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ABSTRACT 

 

Over the past decades of years, a great deal of money has been spent to machine 

large and complex parts from high-performance metals (i.e., titanium components for 

aerospace applications), so users attempt to circumvent the high cost of materials. Laser 

metal deposition (LMD) is an additive manufacturing technique capable of fabricating 

complicated structures with superior properties. This dissertation aims to improve the 

applications of LMD technique for manufacturing metallic components by using various 

elemental powder mixture according to the following three categories of research topics. 

The first research topic is to investigate and develop a cost-effective possibility by using 

elemental powder mixture for metallic components fabrication. Based on the studies of 

fabricating thin-wall Ti-6Al-4V using elemental powder mixture, comparative close 

particle number for Ti, Al and V powder could easily get industry qualified Ti-6Al-4V 

components. The particle number for each element in powder blends has been proved to 

be a key factor for composition control in the final deposit part. The second research topic 

focuses on the application improvements of elemental powder manufacturing.  By 

fabricating AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) high entropy alloys from elemental 

powder based feedstocks, it enhances the usage of elemental powder to fabricate novel 

materials with complex compositions. The third research topic extends the applications of 

using elemental powder mixture to the broader area. A functionally gradient material (FGM) 

path is developed to successfully join titanium alloy with γ-TiAl. This dissertation leads to 

new knowledge for the effective fabrication of unique and complex metallic components. 

Moreover, the research results of the dissertation could benefit a wide range of industries.  
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SECTION 

1. INTRODUCTION 

1.1. BACKGROUND 

High-performance metal components are very costly, especially for large and 

complex parts (i.e., titanium components for aerospace applications). Typically, most of 

the advanced components are made of high-value materials such as titanium and nickel-

based alloys. Nowadays, a variety of high quality and low-cost powders are available for 

manufacturing. It should lead to a reasonable growth of products manufactured by the 

powder-producing process. The benefits offered by the powder-producing techniques are 

well-known: reduce processing steps, no extensive secondary machining, low buy-to-use 

ratio, rapid manufacturing cycle, uniform properties in longitudinal and transverse 

directions, integral processing of composites, more energy efficient, etc [1]. Apart from 

these, a substantial advantage is that net shape or near net shape (NNS) parts can be made 

with little or no additional shaping in the process. Near net shape processing looks like the 

most appealing way to reduce high cost. From a chemistry standpoint, production of NNS 

parts is divided into parts produced using blended elemental (BE) powders and those 

produced using pre-alloyed (PA) powders. The elemental approach blends various suitable 

pure powders from the wide range of available powders to develop target properties. The 

PA approach involves the use of pre-alloyed powders, each particle is an alloy composed 

of the desired chemical composition. PA powders are usually used to produce large and 

complex parts, such as the impeller and arrestor hook support fitting. The elemental method 

is potentially more effective, flexible, and lower cost, also elemental powders are much 

easily processed than pre-alloyed powder. Compared with conventional techniques, laser 
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metal deposition (LMD) is an additive manufacturing technique capable of fabricating 

complicated structures with superior properties. The applications of this technique include 

coatings, rapid prototyping, tooling, repair, etc.  

Even though LMD provides the good capability for various fabrication, some 

components could be unique and complex. For each individual component, the required 

composition and specific combination of mechanical properties are arbitrary, even the 

desired level of interstitials could be different. Even in one component, the geometry and 

area variation may exist because of different required functions. Meanwhile, high-value 

components are fabricated with expensive materials and more labor. Although compatible 

and affordable powders could be selected and blended to achieve desired components, 

many kinds of new powders are still under development. These new powders will not be 

available for some time until they establish the cost and characteristics [2]. It provides an 

opportunity to process components of equivalent or superior properties with a competitive 

cost. Currently, more and more metallic components could be fabricated by powder-

producing method easily, especially in aerospace and automobile areas. The uniqueness of 

each component brings challenges to control the manufacturing processes, such as change 

the composition, control the energy density for different parts, produce new material area, 

etc. The dissertation develops production method to fabricate desired products using 

elemental powder mixture by LMD method with low cost, high accuracy, and good 

capability. 
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1.2. RESEARCH OBJECTIVES 

The main objective of this dissertation is to investigate the approaches to fabricate 

and analyze different metal components using elemental powder mixture by LMD 

technique. Three topics are researched to describe and support the general method. 

The objective of the research topic one is to fabricate thin-wall Ti-6Al-4V using the 

powder mixture of Ti-6wt.% Al-4wt.% V by LMD method. The main challenging problem 

in the deposition process is to confirm to get target material with the original weight 

percentage ratio. By understanding the size distribution and characteristics of powder 

particles, observations and any findings in deposits could potentially be correlated with 

these factors such as particle shape or size. Two hypothesis will be proposed to study the 

influence of particle acceleration and number of particles for each elemental powder on the 

as-built parts. Based on this analysis, the strategy can be identified to obtain industry 

qualified metallic components with elemental powder mixture by LMD technique. 

Research topic two addresses the problem of how to improve the usage of elemental 

powder mixture when fabricating some new types of novel metallic components with 

complex composition. Take high entropy alloy as an example,  AlxCoFeNiCu1−x (x = 0.25, 

0.5, 0.75) high entropy alloys have been successfully fabricated by the LMD technique 

using blended Al-Co-Fe-Ni-Cu elemental powder as the feedstock. The method is flexible 

for fabrication and development of the novel material system that exhibits more superior 

properties than traditional alloys [3]. Moreover, this method provides the feasibility to 

develop unique materials using elemental powder mixture with comparable low cost.  

The third research topic is to develop a functionally graded material (FGM) path to 

successfully join titanium alloy with γ-TiAl using Ti-48Al-2Cr-2Nb and Ti powder via the 
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LMD process. Because there is a great difference in the thermal expansion coefficient 

between Ti and γ-TiAl, it will result in cracks during cooling process after deposition due 

to the high residual thermal stresses between layers. Thus it is necessary to develop a 

gradient path to deposit crack-free Ti/γ-TiAl components. The FGM method could meet 

the expected requirements by eliminating the obvious interface between composite 

materials in different layers and accommodate materials for specific applications. 

Meanwhile, the application of powder mixture and LMD technique could reduce cost and 

lead time of production. This method gives a possibility to effectively manufacture special 

metallic components that are difficult to fabricate using conventional processing methods. 

Further, it is important for improving the properties of metallic components and 

researching new advanced materials by taking use of elemental powder mixture.  

The outcomes of the above research topics are expected to advance the knowledge 

of using elemental powder mixture in LMD process for advanced metallic components 

fabrication. The technical developments may benefit not only the area of component 

fabrication, but also other areas such as part repair engineering, aerospace and automation 

engineering, and additive manufacturing. 

1.3. ORGANIZATION OF DISSERTATION  

In this dissertation, four major developments are presented and organized as shown 

in Figure 1.1. These four papers research the same core topic of LMD manufacturing from 

elemental powder mixture, while each of them has a different focus. Paper I and II focus 

on the strategy for fabrication of metallic components using elemental power mixture via 

LMD technique. These two papers present the theories, methodologies, and 

implementation of the deposition process. This method is helpful for making qualified 
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target metallic components with economical elemental powder mixture efficiently. Paper 

III emphasized the application improvement of elemental powder mixture to fabricate 

novel materials by LMD method. In order to develop innovative metallic alloys with 

superior metallic properties, the elemental powder mixture is used for laser metal 

deposition to improve the properties of metallic components and reduce cost. Paper IV 

developed an FGM path for metal deposition effectively. The FGM method, powder 

mixture, and LMD technique are used to fabricate metallic components in the process. The 

focus of this topic is to broad the impact of powder mixture and realize the fabrication of 

advanced metallic components during the deposition process. 

 

 

 

 

 

Figure 1.1. Framework of this dissertation 
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PAPER  

I. EFFECT OF POWDER PARTICLE SIZE ON THE FABRICATION OF TI-

6AL-4V USING DIRECT LASER METAL DEPOSITION FROM ELEMENTAL 

POWDER MIXTURE 

 

Xueyang Chen1, Lei Yan1, Wei Li1, Frank Liou1, and Joe Newkirk2 

 

1Department of Mechanical and Aerospace Engineering, 

Missouri University of Science and Technology, Rolla, MO 65409 

2Department of Materials Science and Engineering, 

Missouri University of Science and Technology, Rolla, MO 65409 

 

ABSTRACT 

Direct Laser Metal Deposition (LMD) was used to fabricate thin-wall Ti-6Al-4V 

using the powder mixture of Ti-6 wt.%Al-4 wt.%V. Scanning electron microscopy (SEM), 

optical microscopy (OM) and energy dispersive spectroscopy (EDS) were employed to 

examine the chemical composition and microstructure of the as-deposited sections. Vickers 

hardness tests were then applied to characterize the mechanical properties of the deposit 

samples which were fabricated using pre-mixed elemental powders. The EDS line scans 

indicated that the chemical composition of the samples was homogenous across the deposit. 

After significant analysis, some differences were observed among two sets of deposit 

samples which varied in the particle size of the mixing Ti-6wt.%Al-4wt.%V powder. It 

could be found that the set with similar particle number for Ti, Al and V powder made 

composition much more stable and could easily get industry qualified Ti-6Al-4V 

components.  

Keywords: Laser metal deposition; Ti-6Al-4V; Elemental powder mixture 
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1. INTRODUCTION 

Laser Metal deposition is an additive manufacturing technique. The applications of 

this technique include coatings, rapid prototyping, tooling, and refurbishment. As shown 

in Figure 1.1., laser deposition uses a focused laser beam as a heat source to create a melt 

pool on an underlying substrate. Powder material is then injected into the melt pool through 

nozzles. The incoming powder is metallurgically bonded to the substrate upon 

solidification [1-7]. Conventionally, Direct Laser Deposition (DLD) manufactured parts 

by adding materials layer by layer using pre-alloyed powder. In the pre-alloyed powder, 

each individual powder particle has the composition of the desired alloy composition in 

the final part [8]. But sometimes, it is more flexible to use the mixed elemental powder to 

develop products. In the elemental powder mixture, each individual powder particle only 

has the composition of a single element present in the desired final alloy composition, but 

the blend of the total elemental powder forms the desired final alloy composition [8]. In 

this study, the material of both powder and substrates is Ti-6Al-4V alloy, which is widely 

used in the aerospace industry and especially suitable for laser processing. Owing to high 

cost, this titanium alloy is usually developed by near-net-shape Powder Metallurgy (PM) 

methods such as laser deposition. Ti-6Al-4V is still classified as one of the extremely 

difficult-to-machine materials using conventional machining which makes DLD an ideal 

manufacturing process for the same [9]. 
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Figure 1. 1. Schematic of the MST-LAMP DLD system [10] 

 

 

2. EXPERIMENTAL PROCEDURES 

Elemental powders used in this study were titanium, aluminum, and vanadium. The 

elemental powders were characterized to confirm information provided by suppliers and 

also to determine particle shape and size. By understanding the size distribution and shape 

of particles, observations and any findings in deposits could potentially be correlated with 

particle shape or size. Images were taken using a Hitachi S4700 SEM and image analysis 

was performed using the ImageJ software.  

Figure 2.1. shows the SEM images and size distribution of Titanium, Aluminum 

and Vanadium powder. Titanium powder, grade Ti-109, was purchased from Atlantic 

Equipment Engineers for use in deposition of Ti-6Al-4V alloys. This powder, grade Ti-

109, was listed as being 99.7% and of -100 mesh (<149 μm) size. A SEM micrograph of 
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the titanium powder can be seen in Figure 2.1. (a) and indicates significant complexity in 

particle shape. This makes it difficult for the automatic particle analysis software in ImageJ 

to accurately outline individual particles and calculate their surface area. While this 

analysis may not give precise measurements, trends in particle size and distribution can be 

observed. From the resulting software analysis, an average particle size of 106 μm was 

determined. The elemental aluminum powder, grade Al-103, was produced by Atlantic 

Equipment Engineers. The purity of the powder was listed as 99.8%. Using similar 

software analysis gave the Al-103 an average particle size of 165 μm. The elemental 

vanadium powder, grade VA-103, was purchased from the Atlantic Equipment Engineers 

with a powder purity of 99.8%. A SEM micrograph of the vanadium powder can be seen 

in Figure 2.1. (c) and the average size of this powder was 175 μm. 

 

 

  

a) Titanium powder SEM image b) Aluminum powder SEM image 

Figure 2.1. The SEM images and size distribution of Titanium, Aluminum and Vanadium 

powder [10] 
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c) Vanadium powder SEM image d) Particle size distribution 

Figure 2.1. The SEM images and size distribution of Titanium, Aluminum and Vanadium 

powder [10] (cont.) 
 

 

Before the deposition process began, the elemental powder mixes were prepared. 

Powders were weighed out according to desired alloy composition in a glove box under an 

argon atmosphere and placed in a sealed bottle. The powder mixture was a representative 

of the Ti-6Al-4V alloy. After the desired composition was obtained, the bottle was placed 

in a Turbula® mixer for 20 minutes. A 1KW Nd: Yag laser was used in this study to deposit 

these elemental alloy powders. The laser has a wavelength of 1024 nm and approximate 

1mm spot size at a 750 mm focal length. To ensure uniformity, thin wall samples with 30 

mm track length were deposited on Ti-6Al-4V substrates during the study. Also, all the 

substrates were 2 inches long, 0.5 inch wide, and 0.25 inch thick. Before deposition, a 

preheating process was performed by using the laser across the surface of the substrate 

with 1kW power and without powder. The preheating process was used to form a melt pool 

on the substrate and clean the surface of the substrate off of scale buildup and other 
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impurities and surface imperfections. This research theorizes that this pre-heat and clean-

up will enable conductive metallurgical bonding of the powders with the substrates. 

The commercially irregular pure Ti, Al, and V powders were weighed out and two 

sets of powder blends were prepared to facilitate similar particle acceleration and similar 

particle number. It is believed that this will enable a relatively uniform shape of the deposit 

from top to bottom using the laser deposition system. Ti, Al, and V powders were mixed 

with the designated weight percentage ratio of 90:6:4 to get target material Ti-6Al-4V. 

Laser transverse speed was set at 1000 mm/min for all the paths. For laser power, the high 

normal value of 1 kW was first selected to generate melt pool and then laser power was 

dropped to and kept stable at 450 W (after 10 layers) to maintain a stable melt pool. While 

depositing the material, uniformity was ensured in the deposition parameters of travel 

speed, powder feed rate, and layer thickness constant from test to test. This would lead to 

an unbiased comparison between different depositions by using similar powder particle 

and similar powder particle number. Using the analysis, the research theorizes that 

optimized parameters can be determined in the results for different deposits. 

During the laser deposition process, powder blends with the designated weight 

percentage ratio were injected into the melt pool through the nozzle. To confirm to get 

target material with the original weight percentage ratio, each element in the blend with the 

desired composition needs to be melted at the same time. The powder particles had the 

same initial speed when they went into the nozzle. So particle acceleration is a key factor 

for composition control. According to the fluid mechanics [11], the particle acceleration is 

inversely proportional to the particle density and the square of powder diameter, which 

could be expressed as 𝑎 ∝ 1/(𝜌 ∗ 𝐷2). Also, particle size for each element in powder blend 
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has a relationship with the particle number. So particle size of each element could be 

changed to control the composition in the final part. Then the hypothesis proposed in this 

research is proved using experiments design around two sets of data namely 

Set 1: A comparative study of the acceleration of the elemental powder particles 

(Table 2.1.). 

Set 2: A comparative study of the number of particles in each elemental powder 

(Table 2.2.). 

Among the two sets of experiments conducted, the appropriate particle size of Ti, 

Al and V powder has been selected according to the particle diameter listed in Table 2.1., 

it shows the particle size and calculated acceleration ratio of Ti, Al and V powder. In this 

experiment, Ti, Al, V elemental powder has the similar particle acceleration during the 

process. Similarly, after choosing suitable particle size for set 2, corresponding particle 

number ratio of Ti, Al, V powder could be calculated in Table 2.2. In this set, Ti, Al, V 

elemental powder has the similar particle number during the process. These two sets of 

experiments were chosen to study which factor, among particle acceleration and particle 

number, would affect an as-built part’s final chemistry composition.  

 

Table 2.1. Particle Size and Acceleration Ratio in Set 1 

Irregular 

powder 

Density 

(𝒌𝒈 𝒎𝟑)⁄   

Diameter 

(𝛍𝐦)  

Acceleration 

ratio 

Number 

ratio 

Ti 4507 112 1 19.2 

Al 2700 133 1.18 1.3 

V 6110 96 1.06 1 
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Table 2.2. Particle Size and Number Ratio in Set 2. 

Irregular 

powder 

Density 

(𝒌𝒈 𝒎𝟑)⁄   

Diameter 

(𝛍𝐦)  

Acceleration 

ratio 

Number 

ratio 

Ti 4507 147 1 2.4 

Al 2700 94 0.25 1 

V 6110 63 0.25 1 

 

 

After deposition, longitudinal samples were cut off using the EDM machine and 

mounted for grinding and polishing. Kroll’s Reagent consisting of 92 ml distilled H2O, 6 

ml HNO3, and 2 ml HF was used for etching. To research the microstructure characteristic 

and composition in the elemental powder deposits, energy dispersive spectroscopy (EDS) 

line scans were performed using Hitachi S4700 and FEI Helio 600 scanning electron 

microscope (SEM). Also, optical microscopy was used to assess the microstructure in the 

samples. Comparison of the mechanical properties between the two sets of different 

samples was also conducted. The Vickers hardness measurements were taken with a 

Struers Duramin micro-hardness tester. 9.8kg load with a dwell time of 10 seconds was 

applied during the test hardness procedures. 

 

 

3. RESULTS AND DISCUSSION 

3.1. VICKERS HARDNESS & EDS TEST 

Figure 3.1. shows the composition distribution and Vickers hardness of the 

deposited sample from elemental powders of Set 1 whose three elements of Ti, Al, and V 

have the similar particle acceleration. Ti-6Al-4V substrate Vickers hardness was first taken 
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near the bottom edge that is away from heat affected zone (HAZ) and found to be 

352.44±15.41 HV. It was observed that the Vickers hardness values increased as it 

progressed into the HAZ from the substrate. In the deposit zone, there was a temporary 

increase for the first several layers, then a decrease and stabilization from the middle to the 

top of the deposit. 

For the deposited samples using mixed powder of Set 1, area scan and line scan 

were employed to investigate the composition distribution along the build height direction. 

Figure 3.1. shows the EDS result of the deposit. The weight percentage of Ti, Al and V 

could be found in the image in the left figure of Figure 3.1. Al and V curves were focused 

on and showed their weight percentage variation against the position in the image on the 

right. Two marked zones in this figure mean industry qualified Al and V weight percentage 

for Ti-6Al-4V, which is Al ranges from 5.5-6.75% and V ranges from 3.5-4.5%. At deposit 

height, Al and V weight percentage showed that the values varied outside the qualified 

range, which means the as-deposit alloy was not the targeted material Ti-6Al-4V. There 

was some powder loss when the powder mixture went through the nozzle, so it was 

supposed that less powder in the blend especially for Al and V powder because of the low 

volume of them. This would lead to the result that the weight percentage of Al and V along 

build height direction vary a lot. 

Figure 3.2. shows the composition distribution and Vickers hardness of the 

deposited sample from elemental powders of Set 2 whose three elements of Ti, Al, and V 

have similar particle number. Also, Ti-6Al-4V substrate Vickers hardness was first taken 

near the bottom edge that is away from heat affected zone (HAZ) and found to be 

359.11±13.78 HV. In this case, it was observed that the Vickers hardness values decreased 
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with progress into the HAZ from the substrate side. In the deposit zone, there was an 

increase for the first several layers and stabilization beyond that.  

 

 

  

Figure 3.1. Composition distribution & Vickers Hardness along build height direction of 

Set 1 
 

 

For the newly deposited samples using mixed powder (Set 2), area scans and line 

scans were also employed to check the composition distribution along the build height 

direction. Figure 3.2. shows the EDS results of the deposits. The weight percentage of Ti, 

Al and V could be found in the image on the left of Figure 3.2. Al and V curves were 

focused on and showed their weight percentage variation in the image on the right of Figure 

3.2. Two marked zones in the right figure mean industry qualified Al and V weight 

percentage for Ti-6Al-4V. It can be seen that the deposit had qualified Al and V weight 

percentage and get close to the maximum limit of industry qualified Ti-6Al-4V, which 

means industry qualified Ti-6Al-4V has been made. From this, it can be concluded that 

powder number for each of the elements in the blends is a key factor towards the 
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composition acquired in the final part. It could be found that similar particle number made 

composition much more stable and close to industry qualified Ti64. The research theorizes 

that the increase in the volume of Al and V in the set 2’s powder blends increases the 

probability of those two elements particles falling into melt pool.  

 

 

  

Figure 3.2. Composition distribution & Vickers Hardness along build height direction of 

Set 2 
 

 

Figure 3.3.(a) showed the line scan of the deposited sample from elemental powders 

of Set 1 whose three elements of Ti, Al, and V have similar particle acceleration. Figure 

3.3.(b) showed the line scan of the deposited sample from elemental powders of Set 2 

whose three elements of Ti, Al and V have similar particle number. Line scan was shown 

in Figure 3.3.(a) to define composition homogeneity along the build height direction. Thus, 

it can be known that similar particle acceleration could not guarantee a homogeneous 

chemistry distribution throughout the deposit from Figure 3.3.(a). Also, Line scan was 
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shown in Figure 3.3.(b) to define composition homogeneity along the build height direction 

which shows that the distribution is homogenous for the deposit. 

 

 

  

a) Similar particle acceleration b) Similar particle number 

Figure 3.3. Line scan of the deposited samples 
 

 

3.2. MICROSTRUCTURE 

Figure 3.4. shows the microstructure of deposited Ti-6Al-4V from elemental 

powder mixture with the similar particle acceleration at the same laser power and laser 

transverse speed. The optical microscope images captured from the bottom part, middle 

part and top part of the melt pool (Figure 3.4. (a) to (c)) in the deposit contained basketwave, 

colony, and martensite microstructure respectively. Figure 3.4. (a) showed the finer 
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microstructure could be observed in the bottom part compared with the middle and top part 

of the deposit. Also, a steady state could be observed from middle part to top part and there 

were limited differences in the microstructure between them. In these two zones, the 

Widmanstätten Basketwave is the main type of microstructure that could be found. It tends 

to form with an increasing cooling rate from the β-phase field [12-13]. 

 

 

   

a) Bottom of the deposit b) Middle of the deposit c) Top of the deposit 

Figure 3.4. Microstructure of the deposits using elemental powders of Set 1 

 

 

Analyses of these microstructures revealed that the smaller grain sizes were 

achieved closer to the substrate in the deposit. The reason was the proximity to the substrate, 

increased the cooling rate, which would lead to a finer microstructure [14]. The same 

phenomenon was observed in the microstructure of the deposited samples from the 

elemental powder mixture with the similar particle number of Set 2. Therefore, it was 

concluded that the steady state section tends to have the lower cooling rate, which would 

lead to the formation of coarser microstructure [15]. Figure 3.5. shows the microstructure 

of deposited Ti-6Al-4V from elemental powder mixture with the similar particle number 
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using the same laser power and laser transverse speed. Also, a steady state could be 

observed from middle part to top part and Widmanstätten Basketwave is the main type of 

microstructure that could be found. 

 

 

   

a) Bottom of the deposit b) Middle of the deposit c) Top of the deposit 

Figure 3.5. Microstructure of the deposits using elemental powders of Set 2 
 

 

4. CONCLUSIONS 

The blended elemental powder can be used in the direct laser deposition process to 

offer a variety of cost-effective possibilities for near-net-shape manufacture and 

functionally graded materials. The finer microstructure could be observed in the bottom 

part of the deposit compared with the steady state in the middle and top part of the deposit. 

The Vickers hardness could fluctuate at the first several layers of the deposit and then 

stayed stable at the top layers of the deposit. Particle number for each element in powder 

blends is a key factor for composition control in the final part. Similar particle number for 

Ti, Al and V powder could easily get industry qualified Ti-6Al-4V components. 
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ABSTRACT 

Laser metal deposition (LMD) technique has been identified as an effective means 

for economically fabricating custom alloys using blended elemental powder mixtures. 

However, there are issues that need to be addressed in order to realize the full potential of 

this approach. The primary issue is the lack of composition control resulting from blend 

separation and dissimilar flow characteristics of constituent powders. In the current study, 

the spatial distribution of elemental titanium, aluminum and vanadium powder particles 

were stochastically modelled. These models indicated the capture efficiency of the melt 

pool varied with the type and size of the powder. By selecting appropriate powder sizes 

and compensating for differences in capture efficiencies, a powder blend was designed to 

successfully achieve the target Ti-6Al-4V (Ti64) composition.  The homogeneity of the 

fabricated material was validated by assessing the weight percentages of the constituent 

elements using quantitative X-ray Energy Dispersive Spectroscopy (EDS). The assessment 

involves in-part and part to part comparison of chemistries.  Both martensitic and basket 

weave microstructures were observed in the deposits. The fabricated Ti64 alloy was found 

to possess a higher hardness in comparison to the commercially procured Ti64 substrate. 
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1.  INTRODUCTION 

Ti-6Al-4V (Ti64) alloy is an alpha-beta structure alloy, it is known to exhibit high 

strength-to-weight ratio in comparison to most of the steel and aluminum based alloys. It 

is used in more than 50% of the applications requiring titanium, this makes it one of the 

most popular titanium alloy [1]. It has been widely used in areas such as aerospace 

engineering, marine equipment, auto industry, and biomaterials [2]. This alloy is an 

excellent combination of low density, remarkable mechanical strength, excellent corrosion 

resistance and ductility. These properties also makes it extremely difficult to fabricate Ti64 

components using conventional machining methods. Additive manufacturing has been 

identified as an extremely effective method to fabricate Ti64 component in near net shape 

geometries. Much of the existing additive manufacturing based research has been done on 

the fabrication of Ti64 components by using pre-alloyed Ti64 powder. Qiu et al. [3] 

prepared Ti64 samples by direct laser deposition (DLD) using gas atomized Ti64 powder 

under various processing conditions. They successfully fabricated large Ti64 structures by 

optimizing various process parameters. Baufeld et al. used Shaped Metal Deposition (SMD) 

technology to produce large and dense Ti64 components with different shapes using pre-

alloyed powders [7]. Electron Beam Melting (EBM) process was also found to be widely 

used to fabricate Ti64 alloy components with complex geometries for orthopedic and 
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dental implants applications [4]–[6]. The laser metal deposition (LMD) technique is an 

advanced additive manufacturing technology which is capable of fabricating near net shape 

metallic components in a layer by layer fashion from computer-aided design (CAD) models. 

This technique is capable of reducing cost by significantly reducing the buy-to-fly ratios 

and lead times of production. It is therefore particularly beneficial to fabricate Ti64 

components using LMD  

Conventionally, pre-alloyed powders were used as the feedstock in the LMD 

manufacturing process. While the possibilities and advantages of using pre-alloyed Ti64 

powders are evident, there is a high cost associated with procuring pre-alloyed Ti64. Most 

of the additive manufacturing technologies involve the use of a high power source such as, 

laser, electron beam, and welding gun. Owing to the high temperatures associated with the 

process, vaporization of aluminum is highly probable. Compensating for the loss of 

aluminum is not feasible while using pre-alloyed Ti64. Fabricating custom compositions 

of pre-alloyed powder can be significantly expensive. Using elemental powders as modular 

feedstocks could be the solution for addressing the issues of Ti64 fabrication. By using 

elemental powder mixtures the procurement cost can be significantly reduced. Also, it is 

possible to fabricate a multitude of  compositions using elemental powder mixtures. This 

could potentially lead way to the  development of innovative alloys through investigation 

of variety of alloy systems. Additionally, elemental powder mixtures provide the flexibility 

to fabricate compositionally graded materials by varying the blend ratios of the powder 

mixture. Some studies have been conducted on the fabrication of advanced materials by 

using blended powder mixtures. For example, Ye et al. demonstrated a route for low-cost, 

single-step densification of Ti-6Al-4V by hot pressing of blended powders, commercially 
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purified Ti (CP-Ti) and Al-40V, allowing the use of low-cost CP-Ti powders and avoiding 

costly HIP densification [8]. While there are significant advantages to using blended 

powder mixtures, metal components fabricated from elemental powder mixtures have been 

identified to have issues of instability and non-repeatability with regards to composition. 

Collins’s [9] research on fabrication of Ti-Al and Ti-Al-Mo indicated that powder size and 

material density could influence the actual composition of the deposit.  

Though the powder characteristics have been found to influence the final 

composition, currently limited literature exists on means to compensate for this variation. 

The work previously done by the authors, showed that the number density (number of 

particles per unit volume) of each element in the powder mixture affects the variation in 

composition of deposited part. Maximizing the number density of elements by varying the 

powder size was found to reduce the compositional variation in the deposited material. The 

authors theorize, by modelling the spatial distribution of the powder particles just above 

the melt pool, the capture efficiency of melt pool for each constituent elemental powder 

can be realized. If the post-capture weight percentages of the powders match the intended 

composition, the deposited material is expected to meet the specification requirements. In 

this paper, a series of experiments have been performed to estimate the spatial distribution 

of each type of powder during the deposition process. Based on these distributions, the 

compensation factors were accordingly calculated to design a feedstock that could attain 

calculated post-capture weight percentages which would meet specification requirements. 

The fabricated material was then analyzed for compositional variation to ascertain the 

validity of the proposition. 
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2. MATERIALS AND METHODS 

2.1.  MATERIAL PREPARATION  

Under the current study, elemental powders of titanium, aluminum, and vanadium 

were used as feedstocks. Blends of these powders were made by mixing these elements to 

achieve different compositions of Ti-Al-V alloys. Titanium was purchased from Advanced 

Powders & Coatings (AP&C). The elemental aluminum powder was produced by Atlantic 

Equipment Engineers, and vanadium powder was from CNPC Company. Figure 2.1. shows 

the powder morphology of titanium, aluminum, and vanadium powder using Helios 

Nanolab 600 SEM (FEI Company, Hillsboro, OR, United States). The particle size 

definitions of Ti, Al, and V powders are listed in Table 2.1. The Ti-6Al-4V plate was used 

as the substrate material for these depositions, and substrates were prepared to the 

dimensions of 2× 0.5 × 0.25 in. A stainless steel sieve set including five sieve sizes (45 

microns, 75 microns, 105 microns, 125 microns, and 150 microns) was used to separate 

the three kinds of powder particles into different groups based on the sizes of the particles 

for further study. 

 

 

   
a) Titanium powder image b) Aluminum powder image a) Vanadium powder image 

Figure 2.1. The morphology images of Titanium, Aluminum and Vanadium powder 
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Table 2.1. Particle size of the original materials 

Materials US Standard Mesh 

Ti −100/+325 

Al −100 

V −100 

 

 

2.2. DEPOSITION SYSTEM 

In this study, a 1 kW continuous wave fiber laser with a wavelength of 1064 nm 

was used to deposit the elemental powder mixture. A melt pool spot size of approximately 

2 mm was obtained through a lens of 750 mm focal length. A commercial powder feeder 

was used to supply powder particles. A ceramic tube nozzle was used in conjuncture with 

a CNC (Computer Numerical Control) table to facilitate movement and perform deposition. 

Argon gas was used to implement an inert atmosphere and was also used as a carrier gas 

to deliver the powder mixture to the melt pool.  

The schematic layout of the LMD system is shown in Figure 2.2. LMD deposition 

is an additive manufacturing technique capable of fabricating complicated structures with 

superior properties. The applications of this technique include coatings, rapid prototyping, 

tooling, repair, etc. LMD uses a focused laser beam as a heat source to create a melt pool 

into which powder feedstock is injected. The powder material is metallurgically bonded to 

the substrate through solidification. 
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Figure 2.2. Schematic layout of the LMD (Laser Metal Deposition) system 

 

 

2.3. EXPERIMENTAL PROCEDURE 

2.3.1. Powder Distribution Experiment Set-up. In this research, three kinds of 

powder have been fed into the powder feeder individually in order to get their spatial 

distribution on the substrate. This powder distribution experiment set-up is shown in Figure 

2.3. (a). A transparency film was spread out epoxy resin. One piece of aluminum alloy 

plate pasted with the transparency film on it was set on the stage of CNC machining system. 

During the process, the nozzle of the ceramic tube could spray powder on the sticky epoxy 

resin of the transparency film along a designed path. Figure 2.3. (b) shows the solidified 

epoxy resin layer with captured powder. The moving path is a zig-zag shape as shown in 

this figure. After the resin got solidified, the powder distribution pattern on the substrate 

was shown in this Figure 2.3. (c). Take an image from part of the solidified epoxy resin 

layer as shown in Figure 2.3. (c). According to the image analyses code of Yunlu Zhang, 

the powder particle positions in the observed zone could be obtained. The particle 
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distributions could be displayed by analyzing the capturing powder image. Figure 2.3. (c) 

shows the un-sieved Ti powder particle distribution, and Table 2.2. shows the portion 

percentages and standard deviations for its distribution. Because the melt pool is 2mm wide, 

the probability of powder particles that falling in the melt pool could be calculated 

according to the distribution. Using the same way, the powder distributions for particles 

within different size ranges could be obtained. 

Take an image from part of the solidified epoxy resin layer as shown in Figure 2.3. 

(c). According to the image analyses code of Yunlu Zhang, the powder particle positions 

in the observed zone could be obtained. The particle distributions could be displayed by 

analyzing the capturing powder image. Figure 2.3. (c) shows the un-sieved Ti powder 

particle distribution, and Table 2.2. shows the portion percentages and standard deviations 

for its distribution. Because the melt pool is 2 mm wide, the probability of powder particles 

that falling in the melt pool could be calculated according to the distribution. Using the 

same way, the powder distributions for particles within different size ranges could be 

obtained. 

Our previous research revealed that the particle number for each element in powder 

blends is a key factor for composition control in the final part [10]. It can be deduced that 

the composition of deposit part can be affected by the spatial distribution of different 

elemental powders in the mixture. By keeping the same size of the melt pool, the 

composition of the samples deposited by elemental powder mixture could be controlled by 

changing the powder volumes. In this way, it is necessary to get the spatial distribution of 

different powder particles. The powder distribution images were taken to investigate the 

powder spay locations. After analyzing the positions of individual particles, the powder 
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flow distributions became visible. By sieving the particles to different size ranges, the 

capture efficiency for the powders could be improved by optimizing the ratio of different 

powders. The powder capture rate is the ratio of the powder mass fed into the part to the 

total powder mass used during the LMD process. 

 

 

 

(a) 

  

(b) (c) 

Figure 2.3. (a) Powder distribution experiment set-up, (b) Solidified epoxy resin layer on 

the transparency film, and (c) The powder distribution pattern 
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Table 2.2. Probability distribution data of un-sieved titanium powder. 

Powder 
Powder 

Groups 

Portion 

1 

Standard 

derivation (σ1) (µm) 

Powder probability 

within 2mm range  

Ti 
Un-sieved 

powder 
1 4084.782 0.193862 

 

  

2.3.2. Powder Distribution Experiment Design Theory. Our previous research 

revealed that the particle number for each element in powder blends is a key factor for 

composition control in the final part [10]. It can be deduced that the composition of deposit 

part can be affected by the spatial distribution of different elemental powders in the mixture. 

By keeping the same size of the melt pool, the composition of the samples deposited by 

elemental powder mixture could be controlled by changing the powder volumes. In this 

way, it is necessary to get the spatial distribution of different powder particles. The powder 

distribution images were taken to investigate the powder spay locations. After analyzing 

the positions of individual particles, the powder flow distributions became visible. By 

sieving the particles to different size ranges, the capture efficiency for the powders could 

be improved by optimizing the ratio of different powders. The powder capture rate is the 

ratio of the powder mass fed into the part to the total powder mass used during the LMD 

process. 

2.3.3. Deposition and Analyses Process. Powders were weighed for desired alloy 

compositions in a glove box under an argon atmosphere and sealed in bottles. The as-

blended weight percentages of these powder mixtures can be represented by Ti-xAl-yV 

(x,y could be decided according to powder distribution results). These bottles were then 
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shaken using a Turbula® mixer (Glen Mills Inc., Maywood, NJ, United States) for 20 min 

to obtain thorough mixing and homogeneity within the powder blends.  

Thin wall claddings were fabricated by performing single melt pool, layer by layer 

deposition. To ensure perfect bonding, before deposition, a preheat scan was performed by 

running the laser across the surface of the substrate at 1 kW power. The preheating process 

was used to heat up the substrate and rid the surface of the substrate from oxide scale 

buildup, surface impurities, and, surface imperfections. Laser transverse speed was set at 

600 mm/min for all the depositions. The initial 10 layers of deposition carried out a power 

to 1 kW to ensure perfect bonding with the substrate. The rest of the deposition was carried 

at a power of 400 W. The same deposition scheme and parameters were used for all the 

depositions.  

After deposition, vertical transverse sections were cut using a wire Electro-

Discharge Machine (wire-EDM, Hansvedt Industries Inc., Rantoul, IL, United States) and 

mounted in Bakelite for grinding and polishing. Kroll’s Reagent, consisting of 92 mL H2O, 

6 mL HNO3, and 2 mL HF was used for etching. Hirox optical microscope was used to 

perform microstructure imaging. Helios Nanolab 600 SEM (FEI Company, Hillsboro, OR, 

United States) equipped with an Oxford Energy Dispersive Spectrometer and HKL 

Electron Backscatter Diffraction system was used to get the chemical compositions. The 

Vickers hardness measurements were performed on the two different compositions using 

a Struers Duramin micro-hardness tester(Struers Inc., Cleveland, OH, United States). Press 

load of 9.81 N and load time of 10 s was used during the hardness tests.  
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3. RESULTS AND DISCUSSION 

3.1.  POWDER DISTRIBUTION 

After exiting the nozzle, the powder particles are drawn downward the plate. 

Powder distribution images were taken to investigate the probability functions. In detail, 

the probability plot and density function figures of Ti, Al, and V powder are presented in 

Figure 3.1., 3.2., and 3.3. respectively. The measurement results are listed in Table 3.1.  

In Figure 3.1., Ti powder distributions of different size groups (un-sieved, 0-45 µm, 

45-75 µm, 75-105 µm, 105-125 µm, >125 µm) are shown here. It can be seen that each 

group of powder spreading function indicated one normal distribution. All the powder 

groups have different standard derivations. Al and V powder distributions are shown in 

Figure 3.2. and 3.3. For some smaller size group of powder particles, they followed a bi-

model normal distribution. Their portion percentages and respective standard derivations 

are all shown in Table 3.1.  

According to this, the probabilities for the powder particles blown into the melt 

pool (a 2mm spot) of different size groups could be calculated and tabulated in Table 3.1. 

To further investigate the case, the deposition experiments were carried out using a blend 

of Ti, Al, and V powders based on the powder particle distributions. It could be known that 

the powder volume in the melt pool could be expressed as 𝑉𝑚 = 𝑀𝑡/𝜌, 𝑀𝑡 is the target 

mass of powder, 𝜌 is the density of powder. The powder volume is proportional to the 

powder particle number when each kind of powder particle volume is close. The powder 

capture rate R is the ratio of the powder mass fed into the part to the total powder mass 

used during the LMD process. R is the powder probability within 2mm melt pool in this 

case. 
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(a) Probability plot of un-sieved Ti powder (b) Probability density function for un-sieved Ti powder 

  
(c) Probability plot of 0-45 µm Ti powder (d) Probability density function for 0-45 µm Ti powder 

  
(e) Probability plot of 45-75 µm Ti powder (f) Probability density function for 45-75 µm Ti powder 

Figure 3.1. Probability Distribution for Ti powder of all size groups 
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(g) Probability plot of 75-105 µm Ti powder (h) Probability density function for 75-105 µm Ti powder 

  
(i) Probability plot of 105-125 µm Ti powder (j) Probability density function for 105-125 µm Ti powder 

  
(k) Probability plot of >125 µm Ti powder (l) Probability density function for >125 µm Ti powder 

Figure 3.1. Probability Distribution for Ti powder of all size groups (cont.) 
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(a) Probability plot of un-sieved Al powder (b) Probability density function for un-sieved Al powder 

  
(c) Probability plot of 0-45 µm Al powder (d) Probability density function for 0-45 µm Al powder 

  
(e) Probability plot of 45-75 µm Al powder (f) Probability density function for 45-75 µm Al powder 

Figure 3.2. Probability Distribution for Al powder of all size groups 
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(g) Probability plot of 75-105 µm Al powder (h) Probability density function for 75-105 µm Al powder 

  
(i) Probability plot of 105-125 µm Al powder (j) Probability density function for 105-125 µm Al powder 

  
(k) Probability plot of >125 µm Al powder (l) Probability density function for >125 µm Al powder 

Figure 3.2. Probability Distribution for Al powder of all size groups (cont.)  
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(a) Probability plot of un-sieved V powder (b) Probability density function for un-sieved V powder 

  
(c) Probability plot of 0-45 µm V powder (d) Probability density function for 0-45 µm V powder 

  
(e) Probability plot of 45-75 µm V powder (f) Probability density function for 45-75 µm V powder 

Figure 3.3. Probability Distribution for V powder of all size groups 
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(g) Probability plot of 75-105 µm V powder (h) Probability density function for 75-105 µm V powder 

  
(i) Probability plot of 105-125 µm V powder (j) Probability density function for 105-125 µm V powder 

  
(k) Probability plot of >125 µm V powder (l) Probability density function for >125 µm V powder 

Figure 3.3. Probability Distribution for V powder of all size groups (cont.) 
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Therefore, the designed volume of elemental powder (𝑉𝑑) and the powder volume 

in the melt pool (𝑉𝑚) have the relationship of 𝑉𝑑 = 𝑉𝑚/𝑅. In this way, the deposition 

experiment was conducted by using a mixture of 105-125 µm Ti, 105-125 µm Al, and 105-

125 µm V powder with volume percentage ratio of 90.45: 6.82: 2.73 as feedstock to obtain 

target Ti-6Al-4V material. The deposition experiment design is listed in Table 3.2. 

 

 

Table 3.1. Probability distribution data of Ti, Al, and V powder 

Powder 
Powder 

Groups 

Portion 

1 

Standard 

derivation 

(σ1) (µm) 

Portion 

2 

Standard 

derivation 

(σ2) (µm) 

Powder 

probability 

within 

2mm 

range  

Ti 

Un-sieved 

powder 
1 4084.782 0  0.193862 

0-45 µm 1 3883.987 0  0.203182 

45-75 µm 1 3935.994 0  0.200555 

75-105 µm 1 4021.421 0  0.196383 

105-125 µm 1 4075.636 0  0.193823 

>125 µm 1 4182.577 0  0.188962 

Al 

Un-sieved 

powder 
0.527 1014.006 0.473 4304.115 0.443131 

0-45 µm 0.6201 661.459 0.3799 4944.8404 0.60001 

45-75 µm 0.614 932.266 0.386 4644.998 0.505772 

75-105 µm 0.5662 1328.4508 0.4338 4624.4688 0.384773 

105-125 µm 1 2731.139 0  0.285745 

>125 µm 1 2009.478 0  0.381263 

V 

Un-sieved 

powder 
0.385 710.156 0.615 3536.683 0.460669 

0-45 µm 0.689 648.226 0.311 3440.817 0.675429 

45-75 µm 0.5145 897.1673 04855 3745.6058 0.480356 

75-105 µm 1 3569.8545 0  0.220617 

105-125 µm 1 3684.3626 0  0.21393 

>125 µm 1 3306.7101 0  0.237665 
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Table 3.2. Elemental powder percentage ratio in deposition experiment. 

powder 
Density 

(𝒌𝒈 𝒎𝟑)⁄  

Size 

group(𝛍𝐦) 

Volume in 

melt pool 

Powder 

capture rate 

(R) 

Designed 

Volume 

Ti 4507 105-125 20 0.194 90.45 

Al 2700 105-125 2.22 0.286 6.82 

V 6110 105-125 0.67 0.214 2.73 

 

 

3.2.MICROSTRUCTURE 

Figure 3.4. shows the etched microstructure of deposited Ti-6Al-4V obtained by 

deposition experiment under an optical microscope. The optical microscope images 

captured from the different parts in the deposit (Figure 3.4. (a) to (b)) contained lamellar 

(α+β) basketwave and martensite microstructure respectively.  

In Figure 3.4. (a),  the darker features were α laths and the brighter features were β 

ribs. High cooling rates resulted in the formation of a basketweave microstructure. Figure 

3.4. (b) showed a mixture of α+β phases and β phase was evenly distributed in the α matrix. 

It revealed an acicular martensitic microstructure. In the deposit, the Widmanstätten 

Basketwave is the main type of microstructure that could be found. It tends to form with 

an increasing cooling rate from the β-phase field [11]. The growth direction of the columnar 

grains was identified to be along the height of the deposit. This characteristic was expected 

to be caused by the directional cooling of the LMD process. Analyses of its microstructures 

revealed that the smaller grain sizes were achieved closer to the substrate in the deposit. 

The reason was the proximity to the substrate, increased the cooling rate, which would lead 

to a finer microstructure [12]. Therefore, it was concluded that the steady state section tends 
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to have the lower cooling rate, which would lead to the formation of the coarser 

microstructure. A steady state could be observed from middle part to top part.  

 

 

  
(a) (b) 

Figure 3.4. Optical microstructural images of polished and etched deposit 
 

 

3.3. EDS ANALYSES 

EDS chemistry data was gathered from both the standard Ti-6Al-4V and the 

deposits obtained from deposition experiment. From Table 3.3, it shows that the standard 

measurement data meet with its certificate of analysis.  

 

 

Table 3.3. EDS chemistry data gathered from standard Ti64  

Element  Standard certificate (wt.%) Standard measurement (wt.%) 

Ti  89.52 89.57 

Al 6.36 6.35 

V 4.12 4.08 
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The Ti, Al, and V weight percentage of the deposits are presented in Figure 3.5. As 

expected, the composition distribution of the deposit obtained by experiment is 

approximately close to Ti-6Al-4V. The elements weight percentages of all the deposits are 

within qualified range. It indicates that the alloy is industry qualified Ti64. 

 

 

Figure 3.5. Composition distribution along build height direction of the deposits 
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The EDS line scan data of the deposit was shown in Figure 3.6. It is used to define 

composition homogeneity. So it seems that the deposit has a homogeneous chemistry 

distribution along the building height direction. The calculated average composition along 

the line scan distance is tabulated in Table 3.4. And it shows that their average weight 

percentage is pretty close to exact Ti64. It appears clearly that the particle distribution of 

each elemental powder in the mixture is a key factor for the acquired composition in the 

final deposit. According to the analyses of elemental powder distributions, the qualified 

Ti-6Al-4V can be easily obtained. 

 

 

Figure 3.6. EDS line scan along build height direction of the deposit 

 

 

Table 3.4. Average chemical compositions of elements for the deposited sample  

Element  Average wt.% Wt.% σ 

Ti  90.23 0.14 

Al 5.78 0.06 

V 3.99 0.14 
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3.4. VICKERS HARDNESS ANALYSIS 

The hardness distribution curves of the deposits from deposition experiment is 

shown in Figure 3.7. The hardness values were taken along the height of the deposit. 

Indentations were gathered from the Ti-6Al-4V substrate and continued into the deposited 

parts. Figure 3.7. depicts that the highest hardness values for deposit were observed around 

the heat affected zones of the deposit. The maximum hardness value of the deposit was 

around 490 HV. According to the result, the average hardness of the deposits was around 

446 HV. It was observed that the Vickers hardness values decreased with progress into the 

heat affected zone (HAZ) from the substrate side and there was an increase for the first 

several layers of the deposit zone, then get stabilized beyond that. These values of the 

deposits are higher than the substrate hardness. This can be attributed to the effect of rapid 

cooling during the LMD process. It would cause finer microstructure and result in good 

material properties. Higher values of hardness correlate with higher strengths and wear 

resistance. Therefore, the deposited Ti-6Al-4V has better wear resistant application.  

 

 

 

Figure 3.7. The Vickers Hardness results of the deposited alloys 
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4. CONCLUSIONS 

The current research was implemented to investigate the elemental powder effect 

on composition control for as-deposited parts via the LMD process. By using the suitable 

condition, the target alloy using elemental powder mixture can be obtained, which ensures 

the analyses of the elemental powder distributions. The fabricated Ti-6Al-4V alloy from 

Ti, Al, and V powder mixture was characterized using techniques such as optical 

microscopy, electron microscopy, hardness testing. It proves that the industry qualified Ti-

6Al-4V alloy could be obtained by using elemental powder mixture with designed 

proportions. Furthermore, this method can be used for fabrication of other alloys by using 

elemental powder mixture. 
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ABSTRACT  

High entropy alloys are multicomponent alloys that have at least five different 

principal elements as alloying elements. Each of these elements has an atomic percentage 

between 5% and 35%. Typically, they form body-centered cubic (bcc) or face-centered 

cubic (fcc) structure and are known to possess excellent mechanical properties, corrosion 

resistance, excellent electric and magnetic properties. Owing to their excellent corrosion 

and wear resistance, researchers are focusing on employing these materials as coatings. In 

this research, Laser Metal Deposition (LMD) was used to fabricate AlxCoFeNiCu1−x (x = 

0.25, 0.5, 0.75) high entropy alloys from elemental powder based feedstocks. Thin wall 

claddings fabricated via LMD were characterized by a variety of techniques. Data from X-

ray Diffraction (XRD) and Electron Back Scatter Diffraction (EBSD) suggested that with 

an increase in Al content and a decrease in Cu content, a change in crystal structure from 

a predominantly fcc to a combined fcc and bcc structure can be observed. The 

microstructure of the material was observed to be columnar dendritic. Data from standard 

less EDS analysis showed that the dendritic phase was Fe and Co enriched while the matrix 

was Cu and Al enriched in all the considered high entropy alloy fabrications. The Vickers 
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hardness data was used to estimate the mechanical properties of these deposits. Results 

also showed that with the increase in aluminum content, AlxCoFeNiCu1−x displayed higher 

hardness. The high hardness values imply potential applications in wear resistant coatings. 

Keywords: High entropy alloy; Elemental powder; Laser metal deposition 

 

 

1. INTRODUCTION 

High entropy alloys are novel material systems that exhibit properties much more 

superior than traditional alloys [1]. The high entropy alloys are made up of at least five 

different principal elements. Typically, these elements have similar atomic size and each 

element has an atomic composition between 5% and 35% within the alloy. As the name 

suggests, the mixing of these principal elements causes a large change in entropy. The large 

change in entropy promotes these elements to solidify into solid solutions instead of 

forming complex intermetallic compounds. It has been proven that high entropy alloys are 

capable of excellent mechanical [2,3], electrical, and, magnetic properties [4]. They are 

also known to have excellent wear resistance [3], corrosion resistance [2,5] and thermal 

stability [6]. 

Over the past few years, studies have been conducted over several high entropy 

alloy systems. Material systems such as, CoCrCuFeNiTix, AlxNbTiMoV, CoCrFeMnNiVx, 

AlxCoCrCuFeNi and AlxCoCrFeNi have been investigated [7–12]. The fabrication of these 

materials was performed using production processes such as casting and arc melting. These 

studies were implemented to systematically study the impact of varying the content of one 

or more constituent elements on various physical and material properties. Tong et al. [7] 
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synthesized AlxCoCrCuFeNi high entropy alloys with different aluminum content by the 

arc melting and casting methods. They found that variation in Al content can affect the 

structure of the resultant solid solution phases. Investigations carried out by Wang et al. [8] 

and Yang et al. [9] on the AlxCoCrFeNi alloy system also showed that variation in Al 

caused similar changes in microstructure and mechanical properties. Under the current 

study, the impact of simultaneously varying Al and Cu content in the AlxCoFeNiCu1−x 

system was investigated. Unlike most earlier works involving Al, Co, Cu, Ni and Fe 

elements, in the current study, Laser Metal Deposition (LMD) was used to fabricate these 

high entropy materials.  

LMD deposition is an additive manufacturing technique capable of fabricating 

complicated structures with superior properties [13,14]. The applications of this technique 

include coatings, rapid prototyping, tooling, repair, etc. LMD uses a focused laser beam as 

a heat source to create a melt pool into which powder feedstock is injected. The powder is 

metallurgically bonded to the substrate through solidification [15]. The authors theorize 

that it is particularly beneficial to fabricate high entropy alloys by using LMD, owing to 

the high melt pool temperature and rapid solidification. The high melt pool temperature 

can be instrumental in overcoming issues of positive enthalpy of mixing and immiscibility. 

The high cooling rates produce fine grain size and excellent material properties. These 

attributes of LMD could potentially ensure fabrication of high entropy alloys with fine and 

homogenous microstructure. 

The main goals of this work involved studying the microstructure and mechanical 

properties of LMD fabricated AlxCoFeNiCu1−x high entropy alloys. The impact of 

simultaneously varying Al and Cu on phase formation and principal crystal structure was 
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investigated. In this study, 304 Stainless Steel (SS304) was used as the substrate material. 

The alloy material was fabricated as thin wall claddings and characterized for material 

properties using optical and Scanning Electron Microscope (SEM) microstructure 

characterization, hardness testing, X-Ray Diffraction (XRD), Energy Dispersive X-ray 

Spectroscopy (EDS) and Electron Back Scatter Diffraction (EBSD). The hardness data 

gathered against SS304 substrates was crucial in assessing the potential application of the 

alloy system as a wear resistant coating. 

 

 

2. MATERIALS AND METHODS 

2.1. MATERIAL PREPARATION  

Under the current study, elemental powders of aluminum, cobalt, iron, nickel, and 

copper were used as precursor materials. Blends of these powders were made by mixing 

these elements to achieve different compositions of high entropy alloys. The particle size 

definitions of Al, Co, Fe, Ni, and Cu powders are listed in Table 2.1.  

 

 

Table 2.1. Particle size of the original materials 

Materials US Standard Mesh 

Co −100/+325 

Fe −100 

Ni −100/+325 

Al −100 

Cu −325 
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The chemical compositions of these powders are given in Table 2.2. SS304 was 

used as the substrate material for these depositions, and substrates were prepared to the 

dimensions of 2.75 × 2 × 0.25 in. 

 

 

Table 2.2. Chemical analysis of the original materials (wt.%). 

Materials Fe C Ni Cu Al Co S Si Ca 
Hydrogen 

Loss 

CO-106 0.002 – <0.001 <0.0001 – Bal. – – 0.0004 – 

FE-103 Bal. 0.003 – – – – – – – 1.01 

NI-124 0.01 0.01 Bal. <0.01 – 0.01 0.02 – – – 

AL-103 0.07 – – – Bal. – – <0.1 – – 

CU-115 – – – Bal. – – – – – 0.28 

 

 

2.2. DEPOSITION SYSTEM 

In this study, a 1 kW continuous wave fiber laser with a wavelength of 1064 nm 

was used to deposit the elemental powder blends. A melt pool spot size of approximately 

2 mm was obtained through a lens of 750 mm focal length. A ceramic tube nozzle was used 

in conjuncture with a CNC (Computer Numerical Control) table to facilitate movement 

and perform deposition. Argon gas was used to implement an inert atmosphere and was 

also used as a carrier gas to deliver the powder mixture to the melt pool. 

2.3. EXPERIMENTAL PROCEDURE 

Powders were weighed for desired alloy compositions in a glove box under an 

argon atmosphere and sealed in bottles. The as-blended atomic percentages of these powder 

mixtures can be represented by AlxCoFeNiCu1−x, where x = 0.25, 0.5, 0.75. These bottles 
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were then shaken using a Turbula® mixer (Glen Mills Inc., Maywood, NJ, United States) 

for 20 min to obtain thorough mixing and homogeneity within the powder blends. 

A schematic layout of the LMD system is shown in Figure 1. Thin wall claddings 

were fabricated by performing single melt pool, layer by layer deposition. To ensure perfect 

bonding, before deposition, a preheat scan was performed by running the laser across the 

surface of the substrate at 1 kW power and without powder. The preheating process was 

used to heat up the substrate and rid the surface of the substrate from oxide scale buildup, 

surface impurities, and, surface imperfections. Laser transverse speed was set at 600 

mm/min for all the depositions. The initial 10 layers of deposition carried out a power to 1 

kW to ensure perfect bonding with the substrate. The rest of the deposition was carried at 

a power of 400 W. The same deposition scheme and parameters were used for all the 

depositions. This was expected to ensure an unbiased comparison between different 

depositions. 

 

 

 

Figure 2.1. Schematic layout of the LMD (Laser Metal Deposition) system [16] 
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After deposition, vertical transverse sections were cut using a wire Electro-

Discharge Machine (wire-EDM, Hansvedt Industries Inc., Rantoul, IL, United States) and 

mounted in Bakelite for grinding and polishing. Aqua Regia, 30 mL HCl, and 10 mL HNO3 

was used for etching. Hirox optical microscope was used to perform microstructure 

imaging. Helios Nanolab 600 SEM (FEI Company, Hillsboro, OR, United States) equipped 

with an Oxford Energy Dispersive Spectrometer and HKL Electron Backscatter Diffraction 

system was used to get the chemical compositions and crystal structure data. The Vickers 

hardness measurements were performed on the three different compositions using a Struers 

Duramin micro-hardness tester(Struers Inc., Cleveland, OH, United States). Press load of 

9.81 N and load time of 10 s was used during the hardness tests. 

 

 

3. RESULTS AND DISCUSSION 

3.1. THEORY 

The possibility of forming a solid solution can be predicted by the Hume–Rothery 

rules. Zhang et al. [17,18] have predicted phase formation for the multi-component alloys 

by calculating parameters Ω and δ. Ω is a parameter that combines effects of ΔSmix and 

ΔHmix on the stability of the multicomponent solid solution, and it is defined as Equation 

(1). δ is the mean square deviation of the atomic size of elements. It is used to describe the 

comprehensive effect of the atomic size difference in multi-element alloys, and the 

parameter δ is calculated using Equation (2) [19]. These parameters can be used to predict 

the possibility of solid-solution formation for multi-component alloys. Per Zhang, when Ω 

≥ 1.1 and δ ≤ 6.6%, a stable solid solution would be obtained post solidification [18] 
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Ω = 
𝑇m∆𝑆mix

|∆𝐻mix|
 (1) 

 

The melting point of n-elements alloy, Tm, is calculated using the rule of 

mixtures: 𝑇m = ∑ 𝑐𝑖(𝑇m)𝑖
𝑛
𝑖=1 , where (Tm)i is the melting point of the ith component of alloy. 

The enthalpy of mixing, Δ Hmix, can be determined by the equation, ∆𝐻mix =

∑ Ω𝑖𝑗𝑐𝑖𝑐𝑗
𝑛
𝑖=1,𝑖≠𝑗 , where Ω𝑖𝑗 = 4∆𝐻𝑖𝑗

mix  is the solution interaction parameter between the ith 

and jth elements, and 𝑐𝑖 and 𝑐𝑗 are the mole fractions of the ith and jth component [20]. 

The remaining parameter, ΔSmix is the entropy of the mixture. It was calculated by 

following the Boltzmann’s hypotheses, the entropy of mixing of an n-element solution is 

(assuming they are in the liquid or fully solid solution state) ∆𝑆mix = −𝑅 ∑ (𝑐𝑖 ln 𝑐𝑖)
𝑛
𝑖=1 , 

where 𝑐𝑖  is mole fraction of component, ∑ 𝑐𝑖
𝑛
𝑖=1 = 1, and R =8.314 J/(K·mol) is a gas 

constant. In Equation (2), n is the number of the components in an alloy system, 𝑟̅ =

∑ 𝑐𝑖𝑟𝑖
𝑛
𝑖=1  is the average atomic radius, and 𝑟𝑖 is the atomic radius of the ith component [21] 

 

δ = √∑ 𝑐𝑖(1 − 𝑟𝑖 𝑟̅⁄ )2

𝑛

𝑖=1

 (2) 

 

The characteristic parameters of the elements in the AlxCoFeNiCu1−x alloys are 

tabulated in Table 3.1. [21]. The mixing enthalpy (∆𝐻𝑖𝑗
mix) of binary alloys are listed below 

in Table 3.2. [22]. According to Equations (1) and (2) and the parameters in Tables 3.1. 

and 3.2., the values of Ω and δ for the compositions considered in this study were calculated 

and tabulated in Table 3.3. The values of these parameters for the compositions under 
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consideration were in range for solid solution formation. It shows that the AlxCoFeNiCu1−x 

(x = 0.25, 0.5, 0.75) alloys should have the high entropy effect and should easily form solid 

solutions. The high entropy effect should inhibit the formation of intermetallic compounds 

and promote the formation of solution phases. This is expected to reduce the number of 

phases and cause much simpler microstructures. 

 

 

Table 3.1. Characteristic parameters of Al, Co, Fe, Ni and Cu element [21] 

Elements 
Atomic 

Number 

Atomic 

Radius(Å) 

Crystal 

Structure 

Melting Point 

(K) 

Al 13 1.43 fcc 933.5 

Co 27 1.25 hcp 1770 

Fe 26 1.27 bcc 1811 

Ni 28 1.25 fcc 1728 

Cu 29 1.28 fcc 1358 

 

 

Table 3.2. The enthalpy of mixing of binary i-j system (∆𝐻𝑖𝑗
mix) at an equi-atomic 

composition [22] 

i-j System ∆𝑯𝒊𝒋
𝐦𝐢𝐱 (kJ/mol) 

Al-Co −19 

Al-Fe −11 

Al-Ni −22 

Al-Cu −1 

Co-Fe −1 

Co-Ni 0 

Co-Cu 6 

Fe-Ni −2 

Fe-Cu 13 

Ni-Cu 4 
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Table 3.3. The values of Ω and δ of the AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) high 

entropy alloys 

Alloys Tm (K) 
ΔHmix 

(KJ/mol) 

ΔSmix 

(J/(K·mol)) 
Ω δ 

Al0.25CoFeNiCu0.75 1640 0.27 12.7 78.39 3.4% 

Al0.5CoFeNiCu0.5 1614 −4.44 12.96 4.72 4.5% 

Al0.75CoFeNiCu0.25 1587 −9.11 12.69 2.21 5.2% 

 

 

3.2.XRD 

XRD tests were used to identify the crystal structure of the deposits. The XRD tests 

were performed using a XPERT Pro-type diffractometer (PANalytical, Almelo, 

Netherlands) with Cu as the anode material. The XRD patterns from the AlxCoFeNiCu1−x 

(x = 0.25, 0.5, 0.75) deposits are shown in Figure 3.1. In this figure, the dot (•) is used to 

represent FCC peak pattern, and clubs (♣) represent the BCC peak pattern. The peak 

patterns of FCC solid solution were observed in Al0.25CoFeNiCu0.75 and Al0.5CoFeNiCu0.5, 

while both FCC and BCC structures were present in the Al0.75CoFeNiCu0.25 alloy. The 

XRD pattern of the Al0.5CoFeNiCu0.5 was similar to that of Al0.25CoFeNiCu0.75. A leftward 

i.e., lower 2-theta peak shift was seen from Al0.25CoFeNiCu0.75 to Al0.5CoFeNiCu0.5. This 

shift can be attributed to a decrease in copper content. The estimated values of the lattice 

parameters for FCC structure were also seen to increase with increasing Al content (Table 

3.4.). 
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Figure 3.1. The XRD patterns of the AlxCoFeNiCu1−x (x = 0.75, 0.5, 0.25) alloys, dot 

(•) represents the fcc peak pattern, and clubs (♣) represents the bcc peak pattern. 
 

 

From Figure 3.1., the increase in aluminum and decrease in copper, in 

Al0.25CoFeNiCu0.75 to Al0.75CoFeNiCu0.25, resulted in a change from complete fcc structure 

to a combined fcc and bcc structure. Therefore, it can be said that Cu promotes fcc phase 

formation while Al promotes bcc phase formation. However, it is the author’s belief that, 

between aluminum and copper, aluminum has a larger impact on causing the change in 

crystal structure. A substitutional solid solution is possible between elements of the similar 

atomic radius. Among the five constituent elements, aluminum has the largest atomic 

radius [23]. At lower percentages of aluminum, the substitutional solid solution is expected 

to be feasible. However, aluminum still causes distortion in the lattice structure owing to 

its larger atomic size [24]. Therefore, at larger percentages of aluminum, a bcc phase would 

be promoted over a substitutional fcc solid solution.  
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Table 3.4. Lattice parameters in the AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) alloys 

Alloy Phase Name Lattice Parameter (Å) 

Al0.25CoFeNiCu0.75 fcc 3.5882 

Al0.5CoFeNiCu0.5 fcc 3.5920 

Al0.75CoFeNiCu0.25 
fcc 3.6007 

bcc 2.8724 

 

 

3.3. MICROSTRUCTURE 

Images of transverse sections of the deposit and the substrate obtained from all the 

three powder mixtures are shown in Figure 3.2. A minimum of 6 mm height was deposited 

using each powder mixture.  

   
(a) (b) (c) 

Figure 3.2. Optical microstructural images of polished and etched transverse sections of 

all the AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) high entropy alloy deposits. (a) Transverse 

section of the Al0.25CoFeNiCu0.75 alloy and SS304 substrate; (b) Transverse section of the 

Al0.5CoFeNiCu0.5 alloy and SS304 substrate; (c) Transverse section of the 

Al0.75CoFeNiCu0.25 alloy and SS304 substrate 
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Figure 3.3. (a)–(c) shows the etched microstructures of AlxCoFeNiCu1−x (x = 0.25, 

0.5, 0.75) high entropy alloys captured under an optical microscope.  

 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.3. Images reveal a columnar dendritic microstructure in all the AlxCoFeNiCu1−x 

(x = 0.25, 0.5, 0.75) high entropy alloy deposits. (a) Al0.25CoFeNiCu0.75; (b) 

Al0.5CoFeNiCu0.5; (c) Al0.75CoFeNiCu0.25 
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The etched microstructure of Al0.25CoFeNiCu0.75 was composed of columnar 

dendritic material. The growth direction of these columnar grains was identified to be along 

the height of the deposit. This characteristic was expected to be caused by the directional 

cooling of the LMD process. The Al0.5CoFeNiCu0.5 deposit also had columnar dendritic 

material. The etched microstructure of Al0.75CoFeNiCu0.25 depicts a dendritic 

microstructure as well. Coarsening of the microstructure can be observed by comparing the 

dendrites of Al0.25CoFeNiCu0.75 and Al0.5CoFeNiCu0.5. This change can be attributed to the 

drop in the solidus–liquidus temperature caused by the addition of aluminum (Table 3.3). 

Since the power parameters stayed the same for all of the deposits, a decrease in solidus–

liquidus temperatures would increase the super heat in the melt pool and would thereby 

cause a slower cooling rate.  

 

 

3.4. EBSD AND EDS ANALYSES 

In the aim of further differentiating structure and phase information of the 

AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) alloys, EBSD and EDS measurements were 

performed. Regions of interest and the phase analyses of Al0.25CoFeNiCu0.75, 

Al0.5CoFeNiCu0.5 and Al0.75CoFeNiCu0.25 alloys are shown in Figures 3.4. – 3.6., 

respectively. Figures 3.4. and 3.5. conclude an fcc crystal structure in the AlxCoFeNiCu1−x 

(x = 0.25, 0.5) fabrications. Al0.75CoFeNiCu0.25, however, contained both fcc and bcc 

phases. The phase fractions of fcc and bcc phases for the AlxCoFeNiCu1−x (x = 0.25, 0.5, 

0.75) deposits were as listed in Table 3.5. These results agreed with the conclusions from 

XRD analysis. 
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(a) 

 
(b) 

Figure 3.4. EBSD phase map indicating predominantly fcc phase in the 

Al0.25CoFeNiCu0.75 fabrication. (a) Region of interest on Al0.25CoFeNiCu0.75; bright and 

dark phases represent two grains of different orientation; (b) Phase map showing 

predominantly fcc phase (represented by blue color) within the region of interest 
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(a) 

 
(b) 

Figure 3.5. EBSD phase map indicating predominantly fcc phase in the Al0.5CoFeNiCu0.5 

fabrication. (a) Region of interest (enclosed within the white rectangle) on 

Al0.5CoFeNiCu0.5, bright and dark phases represent two grains of different orientation; 

(b) Phase map indicating mostly fcc phase (represented by blue color) in the region of 

interest 
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(a) 

 
(b) 

Figure 3.6. EBSD phase map indicating both fcc and bcc phases in the 

Al0.75CoFeNiCu0.25 fabrication. (a) Region of interest (enclosed within the white 

rectangle) on Al0.75CoFeNiCu0.25, bright and dark phases represent two grains of 

different orientation; (b) Phase map indicating fcc phase (represented by blue color) and 

bcc phase (represented by red color) in the region of interest 
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Table 3.5. Phase fractions of fcc and bcc phases in the region of interest for the 

AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) fabrications 

AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) Phase Name Phase Fraction (%) 

Al0.25CoFeNiCu0.75 

bcc 0.01 

fcc 99.56 

Zero Solution 0.44 

Al0.5CoFeNiCu0.5 

bcc 0.14 

fcc 99.81 

Zero Solution 0.04 

Al0.75CoFeNiCu0.25 

bcc 52.62 

fcc 46.42 

Zero Solution 0.96 

 

 

Figures 3.7. – 3.9. show the EDS elemental maps obtained from the 

AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) fabrications. The same regions of interest considered 

in Figures 3.4. – 3.6. were used for this EDS analysis. The Fe-Kα, Al-Kα, Ni-Kα, Co-Kα, 

and Cu-Kα signals were used to estimate the elemental distributions within the regions of 

interest. Figure 3.7. indicates that the Al0.25CoFeNiCu0.75 fabrication contained 

predominantly two phases. The dendritic phase (also seen in Figure 3.3. (a)) was observed 

to be Cu and Al deficient, whereas the matrix was Cu and Al rich. The authors theorize 

that the positive enthalpy of mixing between Cu-Ni, Cu-Fe, and Cu-Co is expected to create 

segregation. This separation persists in the microstructure due to the rapid solidification of 

LMD process. The Cu and Al deficient fraction having higher proportions of Fe, Co, and 

Ni would have higher solidus–liquidus temperatures. Therefore, this fraction of the melt 

pool would solidify first to form the dendritic phase. The matrix being Cu and Al rich 

would have lower solidus–liquidus temperature values and would, therefore, solidify last. 

Figure 3.8. indicates that the Al0.5CoFeNiCu0.5 fabrication also contained predominantly 

two phases. Like Al0.25CoFeNiCu0.75, the dendritic phase (also seen in Figure 3.3. (b)) was 

observed to be Cu and Al deficient, whereas the matrix was Cu and Al rich. However, 
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nickel was observed to be more homogenously distributed in the Al0.5CoFeNiCu0.5 

fabrication. This could be attributed to the increase in Al content and the highly negative 

enthalpy of mixing between Al and Ni. This increase in Al content can also be visualized 

from the increase in signal in the Al elemental map. From Figure 3.9., the acquired 

elemental maps show that the Al0.75CoFeNiCu0.25 alloy was composed of the Fe/Co-rich 

dendritic phase and Ni/Al-rich matrix. The negative enthalpy of mixing between Al and Ni 

is expected to cause the Ni enrichment in the matrix. Al was expected to promote bcc phase 

formation, the EDS elemental map data and the EBSD phase map data have been observed 

to be in support of this statement. The dendritic phase contained an fcc crystal structure (Al 

deficient) and the matrix contained a bcc structure (Al rich). 

 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3.7. EDS elemental maps of Al0.25CoFeNiCu0.75 alloy from the region of interest 

shown in Figure 3.4. (a). (a) EDS layered image; (b) Element map of Al; (c) Element 

map of Co; (d) Element map of Fe; (e) Element map of Ni; (f) Element map of Cu 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 3.8. EDS elemental maps of Al0.5CoFeNiCu0.5 alloy from the region of interest 

shown in Figure 3.5. (a). (a) EDS layered image; (b) Element map of Al; (c) Element 

map of Co; (d) Element map of Fe; (e) Element map of Ni; (f) Element map of Cu 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 3.9. EDS elemental maps of Al0.75CoFeNiCu0.25 alloy from the region of interest 

shown in Figure 3.6. (a). (a) EDS layered image; (b) Element map of Al; (c) Element 

map of Co; (d) Element map of Fe; (e) Element map of Ni; (f) Element map of Cu 
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EDS chemistry data was gathered from the dendritic and matrix phases in the 

microstructures of different alloy compositions. The standard less measurements form the 

phases and grains (bright and dark regions captured in the FSD (Forward Scatter Detector) 

mixed images shown in Figures 3.4. (a), 3.5. (a), and 3.6. (a)) are shown in Table 3.6. The 

variation observed from the elemental maps is again noticed from the values of the atomic 

composition. Minimal variation in chemistry was noticed between the grains seen in the 

FSD images. The as-blended composition and average composition calculated from each 

grain were very close for all elements expect for the case of aluminum. This difference 

could be attributed to the loss of aluminum during transport to the melt pool (Al powder is 

comparatively very light in weight) and evaporation due to the lower melting and boiling 

points. 

 

 

Table 3.6. Chemical composition of the elements at different regions in atomic % for the 

AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) alloys 

Alloy Area Al Fe Co Ni Cu 

Al0.25CoFeNiCu0.75 

As-blended composition 6.25 25 25 25 18.75 

Bright phase (Figure 5a) 4.47 26.85 22.15 28.08 18.45 

Dark phase (Figure 5a) 4.27 27.8 23.2 28.47 16.26 

Dendrite (FCC) 4.32 27.84 23.23 28.41 16.2 

Matrix (FCC) 5.05 16.19 12.78 23 42.98 

Al0.5CoFeNiCu0.5 

As blended composition 12.5 25 25 25 12.5 

Bright phase (Figure 6a) 9.21 25.57 26.44 27.54 11.24 

Dark phase (Figure 6a) 9.94 23.7 24.7 28.23 13.43 

Dendrite (FCC) 9.3 25.03 26 28 11.67 

Matrix (FCC) 11.72 17.65 18.93 28 23.7 

Al0.75CoFeNiCu0.25 

As blended composition 18.75 25 25 25 6.25 

Bright phase (Figure 7a) 20.39 23.7 18.92 30.63 6.36 

Dark phase (Figure 7a) 21.42 22.86 18.22 31.19 6.31 

Dendrite (FCC) 9.85 35.58 22.06 25.53 6.98 

Matrix (BCC) 21.19 22.43 19.1 31.22 6.06 
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3.5. VICKERS HARDNESS ANALYSIS 

The hardness distribution curves of AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) high 

entropy alloys samples are shown in Figure 3.10. The hardness curves were gathered along 

the height of the deposit. Indentations were gathered from the substrate SS304 and 

continued into the deposit. A fixed spacing of 0.5 mm was used between indentations. 

Figure 3.10. depicts the highest hardness values for the three AlxCoFeNiCu1−x (x = 

0.25, 0.5, 0.75) high entropy alloys that were observed around the top regions of the 

deposits. The maximum hardness values of AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) alloys 

were 462 HV, 603.4 HV and 634.3 HV, respectively. 

According to these results, the deposits of AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) 

alloys have an average hardness of 426.3 HV, 519.4 HV, and 541.1 HV, respectively, and 

these values are much higher than the hardness values of the substrate SS304. This 

occurrence can be attributed to the effect of rapid cooling during the LMD process. This 

causes finer microstructure and results in excellent material properties. In addition, due to 

the differences in elements’ atomic radii, the resultant lattice distortion causes the solid-

solution strengthening effect [20,25]. 

With the increase of the Al content and the decrease of the Cu content, the hardness 

values of AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) were observed to increase. According to 

the XRD results, Al0.25CoFeNiCu0.75 and Al0.5CoFeNiCu0.5 had a predominantly FCC 

structure, while Al0.75CoFeNiCu0.25 had a combined FCC + BCC structure. With the 

increase of Al content, the increased BCC structure is expected to enhance the hardness of 

the alloys. Higher values of hardness correlate with higher strengths and wear resistance. 
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In comparison to the SS304 substrate, all compositions show larger hardness. Therefore, 

the current alloy system has the potential application for wear resistant coatings.  

 

 

 

Figure 3.10. The Vickers Hardness results of the AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) 

alloys 
 

 

4. CONCLUSIONS 

The current research was implemented to investigate the feasibility of fabricating 

high entropy alloys of the material system AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) via the 

LMD process. The fabricated material was characterized using techniques such as optical 

microscopy, electron microscopy, hardness testing, EDS, EBSD, and XRD. The 

conclusions from the analyses include: 
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• AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) high entropy alloys have been 

successfully fabricated by the LMD technique using blended Al-Co-Fe-Ni-

Cu elemental powder as the feedstock. 

• XRD analysis revealed Al0.25CoFeNiCu0.75 and Al0.5CoFeNiCu0.5 to have 

the FCC lattice structure, while Al0.75CoFeNiCu0.25 was composed of both 

FCC and BCC lattice structure. The lattice parameters of AlxCoFeNiCu1−x 

(x = 0.25, 0.5, 0.75) alloys were calculated and tabulated, and the increasing 

Al content resulted in an increase in lattice parameters of FCC structure. 

• AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) fabrications contained columnar 

dendritic microstructure; 

• Results from EBSD analysis validated that Al0.25CoFeNiCu0.75 and 

Al0.5CoFeNiCu0.5 were predominantly FCC in structure, and 

Al0.75CoFeNiCu0.25 was constituted of FCC and BCC lattice structure. 

• EDS elemental maps of AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) fabrications 

showed the dendritic phase was Fe and Co enriched, whereas the matrix was 

Cu and Al enriched. 

• AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) alloys had an average Vickers 

hardness of 426.3 HV, 519.4 HV and 541.1 HV, respectively. With the 

increase of Al content, a higher hardness was observed. Large amounts of 

Al are expected to cause severe lattice distortion, and this is expected to 

strengthen the solid solution and result in the high values of hardness. 

• The high hardness prompts a potential application in wear resistant coatings. 
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ABSTRACT  

Functionally graded material (FGM) is one kind of advanced material characterized 

by a gradual change in properties as the position varies. The spatial variation of 

compositional and microstructure over volume is aimed to control corresponding 

functional properties. In this research, when 100% γ-TiAl was directly deposited on pure 

Ti substrate, cracks were formed within the γ-TiAl layer. Then a six-layer crack-free 

functionally graded material of Ti/TiAl was designed and fabricated by laser metal 

deposition (LMD) method, with composition changing from pure Ti on one side to 100% 

γ-TiAl on the other side. The fabricated FGM was characterized for material properties by 

a variety of techniques. The chemical compositions, microstructure, phases, and hardness 

of the composite were characterized by Scanning Electronic Microscope (SEM), Optical 

Microscope (OM), Energy Dispersive X-ray Spectroscopy (EDS), and hardness testing. 

The microstructure and chemical compositions in different layers were studied. 

Keywords: Functionally graded material; Elemental powder; γ-TiAl; Laser metal 

deposition 
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1. INTRODUCTION 

The origin of functionally graded material (FGM) is from the National Aerospace 

Laboratory of Japan in 1984 during a spaceplane project. The proposed thermal barrier 

material is capable of withstanding a surface temperature of 2000 K and a temperature 

gradient of 1000 K across a 10 mm section [1]. FGM is one kind of advanced material 

characterized by a gradual change in properties as the position varies. The spatial variation 

of compositional and microstructure over volume is aimed at controlling corresponding 

functional properties, such as mechanical properties, thermal properties, electrical 

properties, etc. In FGM research, various methods to prepare and fabricate FGM materials 

are available. The fabrication methods include powder metallurgy [2], [3], thermal 

spraying [4] [5], additive manufacturing [6], [7]. Additive manufacturing is a 

manufacturing method that can create 3D objects. This method allows you to produce 

complex products with minimal lead times directly from the 3D CAD models by adding 

layers of materials on top of each other. The bind layers schematic could mix elemental 

powders of variable ratios in separate layers to fabricate FGM parts with controllable 

gradients, no matter the complexity [8].  

There is a wide range of applications for FGM and different types of FGMs could 

be used in different areas of application. In aerospace and automotive area, the space shuttle 

utilized the FGM material made of ceramic and metal that can provide the thermal 

protection and load carrying capability to replace the ceramic tiles that easily to crack [9]. 

FGMs are also used as dental implants in the biomedical area [10], vehicle armor in defense 

area [11], high-density magnetic recording media in optical applications [9], cutting tools 

in the industry [12] etc.  
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Actually, compressors and turbine disks are two of the most significant parts in the 

aerospace industry. Turbine disks require different material properties at different regions. 

The rim region suffers from high temperature, requires good oxidation resistance. The core 

region has a relatively low temperature but requires high strength. The rim and the core 

have different requirements. The current approach is to use different treated nickel-based 

superalloys for each part. Nickel-based alloys are widely used in jet engines because it 

could withstand high-temperatures. In aerospace applications, Ti has a combination of 

excellent properties but has limitation for oxidation resistance. While, intermetallic 

titanium alloys such as γ-TiAl, Ti3Al can have higher oxidation resistance and both of the 

two alloys can be used under high temperature. Because the density for the γ-TiAl is much 

lower than the nickel-based superalloys and its specific properties, γ-TiAl tends to replace 

them. In this way, the rim can be made of Ti3Al or γ-TiAl, which have good high-

temperature properties. And the core can be made of Ti with good strength at relatively 

low temperatures. However, there are some problems to join them effectively. Thus, the 

aim of this project is to manufacture Ti/γ-TiAl functionally gradient material (FGM) using 

Laser Metal Deposition (LMD) method. LMD is one of the advanced additive 

manufacturing technologies. It could fabricate complex near net shape metallic parts layer 

by layer directly from computer-aided design (CAD) models. This technique could reduce 

cost by reducing the buy-to-fly ratio and lead time of production. 

The main goals of this work involved studying the microstructure and mechanical 

properties of the fabricated alloys. In this study, commercially purified (CP) titanium plate 

was used as the substrate material for all the depositions. The powder material was 

fabricated as thin wall depositions and characterized for material properties using optical 
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and Scanning Electron Microscope (SEM) microstructure characterization, hardness 

testing, Energy Dispersive X-ray Spectroscopy (EDS). The study investigated the material 

properties of γ-TiAl manufactured by LMD method. And it showed the possibility to 

control properties and crack formation in the deposits. Also, it demonstrated the approach 

to build a complex FGM system (Ti + γ-TiAl and/or any intermediate FGM materials in 

between) by LMD method with hope to move to more exotic material compositions in the 

future.  

 

 

2. MATERIALS AND METHODS 

2.1. MATERIAL PREPARATION  

Under the current study, commercially purified gas atomized γ-TiAl (Ti-48Al-2Cr-

2Nb) powder and pure Ti powder were used as precursor materials. For this kind of γ-TiAl 

powder, the addition of Cr element can increase the ductility of the material. The addition 

of Nb element is to enhance the oxidation resistance. Blends of the two kinds of powder 

with different composition were made to achieve layers in functionally graded materials 

(FGM). The particle size distributions of γ-TiAl and Ti powder are listed in Table 2.1. and 

Table 2.2. individually. The chemical compositions of the two kinds of powder are given 

in Table 2.3. and Table 2.4. Commercially purified (CP) titanium plate was used as the 

substrate material for these depositions, and substrates were prepared to the dimensions of 

2 × 0.5 × 0.25 in. 
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Table 2.1. Particle size distribution of Ti-48Al-2Cr-2Nb powder (% Under) 

Particle Size (µm)  150 106 75 63 53 Apparent Density (g/cc) 

By Mass 99.9 66.2 25.5 14.7 4.0 2.20 

 

 

Table 2.2. Particle size distribution of Ti powder (% Under) 

Particle Size (µm)  150 53 Apparent Density (g/cc) 

By Mass 98.9 0.9 2.64 

 

 

Table 2.3. Chemical analysis of Ti-48Al-2Cr-2Nb powder (wt.%). 

Elements Ti Al Cr Nb Fe Si C O 

Measured Balance 34.4 2.38 4.75 0.04 0.016 0.014 0.128 

 

 

Table 2.4. Chemical analysis of Ti powder (wt.%). 

Elements Ti C O N H Fe Other 

Measured Balance <0.01 <0.16 <0.01 <0.001 <0.12 <0.4 

 

 

2.2. DEPOSITION SYSTEM 

In this study, a 1 kW continuous wave fiber laser with a wavelength of 1064 nm 

was used to deposit the elemental powder blends. A melt pool spot size of approximately 

2 mm was obtained through a lens of 750 mm focal length. A ceramic tube nozzle was used 

in conjuncture with a CNC (Computer Numerical Control) table to facilitate movement 
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and perform deposition. Argon gas was used to implement an inert atmosphere and was 

also used as a carrier gas to deliver the powder mixture to the melt pool.  

The schematic layout of the LMD system is shown in Figure 2.1. LMD deposition 

is an additive manufacturing technique capable of fabricating complicated structures with 

superior properties [13]. The applications of this technique include coatings, rapid 

prototyping, tooling, repair, etc. LMD uses a focused laser beam as a heat source to create 

a melt pool into which powder feedstock is injected. The powder material is metallurgically 

bonded to the substrate through solidification [14].  

 

 

 

Figure 2.1. Schematic layout of the LMD (Laser Metal Deposition) system [15] 
 

 

2.3. EXPERIMENTAL PROCEDURE 

In this research, three kinds of experiments have been designed in order to get 

crack-free Ti/γ-TiAl deposit.  
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In the first kind of experiment, set-up 1 has been used to deposit Ti-48Al-2Cr-2Nb 

powder on CP Ti substrate directly, as Figure 2.2. (a) showed below.  

In this set-up, the substrates were directly connected with the fixture. Thin wall 

depositions were fabricated by performing single melt pool layer by layer. Before 

deposition, a preheat scan of running the laser across the substrate surface at 1 kW power 

without powder was performed, in order to ensure perfect bonding. The preheating process 

was also used to heat up the substrate and rid the surface of the substrate from oxide scale 

buildup, surface impurities, and, surface imperfections. Laser transverse speed was set at 

600 mm/min for all the depositions. The laser power was set at 600 W. The initial 2 layers 

of deposition carried out a duty cycle of 100% to ensure perfect bonding with the substrate. 

The next 4 layers keep the duty cycle of 80% and then drop to 60% for another 4 layers. 

The rest of the deposition was carried at a duty cycle of 40%. The actual laser power is 

calculated by multiplying the laser power by the duty cycle. The same deposition scheme 

and parameters were used for all the depositions. This was expected to ensure an unbiased 

comparison between different depositions.  

The second kind of experimental design used the set-up 2 as shown in Figure 2.2. 

(b). The insulating refractory bricks were inserted between the substrate and the fixture. 

The third experimental design was used to manufacture the crack-free functionally 

gradient material (FGM) from Ti to γ-TiAl. The FGM study included material design, 

material preparation, and evaluation of material properties. The FGM path was developed 

as shown in Figure 2.3. The atomic percentage of each element and possible phase 

composition of every layer in the FGM deposit are also listed in Table 2.5. 
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(a) (b) 

Figure 2.2. Two experimental set-ups. (a) Set-up 1; (b) Set-up 2. 
 

 

Powders were weighed for desired compositions in a glove box under an argon 

atmosphere and sealed in bottles before starting the deposition process. In this study, γ-

TiAl powder and pure Ti powder were used. The as-blended powder mixtures can be used 

to form the layers in the functionally graded materials. These bottles were then shaken 

using a Turbula® mixer (Glen Mills Inc., Maywood, NJ, United States) for 20 min to obtain 

thorough mixing and homogeneity within the powder blends. During the process, there is 

no insulating brick used here by taking use of the first experimental set-up (set-up 1).  
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Figure 2.3. The designed functionally graded material (FGM) path. 
 

 

Table 2.5. Particle size distribution of Ti-48Al-2Cr-2Nb powder (% Under). 

Weight Percentage Ti at.% Al at.% Cr/Nb at.% 
Possible Phase 

Composition 

100% γ-TiAl 48.00 48.00 2.00 α2 + γ 

10% Ti + 90% γ-TiAl 52.30 44.03 1.83 α2 + γ 

30% Ti + 70% γ-TiAl 61.40 35.63 1.48 α2 + γ 

50% Ti + 50% γ-TiAl 71.28 26.51 1.10 α2 

70% Ti + 30% γ-TiAl 82.01 16.60 0.69 α2 + α 

90% Ti + 10% γ-TiAl 93.73 5.79 0.24 α 

 

 

After deposition, vertical transverse sections were cut using a wire Electro-

Discharge Machine (wire-EDM, Hansvedt Industries Inc., Rantoul, IL, United States) and 

mounted in Bakelite for grinding and polishing. Kroll’s reagent containing 30 ml H20, 10ml 

HNO3, and 10 ml HF was used for etching the samples. Hirox optical microscope was used 

to perform microstructure imaging. Helios Nanolab 600 SEM (FEI Company, Hillsboro, 

OR, United States) equipped with an Oxford Energy Dispersive Spectrometer was used to 

get the chemical compositions. The Vickers hardness measurements were performed using 
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a Struers Duramin micro-hardness tester (Struers Inc., Cleveland, OH, United States). Press 

load of 9.81 N and load time of 10 s was used during the hardness tests.  

 

 

3. RESULTS AND DISCUSSION 

3.1. DEPOSIT PROFILE 

Figure 3.1. shows the deposited samples in the first experimental design. The image 

of the γ-TiAl deposit made by using set-up 1 in the first design has been shown in Figure 

3.1. (a). It could be seen that there are some cracks in the deposit. Then with the same setup, 

another deposited sample was made from the powder blend of 80 wt.% γ-TiAl +20 wt.% 

Ti. Figure 3.1.(b) demonstrates the 80 wt.% γ-TiAl +20 wt.% Ti sample deposited by using 

set-up 1. It has been found that it is possible to make crack-free deposits with the blend. It 

is theorized that the cracks that mainly exist in the vertical direction are caused by residual 

stress. It is known that there exists a great difference in the thermal expansion coefficient 

between Ti and γ-TiAl. Ti has the thermal expansion coefficient of 8.9 × 10−6𝐾−1, while 

γ-TiAl shows 14.4 × 10−6𝐾−1. Due to the high residual thermal stresses between the Ti 

and γ-TiAl layers, it would result cracks during the cooling process after deposition. 

However, the layer of Ti + γ-TiAl deposits could play a role in reducing the interfacial 

residual thermal stresses. Therefore it could cause some cracks in the deposit by directly 

depositing γ-TiAl powder on Ti substrate, however crack-free γ-TiAl deposit could be 

made on the Ti substrate by using the powder blend of γ-TiAl and 20 wt.% Ti. 
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(a)  (b) 

 

Figure 3.1. Deposited samples in the first experimental design. (a) γ-TiAl sample without 

insulating bricks; (b) 80 wt.% γ-TiAl +20 wt.% Ti sample without insulating bricks 
 

 

Then in order to get a crack-free γ-TiAl deposit, the set-up 2 has been used in the 

second experimental design, as shown in Figure 2.2. (b). The image of the γ-TiAl deposit 

made by using set-up 2 has been shown in Figure 3.2. It has been found that the deposited 

sample has no cracks. In this set-up, the insulating bricks were inserted between the 

substrate and the fixture. Because these materials thermally isolate the substrate, the bricks 

could retain more of the input laser energy and decrease cooling rate. Then many conditions, 

such as boundary conditions, thermal insulation, and post-process heat treatment, may 

affect the mechanical properties of deposits. 

 

 

 

Figure 3.2. Deposited sample in the second experimental design 
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However, it is not very flexible to fabricate some big and complex parts with 

insulating bricks in the industry area. It is necessary to develop a gradient path to realize 

the same target of depositing crack-free γ-TiAl deposit on Ti substrate. Then an FGM path 

has been designed, as shown in Figure 2.3. The objective of the designed FGM is to meet 

the expected requirements by eliminating the obvious interface between composite 

materials in different layers, just the same as bones, teeth, etc. in nature. Also, the FGM is 

also designed to accommodate materials for specific applications. During the FGM 

deposition process, there was no insulating brick used. From Figure 2.3., the FGM parts 

were made with five different powder blends and the top layer is 100% γ-TiAl. Along the 

deposit, there are six regions with different chemical composition. The gradients between 

different layers could smooth transition to reduce the opportunity of failure. The transient 

layer of Ti + γ-TiAl deposits could gradually reduce the residual thermal stresses. Figure 

3.3. showed the image of the FGM deposit and its transverse section after cutting.  

 

 

 

 

 

(a) (b) 

Figure 3.3. Deposited sample in the FGM design. (a) FGM sample; (b) Transverse 

section of the FGM deposit 
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3.2. VICKERS HARDNESS 

Figure 3.4. shows the Vickers hardness distribution of the deposited samples 

without using insulating bricks in the first experimental design. By applying post heat 

treatment during the deposition process, the Vickers hardness values of the deposits could 

also be compared in this Figure. It was observed that the Vickers hardness values of the γ-

TiAl layers varied around 375 HV in the middle part of the deposit zone, then increased to 

450 HV as it progressed into the top of the deposit. While the deposit by using the powder 

blends of 80 wt.% γ-TiAl +20 wt.% Ti had a Vickers hardness of around 420 HV. The 

literature reported γ-TiAl Vickers hardness was 425 HV. And when comparing the two 

kinds of deposits under different conditions of performing post heat treatment or not, it has 

been found that the post heat treatment on deposit would increase the hardness values, but 

could not make significant changes.  

 

 

 

Figure 3.4. Vickers hardness distribution of the deposited samples in the first 

experimental design 
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Figure 3.5. shows the hardness distribution of the deposited samples under different 

laser power with using insulating bricks in the second experimental design. It can be 

observed that when other parameters stayed the same, the higher the laser power, the lower 

the Vickers hardness. The reason should be the increase of the energy input. It would 

decrease the cooling rate, and then cause coarser microstructure and get lower hardness 

values. Therefore with insulating bricks to decrease the cooling rate, it is much easier to 

get crack-free γ-TiAl deposits. 

 

 

 

Figure 3.5. Vickers hardness distribution of the deposited samples in the second 

experimental design 
 

 

In this research, three kinds of experiments have been designed in order to get 

crack-free Ti/γ-TiAl deposit.  
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Functionally graded materials (FGM) is one kind of advanced material. They have 

a gradual change in properties as the position varies. As shown in this Figure 2.3., the 

volume fraction of one material will change from 100% on one side to zero on another side, 

and another constituent will change in the other way around. Their composition and 

microstructure vary in space by following a predetermined law. This change also leads to 

a gradient of properties and performance, such as mechanical properties, thermal properties. 

Figure 3.6. shows the Vickers hardness distribution of the FGM sample. The 100% γ-TiAl 

layer is harder than previous composition layers.  

 

 

 

Figure 3.6. Vickers hardness distribution of the FGM sample 
 

 

3.3. MICROSTRUCTURE & EDS TEST 

The microstructures of γ-TiAl deposits from Set-up 1 and Set-up 2 are shown in 

Figure 3.7. It shows that most prevalent microstructure for both is lamellar. 
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(a) (b) 

Figure 3.7. Microstructures of the γ-TiAl from two set-ups. (a) Microstructure of the γ-

TiAl from set-up 1; (b) Microstructure of the γ-TiAl from set-up 2 
 

 

Figure 3.8. shows the EDS result of the FGM deposit. Line scan was performed 

along the deposit, it differentiated six regions with different compositions listed in Table 

2.5. The designed length for each region is 5 mm. Region height difference can be 

attributed to the powder capture efficiency.  

 

 

 

Figure 3.8. EDS result of the FGM deposit 
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4. CONCLUSIONS 

 

The current research was implemented to investigate the feasibility of combining 

Ti with γ-TiAl via the LMD process. The fabricated material was characterized using 

techniques such as scanning electron microscopy, hardness testing, EDS. The conclusions 

from the analyses include: 

• Crack-free γ-TiAl deposits could be fabricated by using insulating bricks to control the 

cooling rate during LMD process.  

• Proposed an FGM path to successfully join titanium alloy with γ-TiAl. 

• Mechanical properties of γ-TiAl would be affected by are affected by processing 

parameter. Increasing energy input would decrease the cooling rate and decrease the 

Vickers hardness.   

The microstructure in the γ-TiAl deposit is lamella.  
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 SECTION 

2. CONCLUSION 

Since most of the advanced materials are made of high-performance and high-value 

metals, thus the research issues on fabricating and optimizing advanced metallic 

components economically and efficiently. Therefore, it is very challenging and important 

to investigate and develop a new methodology for composition establishment, cost 

reduction, components fabrication and performance improvement. The elemental powder 

mixture has been used as feedstock in the LMD process. It offers a cost-effective possibility 

for near net shape fabrication. Take the fabrication of Ti-6Al-4V as an example, this alloy 

exhibits excellent properties, but still classified as one of the difficult-to-machine materials. 

Owing to the high cost of conventionally produced Ti-6Al-4V, powder processing method 

becomes an appealing alternative to fabricate the titanium alloy for cost reduction. In this 

case, industry qualified Ti-6Al-4V components can be produced by using Ti, Al and V 

powder mixture and these elemental powders have close particle number in the mixture. 

Each individual advanced metallic component could be unique, the required composition 

is specific and arbitrary. Since it always has a problem to get target material with the 

original designated ratio for the elemental powders due to powder separation, the principle 

of the powder motion is researched. It reveals that the particle number for each element in 

the powder mixture is a key factor for composition control in the deposit components.  

In order to extend the application of the elemental approach to a broader area for 

the LMD process, the fabrication of AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) high entropy 

alloys are proposed. High entropy alloys are novel material systems that exhibit properties 

much more superior than traditional alloys. In this research, the material system 
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AlxCoFeNiCu1−x (x = 0.25, 0.5, 0.75) have been fabricated using blended Al-Co-Fe-Ni-

Cu elemental powder as the feedstock. Analyzing the deposit parts using optical 

microscopy, electron microscopy, EDS, EBSD, XRD and hardness testing techniques 

reveals the properties of the alloys. The experimental results show that the method is more 

flexible and feasible for novel metallic materials development with elemental powder 

mixture.  

Moreover, the research and application of elemental approach on functionally 

gradient materials (FGM) are developed. Because FGM is one kind of advanced material 

characterized by a gradual change in properties as the position varies, it is more controllable 

to form transition layers by blending various elemental powders to eliminate the obvious 

interface and accommodate gradients for specific applications. Also, the LMD 

manufacturing method allows producing such complex components with minimal lead 

time by directly adding materials layer by layer from 3D CAD models. The overall goal 

for this process planning is to propose an FGM path to join titanium alloy with γ-TiAl 

without cracks along the build. In addition, the process also provides a series of technical 

approaches for analyzing the properties of the materials. Compared with previous research 

on FGM, it dramatically simplifies the work for selecting transition materials. 

The overall outcomes of this dissertation addressed several key issues which 

challenging the application of elemental powder mixture for advanced metallic 

components fabrication in LMD process. It provides the processes for developing 

production procedures, establishes the schema for optimizing the metallic components, 

generates a path, integrates the methods. The most challenging problem in the powder 

deposition process using LMD is to identify the strategy for each unique component. The 
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different trials could improve the possibility to successfully fabricate designed components 

with low cost. The deposited parts could be analyzed according to a series of general ways 

to get the mechanical properties, microstructure, phases and so on. The path pattern and 

deposition parameters can make a big difference for the final deposited parts. There is an 

actual demand for the use of elemental powder to improve the economy of fabricating 

theory analysis for implementing the deposition.  The proposed experiment plan and 

analysis method will be applied to fabricate different types of complex components from 

different areas. The powder deposition process and the generation method for the FGM 

transition path could be extended to fabricate other new types of materials to improve the 

components’ properties and reduce cost. Many complex parts are also feasible by adding 

secondary operations such as machining to complete the shape of the deposited part, and 

by following certain design path. The potential application of developed alloys could tell 

the feasibility to develop new materials and improve the efficiency to research new area by 

using a blended elemental powder mixture.     
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