instance, in the range of 0.87 < fS < 0.94 (0.933 < (fS)1/2 < 0.970). The calculated value |dT/d(fS1/2)| = 2837.8, near (fS)1/2 = 1. This value is much higher than the values of some commercial aluminum alloys such as A206 (1059) and A356 (210) reported in the paper [82]. It means that the nugget composition in this study has higher possibility to have  hot cracking. To some extent, it explain why large amount of cracking is observed in Figure 5.3. 

[bookmark: _Toc80026812]5.4.3  Modification of HEA compositions for reducing cracking
Even though it is the first time to observe that HEA can mix Fe and Al alloy together during welding process, hot cracking is still a big issue. In fact, solidification range could be one of the most important factors in hot cracking of dissimilar welding. The hot cracking possibility increases as the solidification range increases, as many studies reported [99-102]. The calculation result shows that the solidification range of the current nugget is larger than 600 °C. To have a better welding joint that with less hot cracking issues, designing HEA composition that could lower the solidification range could be an applicable direction. 

Fs=0.87
Fs=0.94
ΔT=105°C

[bookmark: _Ref79961278][bookmark: _Toc79961456]Figure 5.6. Calculated T vs (fS)1/2 of nugget composition





Assuming the dilution of the whole welding joint is 43% HEA + 20.4% Al5754 + 36.6% JAC980. This ratio is estimated from the Table 5.3. Starting from the composition Al2Cu10Fe20Ni30Mn38, the element effect of each element is investigated. Each element will vary from 0 to 35%. The results of Al, Cu, Fe, Ni, Mn effect, are shown in the Table 5.4-5.8. 
Two candidate compositions, Al2Cu10Fe20Ni30Mn10 and Al2Cu10Fe20Ni15Mn38, are suggested based on their effect on the nugget’s solidification range. The equilibrium analysis both compositions are shown in Figure 5.7. The two candidate compositions are expected to improve the hot cracking issues of the Fe – Al dissimilar welding.







[bookmark: _Toc79961361]Table 5.4. Calculation of the assuming solidification range and corresponding HEA compositions along with the content of Al change.
	HEA compositions
	HEA foil
	Nugget composition

	Al
	Cu
	Fe
	Ni
	Mn
	foil liquidus
	foil solidus
	T(liquidus)
	T(solidus)
	solidification range

	0
	10
	20
	30
	38
	1,223.96
	1,145.30
	1323.04
	718.2237
	604.82

	5
	10
	20
	30
	38
	1,210.44
	1,097.30
	1327.99
	718.4172
	609.57

	10
	10
	20
	30
	38
	1,191.06
	1,044.29
	1331.33
	718.7124
	612.62

	15
	10
	20
	30
	38
	1,168.92
	1,037.91
	1333.41
	718.992
	614.42

	20
	10
	20
	30
	38
	1,145.49
	1,030.64
	1334.49
	719.4686
	615.02

	25
	10
	20
	30
	38
	1,184.58
	1,021.53
	1334.77
	720.1007
	614.67

	30
	10
	20
	30
	38
	1,240.96
	1,009.03
	1334.42
	720.464
	613.96

	35
	10
	20
	30
	38
	1,287.95
	990.1635
	1333.58
	720.7806
	612.80


















[bookmark: _Toc79961362]Table 5.5. Calculation of the assuming solidification range and corresponding HEA compositions along with the content of Cu change.
	HEA compositions
	HEA foil
	Nugget composition

	Al
	Cu
	Fe
	Ni
	Mn
	foil liquidus
	foil solidus
	T(liquidus)
	T(solidus)
	solidification range

	2
	0
	20
	30
	38
	1,255.10
	1,194.36
	1,318.47
	506.6478
	811.82

	2
	5
	20
	30
	38
	1,235.29
	1,155.01
	1,321.88
	546.1723
	775.71

	2
	10
	20
	30
	38
	1,219.62
	1,131.10
	1,325.24
	718.3276
	606.91

	2
	15
	20
	30
	38
	1,207.17
	1,115.37
	1,328.49
	719.2926
	609.20

	2
	20
	20
	30
	38
	1,197.23
	1,104.17
	1,331.63
	719.9762
	611.65

	2
	25
	20
	30
	38
	1,189.28
	1,095.64
	1,334.63
	720.5592
	614.07

	2
	30
	20
	30
	38
	1,182.89
	1,088.69
	1,337.50
	720.979
	616.52

	2
	35
	20
	30
	38
	1,177.75
	1,082.73
	1,340.24
	721.1171
	619.12



















[bookmark: _Toc79961363]Table 5.6. Calculation of the assuming solidification range and corresponding HEA compositions along with the content of Cu change.
	HEA compositions
	HEA foil
	Nugget composition

	Al
	Cu
	Fe
	Ni
	Mn
	foil liquidus
	foil solidus
	T(liquidus)
	T(solidus)
	solidification range

	2
	10
	0
	30
	38
	1,013.56
	1,005.34
	1,270.14
	985.4667
	284.67

	2
	10
	5
	30
	38
	1,095.84
	1,044.92
	1,287.52
	1,000.26
	287.26

	2
	10
	10
	30
	38
	1,149.96
	1,078.30
	1,302.05
	718.7735
	583.28

	2
	10
	15
	30
	38
	1,189.31
	1,106.69
	1,314.46
	718.573
	595.89

	2
	10
	20
	30
	38
	1,219.62
	1,131.10
	1,325.24
	718.3276
	606.91

	2
	10
	25
	30
	38
	1,243.88
	1,152.38
	1,334.72
	718.0925
	616.63

	2
	10
	30
	30
	38
	1,263.85
	1,171.15
	1,343.17
	717.8973
	625.27

	2
	10
	35
	30
	38
	1,280.64
	1,187.92
	1,350.76
	717.8372
	632.92




















[bookmark: _Toc79961364]Table 5.7. Calculation of the assuming solidification range and corresponding HEA compositions along with the content of Mn change.
	HEA compositions
	HEA foil
	Nugget composition

	Al
	Cu
	Fe
	Ni
	Mn
	foil liquidus
	foil solidus
	T(liquidus)
	T(solidus)
	solidification range

	2
	10
	20
	30
	0
	1,354.78
	1,308.96
	1,326.46
	1,152.76
	173.70

	2
	10
	20
	30
	5
	1,323.70
	1,264.24
	1,330.02
	720.7046
	609.32

	2
	10
	20
	30
	10
	1,300.05
	1,229.67
	1,330.99
	1,093.31
	237.68

	2
	10
	20
	30
	15
	1,280.64
	1,202.16
	1,330.58
	717.2736
	613.31

	2
	10
	20
	30
	20
	1,264.03
	1,180.13
	1,329.56
	717.4525
	612.11

	2
	10
	20
	30
	25
	1,249.56
	1,162.46
	1,328.32
	717.6673
	610.65

	2
	10
	20
	30
	30
	1,236.86
	1,148.26
	1,327.05
	717.955
	609.10

	2
	10
	20
	30
	35
	1,225.68
	1,136.84
	1,325.88
	718.2197
	607.66



















[bookmark: _Toc79961365]Table 5.8. Calculation of the assuming solidification range and corresponding HEA compositions along with the content of Mn change.
	HEA compositions
	HEA foil
	Nugget composition

	Al
	Cu
	Fe
	Ni
	Mn
	foil liquidus
	foil solidus
	T(liquidus)
	T(solidus)
	solidification range

	2
	10
	20
	0
	38
	1,241.90
	978.3408
	1,382.64
	1,236.73
	145.91

	2
	10
	20
	5
	38
	1,236.47
	1,081.09
	1,369.53
	983.6281
	385.90

	2
	10
	20
	10
	38
	1,230.77
	1,105.31
	1,358.44
	1,035.15
	323.29

	2
	10
	20
	15
	38
	1,225.94
	1,114.24
	1,348.78
	1,028.09
	320.69

	2
	10
	20
	20
	38
	1,222.44
	1,120.24
	1,340.18
	719.6055
	620.57

	2
	10
	20
	25
	38
	1,220.36
	1,125.66
	1,332.38
	718.8737
	613.51

	2
	10
	20
	30
	38
	1,219.62
	1,131.10
	1,325.24
	718.3276
	606.91

	2
	10
	20
	35
	38
	1,220.04
	1,136.64
	1,318.62
	717.8223
	600.80
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[bookmark: _Ref79961318][bookmark: _Toc79961457]Figure 5.7. Equilibrium solidification analysis of (a) Al2Cu10Fe20Ni30Mn10 and (b) Al2Cu10Fe20Ni15Mn38 by CALPHAD

































[bookmark: _Toc80026813]5.5 Conclusions
In summary, newly design HEA Al2Cu10Fe20Ni30Mn38 is applied in the welding between JAC980 steel and 5754 aluminum alloys. It is the first time to observe three materials mix together and form a welding nugget. The nugget formed a dendritic microstructure with spinodal decomposition. The solidification analysis predicts the nugget is composed by BCC+B2+FCC+Laves phases. The criterion, |dT/d(fS1/2)| near (fS)1/2 = 1, is very high for the welding nugget, suggesting that the observed cracking could be highly induced by solidification cracking. New HEA compositions are proposed to reduce the solidification range. 





















1. [bookmark: _Toc80026814]
Conclusions 
In this work, three main tasks have been studied for dissimilar welding between Al alloy and steel with current HEAs, designing HEAs via HTC method, and welding study with newly design HEA. 
In the first task, the RSW results show that fusion zone between steel and HEA has formed, while little mixing is observed between the HEA and Al alloys. The failure of joining HEA and Al could be due to the high melting temperature of the HEA. The EDX results show that no diffusion happen between HEA and the Al alloys. The nanoindentation results suggest that intermetallics is formed between Al and the HEA on the Al side, which could worsen the mechanical property of the weld.
In the second task, the phase stability of 35 HEA systems from Al-Cu-X-X-X (X=Co, Cr, Fe, Ni, Mn, Ti, and Zr) is investigated by the high-throughput CALPHAD method. The Al-Cu-Fe-Ni-Mn is found to have the strongest for single FCC phase formation ability among the 35 systems. Further simulation with more data result suggests Al-Cu-Fe-Ni-Mn has 275 FCC single-phase compositions out of 2075 data points. The solidus temperature range of the calculated FCC single-phase compositions are between 1015°C to 1332°C.Suggested candidate composition Al2Cu10Fe20Ni30Mn38 is obtained by the CALPHAD line analysis. This composition is fabricated by arc-melter and heated-treated. The XRD, SEM and EDX results confirmed this composition has FCC single phase structure. 
[bookmark: _Toc420995911][bookmark: _Toc422997498]In the third task, newly design HEA Al2Cu10Fe20Ni30Mn38 is applied in the welding between JAC980 steel and 5754 aluminum alloys. It is the first time to observe three materials mix together and form a welding nugget. The nugget formed a dendritic microstructure with spinodal decomposition. The solidification analysis predicts the nugget is composed by BCC+B2+FCC+Laves phases. The criterion, |dT/d(fS1/2)| near (fS)1/2 = 1, is very high for the welding nugget, suggesting that the observed cracking could be highly induced by solidification cracking. New HEA compositions are proposed to reduce the solidification range. 
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