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ABSTRACT 

Liquid metal embrittlement (LME) is a long-standing problem for resistance spot welding 

(RSW) of Zn-coated steels for automobile applications, especially for advanced high strength 

steels (AHSSs). The problem originates form the fact that melting point of zinc is significantly 

lower than that of the steel sheet (difference in melting points is approximately 1000 °C), causing 

Zn to melt and vaporize during welding. The expulsed liquid zinc can penetrate into the steel grain 

boundaries, causing LME. This work aims to design and implement high entropy alloy (HEA) 

interlayers that can absorb zinc during welding and mitigate LME.  

A code for down selection of candidate alloys was developed to rank alloy systems based 

on their stability to maintain a single-solid solution phase over a wide composition range of Zn 

and Fe. The code included thermodynamic calculations (including configurational entropy and 

mixing enthalpy), atomic size difference, and valance electron concentration. Equilibrium phase 

and Scheil solidification diagrams calculated from ThermoCalc software predicted dominance of 

fcc phase with no Zn separation especially in the top two HEA candidates. DICTRA simulation 

results demonstrated limited zinc diffusion into steel when HEA interlayer was used and no 

indications of Fe-Zn intermetallic compounds were observed at the weld/HEA interface.  

In agreement with simulation results, EDS analysis at the weld/HEA interface showed the 

preferential diffusion of Zn into the HEA rather than steel. Optical microscopy examination 

demonstrated elimination of LME cracks and no obvious existence of harmful phases in weld 

samples with HEA foils. Furthermore, tensile shear test showed that joints with HEA interlayer 

exhibited a higher fracture load than conventional welds. Implementation of the HEA interlayer 

did not appear to affect the microstructure evolution and hardness profile of the nugget and heat-

affected zones. 
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CHAPTER 1: INTRODUCTION 

 

For several decades, industrial manufacturers around the globe are competing in the 

marathon of energy efficiency. In order to satisfy safety requirements for almost any industrial 

product, strength must qualify over a predetermined limit. It brings the inevitable compromise 

between the strength of a certain structure and its weight as a long-standing challenge. The 

conventional old way to build a stronger structure was simply achieved by adding more material, 

designing thicker structure entities, or in other words increasing the load bearing area. This would 

increase the weight of the final product by a significant magnitude. Consequently, materials 

engineers and scientists tried to develop higher strength materials to enable using of thinner and 

lighter structures without compromising safety requirements.  

The automotive industry in particular is on a continuous quest for lighter, stronger, and 

more reliable materials. The United States Environmental Protection Agency (EPA) [1] reported 

that, during the last two decades before 2004 the CO2 emissions increased corresponding to 

decreasing average real-world fuel economy of new vehicles as shown in Figure 1.1 which was 

caused by the old technology that was applied to increase the vehicle power by adding more heavy 

parts which in turn increased the average vehicle weight. In contrast, after 2004 modern technology 

could increase vehicle power and fuel economy up to 11% and 29% respectively, while preserving 

vehicle weight without increasing it accompanied with CO2 emissions reduction. The new 

approaches in automotive technology have turned to vehicle mass reduction and implementing 

new materials to reduce fuel consumption and CO2 gas emissions [2-4]. 
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Figure 1.1- Estimated changes in fuel economy, horsepower, and weight of vehicles around the 
world since 1975 [1] 

Advanced High Strength Steels (AHSSs) could revolutionize the field of automotive 

industry and sheet metal fabrication. Nowadays, the majority of a vehicle body structure is built 

from AHSS [5] because it could satisfy the strength requirements while cutting down the amount 

of incorporated material which reduces the total weight of the final product significantly. For 

example, the 2010 model of Hyundai Sonata contained 21% of parts made from AHSS, while in 

the 2014 model, this value increased up to 53% of the parts in the car body [6] and the 2016 Honda 

Civic contained 58 % high strength steel with 26 % ultrahigh strength steel [7]. The family of high 

strength steels as shown in Figure 1.2 includes a few categories such as transformation-induced 

plasticity steels (TRIP), twining-induced plasticity steels (TWIP), and dual phase steels (DP). The 

variety of AHSS types and properties gives more flexibility to enable tailoring the alloy design 

according to the performance requirements and conditions. 
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Figure 1.2- Comparison of tensile strength vs elongation for some AHSS grades [8] 

1.1 Research Motivation 

During fabrication processes these steels could encounter high temperature and applied 

stresses for structures assembly, joining, or deformation. Resistance spot welding (RSW) is the 

principal technique for sheet metal fabrication in automotive industry [9] which involves high 

localized temperature and stresses. Most AHSSs are coated with Zn to provide high corrosion 

resistance. However, steel could suffer from zinc liquid metal embrittlement during RSW due to 

contact with liquid Zn under applied stress. This is especially the case when austenite phase 

transformation occurs at high temperature since austenite grain boundaries are prone to liquid 

metal embrittlement (LME) by Zn from the coating layer [10, 11]. 

The current project deals with RSW of galvannealed DP980 steel. This steel grade is 

considered less prone to LME cracking compared to galvanized grade or the higher strength 

DP1180. This led to replacing DP1180 with the lower strength grade DP980 in vehicle body 

manufacturing. However, LME cracking was reported during RSW of galvannealed DP980 also. 

Consequently, a new solution is needed to be developed for mitigation of LME during resistance 

spot welding of AHSS. 
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1.2 Problem Definition 

The melting point of zinc coating is significantly lower than that of the steel sheet, causing 

zinc to melt at much lower temperature than steel or even vaporize during resistance spot welding. 

Liquid Zn in contact with steel under applied stress by the welding electrodes could provide a 

suitable environment for LME cracking. In addition, the vaporization of the zinc can cause porosity 

formation in the weld and thus weakening the joint strength.  

1.3 Approach and Objectives 

This proposed work aims to adopt the concept of high entropy alloys (HEAs) to capture Zn 

from the spot weld and/or to avoid its vaporization and segregation in the weld zone of steel sheets. 

A high configurational entropy can be achieved when the constituent elements are in near 

equiatomic ratios, resulting in the formation of a random solid solution. The high configurational 

entropy of mixing stabilizes the random solid solution phase and the stabilizing effect grows 

stronger with higher temperature and increasing number of elements [12]. For high-entropy alloys, 

high lattice distortion in the random solid solution leads to slow diffusion kinetics in some 

compositions [13]. 

The overarching goal of this project is to identify the proper combination of alloying 

elements to form a HEA that can effectively absorb zinc as the temperature increases, retard the 

diffusion of Zn into steel sheets during the RSW process, and prevent formation of detrimental 

brittle phases.  

This overarching goal will be achieved by three phases of research studies:  

(I) Design of HEA alloy composition based on thermodynamic and kinetics calculations;  
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(II) Experimental demonstration of the microstructure and phase of the designed HEA 

alloy, RSW trials with the designed alloy as the interlayer material, and mechanical 

testing on the weld trials;  

(III) Characterization of HEA alloy and resistance spot welds in terms of hardness, 

microstructure, and bonding strength. 

The HEA alloy compositions are designed based on calculations including configurational 

entropy, mixing enthalpy, atomic size difference and valance electron concentration, phase 

selection rules, and simulation of equilibrium phase and Scheil solidification diagrams using 

ThermoCalc software, in combination with diffusion analysis using DICTRA software. 
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CHAPTER 2: LITERATURE REVIEW 

 

The focus point of this project revolves primarily around designing a HEA with the ability 

of capturing Zn during resistance spot welding of Zn coated high strength steel, and experimental 

validation of the proposed concept. This is a novel patented technique for mitigation of liquid 

metal embrittlement. There are no literature reports that deal with the same concept directly. 

However, this chapter includes a literature review that covers the topic of liquid metal 

embrittlement of Zn coated steels during RSW with its characteristics, potential mechanisms, and 

some mitigation trials. Furthermore, the concept of HEAs are discussed alongside with their core 

effects including high entropy, lattice strain, sluggish diffusion, as well as the cocktail effect. 

During RSW, phase transformations and diffusion are expected to occur across the weld joint. The 

high entropy effect leads to stabilization of a random solid solution phase rather than formation of 

intermetallic compounds, which avoids deteriorating the weld strength. Moreover, the sluggish 

diffusion effect can retard diffusion of individual elements from the HEA foil into the steel 

impeding intermetallics formation which also assists to promote the joint quality. However, it is 

worth to mention that sluggish diffusion phenomenon is not inherent with all HEAs and some 

HEAs exhibited diffusion rates comparable to conventional alloys. Those two effects in particular 

motivated utilizing HEAs in addition to flexibility of changing chemical composition due to 

interdiffusion with the Zn coating layer and steel during the welding process.  
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2.1 Liquid Metal Embrittlement 

2.1.1 Mechanisms of LME 

LME can be defined as loss of strength and toughness of a certain metal or metal alloy due 

to contact with liquid metal under applied stress [14]. This phenomenon occurs by penetration 

and/or diffusion of the liquid metal through the grain boundaries of the solid metal (wetting the 

grain boundaries[15]) leading to compromising the cohesion between grains and initiation of 

cracks at the contact surface with liquid metal [16-18]. The propagation of these cracks is assisted 

by the presence of applied tensile stress which enhances further Zn penetration and more 

embrittlement [19]. LME was reported to occur in multiple metal couples [11] such as Al solid/Ga 

liquid [20], Al solid/Hg liquid [21], Cu solid/Bi liquid[22], steel solid/Zn liquid [23-25], steel solid/Cu liquid [26], 

Ni solid/Bi liquid [27, 28]. The focus of this work is concerned with steel solid/Zn liquid couple. 

LME is considered to be a longstanding challenge in many industrial fields and especially 

in RSW of high strength steels which is a vital process for metal structures fabrication in 

automotive industry [10, 25, 28-30]. Despite of the abundant reports [31-35] that deal with LME 

effects, conditions and characteristics, the mechanism that explains occurrence of LME is still not 

entirely confirmed. Being the most widely discussed mechanisms for LME, Kang [36] explained 

the following two hypothesized scenarios  as summarized in Figure 2.1.  

a) The Krishtal-Gordon-An model [37] where the crack starts by rapid intergranular Zn solid-

state diffusion Figure 2.1 (a-e).  At stage D the Zn concentration exceeds the maximum 

solubility limit in γ (FeMn) leading to form islands of liquid Zn along the grain boundaries 

which causes to lose the cohesion of the grain boundaries assisting crack propagation. [36]   
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b) The Stoloff-Johnson-Westwood-Kamdar model [37] where a LME crack is initiated 

through intergranular liquid metal percolation, as shown in Figure 2.1 (f-j). The liquid Zn 

rich coating layer acts as a reservoir that provides liquid Zn to percolate through the γ 

(FeMn) grain boundaries. 

 

Figure 2.1- Two LME mechanisms (a-e) solid-state Zn diffusion model, (f-j) liquid Zn 
penetration model [36] 

Beal [38] raised a question about the necessity of liquid zinc presence to crack propagation. 

If liquid Zn was not necessary for crack propagation, cracks can further propagate (sharp 

propagation) after initiation along the path of Zn penetration Figure 2.2 (a). On the contrary, if 

liquid Zn was necessary for propagation, cracks will not propagate until liquid Zn penetration 

proceeds first (progressive propagation) Figure 2.2 (b). The second scenario (progressive 

propagation) was supported by the authors. This was based on the fact that when stress application 

was stopped in hot tensile tests, the cracks did not propagate through the entire thickness of the 

sample. The progressive propagation scenario is illustrated as follows: 
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1. Penetration of liquid Zn through grain boundaries to a certain distance 

2. crack opening along the Zn- penetrated distance followed by filling the opened cracks with 

liquid Zn 

3. Further liquid Zn penetration beyond the crack tip 

4. Subsequent crack opening along Zn penetration path. 

 

Figure 2.2- Possible scenarios for LME crack propagation (a) Sharp propagation, (b) progressive 
propagation [38] 

On the other hand, Kang [36] did not detect liquid Zn at grain boundaries around the crack 

tip. In their study, they used TEM-EDS elemental distribution and 3D atom probe tomography 

(APT) to analyze Zn distribution around the grain boundaries at an LME crack tip in TWIP steel. 

EDS line scans showed that Zn concentration at the grain boundary was found to be 28.1 wt. % 

which is higher than its concentration inside the γ- (Fe, Mn) (Zn) grain itself (17 – 19 wt. %) as 

shown in Figure 2.3. The results from APT analysis gave similar Zn concentration values also it 

was higher at the grain boundary, in addition to indicating that the Zn-enriched region width was 

wider than the grain boundary thickness, proving occurrence of bulk solid state diffusion. 

Furthermore, there were neither indications for liquid Zn penetration at the crack tip nor presence 
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of Γ -(Fe, Mn)3Zn10 phase (which is considered as an evidence for liquid Zn presence).  In addition, 

the highest Zn concentration at grain boundaries did not exceed the maximum solubility (38 wt.%) 

of Zn in γ- (Fe, Mn)(Zn).  

 

Figure 2.3- (a) EDS line scan for Fe, Zn, and Mn across the grain boundary. (b) Concentration 
profile obtained from 3D ATP for Fe, Zn, and Mn across the indicated line by the arrow. [36] 

2.1.2 The Effect of RSW Parameters on LME 

RSW of Zn coated steels is one of the most frequent processes to suffer from the problem 

of LME. It was found that welding force, current and time have a significant effect on LME surface 

cracking. The cracks are enhanced with increased welding current or welding time in addition to 

lower welding force. The holding time (cooling cycles) had less significant effect than other 

factors, the increase of holding time slightly decreased surface cracking. The electrode type also 

influenced the location and number of cracks. [29] 
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In accordance with the results found by Ling  [29], another study by Kim [18] confirmed 

that increasing either welding current or welding time is directly proportional to the surface 

cracking ratio in galvannealed transformation-induced plactitcity steel (GA 590 TRIP steel) where 

cracking ratio is a statistical qualitative value corresponding to higher LME cracks occurrence as 

shown in Figure 2.4. On the other hand, less cracks were found at higher welding electrode force. 

The hold time had less significant effect than the other three parameters. 

 

Figure 2.4- The effect of resistance spot welding parameters on surface LME cracks [18] 

Ashiri et al. [25] studied the LME cracking during resistance spot welding of zinc coated 

twinning-induced plasticity (TWIP) steels. The study has defined a concept of supercritical area 

where most of the cracks were found in the steel sheet at the periphery region around the contact 

area with the welding copper electrode (weld shoulders), where they found a sudden temperature 

rise due to poor contact with the continuously water cooled electrode leading to lower cooling rate 

in this area. In addition, the cracks were only observed after exceeding a certain nugget size which 

was defined as the critical nugget diameter. 

A Gleeble® thermo-mechanical simulator was utilized by Beal et al. [16, 17] to investigate 

the effect of strain rate and temperature range on the LME phenomena in zinc coated high 
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manganese TWIP steel. The embrittlement was found to be enhanced at higher strain rate. More 

accurately, higher strain rates led to wider ductility trough in Figure 5, which is defined as the 

domain of observing LME in terms of fracture energy reduction due to LME relative to 

temperature. In fact, the study [16] reported that at the lowest strain rate of 1.3×10-3 s-1 there was 

almost no reduction in the fracture energy, meaning there was no LME observed. The LME 

suppression observed at low strain rate could be caused by allowing enough time to form FeMnZn 

intermetallics at the interface between Zn and steel as detected by EDX analysis on the same 

samples. Forming these intermetallics could serve as a stable contact barrier between liquid Zn 

and steel, in addition to consuming liquid Zn in the phase formation reaction which assists in 

hindering more subsequent embrittlement.  

On the other hand, the embrittlement effect reached its peak of more than 90% reduction 

in the fracture energy at temperature between 800 °C and 850 °C especially under higher strain 

rates as shown in Figure 2.5. The recovery of fracture energy that occurred at high temperatures 

around 950 °C (near Zn boiling point) was correlated to Zn evaporation leading to eliminate the 

most important condition for LME, which is the contact between liquid Zn and steel. 

 

Figure 2.5- Effect of strain rate on the embrittlement of TWIP steel by liquid zinc [16] 
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The severe reduction of strength and toughness in the studied TWIP steel [16] during hot 

tensile testing was caused by presence of liquid Zn at high temperature under applied stress. 

Similar findings by Barthelmie [39] were observed in hot tensile tests in high Mn steel sheets. The 

tests have shown 50 MPa decrease in the tensile strength for galvanized samples compared to the 

bare samples over a temperature range 450-600 °C (only above Zn melting point).  

The conditions provided by hot tensile tests could be recreated during resistance spot 

welding as temperature rises during the process by electric current and stress are applied by the 

welding electrodes and thermomechanical interactions [17]. Consequently, it is recommended to 

optimize the welding conditions to lower the probability of LME such as applying gradual electric 

current cycles (progressive starting and ending) to provide less aggressive heat generation with its 

accompanying thermal stresses, reducing welding time to shorten the time of liquid Zn contact 

with steel, in addition to applying lower welding current to generate less amount of heat energy in 

the spot weld region which will minimize the availability of liquid Zn. As will be discussed in 

more depth in the following sections.  

2.1.3 Locations of LME in Resistance Spot Welds 

Z. Ling [40] used Taguchi method in studying LME during RSW of hot-dip galvanized 

Q&P980 steel. Taguchi method [41] is a statistical procedure for experiment design that includes 

analysis of signal to noise ratio S/N, and analysis of variance (ANOVA)  which is a method that 

deals with collective models to compare the variation of a certain parameter over multiple sample 

groups to estimate the statistical significance of that variation. These procedures were implemented 

to investigate the maximum crack depth as well as cracks number corresponding to each of the 

four designated locations shown in Figure 2.6. It was found that the two regions of indentation 

edge and slope area contained almost 98 % of the total number of cracks that were detected. In 
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addition, shorter cracks were found in those two locations compared to the deeper but fewer cracks 

that were observed in indentation center and slope periphery areas. EDS line scans have shown the 

highest amount of Zn in LME cracks at the slope area where to the liquid Zn gets ejected by the 

applied force of the RSW electrodes. The authors supported the scenario of Zn diffusion model as 

a mechanism to explain LME, rather than liquid Zn penetration scenario (both scenarios are 

explained in Figure 2.1). That was supported by finding too low Zn content (considered as a sign 

for liquid Zn absence) in the depths of the indentation center cracks. So those cracks would not 

have propagated, if penetration of liquid Zn was a prerequisite for LME. Thus, Zn solid state 

diffusion should be enough for LME occurrence. The microstructure of the indentation edge and 

slope regions consisted of martensite, which was evidenced by higher hardness at these regions. 

This means that part of the ferrite in these regions transformed into austenite (temperature more 

than 750 °C) prior to finally transforming into martensite. That finding was used as a way to 

explain that, these two regions (indentation edge and slope) have experienced a temperature within 

the ductility trough range. 

 

Figure 2.6- Crack locations and appearance at the (a) indentation edge, (b) slope, (c) indentation 
center, and (d) slope periphery. [40] 

 

 



 
 

15 
 

2.1.4 Mitigation of Liquid Metal Embrittlement: 

2.1.4.1 Aluminum Interlayers for Mitigation of LME during RSW 

Most of the LME reports in literature deals with characterizing the phenomenon and its 

affecting parameters. There have been only a few reports that address mitigation or suppression of 

LME problems. It is well established that presence of liquid Zn in contact with solid steel under 

applied stress at high temperature are the main conditions for LME to occur.  Some studies utilized 

aluminum foils to dissolve liquid Zn during resistance spot welding [42] and laser welding [43] of 

Zn coated steels to suppress the most important condition of LME (contact with liquid Zn). 

Aluminum could be considered as a good candidate due to its availability, low cost, as well as low 

melting point (660 °C) close to Zn (419 °C) and their simple binary phase diagram as depicted in 

Figure 2.7 showing the complete liquid solubility at relatively high temperatures which predicts 

good chances of liquid Zn dissolving into Al. However, Al could form brittle intermetallics such 

as iron aluminides which may deteriorate the weld joint quality as will be discussed in further 

detail. Not to mention, the metallurgical complications of aluminum that might be encountered at 

high temperature during manufacturing stages or during service lifetime. 

 

Figure 2.7- Al- Zn binary phase diagram calculated by Thermo-Calc 
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The solution of utilizing aluminum interlayers was investigated in a study by L. He et al. 

[42], where 25 μm- thick aluminum foils were used on the two outer surfaces between the welding 

electrode and steel sheet. The study claimed that LME cracking index (equals n∙L/t, where n is 

number of cracks, L is the log normal median crack length, and t is the base metal sheet thickness) 

was reduced by 85% in both TRIP 1100 and TRIP 1200, meaning that less frequent and shorter 

cracks were observed with applying the aluminum foils through formation of iron aluminides that 

acted as Zn wetting barrier. In addition, relatively higher lap shear fracture load was observed with 

using the aluminum foils. However, with using the aluminum interlayer in TRIP1100, LME crack 

was detected with high concentration of Al and trace amount of Zn as shown in Figure 2.8. This 

suggests that using this solution may have suppressed Zn-caused LME only to replace it with Al-

caused LME. This finding raises concerns around the reliability of using Al interlayers to mitigate 

LME cracking due to the large difference in melting point between steel and aluminum, which is 

similar to the original problem with zinc.  

 

Figure 2.8- LME crack in TRIP 1100 spot weld sample with aluminium interlayer (A) SEM 
image, EDX maps for (B) Fe, (C) Zn, (D) Al. [42] 

2.1.4.2 Aluminum Interlayers for Mitigation of LME during Laser Welding 

Aluminum foils were utilized also in another study [43] to mitigate Zn vapor problems in 

laser welding of DP 600 galvanealed steel. Commercial aluminum foil with thickness of 25 μm 

was inserted between the two steel sheets in lap joint to dissolve the liquid Zn into the aluminum 
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benefiting from the high solubility of Zn in Al as well as the high boiling point (2450 °C) reducing 

the vapor pressure of the liquid solution of Al- Zn. Lap shear test samples with aluminum foils 

showed higher strength due to reduction of porosity (originally casued by Zn vapor) as shown in 

Figure 2.9, as well as better thermal contact leading to increased weld penetration. However, this 

work did not consider the effect of contact between liquid Al-Zn solution with steel on LME 

occurrence. That is propably due to absence of high applied stress in laser welding compared to 

the stress applied by the welding electrodes in resistance spot welding. 

 

Figure 2.9- Interfacial fracture shear surface of weld laser weld samples (a) with Al interlayer, 
(b) without Al interlayer. [43] 

2.1.4.3 Multi-Pulse Current for Mitigation of LME during Resistance Spot Welding  

Manipulating the parameters of resistance spot welding could play a role in supressing 

LME. For example,welding with larger electrode caps and rounded tip (dome shaped) was claimed 

to reduce the LME cracks by almost 50% through decreasing the stress applied on the weld 

shoulders , yet it did not eleminte the cracks entirely [39].  

A trial to reduce LME occurrence was carried out by applying a precurrent (10 kA) before 

the welding cuurent (12 kA) [18] as shown in Figure 2.10. Application of precurrent was claimed 

to produce no visible LME cracks through Zn melting and removal of the weld region in the 

precurrent pulse before the actual weld current pulse.  
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Figure 2.10- Schematic of the precurrent welding cycle [18] 

Ashiri et al. [44] developed impulse welding to minimize the LME problem in TWIP steel. 

The developed solution used two- pulsed welding current separated by 1 cycle for cooling. The 

first pulse provides just enough heat to form the minimum required nugget diameter relative to the 

steel sheet thickness according to the equation (D= 4√t). Then the current of the second pulse could 

be increased up to the limit of material expulsion and/or occurrence of LME. The difference 

between welding currents in the two pulses was considered as the range of acceptable welding 

current that can be used for welding to minimize LME. Using the impulse welding technique was 

reported to produce LME free welds due to the improved thermal distribution as explained in 

Figure 2.11. In single pulse mode, continuous fast heat generation led to rapid nugget growth 

causing early expulsion after only four cycles. On the contrary, impulse weld technique could 

produce more homogeneous slower heat generation, at the same conditions, allowing to form a 

mechanical seal (corona bond) during the cooling cycle between the two pulses through plastic 

deformation of the thermally softened solid metal around the fusion zone. It could delay the 

expulsion and thus mitigating LME and/or welding defects over a wider range of acceptable 

welding current [44]. 
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Figure 2.11- Simulated thermal profile of the spot welds [44] 

2.2 High Entropy Alloys 

2.2.1 Overview 

For hundreds of years, the civilizations of mankind have depended on metals and 

metal alloys. Most of these alloys had one major element such as copper for bronzes and iron for 

steels [45]. It was not until the last 2 decades since the term high entropy alloys or also known as 

multicomponent alloys started to be discussed in the materials engineering research community 

[46-51] in the wake of being reintroduced once again after earlier work in the late 1970s 

[12].  The main difference between high entropy alloys and other metallic alloy categories is the 

number of major or principal elements. In most of commonly used metallic alloys there is 

one principal element and the others are alloying elements with relatively small amounts. On the 

other hand, high entropy alloys may include 4, 5 or more principal elements with equiatomic or 

near equiatomic chemical composition. Although there is no strict definition or limiting number 

of elements that a high entropy alloy must follow, an alloy contains multiple principal elements 

with relatively similar amounts is the simple general description for high entropy alloys [12, 45, 

52-54].  
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Yeh [55] introduced a novel concept of the high entropy alloys in 1995. Afterwards it 

started to draw more research attention in recent years; many interesting properties have been 

discovered in these alloys and there is high potential to discover more properties. Many 

studies have found promising characteristics for high entropy alloys such as corrosion resistance 

[56-58], high wear resistance [59-61], thermal stability [62, 63], as well as peculiar diffusion 

properties [12, 13, 64].  

What could be considered as the main obstacle against rapid development of high entropy 

alloys are the aspects of alloy design. It is much simpler to design an alloy with one principal 

element compared to design of a multicomponent alloy with five or more principal elements. The 

high number of major components as well as the nearly similar compositions can produce virtually 

infinite number of compositions corresponding to different alloy systems 

[65]. Consequently, highly sophisticated computation models needed to be built to tackle this 

challenge. Some studies (including this project) used CALPHAD and thermodynamics analysis to 

approach the phase transformations and thermal stability [12], others used first principal 

calculations [66] to model the unit cell of high entropy alloys.  

2.2.2 Definitions of High Entropy Alloys 

There are multiple definitions for this alloy family. The most common definitions are 

summarized by Miracle [12] as follows: 

• Composition Based Definition 

HEAs typically consist of four or more principal elements with equimolar composition, or 

each element with range of 5-35 At. %. [67]. In addition, some HEA systems contain minor 

alloying elements. [55] 
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• Entropy Based Definition 

In this definition category, HEAs are divided into low (SSS,ideal < 0.69R), ), medium (0.69R 

< SSS,ideal < 1.61R) and high (SSS,ideal > 1.61R) entropy alloys [55], where SSS,ideal is the total 

configurational molar entropy in an ideal solid solution and R is the gas constant. However, this 

definition does not account for the temperature dependence of entropy. 

• Other Definitions 

Another definition is based on having single phase solid solution which was motivated by 

the fact that a considerable amount of research work on HEAs investigated the single phase solid 

solution in HEAs as a method for obtaining enhanced mechanical properties to avoid the brittle 

intermetallics. [12] 

 

2.2.3 The Four Core Effects of HEAs  

• High Entropy Effect 

The main distinctive characteristic of this alloy family as the term HEAs were assigned to 

this alloy family is based on this effect [55]. The entropy of mixing can be calculated by the 

Boltzmann’s hypothesis as follows: 

∆𝑆𝑚𝑖𝑥 =  −𝑅 ∑(𝐶𝑖 𝑙𝑛 𝐶𝑖)𝑛
𝑖=1 (2.1) 

Where R is the gas constant (8.314 J. K-1 .mol-1), 𝐶𝑖 is the concentration (mole percent) of 

element i, and ∑ 𝐶𝑖 = 1𝑛𝑖=1 . At equimolar composition it turns to be [67] 

∆𝑆𝑚𝑖𝑥 =  −𝑅 𝑙𝑛(𝑛) (2.2) 
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Where n is the number of elements. According to this fact, the solid-solution (SS) phases 

consitituting from multiple elements possess higher ∆Smix compared to phases that are composed 

mainly of one element. Consequently, SS phases tend to prevail and be the more stable equilibrium 

phase especially at high temperatures [64] where the negative entropy contribution increases 

leading to less free energy (more stable) as explained in the following equation: 

∆𝐺𝑚𝑖𝑥 =  ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 (2.3) 

• Severe Lattice Distortion  

Another unique characteristic of HEAs is severe lattice distortion. This effect results from 

differences in atomic sizes that constitute the complex multielement crystal lattices of HEA solid 

solution phases [12]. Each atom is surrounded by various kinds of atoms leading to lattice stress 

and strain as depicted in Figure 2.12 [68]. In HEAs solid solution phase, the matrix is mainly 

composed of solute atoms. Similar to atoms thermal deviation from original neutral positions, 

lattice distortion lowers the heights of diffraction peaks through altering the crystalline structure 

and reducing enhanced scattering [69]. Lattice distortion is also claimed to affect other material 

properties such as decreasing thermal and electrical conductivity as well as their temperature 

dependence [54, 69]. In addition to increasing strength and hardness due to higher ability for 

solution hardening in the severely distorted lattice [64]. 
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Figure 2.12- (a) perfect BCC lattice, (b) mild distortion due to addition of one alloying element 
(V) , and (c) severe lattice distortion in multielement crystal structure [68] 

• Sluggish Diffusion  

In HEA matrix a vacancy would be surrounded by atoms of different elements. The 

presence of complex variety of atoms around a vacancy enhances fluctuations of lattice potential 

energy between different lattice sites [13]. Based upon that explanation, HEAs are claimed to have 

higher activation energy or slower diffusion as the increased number of lattice potential energy 

fluctuations acts as diffusion traps impeding diffusion [64].  

In one of the rare experimental studies on that phenomenon, Tsai et al. [13] could verify 

this effect in a Co-Cr-Fe-Mn-Ni fcc system. Four diffusion couples were designed as quasi-binary 

couples, meaning that in each couple only two elements had different concentrations to study the 

concentration gradient of those two particular elements. Each couple was fixed in a molybdenum 

tube and sealed in a vacuum quartz tube. The diffusion behavior for these elements was studied at 
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a temperature range of 1173-1323 K. The activation energies normalized by melting point, Q/Tm, 

were found to be the highest in the HEA as summarized in Figure 2.13,  which evidently proved 

sluggish diffusion for the studied HEA. In addition, it was observed that Q/Tm for a certain element 

increases with increasing the number of elements in the system (lowest in pure elements). 

 

Figure 2.13- Q/Tm for Cr, Mn, Fe, Co, and Ni in different matrices [13] 

On the other hand, Miracle and Senkov [12] argued that HEAs diffusion is not necessarily 

sluggish in all compositions and more comprehensive data are required to investigate the 

robustness of HEA sluggish diffusion hypothesis as the differences between diffusion coefficients 

measurements [13] in CoCrFeMn0.5Ni  and conventional alloys were within one order of 

magnitude which does not inevitably prove a significant difference. This argument agreed with the 

results of Ni tracer experiments performed by Vaidya [70], where sluggish diffusion could occur 

when considered against homologous temperature. However, even higher diffusion rates were 

observed in CoCrFeNi and CoCrFeMnNi alloys when measured at the same absolute temperature.  
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In another study by Jin et al. [71], lower diffusion coefficients were generally exhibited by 

alloys with higher compositional complexity as shown in Figure 2.14 (a, b). Nevertheless, 

NiCoFeCrPd alloy has shown a deviation from this finding when it possessed higher diffusion rate 

than less complex alloys NiCoFeCr and NiCoCr as depicted in Figure 2.14 (c, d). This deviation 

hints that there could be a significant role of specific alloy constituents that can act as a competing 

effect against the effect of increasing number of elements on the diffusion rate. Addition of a 

certain element to the alloy system such as Pd in that case, can affect the diffusion activation 

energy by modifying the vacancy migration and formation energies through changing the 

electronic structure [72], and atomic size mismatch [73] of the alloy. 

 

Figure 2.14- (a) Q/RTm (normalized activation energy), (b) melting temperature diffusivity, the 
blue bars are experimental data, and the red bars are CALPHAD results. And linear fits for 

experimental data of diffusion coefficients as a function of (c) homologous temperature and (d) 
absolute temperature. 

In a recent study by Gao et al. [65] a new MPCA of Fe5Co20Ni20Mn35Cu20 was designed to 

be utilized as brazing filler for Alloy 600 as base metal. The experimentally observed diffusion 

rates of Co, Cu, and Mn into the alloy 600 were found to be of the same order of magnitude. 

Nevertheless, Mn has shown a slightly faster diffusion rate. The sluggish diffusion effect in HEAs 

encourages the exploration of HEAs to be exploited as brazing fillers benefiting from the sluggish 
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diffusion effect. There are a few investigations [74-76] on using HEAs as welding or joining fillers 

but more work is required to explore the full potential in this field. 

• Cocktail Effect  

The term was first introduced in 2003 by S. Ranganathan [77] to describe the dependence 

of collective properties in a MPCA, among other classes of alloys, on the properties of its 

individual constituents. Miracle [12] viewed this effect as not a hypothesis that requires a proof. 

The term rather highlights the unexpected and sometimes exceptional properties that could be 

found in HEAs come from a synergetic interaction of the constituting elements. Yeh [55] also 

explained this effect by viewing the HEAs as a composite material on the atomic scale, thus the 

properties of these alloys are products of interactions between all of the elements present in the 

system. For example, the more HEA contains more oxidation resistant elements such as Al or Cr 

the mote it provides oxidation resistance for the HEA [55]. 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 

 

The proposed concept of utilizing HEAs as interlayers for mitigation of LME is a novel 

technique that majorly depends on the ability of the HEA foil to capture Zn from the spot weld 

area. Thus, the main objective of experimentation is to prove this novel concept. This chapter 

describes the various tasks that were carried out through this two-phase project. First, phase-I 

included the HEA design with all the preselection modelling and thermodynamics analysis. A 

MATLAB code developed by Benjamin Schneiderman [78] in CSM welding research center was 

utilized for selecting the alloy systems that would provide the maximum allowable dilution for 

iron and zinc, as expected to occur between the HEA foils and the steel during RSW. In addition, 

Thermo-Calc software was used to further evaluate those down-selected HEA systems into top 

five candidates based upon phase diagrams and diffusion behavior. Afterwards, phase-II dealt with 

experimental work for validation of the modelling results as well as investigating the quality of 

the spot welds produced with HEA interlayers. This phase started by manufacturing foils from the 

top candidate HEA through vacuum arc melting, cold rolling, and grinding to the final thickness. 

Secondly, a direct current (DC) resistance spot welding machine was used to produce conventional 

spot weld galvannealed DP980 steel samples as well as developed samples with the same base 

metal but with inserting HEA interlayers, to compare between conventional samples vs samples 

with HEA interlayers on the aspects of presence of LME cracks as well as the weld joint quality. 

Furthermore, optical microscopy, SEM, and EDS analysis were utilized for characterizing the 

produced samples and studying Zn diffusion behavior in more detail. Tensile shear testing and 

hardness profiles were carried out to assess the mechanical properties. 
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3.1 Design of HEA Interlayer  

3.1.1 The HEA Design Criteria  

1. The HEA must exhibit a reasonably wide Zn solubility range without forming harmful 

secondary phases. 

2. The HEA does not cause formation of detrimental phases at the interface between the HEA 

and steel after experiencing the resistance spot welding conditions that may weaken the 

weld joint strength. 

3.1.2 Calculation of the Amount of Zn to be Captured in HEA 

In order to identify the required Zn solubility range in the HEA (before and after absorbing 

Zn from the weld), the amounts (weight) of both of HEA interlayer and Zn were needed to be 

calculated first. In resistance spot welding, the peak temperature in HAZ can reach above 723 °C 

[79], which is higher than Zn melting point of 419.5°C. Hence, the HEA interlayer should target 

capturing Zn from both the nugget zone and HAZ. 

 

Figure 3.1- Weld region of mild steel with a 1.2 mm thickness and Zn layer varying from 0, 100, 
to 200gm/m2 [80] 
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Lin et al. [80] studied the effect of Zn layer thickness on RSW of 1.2 mm thickness mild 

steel sheets with welding current of 12.2 kA and 16-cycle weld time. The reported weld zone 

morphologies are summarized in Figure 3.1. Therefore, the following data could be estimated, 

• Diameter of weld region (HAZ + Nugget) ≈ 7 mm  

• Weld region total area ≈ 38.5 mm2 

Based on the input from the project industrial partner Honda, the steel sheets being used 

for this project are coated with 40- 60 gm/m2 Zn layer. Hence, for 50 gm/m2 average coating 

weight, the maximum amount of Zn to be dissolved by HEA from the HAZ and nugget area of the 

galvannealed steel plate is calculated as follows, 

• Zn weight = coating weight (gm/m2) × weld spot area (m2) ≈ 2 mg.  

The calculations below demonstrate how to determine the range of Zn mole fraction in the HEA: 

• Area (HAZ+ Nugget) = 0.385 cm2 

• Possible thickness of HEA foil to be produced by melt spinner range = 50 ~100 µm 

• Volume of HEA interlayer = area (cm2) × thickness (cm) = 0.0019 ~ 0.0039 cm3 

• For 5-element equiatomic alloy (0.2 mole fraction for each element)  

Weight of each element (gm) = element mol. Wt. (gm) × mol. Fraction (0.2) 

• Mass fraction = element wt. (gm) / total wt. of the 5 elements (gm) 

• The approximate density of alloys can be estimated by the following equation:  

 1𝜌𝐴𝑙𝑙𝑜𝑦 =  ∑ 𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝜌 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖 
𝑛

𝑖=1 (3.1) 

• HEA interlayer weight = calculated density (gm/cc) × volume (cm3) 

• Weight of element in interlayer (gm) = element mass percent × interlayer wt. (gm) 
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• The final HEA composition should take into consideration the extra 2 mg Zn from the 

coating.  

3.2 HEA Composition Down-selection  

In previous work, our research group has developed a code for down selection and filtration 

of possible alloy candidates based on literature data [12, 55, 64, 81] for studying the criteria of 

high entropy alloys phase stability, as well as the availability and cost of used metals. This code 

was utilized in this project to achieve the preselection process as summarized in Figure 3.2 

according to the design requirements of HEA based on the following stages: 

1. The model was run two times separately, each time was performed on one of the following 

groups of 9 elements as the starting selection pool: 

• (Fe, Mn, Cr, Ni, Mo, Al, Si, Sn, Zn) 

• (Fe, Mn, Cr, Ni, Mo, Ti, Co, Cu, Zn) 

2. The model was fed with every possible 5-element system selected from the groups of 9 

elements (5 elements per system out of 9 elements in the selection pool 9C5=126 systems). 

3. Then it generates all possible compositions for each of the 126 systems (each element at. % 

range is set from 5% up to 35%, increasing by 1% increment), generating 553,401 

compositions for each of the 126 systems. 

An1Bn2Cn3Dn4En5 ∑ 𝑛𝑖 = 100 𝑎𝑡. %5𝑖=1     5% ≤ 𝑛𝑖  ≤ 35% 

4.  Four filters were applied for down selection of top five candidates with their corresponding 

compositions out of the generated total number (69,728,526 compositions corresponding 

to 126 systems). The filtration process depended on Hume- Rothery rules of solid solution 

formation considering the atomic size difference (𝛿) and valence electron concentration 
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(VEC). In addition to literature based HEA criteria considering entropy of mixing (ΔS𝑚𝑖𝑥) 

and enthalpy of mixing (ΔH𝑚𝑖𝑥). The four filters are based on the following governing 

equations: 

𝛿 =  √∑ 𝐶𝑖𝑛𝑖=1 [1 − 𝑟∑ 𝐶𝑖𝑟𝑖𝑛𝑖=1 ]2 (3.2) 

𝑉𝐸𝐶 = ∑ 𝐶𝑖(𝑉𝐸𝐶)𝑖𝑛𝑖=1 (3.3) 

ΔS𝑚𝑖𝑥 = ∑ −𝑅𝐶𝑖 𝑙𝑛 𝐶𝑖𝑛𝑖=1 (3.4) 

ΔH𝑚𝑖𝑥 = ∑ 4𝐶𝑖𝐶𝑗ΔH𝑚𝑖𝑥𝑖𝑗𝑛𝑖=1, 𝑖≠1 (3.5) 

Where 𝑛 is the number of elements,𝐶𝑖, and 𝑟𝑖 are the atomic percentage and atomic radius 

of element 𝑖, while R is the gas constant (8.314 J⋅K−1⋅mol−1) and ΔH𝑚𝑖𝑥𝑖𝑗
 is the enthalpy of mixing 

for elements i and j. The limits of each filter were set at the following values (𝛿) < 5% , (VEC) > 

8, 12 < ΔSmix < 1000 , and  −15 <ΔHmix <5  .The maximum value for entropy of mixing was set at 

very high value because there was no higher limit needed to be considered for entropy (the higher 

the more stable) thus, it can be considered as only ΔSmix>12. The input data was obtained from 

studies by Takeuchi and Inoue [81, 82], Miedema [83], and Miracle [12]. In addition, the limiting 

values for each filter were determined based upon the literature criteria as follows:  

• Entropy of mixing 12 < ΔSmix < 17.5 J/K· mol [54], 11 < ΔSmix < 19.5 J/K· mol [84]. 

• Atomic size difference.  δ < 5 % [45], δ < 4.6% [54], 0.652%<δ <5.959% [84] 

• Valence Electron Concentration. VEC>8 [54, 85]  

• Enthalpy of mixing   −14.88 <ΔHmix <9.44 kJ/ mol [84] −22 <ΔHmix <7 kJ/ mol [86]. 

https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
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Figure 3.2- The four filters of preselection process for (Fe, Mn, Cr, Ni, Mo, Al, Si, Sn, Zn)  

As shown in Figure 3.2, the number of total compositions alongside the number of 

corresponding systems decreased after passing through each of the four filters. The second group 

of elements (Fe, Mn, Cr, Ni, Mo, Ti, Co, Cu, Zn) produced much higher number of possible alloys, 

due to presence of Ti and Co instead of Al and Si in the other group, lowering the atomic size 

difference. However, Ti has a highly negative enthalpy of mixing with most of the other elements 

in the group e.g. Ti+Ni= -35, Ti+Co=-28, Ti+Fe= -17 kJ/mol [81] resulting in low number of 

compositions passing through the enthalpy of mixing filter for alloys with titanium in its 

composition. 

3.3 Modelling of HEA Diffusion Behavior and Stability 

This task started by utilizing Thermo-Calc software to produce equilibrium phase diagrams 

and Scheil solidification diagrams for each HEA candidate to study the phases present, 

solidification ranges, and Zn solubility. Subsequently, DICTRA module in Thermo-Calc was used 
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to model the diffusion behavior of the HEA and Zn coated steel, in order to investigate the 

capability of the designed HEA of absorbing Zn from the weld region under simulated welding 

conditions. The procedure of diffusion modelling is summarized as follows: 

(1) The Thermo-Calc database package that was used in this simulation included both High 

entropy alloys TCHEA3 and MOBHEA1. 

(2) A few assumptions were made to simplify the configuration of the model including: 

• The diffusion couple is composed of two components, HEA on the left side and Steel 

on the right side. While the Zn coating layer is compensated into HEA initial 

composition profile shown in Figure 3.3. 

• Zn composition in HEA is set to be higher than its value in equiatomic alloy (0.2 

mole Zn) to compensate for the incoming Zn (~ 2 mg) from the coating layer over 

the nugget and HAZ (vaporized or melted). Thus the HEA is assumed to be 

constituted of (0.27 mole Zn, and 0.1825 mole from each of the other four elements). 

• Steel composition is 100% iron. 

(3) The composition of each element was defined through the following equation;  

F(x) = C + D*erf ((X-E) / F) 

• C= (X1+X2)/2, while X1 and X2 are the concentration of each element in the HEA 

side and iron side, respectively 

• D= X2-C 

• E= location of the boundary between the two components (at 100 μm) 

• F= sharpness of the boundary (was set to be 5 μm) 

(4) Thickness of each component in the diffusion couple was set to be 100 μm. 
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(5) Double geometric mesh was utilized to have finer mesh around the centerline (interdiffusion 

region). 

(6) The phases that were introduced to this model were based on Scheil solidification simulation 

for each of the HEA candidates. 

 

Figure 3.3- Initial chemical composition profile 

(7) Simplified thermal profile was introduced to the model to mimic the literature data [79] to 

simulate a welding process over time of 1 second with maximum temperature of 2100°C as 

shown in Figure 3.4. 
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Figure 3.4- Thermal profile for the diffusion modelling  

3.4 Vacuum Arc Melting for Casting HEA 

Fabrication of high entropy alloy with the composition of Fe25Mn25Ni25Co25 in shape of 

button samples was carried out through vacuum arc melting. Melting zinc with the other four 

elements in the first HEA candidate (Fe, Mn, Ni, and Co) faced many problems due to reaching 

Zn vaporization temperature at 907 ̊ C before melting the other elements. Mixing Zn with the other 

four elements was not successful even with using either Vacuum arc melting or induction melting. 

Therefore, the project was continued with producing the first HEA candidate without Zn 

(Fe25Mn25Ni25Co25). The raw materials used in the process are pure elements (99.9% purity or 

higher) of Co cubes, Ni shots, Fe small lumps, in addition to ferromanganese (FeMn) small lumps 
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with chemical composition of 75 Wt.% Mn + 25 Wt.% Fe. The material charge addition was 

divided into 4 steps to produce equiatomic alloy (Fe25Mn25Ni25Co25) as follows: 

1. 2.58g Co+ 2.57g Ni. 

2. 1.64g Fe. 

3. 3.21g FeMn. 

4. Remelting for 3 times to insure homogeneity. 

The Co, Ni, and Fe were purchased from Alfa Aesar Company, while FeMn was from 

American Elements Company. The high entropy alloy was produced in shape of small button 

samples. The furnace chamber was vacuumed down to 10-20 torr. then purged with ultra-pure 

argon with gauge pressure of 20 kPa. This process was repeated three times prior to each melt. In 

addition, a titanium button (oxygen getter) was melted each time before striking the raw materials 

with the arc to further minimize the residual amount of oxygen inside the chamber. The electric 

arc was made by a fixed voltage and current of 220 V and 200 A respectively provided from Miller 

dynasty 280 power supply machine. Only one new element was added each time to facilitate 

homogenous melting and to avoid losses. The button weight was measured after each melt run to 

capture any losses after adding a certain element. After adding all raw materials to the button, it 

was flipped and remelted 3 times to insure chemical composition homogeneity. The chemical 

composition homogeneity was checked by XRF and EDS analysis. The solidification of the button 

took place on a water cooled copper hearth (the base of the melting chamber) as seen in Figure 3.5 

(c). The buttons samples weight average is 10 gm.  
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Figure 3.5- (a) the arc melting furnace, (b) the water cooled copper hearth inside the furnace 
chamber, and (c) a schematic for arc melting [87]. 
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3.5 Cold Rolling for HEA Foils Fabrication 

In the developed set up of the resistance spot welding as will be discussed later, the HEA 

will be applied as thin foils. So the produced HEA buttons were cut into sections with 0.8- 1.3 mm 

thickness using an MSX saw prior to rolling. These sections were cold rolled down to a thickness 

of 600 – 400 μm. The STANAT CX-100 rolling mill is shown in Figure 3.6. The two rolls were 

cleaned with ethanol and sprayed with lubricating oil before usage. The distance between the two 

rolls could be controlled through a manual wheel. The rolling speed was fixed at 0.2 m/s. Cracking 

could occur due to excessive cold deformation during rolling, consequently, the cold deformation 

was stopped and the HEA foils were ground with 240, 320, and 400 grit grinding papers to reach 

final thickness of 370 or 220 μm. 

 

Figure 3.6- Cold rolling mill that was used in this project 
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3.6 Base Metal 

Advanced high strength steel (AHSS) dual phase DP980 was the base metal used through 

the entire project. The steel was received as galvannealed 1.6 mm-thick sheets, with Zn coating 

layer of 40- 60 gm/m2. The chemical composition of steel is shown in Table 3.1. 

Table 3.1- Chemical composition of the base metal 

 

3.7 Resistance Spot Welding 

3.7.1 Welding Procedure 

All samples were welded with a Taylor-Winfield Spot Welder (ERE-12-100). The machine 

is equipped with a DC TruAmp- V welding control unit. The parameters of welding schedule 

(summarized in Figure 3.7 [10]) were programmed through the control unit as follows [88]: 

• Presqueeze and Squeeze cycles: to set the time for establishing force by the welding 

electrodes before applying electric current. Both quantities are additive, for example 20 

presqueeze cycles and 10 squeeze cycles give total number of 30 cycles of applied force 

before applying electric current.  Presqueeze is used for a repeat type arrangement and it 

was set equal to zero for a single spot weld as used for all welds in this project. These 

parameters were fixed at 0 presqueeze and 10 squeeze cycles for all welds in this project. 

• Slope cycles: to increase the welding current gradually over a certain number of cycles to 

reach it is set maximum value (weld current) at the end of these cycles. E.g. for a weld 

current of 10 kA and slope cycles of 20 that will provide gradual increase by rate of 0.5 
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kA/cycle. It may be used to burn off coating layers before applying the welding cycle. This 

value was fixed at zero for all welds in this project. 

• Weld current kA: the value of electric current to be used in producing the spot weld. The 

allowable range is (0-99.9 KA). 

• Weld time cycles: the duration of applying both of the weld current and force during 

welding. 

• Cool time cycles: number of cooling cycles (applied force with no current) that follow the 

weld time, or between each two pulses if impulse mode (repeated pulses) is activated. This 

was fixed at 0 for all welds in this project. 

• Pulse count: number of repeats for a certain schedule on the same spot weld. It was fixed 

at 1 for all welds in this project. 

• Hold time cycles: number of cycles for cooling (applied force with no current) after the last 

pulse is finished. This was fixed at 10 for all welds in this project. 

• Off time cycles: number of cycles for the machine to wait before repeating the whole 

sequence again (for multiple spot welds). This was fixed at 0 for all welds in this project. 

• The electrode force is controlled through a handle and a compressed air pressure gauge 

with corresponding electrode force in lbs.  
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Figure 3.7- a schematic of resistance spot welding schedule [10] 

 

Figure 3.8- The resistance spot welding machine used in this project 
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3.7.2 Resistance Spot Welding Under Applied Tensile Stress: 

As a trial to enhance the occurrence probability of liquid metal embrittlement during 

welding, tensile stress was applied on one of the two sheets during welding as shown in Figure 

3.9. Before welding, a steel sheet sample (20x60x1.6 mm) is held between two sets of jaws, then 

each set is closed tightly on the steel sheet using 5 screws. The tensile stress is applied by pulling 

one side of the fixture (two jaws) through two threaded rods, the other side is fixed. The other steel 

coupon (20x20x1.6 mm) is placed freely on the top of the stressed sheet. Both steel pieces are 

placed between the two welding electrodes. 

 

Figure 3.9- The fixture that was used for applying tensile stress on the lower steel sheet during 
resistance spot welding 

The applied load or stress can be estimated by measuring the elongation of the steel sheet 

applied by the described fixture and comparing it to the load vs displacement curve for a monolithic 

tensile sample with the same material and geometry. During this measurement, 0.8 mm elongation 

was measured to generate approximately 9.2 kN load or 300 MPa of applied stress as marked by 

the red cross on the curve  in Figure 3.10. Therefore, the approximate tensile load applied to the 

bottom steel sheet during RSW was about 300MPa.  
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Figure 3.10- Load vs displacement for DP980 steel sample (20x60x1.6 mm) 

3.7.3 Welding Electrodes 

Three types of welding electrodes were utilized for carrying out the welding trials to enable 

changing nugget size. The three electrode are shown in Figure 3.11 and the dimensions indicated 

with letters A to E are summarized in Table 3.2. This information was collected from the 

manufacturer of these electrodes TUFFALOY products, Inc. 

 

Figure 3.11- RSW welding electrodes (1) TB- 25, (2) TE- 25, and (3) TE- 26 

Table 3.2- Dimensions of RSW electrodes 

# 
Alloy 
Class 
No. 

Part 
Description 

Major 
Diameter 

(in) 

Overall 
Length 

(in) 

Weld Face 
Diameter 

(in) 

Water Hole 
Diameter 

(in) 

Water 
Hole 
Depth 
(in) 

  A B C D E 

1 2 (CuCr) TB-25 5/8 1-1/4 1/4 5/16 0.78 

2 2 (CuCr) TE-25 5/8 1-1/4 1/4 5/16 0.78 

3 2 (CuCr) TE-26 3/4 1-5/8 9/32 3/8 0.89 
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3.7.4 Welding Parameters 

Table 3.3 summarizes the parameters of the welding trials that were carried out throughout 

the project for conventional samples without HEA foils, where the welding electrode number are 

referring to Figure 3.11 . The main purpose of trying different welding conditions was to find 

suitable welding conditions that could produce samples with LME cracks in order to duplicate the 

same conditions but with applying the developed solution of HEA foils to study its effectiveness 

on LME mitigation. Table 3.4 shows the parameters of RSW trials with using HEA foils. It is 

worth to mention that all samples in this table were carried out by inserting the HEA foil between 

the two steel sheets, however, only the last condition in the table was performed with the HEA 

foils placed on each of the two outer surfaces of the spot weld between the welding electrode and 

steel sheet to enclose top and bottom surfaces of the joint as shown later in Figure 3.12-c. 

Table 3.3- RSW parameters for conventional samples without HEA foils 

Without tensile stress With tensile stress 

# 
I 

kA 

t 

cycles 

L 

lbs. 

W. 

electrode 
# 

I 

kA 

t 

cycles 

W. 

electrode 

N.1 7 3*20 800 1 N.S.1 9.5 16 1 

N.2 9.5 16 1000 1 N.S.2 9.5 26 1 

N.3 10 26 600 1 N.S.3 10 36 1 

N.4 10 36 400 1 N.S.4 9.5 26 1 



 
 

45 
 

Table 3.3 Continued 

Without tensile stress With tensile stress 

# 
I 

kA 

t 

cycles 

L 

lbs. 

W. 

electrode 
# 

I 

kA 

t 

cycles 

W. 

electrode 

N.5 6.5 26 770 2 

 N.6 7.5 26 770 1 

N.7 8.5 26 770 1 

N.8 9.5 26 1000 2  

N.9 9.5 26 800 1  

Table 3.4- RSW parameters for samples with HEA foils 

Without tensile stress With tensile stress 

# 
I 

kA 

t 

cycles 

L 

lbs. 

Thick. 

µm 

W. 

electrode 
# 

I 

kA 

t 

cycles 

L 

lbs. 

W. 

electrode 

H.1 8.5 26 770 370 1 H.S.1 9.5 26 1000 1 

H.2 8.8 26 770 370 3 

 

H.3 8.8 26 770 270 3 

H.4 8.8 26 770 240 3 

H.5 8.8 26 770 220 3 

H.6 9.5 26 1000 220 3 

H.7 9.5 26 800 
220 

(outer) 
2  
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3.7.5 Welding Setup 

There were three different welding setups used in this project to produce RSW samples.  

First, conventional samples were produced by welding two galvannealed steel sheets together 

without using any HEA foils as seen in Figure 3.12- a. Then, two other setups were developed 

with using HEA foils, one with a single HEA interlayer inserted between the two steel sheets 

(Figure 3.12- b) and the other with two HEA foils enclosing the spot weld outer surfaces where 

the HEA foils were placed between the welding electrode and the steel sheet (Figure 3.12- c). 

Dome shaped welding electrodes were used for the third setup to provide better contact between 

the HEA foils and steel by using wider area squeezing the foils on the steel sheets, and the same 

electrodes were also utilized for the conventional sample without HEA foils at the same welding 

conditions. Changing the location of HEA foils was used to study the effect of the developed 

solution on LME cracks if found at different locations such as the weld shoulders on the joint outer 

surfaces or the nugget edge at the inner interface between the two steel sheets. 

 

Figure 3.12- The three welding setups for producing RSW sample (a) conventional without HEA 
foils, (b) with HEA foil between the two steel sheets, and (c) with two HEA foils on the outer 

surfaces of the spot weld 
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3.8 Tensile Shear Test 

Tensile shear (lap shear) test is a standard test for evaluating the strength of welded joints 

due to its simplicity and also because most of RSW joints are expected to experience tensile shear 

loads [89]. Tensile shear testing was utilized to evaluate the strength of the weld joints with and 

without HEA interlayers. In addition to studying the effect of HEA foil thickness and location 

(between the two steel sheets or enclosing the spot weld outer surfaces) on the mechanical 

properties of the welds with HEA interlayers. MTS Alliance RT/100 tensile machine was used to 

perform this test. The displacement speed of the dies was fixed at 3 mm/min for all tests. The 

gauge length was 45 mm. Tensile shear spot welded samples with the dimensions described in 

Figure 3.13 were duplicated three or four times at each of studied welding parameters as will be 

further discussed in the results section. The first trial of tensile shear test was performed using steel 

coupons with larger dimensions 40×125mm instead of 25×100 as shown below but with the same 

1.6 mm thickness and 40 mm overlap, while all the tests that were carried afterwards used samples 

with the smaller dimensions shown in Figure 3.13 in order to reduce the material losses.  

 

Figure 3.13- Dimensions of tensile shear samples 
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3.9 Sample Preparation  

Samples for visual inspection, microstructural investigation, SEM analysis, and hardness 

mapping were prepared through the following steps: 

3.9.1 Cross Sectioning 

At the preliminary trails each RSW sample was sectioned once, but during further welding 

trials four cross sections of the spot welds were cut using the MSX saw, to cover more possible 

locations for LME cracks to occur. Figure 3.14 shows a schematic for the cutting locations (dashed 

lines) on the welded spots and the observed four cross sections (red arrows). 

 

Figure 3.14- Schematic to explain the observed cross sections of the spot weld samples 

3.9.2 Hot Mounting  

The four cross sections were hot mounted together in Bakelite through 15-minute cycle in 

Leco PR-32 hot mounting machine.  

 

Figure 3.15- Leco PR-32 hot mounting machine 
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3.9.3 Grinding and Polishing 

Grinding was done using standard grit (120, 240, 320, 400, 600, 800, and 1200) grinding 

papers with water cooling using Leco PX300 grinding machine. Afterwards, samples were 

polished with 6, 3, and 1 μm diamond suspensions, followed by ultrasonic cleaning to remove the 

polishing particles that might be adhered to the polished surface, and final cleaning step was carried 

out with distilled water and methanol. 

3.9.4 Etching 

Nital etching solution (1 vol. % nitric acid + 99 vol. % methanol) was used to etch samples 

for microstructure investigations. The RSW samples were etched at room temperature for 8 

seconds, while etching the as cast HEA itself needed 45 seconds using the same etching agent. 

3.10 Weld Morphology (Stereoscope) 

The weld morphology was preliminary studied through low magnification stereoscope 

pictures to observe the outer surfaces of the spot welds as well as their morphology before further 

microscopy investigation at higher magnifications. In some cases, LME cracks could be observed 

at such low magnification when the crack size was large enough (especially for samples that were 

welded under applied tensile stress). 

3.11 Optical Microscopy   

The optical microscopy was the main method utilized to detect LME cracks in the cross 

sections of the spot weld samples. This step was performed on polished samples before etching to 

get the best contrast for any potential cracks without distractions from microstructural features. 

The entire area of the cross sections was surveyed to detect any LME cracks, particularly at the 
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weld shoulders and between the two steel sheets outside the weld nugget. Two optical microscope 

devices were used for this task (Olympus PMG3 and LEICA MEF4M). Afterwards, 

microstructural investigation was carried out on etched samples using the same equipment.   

3.12 Electron microscopy and energy dispersive spectroscopy 

The core essence of this project is to alleviate the problem of LME, through Zn absorption 

into the HEA foil and eluding diffusion or contact between liquid Zn and steel. Thus, analyzing 

Zn diffusion and chemical composition profiles across the weld joints was paramount for assessing 

the viability of the developed HEA foils solution. Scanning electron microscopy (SEM) alongside 

energy dispersive spectroscopy (EDS) were utilized to carry out this task. EDS spot analysis, line 

scans, and composition maps (32 frames, 200 μm dwell time, and two levels of resolution 265×200 

and 1024×800 the latter used for areas of high interest) were constructed to achieve this task.  First, 

an Environmental Scanning Electron Microscope (Quanta 600 ESEM) with Quanta xTm 2.4 

operating software was used. Then higher resolution imaging was performed through field-

emission SEM (JEOL7000F FESEM) with JEOL software. An accelerating voltage of 20 kV, a 

working distance of 10 mm, and medium range current of 9 A were used for these investigations. 

A conductive adhesive carbon tape was fixed on each sample away from areas of interest (such as 

weld shoulders, nugget zone, or HEA/steel interface) to provide electric connection between the 

sample and the SEM stage (sample holder). An Energy dispersive spectroscopy (EDS) equipped 

with a tungsten filament and silicon drift detector was utilized to carry out composition analysis 

with EDAX Genesis 6.53 software.  



 
 

51 
 

 

Figure 3.16- (a) Quanta 600 ESEM, and (b) JEOL7000F FESEM 

3.13 Hardness Testing 

Leco LM 110AT automated hardness indenter was used to carry out hardness 

measurements throughout this project. The hardness line profiles along the cross sections of RSW 

samples that were measured with a resolution of 10 indents/mm while 9 indents/mm2 was used to 

construct hardness maps; these resolutions provided larger interspacing between indentations than 

the minimum requirement by ASTM E384 - 17 standard test method for microindentation hardness 

of materials. All measurements were carried out using 7 seconds dwell time and a load of 200 gf. 
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Figure 3.17- Leco LM 110AT hardness indenter 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

This chapter deals with results of the project’s two phases. First, phase-I included down 

selection of HEA candidates with corresponding compositions followed by ranking of the best 

candidates based on phase diagrams and diffusion behavior. Then, experimental work was carried 

out in phase-II to prove the concept of HEA foils for LME mitigation. 

4.1 Down-Selected HEA Systems 

The following two tables show all the 5-element combinations (alloy systems) that could 

qualify through the four filtration stages with the corresponding number of filtered compositions 

for each system before and after the last filter (ΔHmix) as they were generated by the developed 

MATLAB code [78]. Table 4.1 includes the down selected HEA combinations that were filtered 

from the first elements group (Fe, Mn, Cr, Ni, Al, Si, Mo, Sn, Zn), while Table 4.2 corresponds to 

the second elements group (Fe, Mn, Cr, Ni, Mo, Ti, Co, Cu, Zn). During resistance spot welding, 

it is highly likely for the HEA foil to exchange both of iron and zinc with the steel sheets. Thus, 

the HEA candidates to be selected should be able to contain both of iron and zinc without forming 

intermetallics or brittle phases. Consequently, the subsequent qualification stages considered only 

combinations that included both Fe and Zn (highlighted in green). It is worth to mention that the 

first filter (atomic size difference) was set at δ < 5% for the second elements group which is more 

strict than δ < 6% in the first group to limit the high numbers of passing compositions in group 2 

due to the similar atomic size for the nine elements in this group compared to the other one. 
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Table 4.1- Preselected HEA combinations from the first 9-element group. 

Comb. # Combination of Elements 
Available compositions 

Before ΔHmix 

Filter 

After ΔHmix 

Filter 

1 Fe Mn Cr Ni Sn 335 335 

2 Fe Mn Cr Ni Zn 385582 385582 

3 Fe Mn Cr Sn Zn 34824 34185 

4 Fe Mn Ni Sn Zn 320243 320243 

5 Fe Cr Ni Sn Zn 191746 190875 

6 Fe Ni Al Sn Zn 1401 1401 

7 Mn Cr Ni Sn Zn 90665 90665 

8 Mn Ni Al Sn Zn 3 3 

Total 1024799 1023289 

Table 4.2- Preselected HEA combinations from the second 9-element group 

Comb. # Combination of Elements 
Available compositions 

Before ΔHmix 

Filter 

After ΔHmix 

Filter 

1 Fe Mn Cr Ni Co 258152 258152 

2 Fe Mn Cr Ni Cu 240335 208335 

3 Fe Mn Cr Ni Zn 77410 77410 

4 Fe Mn Cr Co Cu 263046 170446 

5 Fe Mn Cr Co Zn 110860 110860 

6 Fe Mn Cr Cu Zn 3280 1308 

7 Fe Mn Ni Ti Co 37286 37286 

8 Fe Mn Ni Ti Cu 2661 2661 

9 Fe Mn Ni Ti Zn 53 53 

10 Fe Mn Ni Co Cu 510231 479768 

11 Fe Mn Ni Co Zn 498407 498407 

12 Fe Mn Ni Cu Zn 420366 409543 

13 Fe Mn Ti Co Cu 9098 9098 

14 Fe Mn Ti Co Zn 2606 2606 

15 Fe Mn Co Cu Zn 440931 407253 
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Table 4.2 Continued 

Comb. 

# 
Combination of Elements 

Available compositions 

Before ΔHmix 

Filter 

After ΔHmix 

Filter 

16 Fe Cr Ni Ti Co 583 583 

17 Fe Cr Ni Co Cu 362127 283473 

18 Fe Cr Ni Co Zn 193702 193702 

19 Fe Cr Ni Cu Zn 82147 67887 

20 Fe Cr Co Cu Zn 91427 52997 

21 Fe Ni Ti Co Cu 11577 11577 

22 Fe Ni Ti Co Zn 2838 2838 

23 Fe Ni Co Cu Zn 510231 479380 

24 Mn Cr Ni Co Cu 240940 240940 

25 Mn Cr Ni Co Zn 70911 70911 

26 Mn Cr Ni Cu Zn 105 105 

27 Mn Cr Co Cu Zn 3626 3626 

28 Mn Ni Ti Co Cu 415 415 

29 Mn Ni Co Cu Zn 463391 463391 

30 Cr Ni Co Cu Zn 140399 140399 

31 Ni Ti Co Cu Zn 96 96 

Total 5049237 4685506 

 

4.2 High Entropy Alloy Candidates  

Top five candidates (patent pending [90]) in Table 4.3 were selected out of the filtration 

results according to the following criteria: 

(1) Both Zn and Fe should be included as they are the main two elements existing in weld pool. 

(2) The HEA system should have high number of available compositions that passed the filtration 

process, which allows it to exhibit wide range of Zn solubility (approximately from 0.05 up to 

0.35 Zn mole fraction) to maintain phase stability while exchanging Fe or Zn with steel. 
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Table 4.3- Top five HEAs candidates 

Cand. # Alloy composition 
No. of available 

compositions 

1.  Fe Mn Ni Co Zn 498407 

2.  Fe Mn Ni Cu Zn 409543 

3.  Fe Mn Co Cu Zn 479768 

4.  Fe Mn Cr Ni Zn 385582 

5.  Fe Ni Co Cu Zn 479380 

 

Table 4.4 demonstrates the alloy density calculation for candidate 1 using the procedure 

explained in the chapter 3. Zn mole fraction ranges in the HEA candidates after dissolving the 2 

mg Zn are tabulated in Table 4.5. The upper limit of Zn mole fraction corresponds to the thinner 

HEA foil (i.e., 50 µm), while the lower limit of Zn fraction corresponds to thicker HEA foil (i.e., 

100 µm). 

Table 4.4- Calculation of density for candidate 1 

Element 
Mol. Wt. 

(gm) 
Mol. Fraction Wt. (gm) 

Mass 

fraction 

Density 

(gm/cc) 

Mass fraction/ 

density (gm/cc) -1 

Fe 55.8 0.2 11.16 0.190 7.87 0.0241 

Zn 65.4 0.2 13.08 0.223 7.14 0.0312 

Ni 58.7 0.2 11.74 0.200 8.9 0.0225 

Mn 58.9 0.2 11.78 0.201 8.86 0.0226 

Co 54.9 0.2 10.98 0.187 7.43 0.0252 
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Table 4.5- Density, weight, and range of Zn mole fraction for the five candidates 

Alloy 

Calculated 

density of 

equiatomic 

alloy 

(gm/cc) 

HEA interlayer weight 

(gm) 
Zn mole fraction 

at V =  

0.0019 cm3 

at V = 

0.0039 cm3 

Upper 

limit 

Lower 

limit 

1. FeMnNiCoZn 7.965 0.0151 0.031 0.285 0.244 

2. FeMnNiCuZn 7.995 0.0152 0.031 0.286 0.244 

3. FeMnCuCoZn 7.988 0.0152 0.031 0.286 0.244 

4. FeMnNiCrZn 7.657 0.0145 0.030 0.286 0.243 

5. FeCuNiCoZn 8.266 0.0157 0.032 0.284 0.245 

 

Then, phase diagrams and Scheil solidification diagrams for each of the five alloys were 

generated to assist in ranking them based on the dominance of FCC phase (to provide good 

ductility during cold rolling for foils fabrication) in a wide composition range as well as absence 

of Zn separation or potential brittle intermetallics. 

4.2.1 Candidate 1- FeMnNiCoZn  

The phase diagram in Figure 4.1(a) shows the dominance of FCC phase of candidate 1 

(patent pending [90]), which was one of the aspects that qualified this alloy system to be the first 

candidate in addition to having the highest number of available compositions that passed the 

filtration process which allows more stability even with changing composition during welding, 

also there is no sign of Zn separation as could be noticed in other alloys. Moreover, Scheil 

solidification diagram in Figure 4.1(b) quantified the mole fraction of liquid and FCC phase to be 

more than 0.8 at temperature 770 ℃ approximately, also the calculation predicted presence of 

Gamma phase in accordance with the equilibrium phase diagram also.  The composition of gamma 

phase was calculated to be 25wt. % Ni – 75 wt. % Zn as shown in Figure 4.1(c). There are five 
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known phases for zinc-nickel alloys stated in literature [91]. Most of these alloys are utilized in 

the applications of corrosion resistance plating. The phases α and β- (30wt. % Ni, known as the 

nickel rich phases) were the closest composition to what was calculated. Based on being used in 

plating application, these phases are not expected to be too brittle or to cause loss in toughness. 

The properties found in this candidate qualified it to be the top candidate that was selected for 

carrying out the experimental work. 

 

Figure 4.1- Calculated diagrams for candidate 1- FeMnNiCoZn, a) equilibrium phase diagram, b) 
Scheil solidification diagram, c) chemical composition of gamma phase. 
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4.2.2  Candidate 2- FeMnNiCuZn 

This alloy system was originally ranked as the fourth candidate according to the number of 

passing compositions; however, its phase diagram and scheil solidification phases promoted it over 

the other three candidates. As shown in Figure 4.2, copper addition instead of cobalt with keeping 

the other elements the same as candidate 1 has resulted in the coexistence of BCC phase with FCC, 

especially over more than half of solid mole fraction in Scheil diagram; furthermore, this alloy 

shows the narrowest solidification range of about 340 °C and low melting points at 1175 °C 

approximately. Zn separation could be noticed at low Zn mole fraction in this alloy and also in 

candidates 3 and 5 where the common factor between all of the three alloys is containing copper 

as one of the five elements in the composition. 

 

Figure 4.2- Calculated diagrams for candidate 2- FeMnNiCuZn, a) equilibrium phase diagram, b) 
Scheil solidification diagram. 
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4.2.3  Candidate 3- FeMnCoCuZn 

Combination of copper, cobalt, and manganese without nickel in this alloy system 

produced rather more complex phase diagram featuring Zn separation also at lower Zn mole 

fraction; nevertheless, Scheil solidification diagram expected the widest solidification range of 

about 550 °C, and also coexistence of FCC and BCC starting from half of the solid mole fraction 

approximately and a very small amount of CoZn gamma phase at the end of solidification similar 

to the intermetallics found in the other candidates. 

 

Figure 4.3- Calculated diagrams for candidate 3- FeMnCoCuZn, a) equilibrium phase diagram, 
b) Scheil solidification diagram. 
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4.2.4  Candidate 4- FeMnCrNiZn 

This is the only alloy system that contains chromium among its five components, multiple 

phases can be noticed in the phase diagram in addition to FCC such as, sigma, gamma and NiZn 

phase. This alloy exhibits the highest liquid plus FCC mole fraction in Scheil diagram with about 

0.87 of the solid mole faction and the lowest melting point around 1150 °C. 

 

Figure 4.4- Calculated diagrams for candidate 4- FeMnCrNiZn, a) Equilibrium phase diagram, b) 
Scheil solidification diagram. 
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4.2.5  Candidate 5- FeNiCoCuZn 

The only alloy without manganese in its composition. Although, Zn separation can be 

observed in most of the areas of the equilibrium phase diagram, Scheil solidification diagram did 

not produce phases other than FCC and BCC. 

 

Figure 4.5- Calculated diagrams for candidate 5- FeNiCoCuZn, a) equilibrium phase diagram, b) 
Scheil solidification diagram. 
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4.3 Cost Estimate for the HEA Materials 

Take the average weight of the applied interlayer is 0.023 gm with equiatomic composition. 

Table 4.1 shows an example for the cost estimate calculation for candidate 1. Based on this 

preliminary cost estimate, assuming 1000 spot welds per car, the additional cost per car can be 

estimated to be around 0.24 USD by introducing candidate 1. The cost estimate for all the five 

candidates is tabulated in Table 4.7. The high price associated with candidates 1, 3, 5 is attributed 

to presence of cobalt. Note that the price was estimated simply based on the cost of pure element 

without taking into consideration of manufacturing cost.  

Table 4.6- Cost estimate for Candidate 1 (approximate prices from Wikipedia and infomine.com) 

Element Wt. % Weight gm Cost USD/gm cost USD 

Fe 19.00 0.00439 0.001 0.000004387 

Zn 22.27 0.00514 0.0028 0.000014397 

Ni 19.98 0.00461 0.0129 0.000059529 

Co 20.06 0.00463 0.033 0.000152896 

Mn 18.69 0.00432 0.0015 0.000006475 

Cost of 0.023 gm HEA 0.000237684 

Table 4.7- Cost estimate for the five candidates (approximate prices from Wikipedia and 
infomine.com) 

Candidate 
Cost of 1000 joints 

(per car) USD 

1. FeMnNiCoZn 0.24 

2. FeMnNiCuZn 0.11 

3. FeMnCuCoZn 0.21 

4. FeMnNiCrZn 0.13 

5. FeCuNiCoZn 0.25 
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4.4 Investigation of HEAs Diffusion Behavior 

4.4.1 Candidate 1- FeMnNiCoZn 

The diffusion behavior of this alloy vs. steel (assumed 100% Fe) is shown in Figure 4.6 

where it can be observed that: 

• Zn seems to be the slowest element diffusing into steel as it stops after distance of ~25 μm 

into steel side. 

• Co is the fastest element diffusing into steel followed by Ni and Mn. 

• The HEA/steel interface boundary could potentially migrate about 40-60 μm into the steel 

side from the original location at x=100 μm where sudden drops in HEA composition 

profiles were observed.  

• In Figure 4.6 (b) phases that were predicted by the model to be present in HEA (FCC + 

gamma) match the phases calculated from Scheil solidification diagram, while steel was 

presented as BCC since only Fe is present in the steel side in this simulation. 

 
Figure 4.6- Calculated diagrams for candidate 1- FeMnNiCoZn, results from diffusion model a) 

composition profile after diffusion simulation 
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Figure 4.6- Calculated diagrams for candidate 1- FeMnNiCoZn, results from diffusion model b) 
Predicted phases 

4.4.2 Candidate 2- FeMnNiCuZn 

In candidate 2 (where Co from candidate 1 was replaced by copper), it can be noticed that 

copper diffused a much shorter distance than cobalt did in candidate 1, being the second slowest 

element diffusing into steel side after Zn. Note that Zn showed similar diffusion behavior as in 

candidate 1 and so did Ni and Mn. Only FCC and BCC phases are present in the HEA side. 

Diffusion of Fe into HEA side is relatively higher in candidate 2 compared to candidate 1, which 

may potentially result in a stronger weld joint.  
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Figure 4.7- Calculated diagrams for candidate 2- FeMnNiCuZn, results from diffusion model a) 
composition profile after diffusion simulation and b) Predicted phases 

4.4.3 Candidate 3- FeMnCoCuZn 

The candidates 3-5 have shown similar behavior regarding the limited Zn diffusion that 

stops at 25 μm, Co (or Cr in candidate 4) being the fastest element to diffuse into steel, while 

copper is the second slowest diffusing element after Zn followed by Ni and Mn. In Figure 4.8 (b), 

the fractions of the three phases do not add up to 1 mole after multiple model runs for this alloy, 
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which suggests presence of other phases could not be predicted by the model, which is attributed 

to using only HEA database for both of HEA and steel sides due to DICTRA limitations. 

 

Figure 4.8-Calculated diagrams for candidate 3- FeMnCoCuZn, results from diffusion model a) 
composition profile after diffusion simulation and b) Predicted phases. 
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4.4.4 Candidate 4- FeMnNiCrZn 

The results shown in Figure 4.9 and Figure 4.10 for candidates 4 and 5 respectively was 

generated by the model simulating 0.75 second of the total 1 second process time, as the model 

was not able to continue running without calculation errors. These errors could be caused by setting 

up the diffusion couple including both HEA and Fe components using only HEA database package 

and the database may not be sufficient to introduce all the potential phases. In addition, using non-

isothermal temperature profile with a high peak temperature at 2100 ˚C may result in more 

complicated calculations. Nonetheless, we can see similar results to the previous alloys in terms 

of the chemical composition profiles. Phase calculation would need a complete model run and 

therefore not presented. Note that candidate 4 is the only one that contains chromium in its 

composition which showed fast diffusion similar to cobalt behavior.  

 

Figure 4.9- Composition profile from diffusion model after welding for candidate 4- 
FeMnNiCrZn 
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4.4.5  Candidate 5- FeCuNiCoZn 

 

Figure 4.10- Composition profile from diffusion model after welding for candidate 5- 
FeCuNiCoZn 

4.4.6  Diffusion Calculation without HEA Interlayer (Zn-Fe Couple) 

DICTRA diffusion modelling was also conducted for Zn-Fe couple without addition of 

HEA to simulate the original condition. The same thermal profile was applied, however, the initial 

chemical composition profile (Figure 4.11) was set for 100 wt. %.  Zn vs. 100 Wt. % Fe with 100 

μm thickness on each side. As shown in Figure 4.12, much deeper diffusion of both Zn and Fe into 

each other was observed, also this set up with run multiple times enabling various phases to ensure 

an accurate calculation of phases present in this diffusion couple and only two phases, 

Gamma_FeZn and a  HCP phase, were identified in the Zn side. 
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Figure 4.11- Initial composition profile before welding 

 

 

Figure 4.12- Calculated diagrams for Zn- Fe couple without HEA, results from diffusion model 
a) composition profile after diffusion simulation and b) Predicted phases. 
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4.5 Metallurgical Characterization of High Entropy Alloy  

Based on Scheil simulation and phase diagrams analysis, Candidate 1 exhibits a relatively 

large fraction of FCC phase and no harmful secondary phases are expected at the HEA/steel 

interface. Therefore, Candidate 1 was selected for further experimental investigations. The first 

HEA candidate (patent pending [90]) was produced without zinc in the shape of 10 gm button 

samples by vacuum arc melting. Zn was not introduced due to the difficulties associated with 

mixing such a low melting point (419.5 °C) and boiling point (907 °C) element into a matrix with 

a high melting point of approximately 1200 °C. The charge materials were added to form 

equiatomic HEA (Fe25Mn25Ni25Co25). The chemical composition of as cast HEA button sample 

was investigated by portable XRF devise as summarized in Table 4.8. 

Table 4.8- Designed and experimentally measured chemical composition of the HEA 

 Fe Mn Ni Co 

Designed 
Atomic % 25 25 25 25 

Wt. % 24.45 24.05 25.7 25.8 

Actual (XRF) 
Atomic % 24.85 24.12 26.27 24.71 

Wt. % 24.3 23.2 27 25.5 

 

The etched microstructure of as cast FeMnNiCo alloy was studied by polarized light optical 

microscope. The HEA was comprised of typical dendritic structure depicted in Figure 4.13. 

Furthermore, EDS analysis was utilized to investigate the homogeneity of the chemical 

composition across the observed dendritic and interdendritic regions. Figure 4.14 shows the EDS 

maps of the as cast microstructure, where dendritic regions appeared to be enriched in Fe and Co, 

while interdendritic spaces were enriched in Mn and Ni. EDS line and point scans are summarized 

in Figure 4.15, where the collective scan in Figure 4.15(d) is divided into two figures (b, c) as each 
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of them includes only two elements to show the composition contrast between dendritic and 

interdendritic regions. Point scan results in Figure 4.15 (e) further demonstrates the mild 

segregation behavior.  

   

Figure 4.13- Microstructure of the as cast FeMnNiCo HEA 

 

Figure 4.14- EDS maps of the as cast HEA 
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Figure 4.15- (a) SEM image of the HEA microstructure, (b) EDS line scan showing Fe and Co, 
(c) EDS line scan showing Mn and Ni, (d) EDS line scan showing all four elements, and (e) EDS 

point scan analysis for dendritic and interdendritic regions. 

Hardness values were measured for the as cast HEA as well as the cold rolled HEA foils 

as shown in Figure 4.16, Cold rolling increased the hardness of the HEA by almost 50% higher 

than as cast condition, in addition to causing wider variations between the five hardness points that 

were measured for each condition. 
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Figure 4.16- Hardness of as cast and cold rolled HEA 

4.6 Preliminary Trials of Resistance Spot Welding  

More than 40 samples were welded at different welding conditions through this project to 

survey the occurrence of LME at a range of different welding conditions. Some samples were 

welded without HEA foils (conventional) and others with HEA foils. The welding conditions of 

the RSW initial trials are summarized in Figure 4.17 along with the performed tests at each 

condition. Although the original approach of the project focused on mitigating LME cracking that 

is located between the two steel sheets in weld nugget or HAZ, no LME cracks were observed in 

these regions even with welding under imposed conditions such as welding with high current or 

under applied tensile stress. On the contrary, almost 90% of the produced samples contained LME 

cracks in the weld shoulders region, especially with applying more severe welding. Although 

studying the effect of welding conditions on LME cracking rather than its mitigation is beyond the 

scope of this project, the results of these initial welding trails will be discussed in the following 

sections. 
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Figure 4.17- Welding conditions summary of the initial RSW trials 

4.7 Tensile Shear Testing 

4.7.1 RSW with Thick HEA Interlayer using Same Welding Parameters 

Tensile shear test was performed on 3 conventional RSW samples without HEA foils 

(labeled as N1-3), as well as 3 samples with 370 μm- thick HEA interlayers between the two steel 

sheets (labeled as H1-3). All samples were welded with the same parameters (8.5 kA, 26 cycles, 

770 lbs. force) with 6.35 mm- diameter dome shaped electrode.  

 

Figure 4.18- Tensile shear results for RSW samples at (8.5 kA, 26 cycles, 770 lbs. force) 
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In Figure 4.18, it can be observed that conventional welds without HEA interlayers failed 

at higher fracture load than samples with HEA interlayers at the same welding conditions. 

However, the same welding conditions in this case did not provide the same amount of heat content 

to the weld in both types of samples with and without interlayer. Inserting the 370 μm- thick HEA 

interlayer has decreased the electric resistance of the joint lower than its value of the conventional 

samples without HEA foils. In resistance spot welding the required heat for fusion of the nugget 

is generated by the electric resistance of the joint to the passing high current in a fraction of a 

second according to the following equation  

H. I. =  I × R2 × t (4.1) 

Where H.I. is the heat input, I is welding current, R is electric resistance, and t is welding 

time. Thus, lowering the joint’s electric resistance while maintaining the welding current and time 

constant will lead to generate lower amount of heat energy. Consequently, less material is fused 

during welding and smaller nugget size is produced since relatively thick HEA interlayer, i.e., 370 

μm, reduces the resistance of the joint. Figure 4.19 summarizes the average weld diameters for 

samples with and without HEA interlayers, the diameter was measured on the fracture surfaces as 

shown in Figure 4.20Figure 4.21. Samples with HEA interlayer showed more consistent weld size 

than conventional samples as represented by the narrower error bar in Figure 4.19. Smaller nugget 

size means that the area of the load bearing material during tensile shear test is smaller which will 

lead to failure at lower fracture load in samples welded with HEA interlayers as seen in the tensile 

shear test results above. 

In addition, a difference in fracture mode was observed between conventional and samples 

with HEA interlayers. While conventional samples without HEA interlayers failed by 100% 

interfacial shear where the fracture occurs by shearing across the joint between the two steel sheets, 
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the other samples with HEA interlayers were found to fail under mixed mode that starts with pull 

out mode where cracking is initiated around part of the nugget to pull the spot weld out of one 

steel sheet then the remaining part of the weld failed by interfacial fracture.  

 

Figure 4.19- Average spot weld diameter measured on the fracture surfaces 

 

Figure 4.20- Fracture surfaces of RSW samples with 370 µm- thick HEA interlayers 
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Figure 4.21- Fracture surfaces of conventional RSW samples without HEA interlayers 

It is very difficult to measure the actual spot weld size after welding because it is hidden 

between the two steel sheets, therefore, the spot weld size was measured on the fracture surface 

after tensile shear test which may deviate from actual values due to deformation. The load from 

the previous graph in Figure 4.18 was divided by the calculated area of the spot weld for each 

sample to calculate the stress as shown in Figure 4.22. After taking the weld size into consideration, 

the developed joints with HEA foils gave higher strength (avg. ≈ 600 MPa) than that of the 

conventional welds (avg. ≈ 530 MPa). 

 

Figure 4.22- Tensile shear results (stress vs displacement) 
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4.7.2 Effects of Welding Parameters and Foil Thickness on RSW with HEA Interlayer 

To be able to directly compare fracture load rather than calculated stress between samples 

with and without HEA interlayers, the nugget size had to be equal in both types. This was initially 

achieved by manipulating the welding current as well as the welding electrode size. For samples 

without HEA interlayers, a 6.35 mm- diameter electrode (TE- 25) was used, while larger electrode 

with 7.14 mm diameter (TE- 26) was used for samples with HEA interlayers. In addition, higher 

current was used for samples with HEA to compensate for the lower electric resistance and 

generated heat input. Welding currents were 8.8 kA and 6.5 kA for samples with HEA foils (H1- 

H6) and conventional samples (N1, N2) respectively as shown in Figure 4.24. 

Furthermore, it was important to consider if inserting HEA interlayer between the two steel 

sheets will lead to stress concentration by separating the two steel sheets apart from each other as 

the remaining non-molten part of the foil may act as a spacer between the two steel sheets as 

highlighted in Figure 4.23. Different thickness of HEA foils were prepared to study that effect 

(370, 270, 240, and 220 μm). Further thickness reduction may reduce stress concentration at the 

free edges and thus yield higher joint strength. Note that hot rolling or stress relief annealing 

between rolling passes will be needed to further reduce the foil thickness, which was not performed 

within the scope of this work. Furthermore, a finite element model is being established to optimize 

the foil thickness. It can be observed from Figure 4.24 that decreasing the HEA foil thickness led 

to increasing maximum fracture load of samples with HEA interlayer. This effect is in agreement 

with the stress concentration concerns. In addition, it is known that in brazing applications 

decreasing the thickness of the constrained soft filler can increase the required stress for necking 

and result in higher joint strength than the bulk filler strength, this also indicates the benefit of 

using thinner soft HEA interlayer for an improved joint strength.  
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The effect of foil thickness on nugget size could be explained by considering the amount 

of material that is required to be fused during welding. With decreasing the foil thickness from 

sample H1 to H6 while using the same welding current, there is less energy consumed to melt the 

thinner HEA foil, which allocates more energy to form the steel nugget. Therefore, a larger nugget 

size was generated in samples with thinner HEA foils. The duplicated samples H5 and H6 that 

were welded using 220 μm-thick interlayer with 7.14 mm-diameter electrode and 8.8 kA could 

almost match the fracture load of samples N5 and N6 without HEA interlayers welded with 6.35-

mm diameter electrode and 6.5 kA.  

 

Figure 4.23- remaining part of the HEA foil (red box) 

 

Figure 4.24- Load vs displacement curves showing the effect of foil thickness on the joint 
strength 
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4.7.3 RSW with Thin HEA Interlayer using Same Welding Parameters 

Based on the previous findings, thickness of 220 μm was selected for carrying out further 

investigations throughout the project. Two groups of 4 samples were prepared, one group was 

welded with 220 μm-thick HEA interlayers between the two steel sheets while the other group was 

welded conventionally without interlayers. All samples were welded at the same welding 

conditions of 9.5 kA, 26 cycles, and 1000 lbs. with using 6.35 mm- diameter electrode (TE- 25). 

From Figure 4.25, two key findings could be observed. First, the average fracture load for 

samples with HEA interlayer increased by 10% than that of the other samples without interlayers 

as shown in Figure 4.25, while their nugget sizes were similar as shown in Figures Figure 4.26 

andFigure 4.27. Moreover, the samples with thin HEA interlayer showed more consistency in the 

tensile properties including strain hardening rate and fracture load compared to the conventional 

samples. All conventional samples failed by interfacial fracture mode as seen before, while two 

samples with HEA interlayer showed 100% pullout fracture mode as shown in samples H1 and 

H2 in Figure 4.27. These two samples had shown ~1.5 kN lower fracture load than the other two 

samples (H3, H4) that failed by interfacial mode.  

 

Figure 4.25- (a) tensile shear results for samples welded at 9.5 k. A, 26 cycles, 1000 lbs. with 
using 220 μm-thick HEA interlayer between the two steel sheets, (b) Average fracture load. 
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Figure 4.26- Fracture surfaces of RSW samples without HEA interlayers 

 

Figure 4.27- Fracture surfaces of RSW samples with 220µm- thick HEA interlayers 
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4.7.4 RSW with Thin HEA Foils on Outer Surfaces using Same Welding Parameters 

Two groups of 3 samples each were welded with the same welding parameters of 9.5 kA, 

26 cycles, 800 lbs. One group included 3 conventional samples without HEA. The other 3-sample 

group was welded with HEA foils (220 μm-thick) placed on each of the two outer surfaces of the 

spot weld between the welding electrode and steel sheet to enclose top and bottom surfaces of the 

joint. The two groups were welded using 6.35 mm- diameter dome shaped electrode (TE- 25) to 

minimize the separation of the foil’s outer circumference away from the steel sheets as a reaction 

to the applied compression force by the welding electrodes.   

The tensile shear test results for these samples are shown in Figure 4.28, the average 

fracture load of samples with HEA foils was increased by 23% more than its value in the 

conventional samples. Nugget size was measured on the fracture surface to indicate that average 

nugget size was 7.28 mm in samples with HEA foils, which is larger than 6.12 mm in samples 

without HEA foils. It should be noted that these measurements may deviate from the actual nugget 

size due to plastic deformation from tensile shear test. In addition, once again higher consistency 

could be observed in samples with HEA foils as represented by narrower error bar in Figure 4.28 

-b. This setup was considered as the most optimized condition for applying the developed HEA 

foils solution to improve the quality of RSW joints, nevertheless its effect on LME will be 

discussed in the following sections.  
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Figure 4.28- (a) Tensile shear results for samples welded at 9.5 k. A, 26 cycles, 800 lbs. with 
using 220 μm-thick HEA foils on the outer surfaces, (b) comparison of average fracture load. 

4.8 Metallurgical analysis 

4.8.1 Conventional RSW 

Optical and electron microscopy were utilized to study the presence of LME cracking at 

the RSW conditions that were tried in the previous section.  Figure 4.29-a shows the cross section 

of conventional RSW sample for the conditions of (9.5 kA, 16 cycles, 1000 lbs.) where 

solidification defects were observed at the center of the weld nugget. This kind of defect is 

common at such high welding current which was accompanied by material expulsion during 

welding. Such extreme welding conditions were chosen to increase the probability of finding LME 

cracking in order to study the effectiveness of HEA foils against it. 

Multiple Type-1 LME cracks were noticed on the shoulder region (on the outer edge of the 

welded spot) as seen in Figure 4.29-c which is the most probable location to find LME crack, as 

this region (weld shoulder) usually experiences the highest tensile stress applied by welding 

electrodes during RSW. Furthermore, EDS analysis was used to investigate the chemical 
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composition around this region. Composition maps in Figure 4.29-e, f confirmed presence of 

extremely Zn- enriched cracks which is the signature characteristic of LME cracks. These cracks 

could be found just under the Zn coating layer at the weld shoulder which is located within the 

heat affected zone where liquid Zn can be available during welding to wet the steel grain 

boundaries under the applied stress by welding electrodes.  

  

 

 

Figure 4.29- RSW sample (9.5 kA, 16 cycles, 1000 lbs.) (a) stereoscope  macrograph of the cross 
section, (b) SEM image of weld defect, (c)optical micrograph of the weld shoulder, (d) SEM 

image of LME crack at the weld shoulder, (e, f) EDS maps of LME crack 
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4.8.2 RSW under Applied Tensile Stress 

By repeating the same parameters (9.5 kA, 16 cycles, 1000 lbs.) but this time 300 MPa in-

plane tensile stress was applied on the lower steel sheet. Type-1 (also known as type-B) LME 

cracks were found to be much more pronounced (approximately 3.5 times longer) when welding 

under applied tensile stress as shown in Figure 4.30- b compared to shorter cracks in Figure 4.29-

d. EDS maps show Zn- enriched 70 µm- long LME crack in this sample as depicted in Figure 4.30-

c, indicating that applying tensile stress during welding assisted in opening the LME cracks for 

deeper penetration by Zn into steel. Finding longer crack with applied stress proves the fact that 

tensile stress is one of the conditions for LME occurrence.  

Furthermore, the weld nugget as well as the weld edges between the two steel sheets were 

inspected to find if there were any LME cracks. Although there were no observations of LME 

cracks around these regions, EDS maps could show large areas of Zn segregation trapped between 

the two steel sheets at the weld edge as shown in Figure 4.30-e. This can be explained as follows, 

during the initial heating cycles Zn melts at low temperature much before steel, so liquid Zn could 

get squeezed by the electrodes’ compression force out of the weld zone to solidify around the 

nugget edges (Figure 4.31- location 2). Accumulation of liquid Zn around the spot weld happens 

similarly on the outer surfaces around the weld shoulders as explained in Figure 4.31- location 1. 

The welding electrodes apply high tensile stress on the weld shoulders in contrast to the inner 

surface between the two steel sheets where it experiences much lower stress. Consequently it is 

more common to encounter type-1 LME cracks around the weld shoulders as observed throughout 

this project rather than type-3 or 4 cracks at the edges of the weld nugget.  
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Figure 4.30- RSW sample (9.5 kA, 16 cycles, 1000 lbs. under 300 MPa tensile stress) (a) 
stereoscope macrograph of the cross section, (b) SEM image of LME crack at the weld shoulder, 

(c, d) EDS maps of LME crack, (e) SEM image of the weld edge, and (f, g) EDS maps of the 
weld edge 
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Figure 4.31- Zn accumulation regions on a RSW sample (1) weld shoulder, (2) weld nugget edge 

4.8.3 RSW under Applied Tensile Stress with HEA Interlayer 

Although no LME cracks were observed around the nugget between the two steel sheets 

even with welding under applied tensile stress as discussed before, Zn agglomeration zones at the 

nugget edge may potentially induce LME cracking at more favorable conditions. Thus, the effect 

of adding HEA interlayer on residual Zn distribution around the weld nugget was investigated. 

The same welding parameters (9.5 kA, 26 cycles, 1000 lbs., under 300 MPa applied in-plane tensile 

stress) were repeated on another sample with inserting 370 μm-thick HEA interlayer between the 

two steel sheets.  

From the SEM image in Figure 4.32-b, two regions could be differentiated. The light 

colored region representing the remaining part of the HEA foil surrounding the nugget, and the 

dark colored region representing the top and bottom steel sheets as well as the weld nugget between 

them. EDS maps show the four major elements of the HEA in light region as well as iron 

dominated dark regions. The HEA contains 24.3 wt. % Fe, however, it appears as if it does not 

contain iron as it contains much less iron compared to steel, so Fe map appears darker within the 

HEA area. There were no observations of Zn agglomeration zones outside the nugget as noticed 

before in the conventional sample without HEA foil. A significant finding was noticed in Zn map 

where two Zn enriched regions were observed around the corners of the HEA region (marked by 

the red arrows in Figure 4.32-f) and this area was further enlarged in Figure 4.33. 
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Figure 4.32- RSW sample (9.5 kA, 16 cycles, 1000 lbs. under 300 MPa tensile stress) with 370 
μm-thick HEA interlayer (a) stereoscope macrograph of the cross section, (b) SEM image of the 

weld edge, and (c-g) EDS maps of the weld edge 
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EDS maps in Figure 4.33 show Zn preferential diffusion into the HEA foil that surrounds 

the weld nugget as expected by DICTRA diffusion modeling, which was the first experimental 

proof of the HEA ability to capture Zn and mitigate LME. 

 

Figure 4.33- RSW sample (9.5 kA, 16 cycles, 1000 lbs. under 300 MPa tensile stress) with 370 
μm-thick HEA interlayer (a) SEM image of the weld edge, (b) enlarged SEM image of Zn 

enriched zone, and (c-g) EDS maps 
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For more quantitative insight, EDS line scans were performed across the Zn-enriched 

region as shown in Figure 4.34 where the other four elements in the HEA were excluded to focus 

more on the Zn composition profile. EDS line scans proved preferential diffusion of Zn into the 

HEA, as Zn wt. % in the HEA is almost double its value in steel where it increased from 4.3 to 8.8 

and from 3.8 to 6.3 along the scan lines 1 and 2 respectively.  

 

 

Figure 4.34- RSW sample (9.5 kA, 16 cycles, 1000 lbs. under 300 MPa tensile stress) with 370 
μm-thick HEA interlayer a) SEM image of the weld edge, (line 1, 2) EDS line scan showing Zn 

preferential diffusion into HEA 
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A comparison between EDS scan line 2 and the result of DICRTA diffusion model is 

constructed in Figure 4.34 where curves in (b) were constructed by flipping (mirror image) and 

smoothing the curves from EDS scan line 2.  

Although the distance of the composition profile is very different between the designed 

DICTRA model (200 µm) and the actual EDS line scan (10 µm) as depicted in Figure 4.35 (b) and 

(c) respectively, the results of both showed a reasonable degree of compatibility in showing Zn 

preferential diffusion into HEA rather than steel at the interface between them. 

 

 

Figure 4.35- (a) EDS line scan result, (b) a smoothed mirror image of the EDS line scan 
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Figure 4.35 - (c) DICTRA modelling result 

4.8.4 RSW with Thin HEA Foils on the Outer Surfaces 

The main objective of this project is to mitigate LME cracks by capturing Zn into HEA 

foils during RSW of Zn coated steel. After more than 40 RSW trials, no LME cracks were observed 

between the two steel sheets; however, almost 90% of samples contained Type-1 LME cracks 

around the weld shoulder region as explained before. Consequently, instead of inserting the HEA 

foil between the two steel sheets, the foils were placed to enclose the two outer surfaces of the 

joint to cover the weld shoulder region and study how this setup would affect the occurrence of 

LME. Two samples were prepared for this task: one conventional sample without HEA foils and 

the other was welded with two HEA foils surrounding the joint outer surface. Both samples were 

welded with the same parameters of (9.5 kA, 26 cycles, 800 lbs.) using dome shaped welding 

electrode (TB- 25). 

At first, optical microscopy was utilized to inspect the cross sections of both samples for 

LME cracks. The optical micrographs of the conventional sample in Figure 4.36 show Type-1 
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LME cracks at the edge of the electrode indentation on the steel sheet (weld shoulder) similar to 

what had been observed earlier. Multiple cracks of the same type were observed around the weld 

shoulders in all of the inspected cross sections with crack length range of 5-100 µm.  

 

Figure 4.36- Optical micrographs showing LME cracks at the shoulders of the spot weld in 
conventional RSW sample without HEA (9.5 kA, 26 cycles, 800 lbs.) 

The chemical composition of the cracking regions in (Figure 4.36- 1 and 2) were analyzed 

by EDS scans as shown in Figure 4.37. The cracks appeared as highly Zn- enriched regions in the 

EDS maps. The maximum observed crack width reached 5 µm in the upper surface or location (1) 

where EDS scan line 1 located at a distance of 5 µm from the Zn coating layer showed the chemical 

composition inside the crack to be comprised of 50% Zn and 50% Fe approximately. While lower 

Zn concentration of 23 % was recorded at line 2 because it is located at much longer distance away 

from the Zn coating (liquid Zn reservoir). Meanwhile, location (3) showed more pronounced 
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longer crack with maximum width of 10 µm, Zn concentration inside the crack remained high at 

50% even at a distance of 45 µm from the Zn coating layer indicating more aggressive Zn 

percolation at this location. 

 

Figure 4.37- EDS analysis for LME crack in the conventional sample without HEA, (1, 2) SEM 
images, (a-d) EDS maps, (lines 1- 3) EDS line scans for Fe and Zn across the cracks  
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By repeating the same welding parameters while enclosing the spot weld with two HEA 

foils, the problem of LME cracking was resolved. Figure 4.38 shows optical micrographs of the 

sample with HEA foils confirming absence of LME at the same locations where it was observed 

before in the conventional sample using the same welding parameters. Lower magnification was 

used for taking these micrographs to cover more areas for LME inspection. Both Figure 4.36 and 

Figure 4.38 could experimentally prove the concept of LME mitigation using high entropy alloy 

foils during RSW of advanced high strength steels. 

 

Figure 4.38- Optical micrographs showing absence of LME cracks at the shoulders of the spot 
weld in the RSW sample with HEA foils (9.5 kA, 26 cycles, 800 lbs.) 
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EDS analysis was utilized to study Zn diffusion at the interface between the HEA foils and 

steel in the samples with HEA interlayers. At the inner end of the upper shoulder toward the weld 

center, EDS maps in Figure 4.39 show a narrow strip of Zn diffusion into the HEA. The same 

narrow strip was observed at the same location on the lower shoulder also. The composition of this 

region is described in more detail by EDS line scan as depicted in Figure 4.40 where the same scan 

line is shown with the compositions of all five elements in (line1- a) and with only Fe and Zn in 

(line1- b). The width of Zn diffusion region is 9 µm with an average concentration of 18 wt. % Zn 

while Fe concentration was reduced from 90 % to 25% as the scan moved from the steel side to 

the HEA side. In the same Figure 4.40 (line 1-a), it could be observed that the Zn presence is tied 

to the other elements in the HEA as the composition lines of Zn, Co, Ni, and Mn overlapped 

together across the interdiffusion area which indicates capturing Zn into the HEA rather than 

existing as free Zn.  

Meanwhile, more Zn accumulation was expected to be found as the analysis location 

moves further away from the weld center toward the outer end of the shoulder where Zn gets 

squeezed out by the welding electrodes as explained earlier in Figure 4.31. In agreement with this 

theory, more pronounced interdiffusion area could be noticed by EDS maps in Figure 4.41. A small 

branch of Zn diffusion into steel was observed as highlighted inside the blue box in Zn map in 

Figure 4.41 which suggests that the HEA foil did not fully inhibit Zn diffusion into steel rather 

than suppressing it to a very low limit that resulted in elimination of LME cracks. EDS line and 

point scans in this region are demonstrated in Figure 4.42, where the width of Zn diffusion area 

reached 20 µm with Zn average concentration of 30 wt. %, in addition to almost equal amounts 

(17 %) of each Mn, Ni, and Co.  
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It is worth to mention that exact diffusion distances could not be determined exactly 

because there is neither a predefined composition gradient with fixed dimensions nor definite 

boundaries for Zn as it gets squeezed out and accumulated irregularly during the RSW process. 

 

Figure 4.39- EDS maps at the inner end of upper weld shoulder toward the center of the weld 
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Figure 4.40- EDS line scan at the inner end of lower weld shoulder toward the center of the weld, 
(line 1-a) EDS line scan showing all elements, and (line 1-b) shows only Fe and Zn 
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Figure 4.41- EDS maps at the outer end of upper weld shoulder near to the outer edge of the 
weld 
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Figure 4.42- EDS line scan at the outer end of upper weld shoulder near to the outer edge of the 
weld 
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4.9 Hardness Profile 

An automatic hardness indenter machine was utilized to study the hardness profile along 

the cross section of the produced RSW samples. The location of the measured hardness line profile 

is represented by the blue dotted line across half the cross section shown in Figure 4.43. Fifty 

indentations were positioned along a 5.6 mm line with a spacing of 90 μm between each two 

indentations which is more than four times the size of the indentation to avoid interference of 

deformation by nearby indentations. A dwell time of 7 seconds and a load of 200 gf were used for 

all measurements. The two measured samples were welded at the same welding conditions of 9.5 

kA, 26 cycles, and 800 lbs. Figure 4.44 demonstrates two identical hardness profiles of the 

conventional sample without HEA and the sample that was welded with 220 μm- thick HEA foils 

on the two outer surfaces in compliance with the similar microstructures observed for both cases 

that will be explained later in the microstructure section. The high hardness (avg. 470 HV) in the 

fusion zone or HAZ is attributed to martensite formation by melting and rapid solidification in FZ 

or austenite to martensite transformation in the HAZ. On the contrary, the subcritical heat affected 

zone (SCHAZ) showed lower hardness than the martensite/ferrite base metal due to martensite 

tempering below Ac1 and producing a soft region as depicted later in Figure 4.46. 

 

Figure 4.43- Schematic of hardness line profile measurements 



 
 

103 
 

 

Figure 4.44- Hardness profile of RSW with and without HEA foils 

The hardness maps of the same two samples are shown in Figure 4.45. The maps confirm 

the similarity of hardness values between the two samples in FZ and HAZ, meaning that adding 

the HEA foils on the outer surfaces did not result in altering the microstructure or hardness of the 

produced joint. However, the hardness values were lowered in the HEA foil itself (blue regions in 

Figure 4.45- a) with an average of 210 HV compared to 270 HV in the as rolled condition, yet still 

higher than 125 HV in the as cast condition which could be attributed to heat caused softening 

during welding. Furthermore, the outer green regions that surround portions of both maps 

corresponds to the SCHAZ region containing tempered martensite as will be discussed in the 

microstructure section. 
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Figure 4.45- Hardness maps of RSW samples (a, c) with HEA foils on the two outer surfaces, 
and (b, d) without HEA foils. 

4.10 Microstructure Analysis 

In general, applying HEA foils to the spot weld samples did not cause significant 

microstructure alterations either when applied between the two steel sheets or on the two outer 

surfaces of the spot weld. Having lower melting point (approx. 1200℃), the HEA foil inserted 

between the two steel sheets is expected to melt upon heating before steel and gets squeezed out 

of the nugget to leave a weld similar to the conventional sample without the HEA foil. 
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The microstructure evolution in weld nugget and heat affected zone was similar in samples 

with or without HEA foils. Figure 4.46 (a) shows a cross section macrograph of a RSW sample 

with a 220 μm- thick HEA foil between two steel sheets at welding conditions of 9.5 kA, 26 cycles, 

and 1000 lbs. Six different regions were observed representing the typical microstructure zones 

for RSWed DP980 sample. The different microstructure zones were labeled with numbers 

correlated to the micrograph for each zone in the same figure. Zone 6 corresponds to the base metal 

(BM) of DP980 steel, where the original microstructure for this steel grade could be observed. The 

base metal microstructure is comprised of ferrite (white areas) and relatively high fraction of 

martensite (dark areas) being a high strength steel grade. The martensite morphology was found 

as banded islands between the ferrite regions parallel to the rolling directions of the steel sheets. 

On the other side, zone 1 represents the weld nugget or fusion zone which is the only zone where 

melting and solidification occurs, the microstructure of this zone showed dominance of lath 

martensite that formed upon a fast cooling rate enabled by the water-cooled welding electrodes. 

Zone 2 is a coarse-grained heat-affected zone (CGHAZ) which is the closest part of HAZ to the 

fusion zone; thus, this region experienced the highest temperature below melting point compared 

to other zones. Consequently, complete austenitization occurs in this region at a temperature well 

above Ac3, resulting in austenite grain growth and eventually this phase transforms by cooling to 

lath martensite. Fine-grained heat-affected zone (FGHAZ) is labeled with Zone 3, this region is 

constituted of a finer microstructure than CGHAZ. The finer martensite is inherited from fine 

grained austenite due to austenitizing at a temperature just above AC3 in this region as it is located 

at a distance further away from the fusion zone. Zone 4 represents intercritical heat affected zone 

(ICHAZ), the temperature in this very narrow region reaches a limit between Ac3 and Ac1 resulting 

in partial austenitization of the original martensite/ferrite microstructure. More and more 
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martensite is replaced with ferrite (more similar to the original microstructure) when moving from 

the HAZ to the BM (from right to left in Figure 4.46- 4) as the maximum experienced temperature 

decreases. Finally, zone 5 showed a critical region named as subcritical heat affected zone 

(SCHAZ). This zone is reported to occur in welding of many steel grades and especially in the 

high strength grades such as DP980 due to the high fraction of martensite [92, 93]. The peak 

temperature in this zone is below Ac1 leading to martensite tempering and softening in the base 

metal as discussed before in the hardness profile analysis as shown in Figure 4.44.  

 

  

   

Figure 4.46 - (a) macrograph of an etched RSW sample with 220 μm- thick HEA foil between 
two steel sheets showing different zones with numbered labels, microstructures of (1) nugget or 

fusion zone, (2) CGHAZ, (3) FGHAZ 
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Figure 4.46- (4) ICHAZ, (5)SCHAZ, and (6) base metal. 

The same welding conditions (9.5 kA, 26 cycles, and 1000 lbs.) were duplicated for a 

conventional sample without applying HEA to find if using the HEA foil modified the resulting 

microstructure. As observed in Figure 4.47, similar microstructure was found in this sample with 

the six zones as found in the other sample with HEA foil. In addition, a LME crack was detected 

at the center of the spot weld with an approximate length of 300 μm. It is worth to mention that 

both samples with or without HEA contained LME cracks at the weld shoulders. 

 

Figure 4.47- (a) macrograph of an etched conventional RSW sample without HEA showing 
different zones with numbered labels 
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Figure 4.47- Microstructures of (1) nugget or fusion zone, (2) CGHAZ, (3) FGHAZ, (4) ICHAZ, 
(5, 6) different magnifications for an LME crack. 

As seen before in Figure 4.46, adding thin 220 μm HEA interlayer between the two steel 

sheets produced a microstructure similar to the conventional sample without HEA foil. However, 

using thicker foil (370 μm) resulted in different microstructure between samples with and without 

  

  

  



 
 

109 
 

HEA foil. Both samples were welded by using the same welding conditions of (8.5 kA, 26cycles, 

770 lbs.). Polarized light function in the optical microscope was utilized to try to capture clearer 

micrographs for the different zones. With inserting the 370µm-thick HEA interlayer between the 

two sheets as seen in Figure 4.48, there are potential traces of HEA dendrites in the nugget merged 

with the steel martensite, which could be further confirmed by hardness measurements. Moreover, 

there is a remainder part of the foil surrounding the weld nugget edge instead of the sharp edge 

between the two steel sheets found in the conventional sample. 

On the other hand, Figure 4.49 shows the microstructure of the conventional sample 

without HEA foil with its sharp edged nugget in Figure 4.49 (1), EDS mapping showed 

agglomerated zinc in this region which was formed by squeezing out the liquid zinc between the 

two steel sheets during the heating cycle of welding. The microstructure of the weld nugget in 

Figure 4.49 (2) was not significantly altered from before and was mostly comprised of martensite.     

 

Figure 4.48- Macrograph of an etched RSW sample with 370 μm- thick HEA foil between two 
steel,  microstructures of (1) left edge of the weld, (2) nugget or fusion zone, (3) HAZ. 
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Figure 4.49- Macrograph of an etched conventional RSW sample without HEA showing 
different zones with numbered labels, microstructures of (1) left edge of the weld, (2) nugget or 

fusion zone, (3) HAZ. 
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CHAPTER 5: CONCLUSIONS 

 

5.1 Theoretical Design of HEA Composition 

• During HEA composition design and down-selection, elements such as aluminum and 

titanium were mostly filtered out by the down selection code due to the large difference in 

atomic size and highly negative enthalpy of mixing, respectively.  

• The down selection code generated 39 alloy systems with corresponding 5,708,795 

compositions out of the initial 126 systems with 69,728,526 compositions. Out of 18 systems 

that contained both Fe and Zn, the five systems with the highest number of compositions 

passing through the four filters were selected for further qualification including: Can.1- 

FeMnNiCoZn, Can.2- FeMnNiCuZn, Can.3- FeMnCoCuZn, Can.4- FeMnNiCrZn, Can.5- 

FeCuNiCoZn. 

• The phase diagrams of the three candidates that contain copper in their composition 

(candidates 2, 3, and 5) showed zinc separation as hcp_Zn at low Zn mole fraction, which 

was not observed in the other two candidates without copper. 

• Calculations of Scheil solidification diagrams for the five candidates predicted that the 

difference between liquidus and solidus temperature was ranging from 340 to 550 °C with 

the narrowest range found in candidate 2.   

• Although there were complications involved in utilizing DICTRA diffusion model to deal 

with a system that contains two alloy systems requiring different database packages, 
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DICTRA modeling results demonstrated limited zinc diffusion into the iron side and no 

presence of Fe-Zn intermetallic compounds at the HEA/steel interface for all candidates.  

• The results of DICTRA modelling showed that zinc had very limited diffusion into steel that 

stopped after 25 μm. Cobalt and chromium are the fastest elements. 

5.2 Experimental Evaluations 

• 90% of the produced samples in the initial RSW trials (with no HEA foils ) contained LME 

cracks in the weld shoulders region, especially with applying severe welding conditions with 

high welding current.  

• Welding under 300 MPa in-plane tensile stress resulted in longer and more pronounced LME 

cracks in the same regions (weld shoulders) as seen in conventional welds. 

• RSW samples with 370 μm-thick HEA interlayers between the two steel sheets showed 

slightly smaller nugget size as well as reduced tensile shear fracture load compared to 

conventional samples at the same welding conditions. The smaller nugget size is attributed 

to the reduced joint electric resistance which leads to less amount of heat generated during 

welding. Introducing the HEA interlayer resulted in partially (50%) pull out fracture mode 

instead of 100% interfacial fracture mode in the conventional samples.   

• The fracture load of welds using HEA interlayers continuously increased as the foil thickness 

decreased from 370 μm, down to 270, 240, and 220 μm due to reduction of stress 

concentration at the free edges.  

• Tensile shear testing showed 10 % increase in the fracture load by using thin HEA interlayers 

(220 μm) between the two steel sheets compared to conventional welds at the same welding 

conditions. In comparison, applying the same thickness HEA foils on the two outer surfaces 
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of the joint resulted in 23 % higher fracture load than conventional welds. More consistent 

tensile curves were observed for the welds with HEA interlayer in both configurations. 

• EDS analysis at the edge of the nugget proved that inserting HEA interlayer between the two 

steel sheets resulted in effective absorption of Zn into the HEA. In addition, applying the 

HEA foils on the outer surfaces resulted in absorption of Zn at the peripheral regions or 

shoulders of the welds. Results from EDS were in compliance with DICTRA model 

regarding the preferential diffusion of Zn into HEA rather than steel. 

• Based on optical microscopy examination, applying two HEA foils on top and bottom 

surfaces of the spot weld successfully eliminated LME cracks at the weld shoulders, where 

LME cracks are typically observed in conventional welds. 

• The introduction of thin HEA foils did not introduce any obvious changes to the 

microstructural characteristics and hardness distribution of the spot welds.   
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FUTURE WORK 

 

6.1 Optimizing the Composition and Thickness of the HEA Foils 

Only one HEA candidate was experimentally studied by far in this project. Thus, in future, 

other top-ranked HEA candidates will be explored to evaluate their effectiveness on Zn absorption 

and their influence on the mechanical properties of the RSW joints. High-throughput calculations 

will be utilized to examine the non-equiatomic HEA compositions using Thermo-Calc module TC 

python. Moreover, controlled diffusion experiments can be used to study the diffusion behavior of 

Zn in HEAs with predetermined conditions and composition gradients, which can provide insights 

for a fundamental understanding of Zn absorption mechanisms in HEA. 

Tensile shear testing in this project has shown that applying the thin HEA foils between 

the two steel sheets or on the outer surfaces of the spot weld increased the fracture load and 

changed the fracture mode from interfacial shear mode to partial or full pull-out mode. In future, 

fatigue tests and tensile tests with higher sensitivity to LME cracks such as cross tension and coach 

peal will be performed to evaluate the effects of HEA foil. Furthermore, a finite element model is 

being developed to investigate the effects of HEA foil thickness on mechanical properties of the 

RSW joints and the fracture mode. 

6.2 Industrial Application 

To enable adapting the proposed solution to a production line, we need to study the viability and 

economic efficiency of potential techniques for HEA fabrication (vacuum arc melting or melt 

spinning) and applying the HEA on the steel surface including: 
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• Thermal spray of the 4-element HEA or one element as a time; 

• Friction stir processing using a HEA rod as a consumable tool to deposit a thin HEA layer on 

the surface of the steel sheet; 

• Coating the welding electrodes with HEA layer or manufacturing welding electrodes from the 

HEA instead of copper, which needs extensive studies on the electrical and thermal properties 

of the HEA. 

Applying the HEA foils between the Zn layer and copper electrode may prolong the 

electrode lifetime by reducing Zn diffusion into the copper electrodes, which is another benefit 

that needs to be validated by comparing the levels of electrode contamination after welding with 

and without the HEA foils.  

In addition, the corrosion resistance of the developed RSW joint with HEA foils needs to 

be investigated to avoid material degradation by corrosion due to contact between dissimilar 

materials (HEA and steel). 

Enabling the use of higher steel grades such as DP1180 can reduce car body weight and 

increase the fuel efficiency. In future work, the effects of applying the HEAs on RSW of DP1180 

will be investigated. Moreover, optimization of the welding schedule/parameters will be performed 

for RSW joints with HEA foils, including welding current, time, electrode shape and size.  
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