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ABSTRACT 

Jabir, Abdullah Al Masum, Investigation on Process parameters to Fabricate Refractory Medium-

Entropy Alloy by Selective Laser Melting Process. Master of Science in Engineering 

(MSE), December 2022, 66 pp, 10 tables, 23 figures, references, 120 titles.  

            This thesis proposal investigates the synthesis of TiWMo refractory medium entropy alloy 

(RMEA)  by selective laser melting process from elemental powder. Steel, titanium and tungsten 

substrates were used to study the impact on the formation of TiWMo RMEA. Different process 

parameters were applied to investigate the effects on melting, diffusion and formation of RMEA. 

The microstructure of TiWMo and elemental distribution were observed by scanning electron 

microscope (SEM) and energy dispersive X-ray spectroscopy (EDS). SEM analysis revealed that 

with higher energy density the pores and microcracks were improved. EDS data validated the 

composition is homogenized and stable after few layers of deposition. Single phase BCC solid 

solution was predicted based on the theoretical calculation. The maximum microhardness 644 HV 

achieved from the highest 350 J/mm3 energy density.    
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CHAPTER I 

INTRODUCTION 

The majority of conventional alloys are made up of just one main constituent. To increase 

the properties, different minor elements are added to the main constituent and form different alloys. 

However, different types of binary alloys are restricted to the number of elements in the periodic 

table. To find a solution, a new idea of high entropy alloys (HEA)  and multi-principal element 

alloys (MPEA) came. The first study was initiated on multi-principle element alloys in late 1970 

and was later expanded the work in 1998 and then published in 2004 (Cantor, Chang, Knight, & 

Vincent, 2004) . In the same year, a new concept of HEA had been proposed by (J. W. Yeh et al., 

2004). HEAs possess unique properties (for example, strength and toughness at extreme conditions 

(Ding et al., 2019; Yiping Lu et al., 2014; Tsai & Yeh, 2014) ), wear resistance (Chuang, Tsai, 

Wang, Lin, & Yeh, 2011)  and fatigue (Hemphill et al., 2012)  due to their multi-element 

composition. Those unique features make HEA appealing in a variety of sectors.  

           Many of these HEAs, which formed from cobalt, chromium, nickel, titanium, vanadium, 

manganese, iron and copper  have good mechanical properties and can reach yield strengths of 

more than 1000 MPa at temperatures below 600°C (O. N. Senkov, Miracle, Chaput, & Couzinie, 

2018). Unfortunately, none of the reported HEAs exhibit high yield strengths at high temperature 

that are superior to sophisticated Ni-based superalloys (Gorsse, Miracle, & Senkov, 2017) . The 

high-temperature strength of HEAs, like that of Ni-based superalloys, rapidly declines beyond 800 
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°C. Therefore, at extreme temperatures, the Ni-based superalloys or alloys hold melting 

temperatures close to 11000C restricting their application at high temperatures.  This limitation 

promoted to work with high melting temperature elements, which retain their strength at high 

temperature (O. N. Senkov et al., 2011).  

            Refractory high entropy alloys (RHEAs) were first made available in 2010 (O. Senkov, 

Wilks, Miracle, Chuang, & Liaw, 2010) and quickly became popular because they could keep their 

strength up to 1600 °C. There were only five refractory elements in the first two RHEAs 

(V20Nb20Mo20Ta20W20 and Nb25Mo25Ta25W25). The next refractory alloys were developed based 

on nine elements from groups IV (titanium, zirconium and hafnium) , V (vanadium, namibium and 

tantalum), and VI (chromium, molybdenum and tungsten).  

            A new way to make RHEAs is to use powder metallurgy (PM) in combination with milling 

and/or mechanical alloying (Dobbelstein, Thiele, Gurevich, George, & Ostendorf, 2016; Kang, 

Lee, Ryu, & Hong, 2018; B. Liu, Wang, Chen, Fang, & Liu, 2017; Waseem, Lee, Lee, & Ryu, 

2018). To produce the appropriate composition, elemental or pre-alloyed powders are mixed, and 

a compact product is generated using consolidation processes such as spark plasma sintering (SPS) 

under a vacuum. (B. Liu et al., 2017; Waseem et al., 2018). Powder Metallurgy (PM)-produced 

RHEAs have a finer grain structure and a more uniform content. During preparation, however, 

extra caution is required to prevent contamination and internal oxidation(B. Liu et al., 2017). In 

alloys with large W concentrations, iron can easily contaminate from the container walls, and 

another contamination (most frequently O and N) from the surroundings is common, particularly 

if reactive metals like titanium and zirconium exist in the alloy (Suryanarayana, 2001). These 

pollutants are tough to prevent, and their effects on the characteristics of consolidated materials 

may be severe. Selective laser melting (SLM) is a powder bed fusion process where the part is 
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produced layer by layer. This additive manufacturing (AM) process can handle elemental or pre-

alloyed powder (Moghaddam, Shaburova, Samodurova, Abdollahzadeh, & Trofimov, 2021).  
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1.1 Definition of Alloys Based on Entropy 

            Total mixing entropy is the summation of configurational entropy, vibrational entropy, 

magnetic dipole entropy and electronic randomness entropy. However, configurational entropy 

dominates the total mixing entropy (Fultz, 2010; Swalin & Arents, 1962).  

As per the Boltzmann’s equation, the configurational entropy of a system can be calculated as  

ΔSconf = k ln w                                           (1) 

Here, Boltzmann's constant is k and the number of ways the available energy can be combined or 

divided among the system's particles is w. The configurational entropy for an equimolar alloy can 

be calculated as below  

ΔSconf = - k ln w = - R ( !
"
ln !

"
+ !

"
ln !

"
+⋯+	 !

"
ln !

"
 ) = - R ln !

"
 = R ln n                           (2)

As the number of elements grows, so does the entropy. During melting, per mole mixing entropy, 

DSf, from solid to liquid is approximately one gas constant R. In a random solid solution, the 

mixing entropy per mole is higher, which reduces the free energy. According to Gibbs law, this 

lower free energy causes the stronger stability of solid solution phases. Therefore, configurational 

entropy has an impact on phase stability.  

           Below table 1 is showing the configurational entropies increasing with the increase of 

elements. We see the ternary alloy is 10% higher than R and the quinary alloy is 61% higher than 

R. Yeh et al. (J.-W. Yeh, 2013) put 1.5R as a boundary for high entropy and medium entropy alloy

and 1R between medium and low entropy alloy. Because any alloy having 
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Table 1:Configurational entropies increase with the increase of elements (J.-W. Yeh, 2013). 

mixing entropy below 1R could not overcome the atomic bonding energy. Below is the figure 1 

showing the picture.  

Figure 1: Alloy classification based on configurational entropy [12] 
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1.2 Problem Statement 

           The manufacturability of refractory multi-component alloy is complicated by high melting 

temperatures (1800 °C) and wide melting points of refractory materials (ranging from 1857 °C for 

Cr and Zr to 3422 °C for W). A different way to make RHEAs or RMEAs is using (PM) in 

combination with milling and/or mechanical alloying (Dobbelstein et al., 2016; Kang et al., 2018; 

B. Liu et al., 2017; Waseem et al., 2018). To produce the appropriate composition, elemental or

pre-alloyed powders are mixed, also a compact product is generated using consolidation processes 

such as spark plasma sintering (SPS) under a vacuum (Kang et al., 2018; Waseem et al., 2018). 

However, extra caution is required to avoid contamination and internal oxidation (Kang et al., 

2018). These pollutants are difficult to eliminate and may have a major influence on the 

characteristics of composite materials. SLM is one of the additive manufacturing powder bed-

based methods that fabricates a 3D component layer-by-layer utilizing a high-energy laser beam 

to selectively melt and consolidate tiny layers of metal powders. AM technique allows for the 

production of complicated three-dimensional near-net shaped components without the use of dies, 

which is impossible to do with traditional methods (Chen, Gu, Xiong, & Xia, 2017). Components 

may be created to the same functional specifications with fewer materials because of the geometric 

flexibility provided by SLM. Metal AM's geometrical flexibility also enables the creation of lattice 

structures for weight reduction and the design of components for enhanced fluid dynamics (Burns, 

2014; Nickels, 2016). Based on author’s knowledge, fabricated RMEA by selective laser melting 

process. Additionally, The reported feedstock for these SLM-manufactured RHEAs is mostly 

mechanically alloyed powders (Luo et al., 2019), which have drawbacks such as high cost, limited 

material design freedom, and so on. As a result, it would be worthwhile to investigate the feasibility 

of fabricating RMEA from elemental metal powders. 
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During the SLM process for multi-component production, the laser melts the powders 

together and in the final construct, all of the metal elements have the same elemental distribution 

as they had before (L. Guo et al., 2021; Kim, Baek, Yang, & Lee, 2021; Litwa, Hernandez-Nava, 

Guan, Goodall, & Wika, 2021). However, ensuring that all of the particles in the mixture are 

properly dispersed is one of the most challenging elements of the multi-component manufacturing 

process when elemental powders are used rather than pre-alloyed powders. Even if all of the 

powders are correctly mixed, obtaining adequate diffusion among the various metal components 

in order to generate a random solid solution (SS) phase would be a considerable difficulty. The 

molten components take longer to cool down in traditional multi-component production 

procedures such arc melting, casting, and so on, and as a result, excellent diffusion between the 

elements occurs. SLM, on the other hand, is a highly fast solidification process (108 K/s (D. Gu et 

al., 2012) ) in which the molten pool does not acquire enough cooling time to assure that the 

components diffuse as predicted. As a result, using the SLM technique to make multi-component 

alloys like RMEA with the correct elemental ratio is something worth looking into. 

SLM fabrication components have a number of limitations that are influenced by a number 

of associated processing factors. For example, it has been discovered that non-optimal process 

settings result in large porosity and poor surface quality, which significantly reduces the 

mechanical performance of SLM as-built products (Gong et al., 2015; Kasperovich & Hausmann, 

2015; Vayssette, Saintier, Brugger, Elmay, & Pessard, 2018). The energy density dictates the 

defect formation. The geographic distribution of defects is heavily influenced by scan strategy, 

with the majority of flaws occurring at both ends of scan tracks and between two neighboring 
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tracks (B. Zhang, Li, & Bai, 2017). So, optimizing the process parameters and figuring out their 

impact on the microstructure and mechanical properties of RMEA is really important.  

1.3 Research Objectives 

The objective of this research is 

1. To investigate the feasibility of the fabrication of refractory medium entropy alloy from

the elemental powder by SLM..

2. To study the impact of laser power and scanning speed with a fixed hatch distance on the

microstructure and the mechanical properties of the alloy.

The elemental powder of W, Mo and Ti mixed together to ensure uniform distribution. The 

fabrication of refractory medium entropy alloy carried out by the EOS M 290 machine. 

Scanning Electron Microscope (SEM) used to see the morphology and microstructure. How 

does the diffusion take place. In the end, microhardness tested to check the mechanical 

properties.  

1.4 Experimental Design and Methods 

The experimental design and methods are the steps to follow in order to achieve the research 

objectives. Step 1, to mix the powder manually from elemental powders. . Step 2, to get the 

homogenous mixture, the powder will be mixed through a V-type blender. Step 3, the flowability 

test is done to check the powder flowability. Step 4, the EOS M 290 machine is used to fabricate 

the sample. Initially there were three processing parameters  considered (laser power, scanning 

speed and hatch distance). For each factor, there were two levels (minimum value and maximum 

value) considered. So in total, there are 8 combinations of the parameters are considered. 
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Therefore, there will be 8 small cubes (5 mm length X 5 mm Width X 2 mm height). Later on there 

are two process parameters (laser power and scanning speed) considered Step 5, to prepare the 

sample with epoxy and resin. Step 6, to polish the sample in order to do the SEM and EDS. Step 

7, to do the EDS and to check the elemental distribution in each sample and to do the SEM to 

check the microstructure of the optimized samples. Step 8, to do microhardness testing to figure 

out the hardness of each sample.  
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CHAPTER II 

LITERATURE REVIEW 

Ternary RMEA is composed of three refractory elements. Ternary RMEAs are intriguing 

for various reasons listed below. First, limiting the number of major elements simplifies the 

system while not sacrificing the mechanical properties. In its as-annealed condition, the 

quaternary TiZrHfNb (MEA) has σy of 879 MPa and an elongation of 15% (Y. Wu et al., 

2014), which is equivalent to TiZrHfNbTa quinary alloy. The lack of Ta had no effect on the 

tensile qualities of the material. Similar results have been seen in the (FCC) HEAs: in the 

FeCoCrNiMn (Wu, Bei, Pharr, & George, 2014), the ternary CoCrNi MEA has the greatest 

σy, ductility, and fracture toughness (Gludovatz et al., 2016). The new Ti-Zr-Nb-Ta MEA has 

four times the ductility of the quinary equi-atomic Ti-Zr-Nb-Ta-Mo high entropy alloy 

(Nguyen et al., 2018). Second, the system's reduced number of constituent parts makes the 

thermodynamics and phase diagrams easier to grasp, as well as modeling studies on processes 

in general. Third, the ternary MEA would be more controllable than the counterpart higher-order 

system in terms of optimizing strength and ductility, particularly at high temperatures when 

precipitates and chemical order are involved. Fourth, restricting the number of participants may 

reduce the cost of some expensive materials as well as the difficulty of processing elements with 

considerable differences in melting temperatures and chemical affinity. 
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2.1 Application of MEA 

The new material development which can sustain at extreme temperatures for high-

temperature applications has become the focus of material scientists. In this respect, HEAs show 

a unique property and desirability for structural applications at high temperatures. Those unique 

properties, for instance, holding tensile strength at high temperatures, great thermal stability, 

significant fracture toughness at cryogenic temperature, and good wear and oxidation resistance 

(Cheng & Yeh, 2016; P. K. Huang, Yeh, Shun, & Chen, 2004; Miracle et al., 2014; Miracle & 

Senkov, 2017; Pickering & Jones, 2016; O. Senkov, Senkova, Dimiduk, Woodward, & Miracle, 

2012). 

In the aerospace sector, the alloy used to design components should be able to endure 

severe operating temperatures, creep, fatigue fracture development, cyclic and translational 

motions of parts at high speeds, and erosion. As a result, the components manufactured must be 

light, have strong high-temperature strength, fatigue, wear, and oxidation resistance, and be 

chemically resistant. 

High operating temperatures can restrict the performance of turbine engines, making them 

more susceptible to creep, corrosion and fatigue failure. Ni-based superalloy is presently the most 

frequently utilized material for engine components at high temperatures (Essienubong, Ikechukwu, 

Ebunilo, & Ikpe, 2016). However, the hottest. 

portions of advanced contemporary aero engines may develop temperatures up to 1600 0C, which 

is more than the melting point of Ni-based superalloys (1200–1300 C). Many research projects are 

being done to identify viable alternative materials to solve this restriction. For instance, Co-based 
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superalloy and refractory high entropy alloy (Perepezko, 2009). Additionally, some other 

refractory elements with Ni-based superalloy improve the high-temperature properties (Kaciulis 

et al., 2012; Tian, Liang, Li, Li, & Qian, 2011; W. Wang et al., 2008; A. Yeh & Tin, 2005). 

Another leading-edge field is hypersonic vehicle applications, which operates in an ultra-

high temperature environment (S. Gu & Olivier, 2020; J. Huang & Yao, 2020; Xie, Dong, & Jing, 

2020). Traditional UTHMs may be classified into three categories [4]. The first category includes 

refractory metals including Nb, Ta, W, and Mo. The second is C/C composite materials, and the 

third is UTHCs (ultra-high-temperature ceramics), which are made up of metal borides, carbides, 

and oxides. Refractory metal materials have great mechanical characteristics at high temperatures 

and well-developed preparation procedures, but they are easily oxided at high temperatures, such 

as the Nb alloy, which would flake fast in a 400°C-air environment due to loose oxide layers [5]. 

Light, high mechanical properties, superior abrasion resistance, and other qualities make C/C 

composite materials useful in aerospace sectors. However, when C/C composite materials are 

exposed to 500°C air, the carbon components react quickly with oxygen in the air, resulting in fast 

oxidation failure and catastrophic structural damage [6]. In this regard, the ultra-high temperature 

ceramics can be a good replacement. Especially, refractory boride demonstrated remarkable 

resistance to oxidation at high temperatures [8-10]. Adding some additives such as Si may increase 

the oxidation resistance more. High entropy boride (HEB) possesses high mechanical properties 

at extreme high temperature [14]
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2.2 The Microstructure of High and Medium Entropy Alloy 

To describe the phase composition of the alloy microstructure, X-ray diffraction (XRD) 

investigation is commonly used. XRD data primarily provides information on material crystal 

structure. Body-centered cubic (bcc), face-centered cubic (fcc), hexagonal close packing (hcp), 

and other crystalline forms are common. A great deal of study has been done on the XRD system, 

and most material research now uses it to characterize the material.  

Medium entropy alloy is another invented multi-component alloy, which is less 

complicated than high entropy alloy and gives good strength as well. He et al. (Q. He, Yoshida, 

Yasuda, & Tsuji, 2020) worked with Hf, Nb, Ta, Ti and Zr refractory elements and each time used 

four elements to make medium entropy alloy. The purpose was to check each elements impact on 

the microstructure and mechanical properties. After using vacuum arc melting process and then 

homogenization, there were three types of microstructures found: annealed grain (AG), granular 

morphology (GM) and dendritic morphology (DM). HCP elements (Hf,Ti,Zr) tended to disperse 

in the interdendritic zones, according to SEM-EDX data. The homogenization resulted in a 

considerable rise in AG while a significant drop in DM, indicating the eradication of dendritic 

segregation. Xu et al, (S.-P. Wang, Ma, & Xu, 2019) tried to check the Hf and Ti impact on the 

microstructure of the Nb-Ta solution. The chemical composition of HfNbTa and NbTa is 

consistent. Whereas TiNbTa showed dendritic microstructure. Additionally, lower melting 

temperature element Ti enriched at the inter-dendritic region and higher melting temperature Nb 

and Ta enriched at the dendritic region (S.-P. Wang et al., 2019). 
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2.3 The Mechanical Properties of Medium Entropy Alloy 

HEAs and MEAs are valuable in both theoretical study and industrial production because 

of their unique microstructure and mechanical characteristics. Wang et al (X. F. Wang et al., 2021), 

prepared dual-phase refractory medium entropy alloy (RMEA)  (Ti, Zr and Hf) ceramics by hot 

pressing. Where the flexural strength improved up to 20000C temperature due to lattice parameter 

mismatch. And the lattice parameter mismatch was attributed to the atomic radius variation among 

Ti, Zr and Hf. Because of its great comprehensive properties, the CrCoNi MEA is now a research 

hotspot. Gludovatz et al. (Raabe, Ponge, Dmitrieva, & Sander, 2009)  investigated CrCoNi MEA 

at cryogenic temperatures and discovered that CrCoNi MEA outperformed all HEAs reported to 

date in terms of strength and damage tolerance. Zhang et al. (Z. Zhang et al., 2017) found CrCoNi 

MEA’s outstanding strength, ductility, and toughness in their dislocation processes and 3D twin 

architectures. To improve the strength and ductility of Ti, Zr and Hf, Su et al, (Su et al., 2022) used 

transformation-induced plasticity (TRIP) and twinning-induced plasticity (TWIP). Tensile 

ductility is more critical for high-load applications than compressive ductility, however, RHEAs 

don't always have it. In this regard, Wang et al (S.-P. Wang et al., 2019), fabricated TiNbTa and 

HfNbTa by arc melting process which showed tensile ductility. Due to atomic parameters 

difference, the Hf showed better strengthening potency than Ti. Sometimes elemental 

combinations can impact the mechanical properties and microstructure. Five quaternary RMEA 

produced from Hf, Nb, Ti, Ta, Zr by vacuum arc melting process and then homogenized at Ar 

atmosphere. The ductility of HfNbTaTi, HfNbTiZr, HfTaTiZr, and NbTaTiZr alloys was much 

enhanced after homogenization, however th HfNbTaZr alloy displayed early brittle fracture. 

Homogenization of HfNbTaTi, HfNbTiZr, HfTaTiZr, and NbTaTiZr alloys resulted in the removal 

of inter-dendritic segregation and grain boundary precipitates, resulting in improved ductility (Q. 

He et al., 2020). Powder metallurgy was used to make NbTaTiV refractory medium entropy alloys, 
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hardness increased with the sintering temperature increasing from 1500 to 1700 C (W. Guo et al., 

2019). With increasing the sintering temperature, segregation vanished, pore disappeared, a 

homogenous microstructure was created, and a 99.5 percent relative sintered density was attained. 

Adding Ti with NbMoTaW alloy improved the ductility (Han et al., 2018).  

2.4 Selective Laser Melting Process & Processing Parameters 

SLM is one of the additive manufacturing powder bed-based methods that fabricates a 3D 

component layer-by-layer utilizing a high-energy laser beam to selectively melt and consolidate 

tiny layers of metal powders. The powder layers usually have a thickness of 20–100 microns. 

Conventional technologies are incapable of producing complicated forms and ultrafine 

microstructures. Because fabrication procedures have a big role in determining microstructure, it's 

worth looking at different HEA manufacturing methods. AM technique allows for the production 

of complicated three-dimensional near-net shaped components without the use of dies, which is 

impossible to do with traditional methods (Chen et al., 2017). Components with basic geometry 

are popular in traditional manufacturing techniques to make them easier to manufacture. Typically, 

these designs aren't optimal for their intended use. Components may be created to the same 

functional specifications with fewer materials because to the geometric flexibility provided by 

SLM. Airbus announced a cabin bracket in 2014 [86] that was designed to save weight without 

losing functionality. Airbus hopes to employ metal additive manufacturing to make airplane 

components that are 30–55 percent lighter and consume 90 percent less raw material (Airbus, 

2014). Metal AM's geometrical flexibility also enables the creation of lattice structures for weight 

reduction and the design of components for enhanced fluid dynamics. Croft Filters, for example, 

a custom filter producer, utilizes SLM to create innovative filters that only need one phase of 

manufacturing. Cutting, welding, and extensive labor operations are all part of the traditional filter 
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manufacturing process (Burns, 2014; Nickels, 2016). SLM may transform the manufacturing 

industry in terms of economics, in addition to the technical advantages of decreased tooling and 

design flexibility. Manufacturing may be decentralized because to advances in information 

technology and the internet. The economies of scale that high-volume, centralized production lines 

provide are diminished.  

Processing factors such as laser power, scanning speed, hatch spacing and scanning 

strategy have a substantial impact on the product quality in the SLM process. Many scientific 

investigations (Attar et al., 2014; Attar et al., 2017; D. D. Gu, Meiners, Wissenbach, & Poprawe, 

2012; Rao, Giet, Yang, Wu, & Davies, 2016; Zhou et al., 2017) discovered a substantial 

relationship between the microstructure and mechanical qualities of SLM printed parts and SLM 

method processing parameters. With the rapid movement of the laser beam, the temperature 

distribution in various locations of the powder bed varies rapidly, and it continues to alter across 

time and space (K. He & Zhao, 2018). Scan layers go through quick heat cycles during the SLM 

process. As a result of the temperature differential, residual stresses increase, and the printed object 

deforms unevenly (Kruth et al., 2004). To get the desired microstructure, characteristics, and 

densification, correct parameter selection is essential (Yanjin Lu et al., 2015; Xiong et al., 2019). 

2.4.1 Laser Scanning Strategy  

The number of studies on the scanning approach has expanded dramatically (Jia, Sun, 

Wang, Wu, & Wang, 2021). Optimizing the scanning strategy has been the subject of extensive 

study in order to enhance print quality. Lu et al. (Yanjin Lu et al., 2015) studied the microstructure 

and characteristics of SLM-printed Inconel-718 alloy using a scanning approach with varying 

island sizes. Larger island samples encountered greater residual stresses as the density of 

manufactured samples rose. They discovered that a sample with a 55 mm2 scanning method was 
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ideal for their intended use after examining the relative density, residual stress, and mechanical 

characteristics of the samples.  

Ramos et al. (Ramos, Belblidia, & Sienz, 2019) experimented with scanning pathways that 

were unidirectional, zigzag, and alternate. The heat was more uniformly distributed across the 

layer due to the scan sequence in the alternating scanning technique, resulting in symmetric 

deformation, whereas the other two procedures generated asymmetric deformation. In comparison 

to unidirectional and zigzag techniques, the alternating strategy may minimize printed component 

deformation by 18.4% and 9.3%, respectively. While sweeping scanning direction had no 

influence on residual stresses, Zou et al. (Zou et al., 2020) found that altering the scanning 

sequence might dramatically reduce residual stress on a component when compared to 

unidirectional and alternating scanning procedures. The residual stress was very low in the first 

sweep due to large hatch spacing.  

2.4.2 Scanning Direction:  

Scan direction plays an important part in SLM's ability to produce high-quality products. 

Wang et al. (L. Wang et al., 2018) used two scanning techniques to create SLM AlSi10Mg parts: 

a) horizontal sequential pattern in which the laser moves in the X-direction, b) descending

sequential pattern in which the laser moves at an angle to the X-direction. They compared the 

residual stresses formed in the X and Y directions for both patterns and discovered that the 

horizontal sequential pattern yielded parts with significantly lower residual stresses in both 

directions. 

Trosch et al. (Trosch, Strößner, Völkl, & Glatzel, 2016) created their samples with three 

scanning orientations: horizontal, vertical, and 45° to investigate the influence of scanning 

direction rotation on the mechanical characteristics of Inconel 718. They discovered that 
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horizontally constructed specimens had the highest average tensile strength, whereas specimens 

rotated 45 degrees had the lowest. In a study by Guo et al. (L. Guo et al., 2021), the scanning 

rotation method was found to have an influence on cracking. They used two scanning rotations of 

45° and 67° to make FeCoCrNiMn HEA. In comparison to the 67-scanning rotation technique, 

they discovered that 45° scanning rotation formed microstructures with dominating epitaxial 

development of columnar dendrites. 

2.4.3 Hatch Spacing  

Hatch spacing has a significant impact on the quality of 3D-printed parts. For producing 

3D samples with good relative densities and acceptable surface smoothness, proper hatch spacing 

is critical (Dong, Liu, Wen, Ge, & Liang, 2019). The hatch spacing, which affects grain size and 

morphology, determines the remelting area of neighboring tracks (Carter, Martin, Withers, & 

Attallah, 2014; Sateesh, Kumar, Prasad, Srinivasa, & Vinod, 2014). Increasing hatch spaces 

reduces the overlap between two successive scan tracks, and more porosity develops, resulting in 

reduced density and a rough surface throughout the SLM process. Lower scan spacing, 

independent of power or scanning speed, produced smooth surfaces, according to Pupo et al, 

(Pupo, Delgado, Serenó, & Ciurana, 2013). They tested several scan spaces and discovered that a 

lower scan space value produced the greatest results in terms of surface smoothness owing to the 

heat buildup effect. Lower scan spacing caused heat to accumulate from the preceding track to the 

scanned track next to it. This technique sped up the cooling of the scanned track and made it easier 

to produce a continuous layer with enough overlap. Enneti et al, (Enneti, Morgan, & Atre, 2018) 

investigated the hatch spacing and scanning speed impact on the densification of tungsten while 

layer thickness and power were kept constant. The densification increased with increasing the 

energy density.    
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2.4.4 Scan Vector Length: 

In the SLM process, the scanning vector length is critical. During scanning with a lengthy 

scan vector, a larger amount of the heat collected in the melt pool can readily disperse to the 

environment via convection, preventing the neighboring track from melting. As a result, a bigger 

scan vector causes the melt pool to cool faster and the average surface temperature to drop. A 

shorter scan duration, on the other hand, allows for greater temperatures in the melt pool's nearby 

region and encourages more even temperature distribution throughout the created surface. When 

a short scan vector is utilized, the period between two subsequent track melting is very short, and 

heat from a melt pool does not have enough time to disperse away. Instead, the majority of the 

heat is spread among the melted tracks, which aids in raising the total surface temperature. Higher 

surface temperatures reduce temperature gradients, thermal expansion mismatches, and cooling 

rates in the melt pool region, resulting in lower residual stresses.  

Interlayer rotation between subsequent layers, in which the heat flow direction is rotated, 

is more useful for achieving a uniform temperature distribution (Amirjan & Sakiani, 2019). Shorter 

scan vector lengths are often better for reducing residual stress and improving the mechanical 

properties of AM products (M. Guo, Ye, Jiang, & Wang, 2019; Zaeh & Branner, 2010).  Part 

deformation, failure, and cracking of the recoating blade are caused by excessive residual stress. 

The residual stress in a 3D object manufactured by selective laser melting should be small. Shorter 

scan lengths have been shown in studies to help reduce residual tensions (Promoppatum & Yao, 

2020). 

Below are the different parameters considered for the refractory metal fabricated by SLM.  
Material Laser 

Power 
Velocity 
(mm/s) 

Hatch 
distance 
(micron) 

Layer 
thickness 
(Micron) 

Energy 
Density 

Reference paper 

NbMoTaW 250 0.1 100 0.943 
J/mm, 

(H. Zhang et al., 2019) 
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WTaMoNb 400 250 0.1 100 (H. Zhang, Xu, Xu, Lu, 
& Li, 2018) 

W powder 250-380 200-600 30 (Ren, Liu, Lu, Huang, 
& Yi, 2021) 

Mo-Alloy 310-450 200-1000 50 900-160
J/mm^3

(Z. Guo, Wang, Wang, 
Ding, & Liu, 2020) 

WMoTaNbV 200,600 100,800 0.045, 0.12 50 
 

(Huber et al., 2021) 
W powder 250,450 200,500 (Meng Guo et al., 

2019) 
W heavy 

Alloy 
(50–350) 100-600 (Iveković, Montero-

Sistiaga, Vanmeensel, 
Kruth, & Vleugels, 

2019) 
NbMoTaX	 300 300 0.06 30 (H. Zhang et al., 2021) 
WMoTaTi 320,360 300,400,500 0.08, 

0.10,0.12 
30 177-444

J/mm^3
(C. Liu et al., 2022) 

W powder 90 200-1400 0.015, 0.03 30 1000 
J/mm3 

(Enneti et al., 2018) 
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CHAPTER III 

METHODOLOGY 

3.1 Materials Selection 

The WMoTi MEA will be produced using 99.5% pure W,Mo and Ti elemental powders. All the 

physical details of all the elemental powders are provided in Table 2. 

Table 2 Physical properties of elemental metal powder. 

Properties Tungsten Molybdenum Titanium 
Atomic number 74 42 22 

Atomic weight (gm) 183.85 95.94 47.87 
Melting point (0C) 3,410 °C 2625°C 1668 °C 

Boiling point (0C) 5,660 °C 4639 °C 3287 °C 

Density (g/cm3) 19.3 
grams/cm3 

10.3 g/cm³ 4.5 g/cm³ 

Supplier Company Tekna Tekna LTW 

Purity (%) 99.90% 99.90% 99.90% 
Particle Size (μm) <45 <45 <45 

Powder Morphology 
(shape) 

Spherical Spherical Spherical 

Tungsten and Molybdenum powder was purchased from Tekna supplier and Titanium powder was 

purchased from LTW supplier. The shape of the powder is observed by SEM machine. And the 
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picture is attached below. Figures 4, 5 and 6 are showing that in 150X magnification, all the 

powders are showing a spherical shape. 
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Figure 2: SEM picture of elemental Molybdenum powder. 

Figure 3: SEM picture of elemental Titanium powder. 
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Figure 4: SEM picture of elemental Tungsten powder. 

3.2 Powder Composition and Mixing 

Elemental powders were mixed manually. The nominal composition of different metals in 

the WMoTi MEA samples are given in Table 2. For getting a homogeneous mixture, the mixed 

powder will be placed on a V-type blender (figure 7) and rotated for 18 hours at 25 rpm.  
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Table 3 Powder composition of WMoTi alloy. 

W Mo Ti 

Weight % 29.28% 56.10% 14.62% 

Molar Ratio 0.33 0.33 0.33 

Figure 5: V-Type Blender to mix the powder. 
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3.3 AM Fabrication 

3.3.1 2 X 2 X 2 Test Series of WMoTi (Test 1):  

To investigate the different process parameters on the microstructure and the diffusion 

process, 8 blocks were printed with different laser power, hatch distances and scanning speeds. 2 

different laser power, scanning speed and hatch distances were considered.  Each block was 10mm 

x 10mm. The printing was done for 10 layers. Table 4 is showing the process parameters. The 

energy density is calculated by the below equations.  

Energy density = (𝑃 )/(𝑣 × ℎ × 𝑙  ) 

Here, 

P = Laser power 

v = Scanning speed 

            h = Hatch spacing 

l = Layer thickness.

Table 4 Test 1 design parameters 
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(a)                                                                           (b) 

Figure 6: (a) Test 1 Printed Samples (10mm X 10mm).  (b) Designed samples with energy density 

The SLM process started with the machine preparation. Cleaning the machine in order to 

avoid contamination. Pour the mixed powder into the dispenser Then balanced the gap between 

the recoater and the build plate. Steel substrate has been used for the build plate. Made the first 

layer by trial and error on the build plate. Preheat the substrate up to 800C. Cleaned the lens. Closed 

the chamber and opened the argon tank to flow the argon gas. Then stored the designed sample in 

the EOS M290 machine through EOSPRINT software. Started the building task. The machine 

started to clear the filter by itself. And the targeted oxygen level was 500 parts per million. When 

the machine is prepared to print then printing started. The recoater blade started to wipe the powder 

from the dispenser to the build plate and the laser started to melt the powder. After 10 layers, the 

Energy Density 
313 250 

229 438 350 

400 320 286 
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recoater blade started crushing the sample, as the sample was wrapped. Immediately the printing 

was stopped and the build plate was taken out after proper cooling.  

3.3.2 2 X 2 X 2 Test Series of WMoTi (Test 2): 

Test 2 was conducted by reducing the energy density. Table 5 is showing the different 

parameters. The sample size was also reduced from 10 mm to 5 mm this time in order to cut the 

sample easily. The design orientation was also changed so that the powder flow can be ensured 

uniformly. 

Table 4 Test 2 design parameter 
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(a)                                                                               (b) 

Figure 7: (a) Test 2 Printed Samples (10mm X 5mm).  (b) Designed samples with energy density 

The SLM machine was prepared as like as the earlier way.  The printing was successful up 

to the 14 layers. Then from 14 layers to 17 layers there were overburn and recoater blade was 

crushing with the sample. At that point the printing was stopped and the sample was taken out.  

3.3.3 2 X 2 X 2 Test Series of WMoTi (Test 3): 

In test 2, the sample was ok up to 14 layers. After that it over burnt. So in this test we kept 

the same energy density up to 10 layers and then the energy density reduced from 11 layers. Each 

sample size has been reduced in size from 10 X 5 mm to 5 X 5 mm. Table 6 is showing the new 

parameters executed from layer 11. This was successful up to layer 17. Then the samples over 

burnt. Additionally, the recoater blade was crushing the samples. The machine was prepared the 

same way as like earlier.   

222 

178 

200 

229 

243 

194 

219 

250 

Energy Density 
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Table 5 Test 3 design parameters 

(a)                                                                             (b) 

Figure 8: (a) Test 3 Printed Samples (5mm X 5mm).  (b) Designed samples with energy density 

3.3.4 2 X 2 X 2 Test Series of WMoTi (Test 4): 

In test 4 the layer thinness has been increased from 40 to 80 microns. The first 10 layers 

were based on test 2 parameters and then the rest layers parameters were based on table 8. The 

machine was prepared as like the earlier steps described. The printing was successful for 17 layers 

153

122

138 

157 

139 

111 

125 

143 
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and the recoater blade started crushing the sample. As a result, after 17 layers the printing as 

stopped.  

Table 6 Test 4 Design Parameters 

3.3.5 2 X 2 Test Series of WMoTi (Test 5): 

Test 5 is done with the new Ti substrate. High-Strength Grade 5 Titanium Bar, 1/4" Thick 

x 1" Wide x 1/2 Feet Long titanium bar is purchased from McMaster-Carr. Cutting titanium bar is 

very difficult. Water jet cutting system has been used to cut the titanium bar. This cutting system 

is installed at outside UTRGV, and the name of the shop is Amida machine shop. Titanium bar 
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was cut into 3 pieces. Each 1/4" Thick x 1" Wide x 2" Long. Aluminum reduced build substrate 

was machined in order to put the one piece of titanium. Figure 11 is showing the new Ti-substrate. 

Figure 9: New Ti Substrate 

The position of the samples changed. The designed and printed samples are showing in 

figure 12. This time machine was prepared as like earlier. The printing was successfully done and 

completed. Laser power and scanning speed were changed. Laser powers were 350 and 280. The 

scanning speed was considered 380 and 250. The layer thickness and hatch distance were 

considered constant. The whole parameter is shown in table 8. 

Table 7 Test 5 Design Parameters 

Titanium bar 1/4" 

Thick x 1" Wide x 2" 

Long 

Aluminum Substrate 
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Figure 10: Designed samples with energy density 

3.3.6 2 X 2 Test Series of TiWMo (Test 6): 

From test 5, the issue was identified as lots of unmelted tungsten. To check how the TiWMo 

alloy reacts with the tungsten substrate, test 6 was designed with the same parameters as like test 

5. The machine was prepared as like test 5.

The design of the sample has been changed. The sample position was kept in one column 

in order to achieve uniform powder distribution. The printing failed after 8 layers.  

350 

230 280 

184 
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Table 8: Test 6 Design Parameter 

Figure 11: (a) Test 6 Printed Samples (5mm X 5mm).  (b) Designed samples with energy density 

3.4 Polishing and Sample Preparation 

After the 7 tests, the samples were prepared for the SEM test. There were 3 samples picked 

for the first polishing and sample preparation. Then took 3 parts of acrylic powder with 2 parts of 

hardener by volume. Mixed them well. Poured into the mold where the samples were placed. After 

pouring the mixer, the holder was kept for 24 hours at room temperature to cure. The sample is 

230 

280 

350 

184 

(b) 
(a)
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ready to polish. The polishing was done in the materials lab. There were four different grit papers. 

After grinding in all the grip papers then sample were taken to the coarse and then fine polished 

machine.  

3.5 Testing 

To check the morphology and microstructure of the sample Scanning Electron Microscope (SEM) 

machine was used. The magnification was used from 50X, 250X and 500X. To check the 

composition ratio Electron Dispersive X-Ray Spectroscopy (EDS) was used.  To measure the 

microhardness, Vicker microhardness testing machine was used. Normal microscope machine was 

used to check the polished surface. Microhardness was measured by the Vickers hardness testing 

machine in the materials lab. Before measuring the hardness, the sample was polished with four 

different grit papers for 40 minutes. After that, the sample is taken to the coarse and fine diamond 

disk for another 40 minutes. 
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4.1 Powder Flowability Test 

Powder flowability is very important in the powder bed fusion additive manufacturing 

process. The angle of repose was found 24.90 degrees for equiatomic WMoTi alloy. Figure 14 is 

showing the result.    

Figure 12: Angles of Repose for WMoTi alloy. 

Table 9 is presenting the classification of the flowability. Based on the data TiWMo alloy 
possess very free flowability.  

CHAPTER IV 

RESULT AND DISCUSSION 
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Table 9: Classification of flowability based on angles of repose (Zegzulka, Gelnar, Jezerska, 

Prokes, & Rozbroj, 2020) 

Angle of 

Repose, α 

(AOR) 

20° < α < 30° 30° < α < 38° 38° < α < 45° 45° < α < 55° 55° < α < 70° 

Flow 

properties 

Very free-

flowing 

Free-flowing Fair to passable 

flow 

Cohesive Very cohesive 

4.2 Design of Experiment for test 1 – test 4 

Refractory and hard materials have diversified melting temperatures. In order to have 

proper diffusion, melting and bonding between the elements, choosing the right parameters is very 

important and critical. Many papers have analyzed the process parameter's effect on the 

microstructure and phase of refractory metals. For tungsten and molybdenum alloy, the optimized 

energy density is found between 250 – 400 J/mm3   (Z. Guo et al., 2020; Iveković et al., 2019; Ren 

et al., 2021). As a result, the initial energy density range is considered between 250 – 400 J/mm3 

in test 1. The measurement of each small cube was 10 mm X 10 mm. It was observed from figure 

8, the higher energy density burnt the sample. Each of the sample's surfaces is distorted as well. In 

compare with 8 samples, the lowest energy density showed a better surface finish visually. Test 2 

was launched with the reduced energy density and after 12 layers the printing failed again. From 

figure 9, it’s visible that the samples are over burnt. Therefore, the subsequent test 3 and test 4 

proceeded with less energy density. Table 4-7 represents the data. To do the further analysis, three 

samples were taken for the SEM and EDS analysis.  

Figure 15 is representing the energy density for different samples from test 2 to test 4.  
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Figure 13: Samples from tests 2-4 with different energy densities. 

Among 15 counts, 8, 9 and 11 was picked to check the SEM and EDS. As those samples were 

representing high, medium and low energy densities.  
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4.3 Microstructure and EDS Analysis of TiWMo on Steel Substrate 

Figure 16 is showing the SEM pictures of three samples in different magnifications. 

 

Pictures were taken from the top surface without polishing. Pictures (a) to (f) show lots of unmelted 

particles attached to the surface. At high energy density, the crack is visible in picture (a). At 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 14: SEM pictures of three samples into different magnification. (a) & (b) test 2 sample 8, (c) & (d) 
test 3 sample 2, (e) & (f) test 4 sample 2. 

ED 250 

ED 56 

ED 250 ED 250 

ED 122 ED 122 

ED 56 ED 56 
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medium energy density (c), the laser track is visible. All the pictures are showing different 

brightness.  

EDS analysis is showing two important findings in figure 18. The titanium atomic ratio is 

60-80% in each of the samples. Whereas the expected ratio is supposed to be 34%. Additionally,

the presence of Fe in the sample. Fe is reactive with Ti. Titanium mixed with Fe form TiFe and

Fe2Ti phases (Louzguine-Luzgin, 2018). Both phases are brittle in nature (Mo et al., 2018). EDS

analysis points the higher Ti ratio at the surface of the sample. Through the cross-section, getting

more Fe elements is more obvious. For better build quality and to print successfully, mixing

powder properly and reducing the Fe reaction with other elements is very important and critical.

Fabricating TiWMo medium entropy alloy in titanium substrate is necessary in order to avoid any

contamination from the substrate.  

ED 56 

ED 122ED 250 

(a)test 2 sample 8 (b)test 3 sample 2

(c)test 4 sample 2 Figure 15: SEM picture in higher maginification for (a)test 2 sample 8, (b)test 3 sample 2 (c)test 4 sample 2 
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(a) 

(b) 

(c) 
Figure 16: EDS analysis of three samples (a) test 2 sample 8, (b) test 3 sample 2 and (c) test 4 sample 2. 
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4.4 Effect of Process Parameters of TiWMo on Titanium Substrate 

Comparative studies were created and carried out to investigate the impact of processing 

parameters on the microstructure of TiWMo RMEA sections. In figure 19, the green rectangle in 

each sample was considered the area to calculate the surface porosity. This surface was taken from 

the cross-section of the each sample. ImageJ software was used to calculate the area of each pore. 

It is observed that, with increasing laser energy density the pores  

 

 

and microcracks were reduced. Since the extraordinarily high melting temperatures of these 

components in RMEA, partial melting of powders might prevent proper fusion due to insufficient 

laser power or energy density. Additionally, from the powder mixing to the print, all the process 

Sample 4_Porosity – 1.0924% 

Sample 3_Porosity – 0.075% Sample 1_ Porosity – 0.303% 

Sample 2_Porosity – 0.128% 

350 

280 

250 mm/s 380 

Laser Power 

Scanning Speed 

ED 350 ED 230 

ED 184 ED 280 

Figure 17 : Impact of the process parameters on the surface porosity of TiWMo RMEA 
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was done in an open environment, therefore the oxygen could contaminate the powder. Which 

might be another reason of having pores and cracks.  

4.5 Microstructure and EDS Analysis of TiWMo on Titanium Substrate 

To avoid contamination from the substrate, now titanium substrate was made and printed 

the samples on it. Test 5 was done by changing the laser power and scanning speed. Figure 20 is 

showing the four samples made by different process parameters. The building direction is from  

A to B. AC is representing the bottom layer of the each sample. Additionally, the SEM is done 

through the cross-section of the samples. All the pictures can be divided into two sections. One is 

there is no contrast and in the second section, there are lots of small particle size bright areas. 

Figure 21 is showing the EDS analysis of samples 1 and 3 in higher magnification. Images (a) and 

Figure 18: SEM pictures of four samples in different process parameters. 
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(b) is the SEM images of sample 3 and 1 respectively in higher magnification. In fig 21 (a), 4

different areas were selected to check the composition. Fig 21 (c) is representing stable

composition in all the four different areas. The average Ti is 40.5%, W is 17% and Mo is 32.6%.

As a result, it could be anticipated that the tungsten, molybdenum and titanium atoms interacted

with each other and formed a uniform random solid solution. In figure 21 (b) sample 1, there are

6 different areas are considered to study the composition.  Bright areas are 3,4 ad 6.  Picture 21 (d)

depicts that tungsten is 80.78%, 77.63% and 81.55% respectively. Therefore the bright regios are

representing unmelted tungsten particles. In the other regions 1,2 and 5 the atomic ratios of the

elements are homogenous. The average Ti is 44.06%, Wis 22.56% and Mo is 33.28%.

Molybdenum is more stable and closer to the expected atomic percentage.
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Figure 19: SEM images in higher magnification for (a) sample 3 and (b) sample 1, EDS analysis in 
different areas (c) sample 3 and (d) sample 1 
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Figure 20 indicated that the higher energy density gives less partially melted tungsten. 

Among the three elements, tungsten has the highest melting temperature (34200C) and Ti has the 

lowest melting temperature (16680C). According to the gaussian heat source, the energy is the 

highest in the center. This high energy is enough to melt the tungsten particle. However, the far 

point from the center has lower energy.  This lower energy is not sufficient to melt the tungsten 

particles. As a result, some partially unmelted tungsten was remaining(K. Liu, Gu, Guo, & Sun, 

2022). The side surface and the top surface of the samples in the figure 17 seems lots of unmelted 

particles. This is due to the low energy applied through the contour and in the last 3 layers of the 

full build.  

In test 2 – 4, the atomic percentages of the elements were higher than expected. The 

titanium ratio was around 60-80%, molybdenum and tungsten were 10-28 % and 2-9% 

respectively. Additionally, the iron was present in the sample. Therefore, mixing the powder 

properly is very important and needs to be done properly. In order to mix the new powder properly 

the parameter of the mixing has been followed through the guidance. The volume of the powder 

inside the mixing chamber was less than 40% of the total volume. The mixing time was more than 

12 hours. 

To investigate the atomic ratios throughout the cross-section of each sample, a bunch of 

areas was considered from the bottom to the top surface.  In figure 22, to check the composition 

throughout the cross-section, different areas were selected. The AB is the building direction. AC 

is estimated bottom layers. The blue bar is representing the 0.9 mm length. For samples 1, 2, 3 and 

4 there are 11, 15, 13 and 12 areas taken respectively. AC axis is considered as 0 positions. The 

elemental distribution is represented in figure 23. In image 23 (a), initially at the bottom layers, 

the titanium ratio is 80%. As the substrate is titanium so more titanium particles are depleted from 

the substrate which increased the atomic percentage. Gradually with the distance of the areas from 

the AC axis. The titanium ratio is decreasing. And more molybdenum and tungsten particles are 

taking place in the built product. As a result, the composition of the elements is more stable from 

0.7 onward. In sample 1, the titanium, tungsten and molybdenum are more stable at 41%, 26% and 

33% respectively. Likewise, in sample 2 and sample 3 gave the same result.    
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Figure 20: EDS analysis of different areas through the cross-section of the samples (a) sample 1, (b) 
sample 2, (c) sample 3 and (d) sample 4 

A 

B 

C

C A 

B 

C A 

B 
A 

B 

C

A 

B 

C 

C 

C A 

B 

ED 230 ED 280 

ED 184 ED 350 

A 

B 

C 

B 

C 



46 

(a) 

(b) 

(c) 

80.17
70.24

61.13
50.29 46.03 43.08 40.81 41.64 43.18 41.38 42.29

8.35 12.31 18.03 24.56 23.37 25.01 26.87 24.72 24.15 26.13 23.63
11.47 17.45 20.83 25.15 30.6 31.91 32.32 33.64 32.67 32.48 34.08

-0.24 -0.06 0.13 0.32 0.53 0.70 0.89 1.09 1.29 1.45 1.64

At
om

ic
 ra

tio
 in

 %

Distances of each areas with respect to AC axis

Elemental Distribution of Sample 1

Ti W Mo

84.62
75.06 73.4 68.02

59.2 57.31 55.8 53.03
46.28 42.76 45.03 42.99 43.74 41.35 39.38

5.39
12.56 10.4 13.64 17.34 18.66 19.72 22.2 22.8 25.27 23.97 24.73 24.84 25.03 27.66

9.99 12.38 16.2 18.35 23.45 24.03 24.48 24.77
30.92 31.97 31 32.29 31.42 33.63 32.95

-0.303 -0.155 -0.010 0.132 0.317 0.442 0.597 0.765 0.923 1.095 1.243 1.418 1.596 1.771 1.922

At
om

ic
 ra

tio
 in

 %

Distances of each areas with respect to AC axis

Elemental Distribution of Sample 2

Ti W Mo

81.25
74.25

67.51
60.68 57.45

48.29 42.8 42.46 41.98 41.2 39.93 40.2 40.76

7.69 11.01 13.43 17.03 17.9 22.27 26.17 26.5 26.24 27.4 28.36 27.55 28.89

11.06 14.74 19.07 22.29 24.65 29.44 31.04 31.04 31.78 31.4 31.71 32.25 30.65

-0.275 -0.109 0.083 0.265 0.440 0.635 0.827 1.026 1.208 1.410 1.582 1.750 1.903

At
om

ic
 ra

tio
 in

 %

Distances of each areas with respect to AC axis

Elemental Distribution of Sample 3

Ti W Mo



47 

(d) 

Figure 21: Atomic ratios of Ti, W and Mo into 4 samples through the cross-section. (a)sample 1, 
(b) sample 2, (c) sample 3 and (d) sample 4.
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4.6 Phase Prediction of TiWMo Sample on Titanium Substrate 

Reference studies have been done on the phase stability and composition of several 

elements in high-entropy alloys. The random solid solution phase composition of medium and 

high-entropy alloys is often calculated using a number of specialized factors. Those are described 

below.  

Sample 3_Unmelted particles – 1.14% 

350 

280 

250 mm/s 380 

Laser Power 

Scanning 

ED 350 ED 230 

ED 184 ED 280 

Sample 1_Unmelted particles – 2.38% 

Sample 2_Unmelted particles – 1.72% Sample 4_Unmelted particles – 3.68% 

Figure 22: Impact of the energy density on the unmelted particles of TiWMo RMEA 
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As per H-R rules, to get complete solubility, the atomic radius of each element in a binary 

solution must not differ more than 15% (Massalski, Okamoto, Subramanian, Kacprzak, & 

Scott, 1986). Every three elements are compatible and might show good solubility in the alloy.  

Table 9: Atomic radius of each element 

Tungsten Molybdenum Titanium 
Atomic Radius (Angstrom) 1.39 1.39 1.47 

7% 1.49425 1.49425 1.58025 
-7% 1.28575 1.28575 1.35975 

The atomic size difference can be calculated by the below equation(Y. Zhang, Yang, & Liaw, 

2012): 

𝐴𝑡𝑜𝑚𝑖𝑐	𝑆𝑖𝑧𝑒	𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒, 	𝛿 = 100	 ∗

<∑ 𝐶𝑖"
#$! ?1 − 𝑟𝑖 !

∑ &'!
"#$

𝑟𝑗B
(
………………………………………………………………(5) 

Where, valence electron concentration (VEC) can be calculated(S. Guo, Ng, Lu, & Liu, 2011): 

 VEC= ∑ ci(VEC)i
"
#$!   ……………………………………………..(6) 

Parameter Ω ≥ 1.1 (Y. Zhang et al., 2012): 

Here Ω defined as    Ω = Tm∆Smix  / ∆Hmix.  ……………………………..(7)

With Tm = ∑ ci (T)𝑖"
#$! 	 

Tm is the melting temperature of the i-th element, ΔSmix and ΔHmix the entropy and enthalpy of 

mixing predicted from Miedema theory. 

The mixing enthalpy ΔHmix	can	be	calculated (S. Guo et al., 2011) 

Here, ΔHmix is given by,      ∑ 4 ΔHmix𝐴𝐵𝑐𝑖𝑐𝑗"
#$!,	'+#   (S. Guo et al., 2011)…………………(8) 

where ΔHmix AB is the enthalpy of mixing for the binary AB equiatomic AB alloys. 
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Based on equation (5), (6), (7) and (8) the calculated atomic size different, valence electron 

concentration, Ω and mixing enthalpy of TiWMo alloy is 2.85%, 5.28, 5898 and -4.356 Kj/mole 

respectively. To get single phase solid solution, the atomic size difference needs to be less than 

6.6%, Ω ≥ 1.1, mixing enthalpy needs to be −	20 ≤ ΔHmix ≥ 	5 kJ/mol. Therefore, TiWMo alloy 

meeting the single-phase solid solution requirements. Additionally, (VEC) ≥ 8 for fcc solid 

solutions and VEC < 6.87 for bcc phases. TiWMo alloy’s VEC is indicating stable bcc solid 

solution phase.
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4.7 Microhardness Testing of TiWMo 

.The mirror polished sample was taken to the hardness testing machine. Diamond shape 

intender was placed on the surface of sample 1. The dwell time was 5 seconds. The force was 

2.942N. This way three tests were done for each sample. The result of the microhardness of four 

different energy densities is displayed in figure 25. The picture depicts that the microhardness is 

proportionally related to the energy density. With the increase in energy density at 350 J/mm3, the 

microhardness is the highest. One of the reasons for the increased microhardness could be the more 

homogenous mixture and less partially melted tungsten in sample 3. The higher energy density 

took more time to melt the TiWMo powders and created less partially melted tungsten. With the 

lowest energy density 184 J/mm3, the partially melted tungsten is more in sample 4. Which resulted 

in a lower microhardness value. Additionally, from figure 18, the pores are reduced with increasing 

energy density. Higher energy density provided sufficient heat to melt the powder in order to 

reduce the irregularly shaped pores (Pasebani, Ghayoor, Badwe, Irrinki, & Atre, 2018). In figure 

27, the other research worked on RHEA and RMEA are referenced. The orange color is 

representing our work, which is promising.  
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Figure 25: Microhardness testing for TiWMo samples 

Figure 26 : Average microhardness of TiWMo 
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Figure 27: Summary of microhardness for the commonly reported RHEA including this work 

(Dobbelstein, Gurevich, George, Ostendorf, & Laplanche, 2019; Huber, Bartels, & Schmidt, 2021; 

Li et al., 2019; Qiao et al., 2020; O. N. Senkov, Wilks, Scott, & Miracle, 2011; Yao et al., 2016; H. 

Zhang et al., 2021).   



54  

CHAPTER V 

CONCLUSIONS 

In this research project, we fabricated TiWMo refractory medium entropy alloy by 

selective laser melting process from the elemental powder. The powder was mixed with V shape 

mixer. EOS M290 machine printed the 5mm X 5mm X 2 mm sample. Steel, titanium and 

tungsten substrate were used to fabricate the samples. Different laser power and scanning 

speeds are considered to print this alloy. SEM and EDS analysis was done to check the 

microstructure and elemental distribution of TiWMo RMEA. The phase was predicted based 

on the theoretical calculation. A Microhardness test was done to check the mechanical 

properties. The main conclusion can be summarized below.  

(1) Steel substrate made the printing fail as Fe reacted with the TiWMo alloy. Fe might react

with Ti and could create TiFe and Fe2Ti phases. Both phases are brittle in nature. Tungsten

substrate also couldn’t make the printing successful. As tungsten possess extremely high

melting temperature as a result, many unmelted tungsten particles are created at the

beginning of the printing which resulted in very less bonding between layers and failure to

fabricate TiWMo RMEA. Only titanium substrate is supported to manufacture the TiWMo

RMEA by selective laser melting process.

(2) The laser processing parameters greatly influenced the porosity of the sample. At the

highest laser power 350W and lowest scanning speed 250 mm/s, the surface porosity

measured was the least. So, decreasing the laser scanning speed gives more time to melt

the elements and form the alloy. A lower energy density caused insufficient melting of

tungsten particles, which created more pores.

(3) The SEM analysis could be divided into two findings. Most of the regions represented the

homogeneous mixture and some bright areas represented partially melted tungsten. An

increasing energy density reduced the partially melted tungsten. EDS analysis showed the
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Ti atomic percentage was higher at the initial layers. After multiple layers of deposition 

(approximately 1 mm of height), composition was homogenized. The result indicates that 

stable deposition with constant composition were achieved.  

(4) Single phase BCC is predicted based on the atomic size difference, valence electron

concentration, mixing enthalpy and mixing entropy.

(5) The microhardness test results were influenced by higher energy density. The highest

microhardness value was 644 HV at 350W laser power and 250 mm/s scanning speed. A

higher energy density resulted in better densification and fewer pores and microcracks

which resulted better hardness value.
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