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Abstract 

 

 

In this work, the high-energy mechanical alloying (HE-MA) method was used to 

manufacture nanostructured Ni(Zn)–Al2O3 composite particles, to be utilized as particle 

feedstock in cold spray additive manufacturing process. Pre-milled Ni(Zn) alloy precursors 

were milled in SPEXTM 8000 M high energy ball mill. Microstructural characterization 

with Electron backscatter diffraction (EBSD) studies and particle size distribution of 

Ni(Zn) alloy particles showed that, in comparison to Ni(10wt.%Zn) alloy particles, 

Ni(5wt.%Zn) experienced higher plastic deformation, work hardening, and fracture. Two 

design compositions (30-wt.% and 50-wt% α-alumina) were paired with two substitutional 

alloy compositions, Ni(5wt.%Zn) and Ni(10wt.%Zn), for the material design-of-

experiment (DoE).  The embedment of nanometer-sized α-alumina grains in micron-sized 

Ni(Zn) alloy matrix was confirmed via microstructural analysis. The composite particles 

that were milled for four hours had the desired particle size distribution to serve the purpose 

for cold spraying, according to the particle size measurement obtained via laser diffraction 

spectroscopy (LDS).  
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Chapter 1 Introduction 

 

 

Many metallic components used in the power, automotive, aerospace, and materials 

industry sectors may benefit from coatings made of Nickel element as a principal 

component. Nickel has remarkable high-temperature properties, hardness, and strength. Ni-

based metal matrix composites (MMCs) have been sprayed onto a variety of substrates by 

researchers using cold gas dynamic spray process (CGDS) [1], plasma spraying [2], High 

velocity oxy-fuel (HVOF) [3] etc. MMC belongs to the composite material family class 

with varying combinations of metal/alloy and ceramic constituents. The resulting material 

can deliver new material properties and physical characteristics when applied as feedstock 

in spray coating technologies. The challenge however is that the combinations are neither 

experimental validated, nor are they functionally innovative for shielding industrial 

components from high temperature wear and oxidation resistance. As far as engineering 

applications are concerned, there is industrial demand for innovative material design and 

their successful deposition on substrates so to enhance the service lives operational 

components. 

 

One method to achieve this is to suppress wear and oxidation losses by applying coatings 

made of novel material compositions achieved through experimental design and synthesis 

of the MMC feedstock. This directly affects the plant's dependability and efficiency when 

it comes to operation in high temperature conditions. For instance, very thin coatings made 

of such MMC feedstock are well resistant to oxidation and wear that may safeguard the 
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turbine components at elevated temperatures [4]. From automotive to aircraft industrial 

uses, there is a growing recognition of the necessity for lightweight, high strength materials. 

The hardness and stiffness of a material required is high and mass required is low. This has 

several benefits, such as the ability to carry a larger shipment and/or increased fuel 

efficiency. Finding materials with the necessary mechanical strength that are also 

affordable and lightweight is a difficulty for many applications. Although there are a few 

materials that can fulfill these needs in their basic form, the creation of MMCs reinforced 

with ceramic particles have emerged as a new concept for the design of novel materials 

with distinctive characteristics like low weight and high strength [5].  

 

The major factors influencing MMC performance are: (1) distributing reinforcement 

particles throughout the metal matrix sufficiently; (2) preserving the structural integrity 

throughout the synthesis of composite particle feedstock; and (3) creating an appropriate 

matrix-reinforcement particle interface [6-11]. Lowering the crystallite size of metal matrix 

to the nanoscale level can further increase an MMC's strength [12]. 

 

1.1 Motivation 

Due to the ability to improve the coated substrate materials' resistance to high temperatures, 

high wear rates, coatings are incredibly helpful in protecting substrate materials during 

harsh working circumstances. These coatings may be useful in several industries like 

aerospace, automotive, shipbuilding, mining and marine [13-16]. Several researchers have 

been investigating the merit of Ni based coatings with different kinds of reinforcements 
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that could prove meritorious in providing protection to the metal components or structures 

in the industries making them resistant to deterioration and thereby contributing to the 

overall economic, social, and environmental benefits [17-26]. 

 

The MMC particle feedstock created by high-energy mechanical milling can be a solution 

to many problems faced by the coatings in terms of mechanical, tribological or corrosion 

properties. The microstructure of a MMC particle feedstock contains ceramic grains 

uniformly dispersed in the metal matrix, thereby enabling it to impart uniform properties 

when sprayed onto substrates. Ni based MMC particle feedstock synthesized in this 

research shall provide uniform mechanical and tribological properties to industrial standard 

substrates subjected to high temperature environments. 

 

1.2 Scope of the research 

The better strength merit of nickel(zinc) substitutional alloy over its parent element, nickel, 

has been suggested in the current research work. Zinc atoms contribute to the lattice strains 

in the FCC (face-centered cubic) crystal structure by taking up some of the nickel's lattice 

locations. In order to block dislocations and provide alloy strength, these lattice strains may 

be significant. To the best of author's knowledge, no study has been performed on the 

design, synthesis, and spraying of reinforced Ni(Zn)-Al2O3 particles, therefore composite 

CS coatings composed of nickel zinc substitutional alloy would be a novel composition to 

work with. The tribological characteristics of Ni(Zn) based MMC coatings should be better 

than those of nickel-based MMC coatings due to the anticipated increased hardness of 
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Ni(Zn) alloy-based composites. Furthermore, the Ni(5wt.%Zn) and Ni(10wt.%Zn) alloys 

utilized in this study have melting points that are both very close to 1,400o C, which makes 

them suitable for high temperature applications. This also enables the use of higher carrier 

gas temperatures during HPCS (high-pressure cold spray), which raises the deposition 

efficiency (DE) of Ni(Zn)-Al2O3 particles. Alumina is a low-cost, low-density ceramic 

material with good wear, corrosion, high temperature stability, and fracture toughness 

properties among the several reinforcements that are accessible [27]. 

  

1.3 Research Questions and Hypothesis 

The research has therefore developed the following research questions with corresponding 

hypotheses to direct through the research methodology chosen, as inferred from the 

discussion above: 

1. How does the composition of composite particles affect the way that ceramic grains are 

incorporated into the alloy matrix? 

To ensure appropriate embedding of ceramic grains to obtain homogeneous composite 

particle composition, the alloy matrix should have an optimal amount of ceramic 

reinforcement to avoid excess agglomeration. Also, the size range of alloy particles should 

be at least a magnitude higher than the size range of ceramic grains. 

 

2. How does the milling time of composite particles affect the way that ceramic grains are 

incorporated into the alloy matrix? 
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The longer milling period ought to improve the homogeneity of the ceramic grain 

embedment in the matrix of the substitutional alloy. In the initial stage of milling process, 

severe plastic deformation, particle flattening, and subsequent cold welding is prominent. 

The larger surface area of a flattened particle facilitates the embedment of ceramic grains 

into alloy matrix. Along with the progress in milling time, work hardening increases and 

fracture toughness decreases which eventually gives equiaxed composite particles.  

 

3. What impact does a higher Zn content in Ni have on the characteristics of Ni(Zn)-

alumina composite particles? 

A higher Zn content in the Ni(Zn) substitutional alloy will result in higher hardness and the 

milled composite particles made of it is expected to have higher hardness and possibly 

higher mechanical strength and wear resistance properties when such particles are cold 

sprayed on to a metallic substrate. 

 

4. What impact does HE-MA have on the grain size and particle size distribution (PSD) of 

the HE-MA composite particles? 

When milling time increases, mechanical milling might lower PSD. Nevertheless, the 

amount of PCA supplied, the ductility of the powder particles, and the fracture of the 

particles during milling all affect how much the particle size decreases. The ductility and 

composition of the cermet powder particles determine the distribution of grain sizes inside. 

The grain size distribution should be finer the longer the milling period. 
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1.4 Goal of Research and Objectives 

This research aims to develop Ni(Zn) alloy particles with α-alumina grains embedded in it 

to form Ni(Zn)-alumina composite HE-MA particles for their microstructural 

characterization and evaluation of their merit for eventual cold spray-ability on industry 

standard substrates. These Ni(Zn)-Al2O3 particles are intended to have homogenized 

embedment of ceramic grains throughout the metal matrix so that upon cold spraying the 

coatings made can have uniform mechanical properties. Also, the substitutional alloy 

Ni(Zn)-alumina coatings made out this feedstock is expected to have enhanced high 

temperature properties as compared to coatings made of discrete Ni-Zn-alumina based 

coatings. The outcome of this research is significant for industries that use metallic 

components subject to wear. This shall reduce the overall component and equipment 

maintenance costs. 

 

The objectives for the research project are as follows: 

• To synthesize and characterize a novel Ni(Zn) substitutional alloy-based Ni(Zn)-α-

Al2O3 composite particle feedstock by HE-MA method. 

• Designing experiments for composite particle feedstock synthesis with respect to 

varying compositions and milling time. 

• Investigate the crystallite size, microstructural analysis, extent of plastic 

deformation in Ni(Zn)-α-Al2O3 composite alloy particles. 
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Chapter 2 Literature Review 

 

2.1 Metal Matrix Composites (MMCs) 

MMCs have advanced significantly in the last 50 years, particularly, many novel 

applications have been created for commercial and research objectives. Aerospace, thermal 

management, ground transportation, infrastructure, sports products, and industrial sectors 

are pertinent uses. Usually made of ceramic, reinforcement in MMCs takes the shape of 

whiskers, particles, continuous fibers, or short fibers [28-30]. Due to their inherent isotropic 

features and inexpensive cost, MMCs have garnered much attention. Carbides, nitrides, 

and oxides are examples of reinforcement materials. The selection of reinforcement 

particles for the metal matrix may depend on thermal stability, melting temperature, 

strength, particle morphology, cost, elastic modulus and compatibility with matrix material 

[31]. MMCs' properties can be adjusted to meet the needs of various industrial applications 

by selecting the right matrix, reinforcement, and processing route combinations. Many 

studies have yielded many fresh scientific information about the inherent and extrinsic 

impacts of ceramic reinforcement on MMCs' mechanical, thermomechanical, 

physicochemical, and tribological properties. For instance, the braking systems of vehicles 

and trains use aluminum matrix composites in the most significant way due to their massive 

size and great volume. Now, aluminum matrix composite brake discs are widely utilized 

in European railroads and in some passenger automobile models in the United States [32]. 

Figure 2.1 illustrates a few of the applications utilizing Al MMCs [33]. 
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Figure 2.1: Aluminum metal matrix composite utilized in the making of (a) piston, (b) (b) 

cylinder barrel-equipped engine, (c) piston linking rod, (d) Braking mechanism [33]. 

 

 

2.2 Powder production techniques 

Particulate matters (or powders) are the building blocks of modern-day additive 

manufacturing era. The size, shape, and composition of powder particles are influenced by 

the desired additive manufacturing technologies such as thermal or cold spray. In the 

manufacturing regime, molten metallic bulk is broken up into tiny droplets during the 

atomization process, which is followed by solidification [34-38]. Water atomization, gas 

atomization, and plasma atomization are the different atomization methods. In contrast to 
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the spherical particles obtained from inert gas atomization, water atomization yields 

irregular particles. Water atomization is not a good way to make powders for CS since the 

resulting powders have more contamination [34,38]. For CS application, near-spherical 

particles are produced via the plasma atomization method [34]. Both gas and plasma-

atomized powders have lower levels of oxygen contamination. The production of fine or 

dendritic grains may result from the quick cooling of the fine molten droplets, which could 

also raise the dislocation density. Particle size, cooling rate, and processing variables all 

have a major impact on the microstructure. 

 

Another method for making powders that works well with fragile particles is mechanical 

crushing. For usage in the thermal spray method, titanium derived from raw rutile - which 

is porous and spongy - is ground into a fine powder. Also, copper, having a dendritic 

structure is formed by the electrolysis process, which is a very commonly utilized element 

in thermal spraying [39]. 

 

2.3 Powder Modification Techniques 

These methods are useful in achieving the powder properties needed for applications 

involving CS. Through a process called plasma spheroidization, spherical particles can be 

created from particles of any size or shape. Before quickly solidifying, the particles travel 

through a plasma jet melt and take on a spherical shape [34,41]. Ball milling is another 

widely used method. Particles are deformed, fractured, and rewelded during the ball milling 

process by the motion of hard milling balls. The resulting powders are shaped irregularly 
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[34,41]. Ball milling facilitates the homogeneous dispersion of second-phase particles 

inside the metal matrix, resulting in composite powders that are appropriate for use in cold 

spraying [42]. Also, powders with a nanograin structure are produced by cryogenic ball 

milling in a liquid nitrogen atmosphere [40,43,44]. 

 

2.4 High-Energy Mechanical Alloying (HE-MA) 

A high-energy ball mill is used to repeatedly weld, fracture, and then reweld a combination 

of powdered particles. During the milling process, the powder particles become caught 

between the colliding balls and based on the mechanical properties of the powder 

components, experience deformation, fracture, or welding. Metal-matrix composites, 

intermetallic compounds, amorphous materials, and supersaturated solid solutions are 

among the materials and alloys that can be created with this procedure [45].  John S. 

Benjamin’s research showed that in a nickel-base superalloy, age hardening and fine 

particle dispersion strengthening can be combined via mechanical alloying in the year 1970. 

Yttria proved to be an efficient dispersion strengthening agent in Nickel based superalloy. 

The dispersion strengthening along with precipitation hardening mechanism in the nickel-

based superalloy complement one another for temperature up to 1500o F [46]. Mechanical 

alloying of metals has been primarily used in the development of oxide dispersion 

strengthened (ODS) commercial alloys based on copper, aluminum, and nickel. Elevated 

temperature strength is a characteristic of these materials that arises from multiple causes. 

The first characteristic of their structure is the uniform dispersion of very fine (between 5 

and 50 nm) oxide particles of stable oxides, such as beryllia (BeO), lanthana (La2O3), yttria 

(Y2O3), thoria (ThO2), titania (TiO2), and alumina (Al2O3). These particles have an 
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approximate spacing of 100 nm throughout their structure. This dispersion reduces the 

deformation in alloy due to creep by preventing the motion of dislocations in the metal 

matrix. The dispersoid particles also prevent the processes of recovery and recrystallization. 

Second, the even dispersion of alloying elements brought about by mechanical alloying 

improves the stability and characteristics of both precipitation-hardened and solid-solution 

strengthened alloys at high temperatures. Materials that have been mechanically alloyed 

are also highly resistant to hot corrosion and oxidation [45]. 

 

In mechanical alloying (MA) technology, three possible metal and alloy combinations are 

considered: (1) brittle-brittle, (2) ductile-brittle, and (3) ductile-ductile. 

In the brittle-brittle category, the lesser brittle component becomes embedded in the more 

brittle component as it is milled. As such, the hard particles of Si are embedded in the soft 

Ge matrix in Si-Ge (Figure 2.2) and Mn-Bi brittle-brittle component systems [47]. While 

milling brittle components, the potential mechanisms that could aid in the transfer of 

material is plastic deformation, mainly enabled by surface deformation, micro-deformation 

in volumes free of defects, and increase in local temperature [45,47].  
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Figure 2.2: SEM image demonstrating the incorporation of the hard Si particles into the 

softer Ge matrix during a 12-hour mechanical alloying process of the Si-Ge powder 

mixture [45,47]. 

 

Traditional ODS alloys fall into the ductile-brittle group because brittle oxide particles are 

scattered throughout the ductile matrix. Ball-powder impacts during the early phases of 

milling flatten the ductile metal powder particles while breaking apart the intermetallic 

particles or brittle oxide. The ductile components tend to occlude and confine these broken, 

brittle particles inside. The ductile powder particles become work-hardened resulting in the 

refined and complicated lamellae formation with additional milling. Each particle's 

composition gradually approaches that of the initial powder blend. As an ODS alloy is 

milled further, the lamellae become more refined, the interlamellar spacing reduces, along 
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with the brittle particles becoming evenly distributed throughout the ductile matrix. TEM 

image of an α2-titanium aluminide matrix with the dispersion of Er2O3 in it that has been 

mechanically milled is depicted in Figure 2.3 [45,48].  

 

 

Figure 2.3: TEM image of a mechanically milled α2-titanium aluminide matrix with the 

dispersion of Er2O3 in it [45,48]. 

The best kind of material combination for mechanical alloying is ductile-ductile. Initially, 

the particles get flattened and may also fuse onto the ball surfaces. The benefit of this 
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powder coating on the grinding medium is that it keeps the medium from wearing down 

too much. Subsequently, the flattened particles undergo cold welding to create a composite 

lamellar structure consisting of the individual metals. The work hardening, hardness, and 

fragmentation of the composite powder particles increase with increasing mechanical 

alloying time, leading to particles with increasingly equiaxed dimensions. As the material 

is milled further, the welded layer's elemental lamellae and the coarse and fine powders 

stop being linear and instead become convoluted (Figure 2.4). The reason for this is because 

equiaxed powder particles randomly fuse together, showing no bias in the orientation in 

which they fuse. At this point, alloying starts to happen because of a combination of higher 

lattice defect density, reduced interlamellar spacing, and any possible heating during the 

process of milling. At this point, the particle size and hardness typically achieve a saturation 

value. Real alloying happens at atomic levels with additional milling, forming 

intermetallics, solid solutions, or maybe amorphous phases. The rate of mechanical energy 

is applied in the process and the rate at which the material being processed work hardens 

are two factors that affect the rate of refinement of microstructure, as was discussed in 

[45,49].  
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Figure 2.4: SEM image illustrating the complex lamellar structure produced by milling a 

ductile-ductile component system (Ag-Cu) [45]. 

 

2.5 Process Variables in Mechanical Alloying (MA) 

Since mechanical alloying is a complicated process, achieving the intended product phase 

and/or microstructure requires optimizing several variables. The milling time, material type, 

material size, milling speed, process control agent, type of mill, milling container, milling 

atmosphere, grinding medium size, vial fill level, ball-to-powder weight ratio, and milling 

temperature are some of the significant factors that affect the final composition of the 

powder [50]. 
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2.5.1 Type of mill 

For performing MA, there are several types of mills available. These mills vary in terms of 

capacity, operating speed, and controllability—that is, the degree to which contamination 

of the powders may be minimized. A suitable mill can be selected according to the type of 

powder, the amount of powder, and the final constitution desired [50].  

 

2.5.2 Milling receptacles 

The material chosen for the milling container is crucial since some of its material might 

dislodge and get added into the powder because of the grinding medium's impact on the 

interior surface of the container. This may contaminate the powder and change its chemical 

composition. There is a chance that the powder will become contaminated if the material 

with which grinding vessel is made and the powder are different. Conversely, if the two 

materials are identical, the chemistry can change unless appropriate measures are 

implemented to offset the increased quantity of the element added to the powder. Bearing 

steel, tempered steel, hardened chromium steel, tool steel, WC-Co, hardened steel, stainless 

steel, and WC-lined steel [51], are the most frequent materials used for the grinding vessels 

[50].  

 

2.5.3 Milling speed 

It is simple to understand that the energy transferred to the powder would increase with the 

rotational speed of the mill. However, there are restrictions on the highest speed that can 

be used, depending on the milling machine design. For instance, raising the rotational speed 
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in a traditional ball mill will accelerate the ball movement. The balls will become stuck to 

the interior surface of the vial over a certain speed and cannot drop to produce any impact 

force. To ensure that the balls fall from the highest height and generate the most collision 

energy, the maximum speed should be set slightly below the critical velocity [50].  

 

A further constraint on the maximum speed of milling is that the temperature within the 

vial may rise to a high level. When diffusion is needed to encourage homogeneity and/or 

alloying in the powders, this could be useful in such circumstances. However, there are 

some situations in which this temperature increase could be detrimental since it speeds up 

the transformation process and causes the breakdown of additional metastable phases or 

supersaturated solid solutions that were created during milling [52]. Furthermore, the 

powders could become contaminated due to the elevated temperatures produced. 

According to reports, the improved dynamic recrystallization during nanocrystal formation 

causes the average crystal size to grow along with the internal strain to decrease at higher 

milling speeds [53]. The highest temperature that can be reached varies greatly depending 

on the type of mill.  

 

2.5.4 Milling duration 

The milling time is the most crucial factor. The duration is often set to produce a constant 

condition between the powder particles' fracture and cold welding. Several factors affect 

the amount of time needed: ball-to-powder ratio, milling intensity, temperature, and kind 

of mill. For every combination of the aforementioned characteristics and for any specific 
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powder system, these timings must be determined. However, if the milling of powder is 

done for longer than necessary, It should be understood that the amount of contamination 

rises, and some undesired phases develop [54]. Therefore, it is preferable that the powder 

be milled for only the amount of time needed, and no more [50].  

 

2.5.5 Grinding media 

Stainless steel, WC-Co, tool steel, hardened steel, tempered steel, bearing steel, and 

hardened chromium steel are the most frequent materials used as grinding media. To ensure 

the balls exert sufficient force on powders, the grinding media's density must be high. To 

prevent cross contamination, it is ideal to use the same material for both the grinding 

medium and the grinding vessel for milling the powders [50].  

 

The effectiveness of milling is also influenced by the size of the grinding medium. Since 

the heavier balls will impart greater impact energy to the powder particles, the high density 

and large size of the grinding media are often beneficial. Additionally, it has been stated 

that the size of the grinding media utilized affects the final composition of the powder. For 

instance, a solid solution of Al in Ti was created after milling a blended elemental Ti-Al 

particle mixture using balls with a diameter of 15 mm. However, even after a lengthy 

milling period, the usage of balls with a diameter of 20 and 25 mm produced a mixture of 

just the Ti and Al phases [55]. A different set of studies [56,57] revealed that utilizing steel 

balls with a 3/16’’ diameter instead of ¾'’ diameter could result in the production of an 

amorphous phase in Ti-Al alloys more quickly. In fact, when milling was carried out with 



   
 

19 

 

large steel balls, in certain instances a stable crystalline compound was developed, and no 

amorphous phase was created [56].  

 

2.5.6 Weight of balls to powder ratio 

An essential factor in the milling process is the ball to powder particles ratio (BPR) which 

is the ratio of weight of balls to that of powders, also known as the charge ratio (CR). If the 

powder is to be milled in a small capacity mill, like a SPEX mill, a ratio of 10:1 is typically 

utilized. However, a larger BPR of 50:1 or maybe 100:1 is employed when milling is done 

in a higher capacity mill, such as an attritor mill. The amount of time needed to reach a 

certain phase in the milled powder particle is greatly influenced by the BPR. The necessary 

time decreases with increasing BPR. For instance, milling of Ti-33at.%Al powder mixture 

in a SPEX mill, an amorphous phase was formed in 7 hours with a 10:1 BPR, in 2 hours 

with a 50:1 BPR, and in 1 hour with a 100:1 BPR [58]. A high BPR causes more collisions 

per unit of time due to an increase in the weight of balls in proportion to that of powders. 

This increases the energy imparted to the powder particles, hastening the alloying process 

[50].  

 

2.5.7 Filling level of the vial 

The impact forces applied to the powder particles cause them to alloy, thus it's important 

that the powder particles and the balls have adequate room to freely move inside the milling 

container. A very small production rate results from a very little quantity of powder 

particles and balls. Conversely, if the amount is high, the balls will not have enough room 
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to move about, which will reduce the impact energy. As a result, caution must be used to 

avoid filling the vial too much; typically, about half of the vial is left empty [50].  

 

2.5.8 Milling environment 

The contamination of the powder particles happens mainly because of the milling 

environment. As a result, milling of powders is done in vessels that have either been sealed 

vacuum shut or filled up with inert gases like helium or argon. Nitrogen can form nitrides 

during milling which is undesirable. The most popular ambient to stop powder particle 

contamination and/or oxidation is high-purity argon. Typically, atmosphere-controlled 

glove boxes are used for the loading and unloading of the milling vial with powder particles. 

Usually, the argon gas in these glove boxes is periodically replaced after being evacuated. 

In certain cases, investigators have gone so far as to perform the milling process inside of 

glove boxes that have been evacuated [50].  

 

Various milling atmospheres have been employed for distinct objectives. Nitrides have 

been produced in ammonia or nitrogen atmospheres [59,60]. Hydrides were created using 

a hydrogen atmosphere [61]. It has been demonstrated that milling in presence of air in vial 

causes the powder to generate nitrides and oxides, particularly if the powder is reactive. 

Consequently, when milling, care must be made to employ an inert atmosphere [50].  
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2.5.9 Role of surfactants in mechanical milling/ alloying 

Surfactants, also known as process controlling agents (PCAs), are used in mechanical 

milling to reduce metal-to-metal contact by adhering to the particle surface and becoming 

adsorbed there. This reduces cold welding and eventually causes more particle fracturing. 

The surfactant molecules are shown in Figure 2.5 adhering to the particle surface. To 

prevent cold welding of particles, surfactants deposited onto the particle surface lower the 

surface energy of newly broken surfaces. The inclusion of surfactants during milling results 

in a large increase in powder yield, which lowers the cost of material processing. Surfactant 

addition during milling, however, may have unfavorable consequences such as 

contamination of powder particles and sluggish homogeneity in the particle microstructure 

during alloy formation. The ductility of the particles, their quantity, their milling time, their 

initial size, and the chemical and thermal stability of the surfactants all influence how much 

surfactant should be used in the milling process [62]. 
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Figure 2.5: An illustration of the functioning of surfactant in the mechanical 

alloying/milling process [62]. 

 

Depending on the required level of purity and the type of powder to be ground (brittle or 

soft), a surfactant must be selected. Surfactants typically make up 1-5 wt.% of the overall 

powder charge when utilized in the mechanical alloying/milling process. Excessive cold-

welding still happens when a modest amount of surfactant is used because only a small 

portion of the particle's surface gets covered. However, a significant amount of surfactant 

may coat the entire particle surface and cause the system to fracture more than cold welding 

would. A significant reduction in the friction coefficient between the powder particles and 

colliding balls occurs when a high amount of surfactant is added in a brief milling time. 

Also, the kinetic energy of milling balls gets consumed to overcome the frictional force 

and produce a flaky-shaped particle morphology [63,64]. It should be mentioned that using 

a lot of surfactant inhibits the creation of new materials and slows down the alloying 
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process, even though it produces fine, uniformly shaped particles after extended milling 

times. However, an appropriate amount of surfactant may coat the powder particle surface, 

resulting in a balance between fracture and cold welding [62]. For instance, according to 

Hiraga et. Al, the small particles (9.2 μm) produced by employing 3 wt.% methanol as 

surfactant did not meet the necessary plasma spraying application, while the larger particles 

(44.7 μm) created by using 2 wt.% methanol were well suited to plasma spraying [65]. 

 

Reducing the size of crystallites is largely dependent on the application of surfactants, 

especially in the initial phases of milling [66-69]. The bigger crystallite size estimated for 

a milled sample without surfactants may have resulted from the comparatively higher 

temperature attained during milling [67]. Heat is produced from the energy used to reduce 

the frictional force between powder particles. The elastic deformation of the vials and 

grinding media along with the plastic deformation of particles also produce heat. When the 

powder particle temperature rises over a particular point without the presence of a 

surfactant (lubricating agent) during milling, the powder particles may recover and 

recrystallize [70].  

  

2.5.10 Milling temperature 

Any alloy system is likely to be significantly impacted by the milling temperature since 

diffusion processes play a role in the creation of alloy phases, regardless of whether the 

final product phase is an amorphous phase, intermetallic phase, solid solution, or 

nanostructure phase. Only a small number of studies using purposeful temperature 
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variations during milling have been published. This was accomplished by either heating 

the milling vial electrically to raise the milling temperature or by dropping liquid nitrogen 

into the milling vial to decrease the milling temperature [50].  

 

These studies were conducted to find out if a nanocrystalline structure or an amorphous 

phase occurs at different temperatures, or to investigate how the temperature of milling 

affects the variance in solid solubility levels. It was noted that for higher temperature 

milling of materials, the grain size was bigger and the root mean square (rms) strain for the 

material was less during the creation of nanocrystals [71]. Regarding the development of 

an amorphous phase in relation to milling temperature, there have been differing reports. 

Amorphization during MA is characterized by the development of micro-diffusion 

couplings of the component powders and a solid-state amorphization process. Therefore, 

the amorphization kinetics gets improved by increased milling temperatures. In the Ni-Zr 

[72] and Ni-Ti [73] systems, this has been noted. When a Ni-50 at.% Zr powder mixture 

was processed in a vibrating mill for 15 hours at liquid nitrogen temperature, no amorphous 

phase development was seen. However, at 200o C, milling for the same amount of time 

resulted in the production of a totally amorphous phase and at ambient temperature, milling 

produced a partially amorphous phase [50].  

By a different process than during MA, as an amorphous phase is formed during MM. 

Amorphization during MM is caused by a rise in the crystalline phase's free energy brought 

about by defects such as larger grain boundary area or anti-site chemical disorder due to 

creation of a nanocrystalline structure. Amorphization is therefore predicted to be favored 

by lower milling temperatures. As the temperature was raised during the NiTi intermetallic 



   
 

25 

 

milling process, Koch et al. [74,75] observed decreased amorphization kinetics. It took 2 

hours for the material to amorphize at liquid nitrogen temperature, but it took 18 hours to 

amorphize at 220° C [50].  

 

2.6 Types of mills 

Mechanically alloyed powders are created using several kinds of high-energy milling 

machinery. They vary in terms of capacity, milling efficiency, and supplementary 

arrangements for heating and cooling [50]. 

 

2.6.1 SPEX® shaker mill 

Typically, SPEX® shaker mills (Figure 2.6) are utilized for alloy screening and laboratory 

research, milling roughly 10–20 g of powder particles at a time. The manufacturer of these 

mills is SPEX® CertPrep, located in Metuchen, NJ. This mill contains a single vial, clamped 

in place that swings vigorously back and forth several thousand times per minute, carrying 

the grinding balls and sample. The vial appears to be moving in the shape of an infinity 

sign or figure 8 when it combines the back-and-forth shaking action with lateral motions 

of the vial's ends. The balls mill and mix the sample as they strike the end of vial and the 

sample with each swing of the vial [50].  

This machine has forced cooling built in to allow for longer milling durations. The SPEX® 

mills can be used with a wide range of vial materials, such as plastic, methacrylate, tungsten 

carbide, silicon nitride, agate, alumina, hardened steel, and zirconia [50].  
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Figure 2.6: SPEX ® 8000 mixer/mill [50]. 

 

2.6.2 Planetary ball mill 

A planetary ball mill, which can mill a few hundred grams of powder at a time, is another 

common mill used for MA research (Figure 2.7a). These are sold in the US and Canada by 

Gilson Co. and are produced in Germany by Fritsch GmbH. The movement of the milling 

vials in the planetary ball mill is what gives it its name. They rotate about their own axes 

owing to a unique driving system, which is mounted on a rotating support disk. Because 

the supporting disk and the vials revolve in opposing orientations, the centrifugal forces 

operate in opposite and similar directions on alternate occasions. As a result, there is a 

friction effect as the grinding balls go down the vial's inner wall, an impact effect when the 
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material is milled followed by the lift off of the grinding balls to travel through the vial's 

inner chamber freely and collide with the opposing inner wall as seen in Figure 2.7b. In the 

SPEX® mills, impacts occur even more frequently. Therefore, planetary ball mills have 

lower energy when compared to SPEX mills [50]. 

              

 

Figure 2.7(a) A P-5 four station ball milling machine Fritsch Pulverisette; and (b) diagram 

showing motion of the balls move within the ball mill. [50]. 
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2.6.3 Attritor mill 

An attritor, a type of ball mill that may produce higher energies, is made out of a vertical 

drum that has several impellers inside of it. The impellers, which are progressively 

arranged at right angles to one another, energize the ball charge and reduce the particle size 

as a result of impacts. It appears that ball sliding and interparticle collisions contribute to 

some size decrease. The steel balls inside the drum are stirred by the impellers, which are 

rotated by a strong motor. Large amounts of powder, ranging from roughly 0.5 to 40 kg, 

can be ground at a time in attritor mills (Figure 2.8). Union Process, located in Akron, Ohio, 

offers commercial attritors for purchase. These are low energy mills as compared to both 

planetary and SPEX® mills [50]. 

 

 

Figure 2.8: An illustration of a vertical attritor including a rotating impeller [45]. 
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2.6.4 Commercial mills 

Compared to the above-discussed mills, commercial tumble ball mills for mechanical 

alloying are substantially larger and have a processing capacity of several hundred kg to 

one ton at a time. The specific energy of the milling machine decreases as the milling time 

increases. As a result, a process that just takes a few minutes in a planetary mill and a few 

hours in attritor mill may take a few days in commercial tumbling ball mills. The sizes of 

commercial batch NETZSCH® attritors utilized in industry today range from 115 to 720 L 

[50].  

 

2.7 Material selection for current research 

The aim of the current work is to produce Ni(Zn)-alumina composite particles with desired 

characteristics for their potential use as feedstock in LPCS/HPCS by using HE-MA as a 

feedstock synthesis technology. The production of nanostructured metal-ceramic 

composites is studied using mechanical milling to create deposits in a cutting-edge cold 

spray additive manufacturing (CSAM) method. The service life of components is extended 

by the nanostructured metal-ceramic composites, which combine the advantages of 

ceramics (exceptional wear resistance and chemical stability) and metals (excellent 

strength and toughness). Nickel(zinc) substitutional alloy over its parent element, nickel, 

has been suggested in the current research work. Zinc atoms contribute to the lattice strains 

in the FCC crystal structure by taking up some of the nickel's lattice locations. In order to 

block dislocations and provide alloy strength, these lattice strains may be significant. 

Moreover, Ni(Zn) alloys used in this research have a high melting point close to 1400° C 

which makes them suitable for high temperature applications. The properties of aluminum 
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oxide (Al2O3) include strength, hardness, and chemical inertness. Because of exceptional 

thermal, chemical resistance, and high hardness of alumina it is discovered to be a good 

reinforcement for enhancing wear resistance of metallic matrix at high temperatures [76]. 

It can be found in nature in both metastable forms such as κ, η, θ, δ, β, and X, as well as in 

hydrated phases such as diaspore (α-Al2O3.3H2O) and boehmite (γ-Al2O3·H2O). The α-

Al2O3, least porous phase, is found in nature as corundum and is known to be stable at 

temperatures of approximately 1200° C [5,50,76-78]. When paired with Ni(Zn) 

substitutional alloy, the appealing qualities of Al2O3 may find use in the mining, aerospace, 

petrochemical, renewable energy, as well as gas turbine industries. 

 

Ni-Zn-alumina particles were cold-sprayed onto an Al7075 substrate by Koray Kilicay et 

al. (2021) in order to repair damaged metallic components and lower the cost of 

replacement [79]. A primary distinction between the current work and [79] is the material 

design. In [79], discrete nickel, zinc, and alumina particles were mixed and sprayed onto 

an Al7075 substrate. Ni-Zn-alumina coatings were shown to have better mechanical and 

tribological performances than Al7075 substrate [79]. However, since the particles were 

discrete the homogeneous dispersion of alumina was not achieved in the Ni-Zn-alumina 

cold spray coating fabricated by Koray Kilicay et al. Also examined by Koray Kilicay et 

al. (2020) was the high-temperature oxidation resistance of Ni-Zn-alumina MMC coatings 

sprayed over TZM molybdenum alloy. According to reports, Zn and Ni formed matching 

zinc oxide (ZnO) and nickel oxide (NiO), which enhanced the TZM alloy's resistance to 

high-temperature oxidation and expanded its range of commercial applications by keeping 

oxygen from penetrating the alloy at higher temperatures [80]. Therefore, in this current 
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research, the focus is on designing and synthesis of Ni(Zn)-alumina particle feedstock with 

uniform embedment of alumina grains in the metal matrix. These composite particles upon 

cold spraying shall improve the desired mechanical and tribological properties of the cold 

spray coatings due to the uniformly distributed alumina ceramic grains in the coatings. 

 

2.8 Applications 

Mechanically alloyed materials enjoy extensive industrial use in aerospace, glass 

processing, power engineering, thermal processing, and related fields. The foundation of 

these applications is the capacity of MA to create materials having metastable phases, 

including amorphous alloys, nonequilibrium quasi-crystalline or crystalline intermediate 

phases, and supersaturated solid solutions [45].  

The following discusses the key MA advancements in dispersion reinforced nickel, copper, 

cobalt and aluminum base alloys: 

 

2.8.1 Nickel based alloys 

The primary applications for the nickel-base superalloys from MA are in gas turbine engine 

parts and sheets used in corrosive and oxidizing environments. As a result, MA 754 is 

mostly used in aviation gas turbine engines as vanes and bands. Aero engine band 

assemblies and the brazed nozzle guide vane are other applications for it. For these uses, 

the main benefits of these alloys are its high melting point, resistance to creep, and 

resistance to thermal fatigue. Due to its high chromium content and ability to withstand 

high temperatures, the alloy MA 758 is designed for use in many industrial applications. 
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For radiant tube applications, alloy MA 754 tubing with a large diameter and thin wall has 

been created and tested. Heat exchangers and other industrial equipment working at 

extremely high temperatures have utilized Alloy MA 758 tubing [45]. 

 

2.8.2 Copper based alloys 

MA copper alloys are mostly used in electrical applications. The electrodes used in electro-

erosion and welding operations are particularly noteworthy since their extended lifespans 

allow for lower costs and higher output [81]. As hard magnets, Cu-Fe-Co alloys are thought 

to have valuable magnetic characteristics and can be applied in a variety of fields [82-85].  

 

Hard magnets in a variety of applications can be made using Cu-Fe-Co alloys, which 

possess advantageous magnetic characteristics [82-85]. A copper, iron, and cobalt powder 

mixture with a mass proportion of 50:25:25 served as the beginning material for the 

endeavor [82]. Alumina with a particle size of around 1 mm was the alloyed component 

chosen to be added at 1, 3, and 10 weight percentages. Different milling periods of 3, 8, 10, 

and 16 hours satisfied the MA process. The coercive field value, Hc, and the electro-erosion 

maximum energy product, BHmax, grew quickly up until three hours into the milling 

process, then abruptly decreased, and then decreased more slowly and continuously as a 

result of decrease in crystallite size, as the authors stated [82]. Cu-Fe-Co powder that had 

alumina added to it had higher Hc and BHmax values. However, the values only slightly 

increased when the alumina concentration was above 3%, going from 8,326,666 to 

8,637,051 A/m for the former and from 186,086 to 194,391 J/m2 for the latter.  
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2.8.3 Cobalt based alloys 

Oral and orthopedic surgery currently uses cobalt-base alloys as their primary materials. 

To be effective in replacing a bodily component, biomaterial alloys need to exhibit the best 

possible combination of corrosion resistance, wear resistance, fatigue, and strength. For 

joint replacement, a surgical implant, like a dental implant, needs to fulfill biological 

prerequisites. The alloys in the CoCrMoC system respond to these requirements. Co-27Cr-

6Mo-0.25C biomedical alloy was created by mechanical alloying, as reported by Saìnchez-

De Jesu´s et al. Drawing from over 40 years of clinical experience in oral and orthopedic 

surgery, this alloy is currently one of the preferred materials for wrought and cast metallic 

implants; it additionally achieved standardization. Because of its great strength, it is a 

preferred metallic material [45].  

 

2.8.4 Aluminum based alloys 

Compared to a traditional age-hardening aluminum alloy of similar strength, like Alloy 

2024, the IncoMAP® AL-9052 alloy offers a density which is 5% lower. Its excellent 

strength, low weight, and resistance to corrosion make it a valuable material for 

aeronautical applications. The ultra-lightweight IncoMAP® AL-905XL alloy is created by 

adding lithium with mechanically alloyed aluminum alloys. Compared to the age-

hardening 7075-T73 alloy having equivalent strength, it has a 10% higher stiffness and a 

lower density. This alloy can be applied to airframes due to its exceptional combination of 

characteristics [45]. High-strength aluminum-titanium alloys have recently been created 

using MA through the dispersion of Al3Ti intermetallic particles either nanometer- or 

submicron-sized in an aluminum matrix, along with Al2O3 and Al4C3 dispersoids through 
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the incorporation of PCAs. To create high-strength alloys in different systems, comparable 

methods could be applied. In the Al-10Ti alloy produced by MA, high mechanical 

properties were generated. 1.5 wt.% wax was added during attrition milling a mixture of 

10 wt.% titanium powders and aluminum [45].  

 

2.9 Cold gas dynamic spray (CGDS) technology 

In the 1980s, the Institute for Theoretical and Applied Mechanics in the Siberian section 

with the Russian Academy of Science in Novosibirsk made the discovery of the CGDS 

technology [86,87]. The method has undergone multiple revisions over the years, mostly 

owing to its exceptional capacity to deform solid particulate materials based just on the 

kinetic energy of the particles. It is challenging for technology to perform at a level where 

the industries expect components to be built with outstanding mechanical, tribological, and 

environmental attributes. Polymers, ceramics, metals, and alloys are among the feedstock 

and substrate materials that the CS technology may be able to work with [80,88,89]. 

Additionally, in comparison to other thermal spray techniques, the CS process offers less 

chance of high temperature phase transformations and oxide formations, making it useful 

for handling materials that are sensitive to oxygen [90]. By offering remarkable mechanical, 

corrosion resistance and wear resistance properties the CS coatings applied to substrates 

can lower the cost of replacing many kinds of widely used metallic components. The CS 

procedure is depicted in Figure 2.9. 
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Figure 2.9: An image showing the cold spray process [91]. 

 

Particles less than 100 micrometers are ideal for cold spray applications. It is difficult to 

accelerate particles larger than 100 micrometers [92]. With respect to metallic and MMC 

compositions, Figure 2.10 displays a range of particle sizes and illustrates their efficacy in 

CS deposition. 
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Figure 2.10: Typical particle diameter range for several materials in CGDS research studies 

[92]. 

 

Notwithstanding the fact that spherical particles have long been regarded as standard 

powders, the cold spray method is not limited to using them. Additionally, irregular 

morphologies such as angular and dendritic geometries can also be utilized as powder 

feedstock. Typically, atomization is used to create spherical powders, while cryomilling is 

used to produce angular particles. Using an electrolytic manufacturing process, dendritic 

powders are produced. Studies employing irregular particles demonstrated a significant 

increase in DE. When the deposition circumstances and granulometry are the same, they 

yield a higher in-flight velocity than spherical powders [93,94]. Uneven particles are able 

to achieve the maximum velocities when similar deposition parameters and powder 
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granulometry are used [95]. The increased drag coefficient of irregular powders is ascribed 

to the rapid separation of the boundary layers across the surface of the irregular particles, 

which causes the kinematic gain. Particles can achieve high velocities due to the substantial 

drag force caused by a negative pressure gradient created by a greater drag coefficient 

[95,96]. Consequently, the uneven shape reduces the porosity within the coating and 

enhances the efficiency of deposition. As a result, it might also make the coating harder 

[94,95].  

 

2.10 Summary 

MMCs are of great commercial importance due to mechanical, thermomechanical, 

physicochemical, tribological and corrosion resistance properties. Ball milling is an 

effective method to design and synthesize MMC particles to be used as a feedstock for 

CGDS process. A variety of compositions with varying milling parameters can help in 

producing a particle feedstock with required above mentioned properties. Ball milling is a 

wonderful technique to ensure homogeneous dispersion of second phase particles inside 

the metal or alloy matrix. Out of the different kinds of mills available, SPEX® mill shall be 

utilized for this research aiming at producing Ni(Zn)-alumina composite particles for cold 

spray process. The use of substitutional alloy Ni(Zn) alloy with the incorporation of 

alumina ceramic grains in the alloy matrix by HE-MA is a novel composition designed to 

overcome the limitations of the research performed by other researchers who used discrete 

nickel, zinc and alumina particles and blended them all together to fabricate a cold spray 

coating. This research gap opens new avenues for the application of HEMA to produce an 
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ideal particle feedstock for CGDS process that can provide uniform mechanical, 

tribological, and corrosion resistance properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   
 

39 

 

Chapter 3 Research Methodology 

 

This research focuses on the design, synthesis and microstructural characterization of 

Ni(Zn)-alumina particles produced by high energy mechanical alloying method for its 

potential use as particle feedstock for CSAM process.  

 

3.1 Milling methodology for Ni(Zn)-α-alumina particle synthesis 

Ni(Zn) alloy pieces (of initial size 1-10 mm) with two different compositions Ni(5wt.%Zn) 

and Ni(10wt.%Zn) were obtained from American Elements company. Also, α-alumina 

particles with 99.9% purity were obtained from Atlantic Equipment Engineers NJ 

[Appendix A]. The Ni(Zn) alloy as received had trace levels of Fe, Cd, and Pb (236.7, 10, 

and 10ppm respectively) in its chemical composition. Both the Ni(Zn) alloy pieces were 

pre-milled for 2 hours using 10 mm hardened steel balls at BPR of 7:1 and reduced to 

powder particles. 1wt.% stearic acid was used as surfactant in the milling mixture to avoid 

particle agglomeration and overheating. These Ni(Zn) alloy particles were then blended 

with α-alumina and milled again for three-time intervals of 1h, 2h, and 4h. A total of four 

alloy-ceramic compositions were made with 30 wt.% and 50 wt.% α-alumina contents. 

Hardened steel balls of 10 mm size and a BPR of 10:1 was used in the milling process to 

obtain Ni(Zn)-alumina composite particles. Again, 1 wt.% stearic acid was added to milling 

mixture to avoid agglomeration and overheating during milling. To avoid creating too 

much heat, the milling was done over a 4-hour period, with 10-minute pauses between each 

30-minute cycle. To eliminate bias and machine variance-related errors, every experiment 

was conducted three times and then randomized. This led to the need to perform 48 sample 
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batches in all. An AirScience® Ductless Fume Hood was used to prepare and extract each 

sample. In order to sustain the effective BPR, ball weights were periodically modified to 

correspond with the weight of the removed specimen before milling more of the same 

composition. A material design-of-experiment (DoE) as shown in Table 3.1 shows the 

identification of the powder particle specimens and their milling settings.  

 

Table 3.1: The identification of the powder particle specimens and their milling settings. 
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3.2 Specimen characterization 

The cross-sectional microstructure and morphology of milled powder particles were 

examined using secondary electron mode of Hitachi SU-70/Thermo Fisher Scios 2 Dual 

Beam Scanning Electron Microscope (SEM) and a JEOL 6400 SEM. The elemental 

makeup of the composite particles was investigated using energy dispersive spectroscopy 

(EDS) at 15 kV. Also, at a voltage of 20 kV, electron backscatter diffraction (EBSD) was 

conducted to examine the grain size distribution and plastic deformation of the alloy 

particles. The EBSD scan was conducted with a step size of 0.0202 µm for both Ni(5wt% 

Zn) and Ni(10 wt% Zn) alloy precursors and step size of 0.0404 µm for both Ni(5wt% Zn) 

and Ni(10 wt% Zn) pre-milled for 2 hours. A Malvern particle size analyzer (Model 

Mastersizer MAZ2000S, UK) was used to evaluate particle size distribution (PSD) of the 

milled powder particles using the laser diffraction method. With an accuracy of up to 0.6%, 

the analyzer has a size range was 10-nm to 3-mm. A Bruker D8 diffractometer X-ray 

diffraction (XRD) device was used to determine the crystalline phases in the milled powder 

particles. The specimens were scanned using Cu-Kα radiation (1.5406 Å) at 25 mA and 40 

kV over a 2θ range of 20◦-80◦, with 0.02◦ step size and 1 second step duration. An MDI 

Jade® 5.00 software was used to identify the XRD peaks.  

 

3.3 Instrument details 

3.3.1 SPEX® 8000M mixer/mill 

In this research, for the synthesis of Ni(Zn)-alumina composite particles milling has been 

performed in SPEX® 8000M mill. These are laboratory mills used for milling a sample 
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batch of 10-15 grams at a time. A detailed description about this mill along with its image 

has already been provided in chapter 2, section 2.6.1. 

 

3.3.2 Malvern particle analyzer   

The Malvern particle analyzer (Model Mastersizer MAZ2000S, UK) is a tool used to 

quantify particle size and its distribution. By precisely forecasting the scattering pattern 

that is produced when a particle is passed via a laser beam, the apparatus measures the 

particle size. The Mie theory is the widely accepted hypothesis that describes how light 

scatters from every substance in any condition. Given particle-specific data, such as 

absorption and refractive index, Mie theory may predict the light scattering by spherical 

particles. The mastersizer uses an optical unit that can capture the scattering pattern of a 

field of particles and thereby calculating the particle size that creates such a pattern. As 

seen in figure 3.1, the Master sizer is composed of an optical bench with a wet cell, a 

computer system, and a sample dispersion unit (Hydro 2000S).  
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Figure 3.1: Malvern mastersizer MAZ2000S consisting of (1) Optical unit, (2) Sample 

dispersion accessory, and (3) computer system [image courtesy: Malvern instruments [97]] 

 

3.3.3 Scanning electron microscopy (with EDS and EBSD) 

Useful in both science and industry, a scanning electron microscope (SEM) allows for 

incredibly high magnification and resolution to examine the surface of objects. A focused 

electron beam is employed in SEMs instead of light, as in the optical microscope. Images 

with far better resolution are possible because electrons have wavelengths that are 

substantially shorter than visible light. SEMs produce their electron beam using an electron 

gun. After that, the beam is concentrated and directed over the sample surface. A small 

layer of conductive material, like carbon or gold, is frequently required to coat samples 

before they are placed in the SEM. In addition to enhancing image quality, this helps avoid 

charging effects. The surface of sample is scanned in a raster pattern by the electron beam. 

Different signals are produced when the beam interacts with the atoms on the surface. As 
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the electron beam interacts with the sample surface, several signals are gathered. The most 

prevalent signals are backscattered electrons, characteristic X-rays, and secondary 

electrons. The detectors in SEM subsequently pick up these signals and use them to 

produce an image of the surface. While backscattered electrons reveal information about 

the atomic structure and content of the material, secondary electrons offer precise 

information about the surface topography. SEMs may produce magnifications up to over 

100,000x, which is a very large range. Scientists can view features in the micro- and 

nanoscale with the help of SEM images, which have a resolution of up to a few nanometers. 

 

When analyzing the elemental composition of materials, energy dispersive X-ray 

spectroscopy, known as EDX or EDS, is often utilized along with scanning electron 

microscopes, or SEMs. Inner shell electrons in the atoms can be removed by the SEM 

electron beam when it interacts with the electrons in atoms on the surface of the sample. 

As a result, the electron shells develop "holes". In the process of filling these holes, 

electrons from the outer shell descend to lower energy levels, producing X-rays. In EDS, a 

detector located close to the sample gathers X-rays that the material emits. The detector is 

composed of semiconductor crystal, usually composed of silicon (lithium), which when 

exposed to X-rays produces electrical signals. As an electron moves from one energy level 

to another, each element releases characteristic X-rays at distinct energies. Since such 

energies are specific for every element, identification is possible. The EDS system 

measures and logs the energy of the X-rays that are detected. An energy spectrum is 

produced by processing the energy signals that the detector has detected. The intensity of 

X-rays observed at various energy levels is represented by this spectrum. A particular 
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element contained in the sample is represented by every peak in the spectrum. It is possible 

to ascertain the elemental composition of the specimen by examining the peaks in the 

spectrum and contrasting them with the known X-ray energies of various elements. 

Quantitative data regarding the proportional amount of each element is also provided by 

the peak intensities. Elemental maps of the surface of the sample may also be generated by 

EDS. By scanning the entire sample surface with the electron beam and gathering EDS 

data the distribution of various elements can be observed, providing spatial information 

about the composition of the sample [98,99].  

 

In electron microscopy, the EBSD analysis is employed to examine the crystallographic 

characteristics of various materials. EBSD is a powerful technique for creating electron 

diffraction patterns of crystals, and material components. From the collected patterns, it is 

then possible to determine the chemistry of phases, the shape of the grains, and the 

crystallographic orientation, offering a comprehensive examination of the microstructure 

along with a strong correlation with the characteristics and performance of materials. In 

EBSD, a scanning electron microscope is utilized to direct a electron beam onto the sample 

surface. Electrons are dispersed in a variety of directions, including backscattering, when 

the electron beam interacts with the crystal structure of material. Because of interactions 

with the atomic lattice, electrons experience a change in momentum when they are 

backscattered. The crystallographic orientation of the specimen determines the direction 

and intensity of the backscattered electrons. A diffraction pattern is created when 

backscattered electrons are gathered by a detector above the sample. The material's 

crystallographic orientation at the site of interaction is revealed by this pattern. To ascertain 
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the material's crystallographic orientation, the diffraction pattern is examined. A theoretical 

pattern produced for various crystallographic orientations is compared to the experimental 

diffraction pattern in a procedure called indexing. The crystal lattice orientation is shown 

by the best match. EBSD may produce orientation maps that show the arrangement of 

crystallographic orientations within a material by moving the electron beam through the 

surface of sample and gathering EBSD data at each location. Information regarding 

crystallographic textures, grain boundaries, and other microstructural characteristics can 

be found on these maps. By examining the diffraction patterns acquired from various 

sample locations, EBSD can also be utilized for phase identification. It is possible to 

identify the existence of particular crystalline phases through contrasting such patterns with 

reference patterns for recognized phases. Individual grains inside a polycrystalline material 

can be characterized using EBSD. Analyzing grain shape, size, orientation, and distribution 

statistically can reveal information about the mechanical characteristics and performance 

of the material [99,100]. 

 

The scanning electron microscope used for this research is ThermoScientificTM SciosTM 2  

DualbeamTM (Thermo Scientific is the company, formerly known as FEI).  It is equipped 

with an Oxford Ultim Max 170 EDS detector, and an Oxford Symmetry EBSD detector 

controller by the Aztec® software. 
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3.3.4 X-ray diffraction 

X-ray diffraction (XRD) is a powerful analytical technique used to determine the atomic 

and molecular structure of crystalline materials. It relies on the principle of constructive 

interference of X-rays scattered by the atoms in a sample. When the X-rays strike the 

sample, they are scattered by the atoms' electron clouds. According to Bragg's law, this 

scattering will be constructive when the path difference between waves scattered from 

adjacent atomic planes is equal to an integer multiple of the X-ray wavelength.  

                                                                         nλ = 2dsinθ 

The recorded intensities form a diffraction pattern, which consists of peaks corresponding 

to the constructive interference of X-rays scattered by different crystallographic planes in 

the sample. The positions and intensities of the diffraction peaks provide information about 

the crystal structure of the sample. By comparing the observed diffraction pattern with 

reference patterns from known crystal structures, the crystal structure of the sample can be 

determined. XRD typically uses a source of monochromatic X-rays, often generated by an 

X-ray tube. These X-rays have a well-defined wavelength, usually in the range of 0.5-2.5 

angstroms [101]. 

 

The D8 X-ray diffractometer is the equipment used to perform the XRD work in this 

research. 
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Figure 3.2:  A D8 X-ray diffractometer [image courtesy Bruker [102] 

 

3.4 Summary 

The research methodology for the current research deals with design and synthesis of a 

variety of Ni(Zn)-alumina composite particles with different compositions and respective 

milling times. The Ni(Zn) alloy precursors are pre-milled for 2 hours to reduce them to 

micron size particles suitable for further milling to achieve the objective of synthesizing 

Ni(Zn)-alumina composite particles. The alloy particles and the subsequently synthesized 

composite particles specimens were subjected to material characterization, particle size 

distribution, and X-ray diffraction to investigate their microstructural properties in terms 

of its application for cold spray process. 
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Chapter 4 Results and discussions 

 

This chapter consists of the results and discussions pertaining to this research on the design, 

synthesis and microstructural characterization of Ni(Zn)-alumina composite particles. 

Firstly, the microstructural characterization of Ni(Zn) alloy precursors and the pre-milled 

Ni(Zn) particles are discussed, followed by the microstructural characterization of Ni(Zn)-

alumina composite particles. The insightful results of microstructural characterization of 

Ni(Zn) alloy particles led to the planning, design and synthesis of Ni(Zn)-alumina 

composite particles with an aim to be utilized for CGDS process. 

 

4.1 Microstructural characterization of as-received and pre-milled Ni(Zn) alloy 

precursors 

The acquired Ni(Zn) alloy precursors used for the synthesis of Ni(Zn)- α-alumina 

composite particles can be seen in figure 4.1. Both the Ni(5wt.%Zn) and Ni(10wt.%Zn) 

alloys were etched for 30 seconds with aqua regia before observation under the SEM. The 

SEM images in backscatter mode of both Ni(Zn) alloys along with α-alumina grains 

demonstrate the presence of fine grains. The precursors that were acquired and milled by 

HE-MA method to create the composite particles are depicted in figure 4.1 The micrograph 

of the received α-Al2O3 particles and the back scattered SEM images of Ni(5wt.% Zn) and 

Ni(10wt.% Zn) etched with aqua regia for 30 s demonstrate the presence of tiny grains. In 

order to produce composite particles, both the Ni(Zn) alloy precursors were first pre-milled 

for 2 hours to produce a suitable alloy particle which can be used in the subsequent milling 
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process. The objective was to enable the effective embedding of α-Al2O3 ceramic grains 

inside the Ni(Zn) alloy matrix. 

  

 

(a) 
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(b) 

 

(c) 
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Figure 4.1: Scanning electron micrographs of alloy compositions (a) Ni (5wt.% Zn), (b) Ni 

(10wt.% Zn) along with (c) α-Al2O3 particles [103] 

 

Further evidence that the Ni(Zn) alloy material was crushed and fractured simultaneously 

by the HEMA impact reducing them to micron sized particles. Particle flattening is evident 

as indicated by the flaky configuration seen in the SE micrograph of the pre-milled Ni(Zn) 

particle morphology in Figure 4.2. It is evident from the scale length in the SEM images 

for both Ni(5wt.% Zn) and Ni(10wt.% Zn) pre-milled for 2 hours, that the average size of 

Ni(5wt.%) particles is higher as compared to the Ni(10wt.% Zn) particles. 

 

 

(a) 
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(b) 

Figure 4.2: Particle morphology microstructure of both the (a) Ni(5wt.% Zn) and (b) 

Ni(10wt.% Zn) pre-milled for 2 hours.  

 

Figure 4.3: Scanning electron micrograph of Ni(5wt.%Zn) particles pre-milled for 2 

hours [103]. 
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Figure 4.3 illustrates the several cracks across Ni(5wt.% Zn) pre-milled particle surface 

with a 'red' circular insert in it, which suggests that continuing fracture events are occurring 

throughout the pre-milling process. The scale in Figure 4.3 shows that the micron sized 

particles obtained after milling are suitable according to the size range of particles required 

for the CS deposition method [104].  

 

4.2 EBSD characterization of Ni(Zn) alloy particles 

The EBSD inverse pole figures (IPF) maps showing the grain orientation pattern for as-

received Ni(Zn) and pre-milled Ni(Zn) particles is shown in Figure 4.4. The scan results 

for both Ni(5wt.%Zn) and Ni(10wt%Zn) as received, vs. the pre-milled Ni(5wt.%Zn) and 

Ni(10wt.%Zn) are presented in Figures 4.4 (a), (c), and 16(b), (d), respectively.  

 

(a) 
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(b) 

 

(c) 
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(d) 

Figure 4.4: IPF maps for as-received alloy precursors (a) Ni(5wt% Zn), (b) Ni(10wt.% Zn) 

and pre-milled (c) Ni(5wt.% Zn), and (d) Ni(10wt.% Zn) particles for 2 hours [103]. 

 

 

Figures 4.4(a) and (b) make it clear that the as-received precursors of the Ni(5wt%Zn) and 

Ni(10wt.%Zn) alloys has stress free grains and less lattice defects. However, in Figure 

4.4(c), the IPF map for Ni(5wt.%Zn) particles pre-milled for 2 hours shows significant 

deformation as predicted, as seen by the presence of elongated grains in the core and around 

the edges of the particle. Nevertheless, the presence of bigger grains at the center, which 

are less deformed than the ultrafine grains at the periphery, is evident in the IPF map of 

pre-milled Ni(10wt.%Zn) particles (Figure 4.4(d)). The decreased signal quality from the 

Ni(10wt.%Zn) particle boundary can be attributed to lattice defects that arise from 

deformation during the milling process for two hours. The IPF maps of the Ni(5wt.%Zn) 
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and Ni(10wt.%Zn) alloy particles unequivocally indicate that the former underwent 

successive deformations more uniformly than the latter. For as-received particles of  

Ni(5wt.% Zn) and Ni(10wt.% Zn) (Figures 4.5(a) and (b), respectively), and for pre-milled 

particles of  Ni(5wt.% Zn) and Ni(10wt.% Zn) (Figures 4.5(c) and (d), respectively), the 

grain size distribution (GSD) in nanometers along with their respective normalized 

frequencies is shown in Figure 4.5. As indicated by Figure 4.5, the as-received particles 

have a smaller grain size distribution in the 100 and 1000 nm size range than the Ni(Zn) 

particles that were milled for two hours. Furthermore, pre-milled Ni(5wt.%Zn) alloy 

particles demonstrated a greater distribution of grain sizes between 100 and 1000 nm size 

range in comparison to Ni(10wt.% Zn) pre-milled powders. The former showed increased 

plastic deformation, followed by work hardening, and then eventual fracture of particles. 

This finding represents a significant turning point in the determination of further milling 

parameters for the synthesis of Ni(Zn)-alumina composite particles with varying 

compositions of ceramic in the composite and also the feedstock's cold spray-ability, which 

is made up of a substitutional alloy matrix under study [103].  
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Figure 4.5 Grain size distribution for as-received alloy precursors (a) Ni(5wt.% Zn), (b) 

Ni(10 wt.% Zn) and pre-milled (c) Ni(5wt.% Zn), and (d) Ni(10 wt.% Zn) particles for 2 

hours [103]. 

   

Figure 4.6 illustrates the band contrast image (BCI) consisting of the high-angle grain 

boundary (HAGB) and the low-angle grain boundary (LAGB) for the as received and pre-

milled particles of both Ni(5wt.%Zn) and Ni(10wt.%Zn) alloy compositions. While HAGB 

is indicative of recently produced grain, LAGB can be described as an array of dislocations 

that shows lattice defects within the alloy material [105]. Figure 4.6 illustrates how pre-

milling the Ni(5wt.%Zn) particles for two hours resulted in a decrease in the LAGB 
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distribution from 85% to 68.8% and a surge in the HAGB distribution from 15% to 31.2%. 

Moreover, with Ni(10wt.% Zn), the HAGB distribution dropped from 18% to 14.7% while 

the LAGB distribution marginally rose from 82% to 85.3%. The pre-milled powders of 

Ni(5wt%Zn) alloy with higher HAGB levels demonstrated that these particles were more 

ductile and had experienced significant plastic deformation through the milling process. 

The boundaries may be called as LAGB once the dislocations are distinct and separate, 

however if the material is ductile and experiences intense, homogeneous deformation, the 

dislocation density keeps rising and ultimately results in overlapping of dislocation cores 

to form HAGB [103].  

 

 

(a) 
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(b) 

 

(c) 
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(d) 

Figure 4.6: EBSD band contrast image for as-received alloy precursors (a) Ni(5wt.% Zn), 

(b) Ni(10wt.%Zn) and pre-milled (c) Ni(5wt.% Zn), and (d) Ni(10wt.% Zn) particles for 2 

hours [103]. 

 

4.3 Particle size distribution analysis 

The Ni(Zn) alloy precursors were pre-milled for 2 hours to obtain Ni(Zn) particles suitable 

for alumina ceramic embedment, to make Ni(Zn)-alumina composite particles with suitable 

micron size range for cold spray applications.  Figure 4.7 illustrates the particle size 

distribution (PSD) and the cumulative volume fraction for both pre-milled Ni(5wt.%Zn) 

and Ni(10wt.%Zn) alloy compositions along with as-received α-Al2O3. 
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Figure 4.7: PSD in relation to cumulative volume fraction for (a) Ni(5wt.%Zn) and 

Ni(10wt.% Zn) alloy particles pre-milled for 2 hours, (b) as received α-Al2O3 particles 

[103]. 

 

As seen from the PSD graph for both Ni(5wt.% Zn) and Ni(10wt.% Zn), it is evident that 

the PSD for Ni(5wt.% Zn) alloy particles is wider as compared to Ni(10wt.% Zn). Even 

after 2 hours of milling, the majority of particles of Ni(5wt.% Zn) alloy are bigger than 

100µm. This could be due to the higher ductility for Ni(5wt% Zn) alloy as compared to 

Ni(10wt.% Zn). There is a delay in fracture of these particles. The PSD of Ni(Zn) alloy 

particles agrees with the SEM microstructures for pre-milled particles for both the alloys 

and the corresponding EBSD results obtained [103]. 

 

The PSD of the pre-milled Ni(Zn) alloy particles is significantly higher than that of the as-

received α-Al2O3 particles, by at least one order of magnitude. In comparison to the greater 

size of Ni(Zn) alloy particles pre-milled for two hours, the PSD of α-Al2O3 is less than 10 

μm. The incorporation of α-Al2O3 grains within the Ni(Zn) alloy matrix is facilitated by 

the dissimilarity in particle sizes between the reinforcement and matrix [103].  
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Figure 4.8 illustrates the transformation of PSD in the milled specimens. Every specimen 

(S1–S12) had a Gaussian distribution, and Table 4.1 shows the associated mean and median 

values as well as a PSD analysis. 

Table 4.1: The associated mean and median values as well as a PSD analysis for 

specimens (S1-S12) [103]. 

Specimen 

ID 

Average 

particle Size 

D[4,3] (μm) d0.1 (μm) d0.5 (μm) d0.9 (μm) 

Span 

d0.9−d0.1 

d0.5𝒅𝟎.𝟗−𝒅
𝟎.𝟏 𝒅𝟎.𝟓 

 

S1 52.788 4.968 41.323 106.981 2.468674 

S2 64.925 22.061 55.987 114.043 1.642917 

S3 50.162 2.182 32.317 128.263 3.901383 

S4 79.069 5.122 60.271 179.192 2.888122 

S5 74.021 28.36 66.613 132.373 1.561452 

S6 68.186 34.748 62.499 110.184 1.206995 

S7 73.794 32.269 67.701 126.119 1.386 

S8 76.098 27.555 68.582 137.342 1.601 

S9 46.685 2.269 33.527 108.934 3.181 

S10 82.148 33.813 75.187 142.765 1.449 

S11 75.528 27.369 65.51 135.608 1.652 

S12 79.684 7.911 72.364 157.707 2.07 
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The Ni(5wt.% Zn)–alumina composite particles of 70:30 proportion (S1, S2, S3), where 

sample S1 (milled for 1 hour) exhibit significant PSD, as shown by the PSD graph in Figure 

4.8(a). This could be because of the beginning of particle flattening as well as cold welding. 

But in contrast to S2, the PSD is shorter than S1, which is explained by the concurrent cold 

welding that causes more plastic deformation and the beginning of particle fracture. The 

fracturing process brought on by extensive plastic deformation and the existence of ceramic 

grains eventually overruled the cold welding of powder particles in S3 (milled for 4 hours), 

resulting in a finer PSD and the creation of equiaxed particles. A high PSD range is seen 

in S4 (milled for 1 hour) in Figure 4.8(b), which corresponds to Ni(5wt.% Zn)–alumina 

with 50:50 ratio (S4, S5, S6). This is due to particle flattening and the beginning of cold 

welding, which renders the particles unsuitable for CS. On the other hand, in S5 (milled 

for 2 hours), the PSD reduces down along with reduction in particle size, probably as a 

result of the beginning of fracture. Also, the PSD reduced even more in S6 (milled for 4 

hours) due to increased work hardening and a greater quantity of ceramic component 

present, which caused greater particle fracturing. The PSD of Ni(10wt.% Zn)–alumina 

composite particles in 70:30 proportion (S7, S8, S9) is represented in Figure 4.8(c). While 

specimen S8 (milled for two hours) displays a larger and wider PSD, specimen S7 (milled 

for one hour) displays a less wide PSD. As seen by the EBSD IPF map (see Figures 4.4(c) 

and (d)), this may be the outcome of less plastic deformation and comparatively faster 

fracture due to inferior ductility in the Ni(10wt.% Zn) alloy particles in comparison to that 

of the Ni(5wt.% Zn) alloy particles. Nevertheless, in S9 specimen (milled for 4 hours), 

reduced PSD was produced via fracturing of particles rather than cold welding. Ni(10wt.% 

Zn)–alumina composite particles with a 50:50 proportion are represented in Figure 4.8(d) 
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(S10, S11, S12). Compared to specimen S11 (milled for two hours), S10 specimen (milled 

for one hour) has a narrow PSD and span. Additionally, PSD of specimen S10 is higher 

than that of S11, which may be the result of both the increased ceramic content and the 

Ni(10wt.% Zn) alloy's reduced ductility. Specimen S12 witnesses a minor increase in 

particle size, which could be the result of rewelding and particle agglomeration, which 

could then lead the powder particles to fracture due to work hardening [103]. 

  

Figure 4.8: illustrates the transformation of PSD in the milled specimens (S1-S12) [103]. 
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To get dense, non-porous CS deposits that have high interfacial and inter-particle cohesive 

strength, it is important to consider the average size of particles and PSD of the particle 

feedstock. In the case of metals, Matteazzi et al. [106] suggested a universal particle size 

in the range of 5–200 μm, whereas Assadi et al. [107] proposed an optimal size range 

between 5 and 105 μm. Marocco [108] et al. conducted combined experimental and 

numerical investigations and found that for Ti particles, porosity decreased with increase 

in particle size in the 28–47 μm range. According to recent research [109], larger particles 

in a PSD ranging from 10 to 50 μm bond more strongly than smaller ones because of their 

capacity to undergo considerably higher adiabatic heating upon collision. Nevertheless, 

Raoelison et al. [92] noted that it is challenging to accelerate particles larger than 100 μm 

in the CS nozzle. This is caused by the restricted amount of time particles spend inside 

nozzle combined with the longer periods needed for thermal energy and momentum to be 

transferred from gas to particles of larger size. With this information in hand, the optimal 

powder particle size distribution was determined to be between 10 and 100 μm.  

 

4.4 Microstructural characterization of Ni(Zn)-alumina composite particles 

The Ni(Zn) alloy particles are initially turned flat by the impact of steel balls during HEMA 

process, which broadens the range of particle sizes [110]. As flattened particles are welded 

together to create big agglomerates, cold welding process of metal particles starts to occur 

[111]. Due to the greater number of potential sites for embedding ceramic grains into the 

metal matrix, the alumina ceramic reinforcement may be incorporated into the particles of 

the Ni(Zn) alloy [112]. These reinforcement grains function as a brittle phase during the 

milling process, facilitating the fracture of composite particles to produce an equiaxed 
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structure. Dislocations are created by the impact of the steel balls, which causes plastic 

deformation in the metallic matrix phase. This finally results in strain hardening as well as 

grain refining. Strain hardening and grain refinement occurs locally in Ni(Zn) particles as 

a result of reinforced ceramic grains that obstruct dislocations and increase dislocation 

density. Composite particles shatter more quickly and more readily to produce an equiaxed 

shape as a result of local work hardening of the particles, which also decreases the fracture 

toughness [111]. 

  

 

(a) 
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(b) 

 

(c) 
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(d) 

Figure 4.9: shows the SEM images of post-milled samples following a 4-hour milling 

period. Batches #1, #2, #3, and #4 are represented by Figures 4.9(a)- 4.9(d), respectively 

[103]. 

 

Figure 4.9 shows the SEM images of post-milled samples following a 4-hour milling period. 

Batches #1, #2, #3, and #4 are represented by Figures 4.9(a)–4.9(d), respectively. The 

Ni(Zn) region (atomic mass: 58.3(58.7)) can be seen as darker regions, while alumina 

(atomic mass: 102) is represented by the bright region. In contrast to Figures 4.9(a) and (c). 

Because there is a greater alumina content (50 wt.%) in S6 and S12, Figures 4.9(b) and (d) 

exhibit a more consistent particle size evolution and more agglomeration between the 

alumina grains and the alloy matrix. The alumina phase is trapped at the welded matrix 

joints and becomes embedded inside the alloy matrix as a result of repeated flattening, 
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cold-welding, and fracturing of particles under the impact [113]. Nevertheless, the alumina 

reinforcements start to agglomerate the alloy matrix when additional alumina grains 

become available. Figure 4.10 shows the matrix flattening, dispersion of reinforcement, 

along with agglomeration during milling process [114]. 

 

 

Figure 4.10: HE-MA mechanisms of Ni particles incorporating alumina reinforcements: 

(a) particle flattening, (b) alumina embedment, and (c) alumina agglomeration [114]. 

 

It is clear from above that the DoE that for both alloy compositions, high alumina content 

caused the matrix phase to agglomerate. However, it is still needed to prove that there is 

embedment of reinforcement in the alloy matrix. As a result, as seen in Figure 4.11, SEM 

examination was done first using non-agglomerated particles in specimen S3. It was 

determined that the alloy matrix in specimen S3 contained embedded quasi-circular 

alumina grains having diameters within the range of a few hundred nanometers. 

Furthermore, an interesting characteristic of smaller matrix particle fusion supported by 

reinforcement in specimen S6 from Figure 4.11 (the "red" insert). It is determined that the 
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matrix fusion was the beginning of a layered structure construction involving alumina 

nanograins and Ni(Zn) particles, and eventually developing to a bi-layer composite made 

of Ni(Zn) and alumina. The determined particle size of S3 specimen within a range 

appropriate for cold spraying is also visible in Figure 4.11 [103]. 

 

 

(a) 
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(b) 

 

(c) 

Figure 4.11:  Characteristics seen in the SEM image include: a) embedding in S3, b) matrix 

fusion in S6 (with an insert depicting the enlarged view of fusion), and c) particle size 

assessment in S3 [103]. 
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An EDS elemental profile study of S3 composite particle throughout its cross-section was 

performed to confirm the embedding of alumina grains inside Ni(Zn) alloy matrix. In 

Figure 4.12(a), the reference microstructure is presented. The EDS elemental distribution 

maps of each component element in the S3 specimen particle microstructure correspond to 

Figure 4.12(b). In comparison to other elements in the matrix, the Ni and Zn distribution is 

comparatively dense, as seen in Figure 4.12(b). Subfigure iv) in Figure 4.12(b) shows an 

overall distribution of nickel element in alloy matrix, while sub-figures ii) and iii) show a 

significant uniform dispersion of alumina reinforcement inside Ni(Zn) alloy matrix. Zinc 

is likewise shown equally dispersed in alloy matrix in sub-figure v of Figure 4.12(b), as 

both alloy compositions utilized represent substitutional alloys [103]. 

 

 

(a) 



   
 

74 

 

 

Figure 4.12: Specifications of the S3 composite specimen: (a) SE microstructure; (b) 

elemental distribution maps, arranged as follows: (i) mounting carbon, (ii) oxygen, (iii) 

aluminum; (iv) nickel, (v) zinc, (vi) iron; (vii) chromium, and (viii) phase-map [103]. 

 

Table 4.2 lists the elemental weight % determined by EDS elemental map analysis for the 

S3 specimen. Fe and Cr were detected, which suggested that the steel balls and milling vial 

used in the ball milling process may have contaminated the sample [103]. 

Table 4.2: List of elements shown in the EDS analysis of S3 specimen [103]. 

Elements Ni Zn Al O Fe Cr 

Wt.% 67.3 4.0 14.4 12.2 1.9 0.2 
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4.5 X-ray diffraction analysis 

The XRD patterns of the desirable particle specimens S3, S6, S9, and S12 are shown in 

Figure 4.13, based on the observations that were obtained in the previous subsections.  

 

The prominence of the α-Al2O3 phase peaks can be attributed to the larger fraction of this 

ceramic phase present in S6 and S12. After the powder particles were milled for four hours, 

the peak broadening shows the gradual amorphization and plastic deformation of the 

particles. Grain refinement and strain hardening are produced during mechanical milling 

by plastic deformation. The material's ductility affects the formation of grain boundaries 

and dislocations. During mechanical milling, to attain a stable state between cold welding 

and particle fracture, a longer milling period is needed for more ductile materials. Brittle 

ceramic grains added to the ductile metal/alloy matrix accelerate the fracturing process by 

reducing fracture toughness. Considering both alloy compositions, Ni(5wt.% Zn) and 

Ni(10wt.% Zn), Table 4 illustrates the crystallite size for as-received pellets and crystallite 

size in alloy matrix in the composite particles for all specimen milled for 4 hours (S3,S6,S9 

and, S12) as determined by the Williamson-Hall (W–H) method in OriginLab® software 

[103]. 
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Figure 4.13: XRD pattern for particle specimens S3, S6, S9, S12, S13, and S14 [103]. 

 

It is apparent that the crystallite size shrank after 4 hours of milling. More specifically, the 

crystallite size decreased even more as the ceramic concentration in the composite particles 

increased. This could be because the alumina grains blocked the dislocations, increasing 

the local work hardening and decreasing the fracture toughness. It is interesting to note that 

alumina grain crystalline sizes for S3 and S6 are smaller than in S9 and S12. This is 

explained by the fact that the ductility of the individual alloy matrix phases varied, with 

Ni(5wt.% Zn) having a greater amount of ductility than Ni(10wt.% Zn). Since the less-

ductile Ni(10wt.% Zn) alloy phase fractured more quickly than Ni(5wt.% Zn), the energy 

consumption is mainly focused to fracture the Ni(10wt.% Zn) phase than the brittle alumina 
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particle grains. A harder alloy like Ni(Zn) could not be able to prevent the alumina particles 

from breaking, which reduced the crystallite size of the alumina ceramic grains during 

mechanical milling, On the other hand, it has been reported that the amorphization of 

graphene nanoplatelets (GNP) was delayed during ball milling by the ductile metal 

aluminum in the aluminum metal-matrix composites, protecting GNP as a reinforcement 

in the metal matrix [115]. The values in Table 4.3 are represented graphically in Figure 

4.14. 

Table 4.3: Crystallite size was determined for (a) matrix and (b) ceramic reinforcement 

using the W-H method [103]. 

(a) 

Sample notation Crystallite Size (nm) 

Ni(5wt.% Zn) 

As-received 39.11797 

S13 15.36088 

S3 19.31325 

S6 6.59505 

Ni(10wt.% Zn) 

As-received 130.73747 

S14 14.1482 

S9 6.79989 

S12 5.71313 

(b) 
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As-received  

Al2O3 

1983.45 

Al2O3 in S3 59.48178 

Al2O3 in S6 15.67602 

Al2O3 in S9 75.62642 

Al2O3 in S12 15.76267 

 

 

 

 

(a) 
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(b) 

Figure 4.14:  The graph depicts crystallite size of the following samples: (a) Ni(Zn) as-

received particles and S13, and S14 specimens; (b) as-received alumina and alumina 

reinforcement in S3, S6, S9, and S12 specimens [103]. 

 

The influence of HE-MA upon the lattice parameters of Ni(Zn) composite particles is 

shown in Table 5. It is apparent that there is rise in distortion of Ni(Zn) lattice with an 

increase in alumina content. It is observed that the milled alloy particles as well as 

composite particles exhibit high Ni(Zn) lattice parameters. Nevertheless, the c/a ratio of 

the Al2O3 hexagonal lattice decreased as the milling time increased for alumina grains in 

the composite particles. It is interesting to note that the S3 and S6 specimens exhibit a 

greater drop in the c/a ratio than do the S9 and S12 specimens. This could be due to 
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variation in ductility of the composition of the Ni(Zn) alloys that were utilized. The data in 

Table 5 is presented graphically in Figure 4.15 [103].  

 

Table 4.4: Calculation of (a) lattice parameter; and (b) c/a ratio of various compositions 

[103].  

(a) 

Sample notation Lattice parameter ‘a’ (Å) 

Ni(5wt.% Zn) 

As-received 3.51321 

S13 3.56278 

S3 3.56852 

S6 3.57822 

Ni(10wt.% Zn) 

As-received 3.5558 

S14 3.56476 

S9 3.62075 

S12 3.58266 

(b) 

Sample notation c/a ratio for hexagonal crystal 

structure 

As-received  

Al2O3 

2.73175 

Al2O3 in S3 2.68203 
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Al2O3 in S6 2.65469 

Al2O3 in S9 2.68571 

Al2O3 in S12 2.65642 

 

 

 

 

(a) 
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(b) 

Figure 4.15: (a) lattice parameters of Ni(Zn) alloy particles specimens S13, S14 and the 

lattice parameters of Ni(Zn) alloy matrix in composite specimens S3, S6, S9, S12; and (b) 

c/a ratio of lattice parameters  of as-received alumina as well as alumina reinforcement in 

composite specimens S3, S6, S9, S12 [103]. 

 

The capability to evenly distribute reinforcing agents throughout the metal matrix, preserve 

structural integrity, and provide an effective interface between matrix and reinforcement 

during composite fabrication and processing are the major factors influencing the 

performance of the MMCs. Conventional methods such as extrusion [8], plasma spray 

[116], rolling and pressing [117], and sintering and extrusion [118,119] may cause harm to 

nanostructures and generate secondary phases such as metal oxides and carbides, which 

could impact the intended commercial applications [5,120]. The HE-MA process used in 

the present research ensures the structural integrity and even distribution of alumina 
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ceramic grains in the Ni(Zn) alloy matrix while providing adequate control over the 

crystallite size, lattice parameters of constituents in the composite particles and composite 

particle morphology. The Ni(Zn)-alumina particles thus synthesized using HEMA process 

in this research may work for cold spray applications due to its particle size and irregular 

particle morphology. Research studies on the utilization of irregular shaped particle 

feedstock have shown effective DE. Unevenly shaped particles can achieve higher in-flight 

velocities during cold spraying that can reduce porosity and form dense coatings [92]. 

The Ni(Zn)-alumina particle composition has been meticulously devised by keeping in 

mind the effective deposition efficiency (DE) of the composite particles over the 

industrially relevant metallic substrates. Some of the research works on Ni based alloy 

composite coatings also suggest that these have a good cold spray ability. Ruben Fernandez 

et al. [121] fabricated CrC-NiCr cermet cold spray coating with amount of CrC ceramic 

content between 60% to 75% in the particle feedstock. Though the ceramic content was 

high yet they were successful in fabricating a cold sprayed coating. Another study on CrC-

NiCr cold spray coatings suggested that the use of high ceramic content of 75% along with 

NiCr alloy as particle feedstock could create cold spray coating with required bond strength 

and tribological properties [122]. However, it is suggested to keep ceramic content in 

particle feedstock higher than 10% to ameliorate the required mechanical performance of 

the cold sprayed coatings [123]. Therefore, it would be safe to presume the applicability 

and cold spray ability of Ni(Zn)-alumina composite particles synthesized by HEMA 

process, to produce cold spray coatings which may have exceptional mechanical and 

tribological properties that can make it a commercial success.  
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4.6 Summary 

The results for the particle characterization in this chapter reveal that the experimental 

design and milling process for the creation of Ni(Zn)-alumina composite having a 

homogeneous composition has been successfully executed. The Ni(Zn) alloy precursors 

were successfully pre milled and reduced to micron size particles suitable for further 

milling and synthesizing Ni(Zn)-alumina particles. The EBSD characterization of alloy 

particles reveal the ductility and extent of plastic deformation of Ni(Zn) alloy particles for 

both the alloy compositions employed in this research. Ni(5wt.% Zn) has higher ductility 

as compared to Ni(10wt.% Zn). And this result was also proved in the particle 

microstructures and powder size distribution analysis of alloy particles where Ni(5wt.% 

Zn) particles showed high higher particle size and delay in fracture process. Furthermore, 

the flaky shaped Ni(Zn) alloy particles offered enough sites for alumina embedment and 

thereby facilitating the formation of a homogeneous Ni(Zn)-alumina composite particle 

creation. The composite particle microstructural characterization depicts particle 

morphology and the uniform dispersion of alumina grains in the Ni(Zn) alloy matrix. The 

powder size distribution performed helped in the selection of appropriate particle size 

suitable for cold spray applications. Also, XRD analysis results show the phases, crystallite 

sizes, lattice parameters in the composite particles. At last, the design and properties of 

Ni(Zn)-alumina composite particles milled for four hours make it a suitable particle 

feedstock for CGDS process to create cold spray coatings with homogeneous composition 

which may have uniform mechanical, and tribological properties. 
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Chapter 5 Conclusion and Future Recommendations 

 

In this research, HE-MA method was used to create Ni(Zn)-alumina composite particles. 

Two steps of milling were carried out: 1) pre-milling, for a duration of 2 hours to break 

down Ni(Zn) alloy precursor particles from millimeter-sized to micron-sized particles; and 

2) milling, for a duration of 4 hours, for embedment of alumina in the Ni(Zn) alloy matrix 

and provide composite particle feedstock for cold spray process. This study led to the 

following conclusions: 

1. The presence of alumina inside the Ni(Zn) alloy matrix was verified by SEM 

microstructures along with the EDS elemental analysis performed.  In the milled 

specimens, agglomerates were seen, and their quantity rose as the percentage of 

alumina reinforcement in the composite particles increased. 

2. Significant plastic deformation of the Ni(Zn) alloy particles caused by the HE-MA 

process was demonstrated by the EBSD characterization. The Ni(5wt% Zn) alloy 

particles exhibited greater ductility and consistent deformation in contrast to the 

Ni(10wt% Zn) alloy particles. 

3. The milled particles had a PSD that follows Gaussian distribution. The process of 

cold welding and fracture of particles during milling were evident in the PSD of the 

particles milled for 1 hour, 2 hours, and 4 hours. The alumina concentration (wt.%) 

had an impact on the composite particle size distribution. 

4. The volume fraction of particles within the targeted 10-100 μm range were 

measured by computing the cumulative volume fraction values. A particle size 

range between 10 and 100 μm was found to be present in most of the milled S3, S6, 



   
 

86 

 

S9, and S11 specimens. The embedded alumina was found to have grain sizes in 

the range of a few hundred nanometers. 

5. Owing to the extreme plastic deformation and consequent cold working that the 

particles underwent during HE-MA, peak broadening was seen in the XRD patterns 

of the milled specimens. As the content of alumina in the composite increased, the 

α-Al2O3 peaks were more noticeable. A study was conducted on the crystallite size 

of the particle compositions, and the results showed that the alloy and composite 

powder crystallite sizes generally shrank as the milling time increased. Also, when 

the milling time increased, the lattice parameter corresponding to the Ni(Zn) matrix 

increased. As the milling duration increased, the lattice parameter c/a ratio of Al2O3 

dropped. 

6. The feasibility of composite feedstock synthesized by HEMA process for CS 

deposition was demonstrated by the quantitative and qualitative features of the 

feedstock as revealed by the results of this current research. Thus, the authors note 

that the findings presented in this work are important for further investigation and 

creation of nanostructured Ni(Zn)–Al2O3 coatings, which are sought after by 

several applications.  

 

There is much potential for further research on Ni-based cold spray coatings. However, to 

fabricate the best quality coatings it is vital to understand the characteristics of particle 

feedstock employed for cold spray. Particle characterization becomes crucial when 

performing milling to design and synthesize alloy/composite particles to ensure uniform 

properties across the coatings fabricated over an industrially relevant metallic substrate. 
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There is enough research gap in terms of Particle EBSD characterization, particle 

nanoindentation characterization to explore the mechanical properties of the particles 

synthesized via HEMA. Single particle bonding characteristics is another interesting field 

for future research. Research needs to be done to determine the best sort and quantity of 

reinforcements to employ in order to provide Ni-based coatings with the desired properties. 

It will take more investigation to find out how well powder morphology and powder 

architecture and help these Ni-based coatings deposit. The higher the deposition efficiency, 

the less powder feedstock is wasted during the cold spraying process. The research study 

may also include two reinforcements that can enhance the metal matrix's mechanical, 

tribological, corrosion resistance characteristics. The tribological properties of Ni-based 

coatings in respect to the various reinforcements used require more investigation; these 

properties can be contrasted with those of other coating techniques including HVOF, CVD, 

sintering, and so on. Comparing several Ni-based cold-sprayed coatings with various 

reinforcing types is also feasible. A detailed investigation into preserving the grain sizes 

and original phases along with the material chemistry would be desirable. Research on the 

effects of bond strength on the tribological characteristics of Ni-based cold spray coatings 

can help produce valuable coatings with high commercial value. 
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