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ABSTRACT

This study was intended to investigate the capability of cold spraying deposition process
as a near net shape forming technique to produce MMCs. P/M technique was used to fabricate
MMCs in this study for the reason of comparison. Ni-Ni3zAl MMCs were fabricated using 80
Vol. % Ni and 20 Vol. % NizAl using both methods. Microstructural characterization were
conducted on all samples and powders. All fabricated samples were subjected to variety of
experimental tests to determine mechanical properties. Observations of the microstructure of
cold sprayed and P/M samples clearly indicated strong bonding between cold sprayed samples
due to the low amount of porosity. Cold sprayed samples exhibited better mechanical properties
compared to P/M samples. Reinforced samples showed slightly better mechanical properties
compared to pure Ni samples regardless of the fabrication technique. Overall cold sprayed
sample exhibited higher strength and denser microstructure with less porosity compared to the

P/M samples.
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CHAPTER 1. INTRODUCTION

Nickel and its alloys are considered to be extremely valuable engineering materials due to
their ability to withstand a variety of severe operation conditions which involve high
temperature, corrosive environment, high stress, and sometimes a combination of all these harsh
conditions. There are some explanations for outstanding characteristics of Ni and Ni based
alloys. Ni possesses face center cubic (fcc) crystal structure with y and y' phases present with
ordered and disordered phase arrangements providing strength to the material at elevated
temperature which naturally exhibit high toughness and ductility [1][2]

Nickel has excellent corrosion resistance in fresh water and non-oxidizing acids under
room temperature. Ni alloys has also shown good corrosion resistivity at elevated temperatures.
[1]1[3][4]. Although casting is still the major method for production of Ni based components, the
high melting temperature of around 1453 °C makes application of fabrication techniques which
involve melting of Ni a difficult task. Production of Ni based materials using solid state
techniques became an important target for industries.

Aerospace and automotive industries seek materials with high strength performance at
elevated temperature. The operation conditions and the efficiency of application such as jet
engines can be increased significantly by selecting proper materials such as Ni and Nickel based
alloys with high temperature and mechanical properties. Intermetallic compounds of Ni such as
NiAl, NizAl have melting temperatures above 1500 °C and high stiffness due to the strong
binding between adjacent atoms [1]. Most ordered intermetallic compounds generally possess
relatively low atomic diffusivity and dislocation mobility that cause their high strength at
elevated temperature. Ni based materials can be designed with variable enhanced performance

by adding alloying elements or in a form of Ni based composites. Considering Ni as the matrix,
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different types of compounds such as Al, Co, Ti and Cr can be added to make a Metal Matrix
Composite to achieve high strength and thermo- mechanical properties [5]. The idea of mixing
Ni with some Ni based intermetallics seems to be interesting regarding the similarity and
minimum mismatch between atoms of such a mixture. The idea of making composite materials
using a solid state technique seems advantageous and interesting.

MMC consists of metallic material reinforced with metals, alloys, or ceramic particulates
or fibers. MMCs generally offer better mechanical properties compared to unreinforced metals
and can be designed to provide many diverse mechanical behavioral patterns such as high wear
resistance, thermal expansion, and, corrosion resistance. MMC are manufactured with wide
variety of techniques, among them liquid state techniques such as casting, solid state techniques
such as powder metallurgy and electroplating, and gaseous state such as physical vapor
deposition (PVD) are among the conventional methods of fabricating MMCs [4]. In addition,
cold spraying has also been used to deposit MMC coatings [1][5][6]The cold spraying technique
is a rapid deposition method that is mainly used to apply a protective metallic coating layer on
the surface of industrial components. Generally, cold sprayed components exhibit high strength
and high hardness due to low porosity content and a high degree of work hardening [5]. Cold
spraying can be categorized as a solid state processing technique since it deposits particles on a
substrate using supersonic velocity impaction below the melting temperature of the materials.
Due to its unique method of spraying particles in the solid condition many problems phase
change and oxidation associated with melting and solidification is eliminated in cold spraying
[7]. Components manufactured by cold spraying also exhibit no build up thermal stress due to

deposition below melting point [7][8].



Powder Metallurgy (P/M) is a process that has been used for many years in human
civilization, which is now firmly established in so many commercialized processes and
industries. The basic concept of this technique is mixing and pressing powders to form a desired
shape. The advantage of P/M technique compared to many other forming methods is that in
general; there is no melting involved in the P/M process which reduces the phase change and
formation of unwanted phases in the produced MMC:s [3]. In the case of manufacturing the
MMCs, P/M technique provides uniform distribution of reinforced powder among the matrix
with less degradation resulting in isotropic properties [3][8].

Even though the cold spray has been used in the industry for few decades there are
potential commercial applications in the current market. Applications such as; refurbishment of
aerospace parts using aluminum alloys, corrosion protective coatings for automobile and jet
engines and heat sink can utilize cold spray technology. In addition, cold spraying technology is
been used to produce coatings to increase corrosion resistance of sensitive materials using
magnesium and aluminum alloys, braze joint preparation coatings, sputtering targets, chrome
replacement coatings by deposition of WC-Co, and electrical and thermal conductive coatings
[7]1[8]. Germany released the world’s first mass production application of the cold sprayed
components. This application is based on cold sprayed copper coating heat sink which is act as a
thermal layer for both electronics and automotive parts [10]. Cold spraying itself presents an
advantage on producing these coatings since it’s reduce few fabrication steps compared to the
conventional fabrications methods.

There are extensive amount of research have been performed in the area of P/M
processed Ni based materials due to the simplicity of the manufacturing process and the greater

performance. Cold spraying is relatively newer technology used in the industry compared to



P/M technique. Hence, there are not much research been done specifically towards Ni based cold
spray coatings. However, with increasing demand of turbine parts that have higher service life
and efficiency with temperatures beyond 800 °C, new materials are needed to be introduced
[2]]9]. Ni based alloys and MMCs are two such materials that have been introduced to these
industries since Ni based materials have shown excellent properties under high temperature
conditions such as creep resistance, corrosion resistance and strength [1][14]. The comparison
between the two techniques in this study could potentially benefit to more effective
implementation of cold spraying technique to produce Ni based alloys and composites and
optimize the process parameters to increase the final quality.

The main objective of this study was to identify the effectiveness of cold spray technique
as a manufacturing method to fabricate nickel based MMCs. In order to show the effectiveness
of this technique, similar materials were fabricated using powder metallurgy process for the
reason of comparison. The properties of fabricated MMCs by these two techniques were then
compared to the ones obtained from samples of un-reinforced pure Ni produced by similar
techniques. The objectives of this study can be summarized as:

1. Study the effect of adding Ni intermetallic reinforcements to the Ni matrix via

mechanical and microstructural characterization.

2. Investigation on the effect of particle size of reinforcement phase on the mechanical
properties of the cold sprayed and P/M processed Ni-NizAl composites. Two different
particle sizes of reinforcement (Ni3Al) were used and the matrix particle size was
kept constant for both composites.

3. The microstructural and mechanical properties of un-reinforced and reinforced cold

sprayed samples were compared to those from P/M technique to understand the



effectiveness of cold spraying technique in production of Ni based composites as a
solid state technique.

4. The effect of heat treatment on the microstructural and mechanical properties of un-
reinforced and reinforced samples fabricated by both techniques were also studied in
this research.

In order to attain the above mentions objectives; various testing methods were performed
on the fabricated samples. The microstructural characterization was conducted using optical,
scanning electron microscopy and Energy dispersive spectroscopy methods. Then the image
analysis and density test were performed on the all the samples to evaluate the different phases
and to understand the porosity content. The mechanical characterization was mainly based on
elastic modulus and the hardness properties. Elastic modulus was measured since it provides
overall information in materials. The defining of elastic modulus on coating materials cannot be
achieved using a conventional process such as tensile testing due to inhomogeneity and very low
thickness of these materials. The elastic modulus of the sprayed coatings and P/M samples were
obtained using Knoop indentation testing and some available analytical models, and the values
were validated with the resonance frequency testing and nano-indentation test. Vickers test was

performed to validate the hardness results obtained from Knoop test.



CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

High performance materials have become very critical in modern aviation and aerospace
which is directed towards turbines and engines. Jet engines are manufactured with reinforced
materials to enhance the mechanical properties and the operational life of the parts, which is
directly correlated to the performance and the efficiency of the overall engine. Mostly jet engines
and gas turbines are manufactured with materials that can withstand very high temperatures
while generating power under the harsh operational conditions [2][11][12][13][15]. Materials
such as Titanium seems to be suitable candidate with lower weight concern, however with high
temperature conditions, the oxidation parameters needed to be taken to the account. Hence the Ti
has lower oxidation resistance under high temperature conditions, it is not suitable for being used
in many sections of jet engines and gas turbines that are operated above 700 °C [2][15][16].
Ferrite steel is another material that is used in manufacturing of the components for service in
high temperature environments such as inducing nuclear reactors and turbine blades. It exhibits
very good creep resistance at temperatures up to 750 °C [11] [16]. Nickel and Nickel based
alloys seems to be the one of the best suitable materials for high temperature application.

Following more information regarding nickel and its properties in provided.

2.2. Nickel and Nickel Based Materials

Ni is one of the very important and versatile materials in the metal industry. Bulk Ni
illustrates high melting temperature, tensile, electrical and magnetic properties. Ni is known as
one among three elements apart from iron and cobalt exhibiting strong ferromagnetic properties

at room temperature [14][17]. Ni is being widely used as an important alloying element in
6



production of ferritic alloys, cast iron and steel. Due to high melting temperature of Ni which is

approximately around 1453 °C, Ni and its alloys have been used in many high temperature

application, where majority of those applications involved heat and corrosion resistance at

elevated temperatures. Table 2.1 lists the industries and the particular applications/parts of Ni

[14].

Table 2.1. Applications of Ni and Ni based material.

Industry

Application /parts

Aircraft gas turbines

Disk, combustion chambers, exhaust systems, blades
after burners

Metal processing

Hot work dies and tools

Automotive industry

Catalytic converters, spark plugs

Coal

Piping , heat exchangers

Aerospace

Heat sinks, Rocket engine parts

Steam turbines

Blades, bolts

Petroleum

Fans, values, reaction vessels

Ni based composite can be designed with variable enhanced performances by adding

reinforcement phases. Xu et.al (1997) reported well-known technique to improve the brittle

behavior of Ni compounds by addition of small amount of Boron [S]. Considering Ni as the

matrix, different types of compounds such as Al, Co, Ti and Cr can be added to make Metal

Matrix Composites to achieve high strength and improved thermo- mechanical properties [6].




Nickel based alloys are recognized as one of the most effective materials with unique
properties such as, higher toughness, resistance to corrosive conditions and higher flexural
strength under high temperature environments. In addition, Ni based materials are used in
oxidizing conditions because of its higher resistance for degradation [1][3]. Aviation industry has
shown a keen interest towards Ni based materials due to the excellent characteristics as
mentioned. Rocket engines, turbines and nuclear and chemical plants widely use Ni based
materials [15].

Alloys that are used in high temperature conditions can usually service tolerate up to
1100 °C-1200°C [2][6][14][17]. Most of the metals that are used in the industry have melting
points lower than 1200 °C. This underlies the importance of Ni based materials that melt at
higher temperatures. Aircraft engines are usually manufactured with Ni based material that
composes 40-50% by weight of the engine [16]. Ni based materials are used towards the
combustor and the turbine section where the highest temperature is achieved in the engine at
operation conditions. Different types of the forming methods have been used to fabricate the
turbine and engine parts. Investment casting technique is used to fabricate complex and variable
shapes of turbine blades and structural components in engines. In investment casting cooling
cycles can be altered to control the grain structure of the blades. Since these parts are operated at
high temperatures, it is critical to eliminate the grain boundaries as much as possible. Since,
lower number of grain boundary sites provides less damage from the heat accumulation due to
less surface area formation from the lower grain boundary sites [2]. Grain boundaries can be
minimized by using single crystal casting [16].Wrought processing is commonly used to

fabricate the turbine disk to acquire resistance to crack growth, greater strength and toughness



[2][16][17][18]. These exceptional properties can be reached in Ni based materials using several
stages of controlled wrought processing.

Nickel based alloys and composites are primarily combined with Ti, Co, Cr and Al due to
their unique properties. Apart from that, small quantities of Boron and Carbon can be added to
Ni that makes the complex bonding structure due to 4d and 5d orbitals [16]. The outer shell been
S and P orbitals in Boron and Carbon respectively compared to the 4d and 5d orbitals in Ni. Due
to the different orientation of the arrangement of these three elements, it will create a complex
bonding structure at the equilibrium. Atomic radius is a critical factor for the alloying elements
of Ni. Co and Cr has similar radius compared to Ni that will come to equilibrium with gamma (y)
phase. Al and Ti has larger atomic radius compared to Ni, where the equilibrium will occur by

creating a gamma prime (y') phase [18].

P } Ni or Al -. Ni

Figure 2.1. Crystal structure of (a) Gamma (b) Gamma prime containing Ni and Al as elements.



Figure 2.1(a) shows the y phase with face center cubic (FCC) crystal structure which has
a disordered phase and creates the matrix of alloys. Figure 2.1(b) shows the ¥’ phase which has a
L1, ordered structure. Gamma phase is generally soft compared to y’ phase where [100] plane of
v phase tend to convert in to ¥’ phase by elastically softening [19]. One of the significant
characteristics of y’ phase is that it provides strength to the material at elevated temperature [19].
The nickel aluminide intermetallics have been studied extensively because of their excellent high
temperature mechanical properties. Most of these studies have focused on the controlling
fracture and deformation mechanisms of single and polycrystalline Ni-Al combinations in
association to their potential application as a high temperature “superalloy” for aecrospace
applications. Figure 2.2 shows the Ni-Al binary phase diagram. When the amount of Al increases
in to a Ni- Al binary system, another phase forms as a precipitate that has y’ structure. Different
intermetallic components can be created at different compositions such as NiAl, Ni2Alz and

NiszAl, etc.
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Figure 2.2. Phase diagram of Ni-Al [20].

With addition of Al (13-15% vol.) into Ni (85-87% vol.) and once it reaches the
equilibrium level, the NizAl intermetallic will form which has an ordered FCC structure with vy’
phase. Both y’ and y phases are sensitive to the cooling rate, where slow cooling rate promotes y
precipitates around 40 K/min [18][19][20][21], whereas, the higher cooling rate tends to create v’
precipitates [19]. Many studies have been conducted to observe the cooling rate effect on the
microstructure and the mechanical properties of Ni based materials. Sajjadi et.al (2008) studied
the effect of cooling rate on Ni based alloy UDIMET 500 that are used in second stage of high
powered gas turbines [22]. UDIMET has a combination of Ni, Cr, Co, Ti, Al, Mo, Fe and C in

fallowing weight representing 48.69%, 17.9%, 17.2%, 3%, 3%. 4%, 2.1% and 0.11%,

11



respectively. Experimental results of this study have shown that increase in cooling rate has
increased the tensile strength and yield straight. Mao et.al (2002) have studied the effect of y’
phase on cooling precipitation and strengthening of Rene88DT manufactured using P/M method.
The results indicated that there is a power low relationship between the rate of cooling and the
size of the y' precipitates [23].

The microstructure of Ni consists of Ni -y precipitate and adding NizAl will add fully
ordered y' which depresses with y disordered precipitate to increase the strength and toughness of
the MMC by added dislocations and age hardening [20][21][22][23]. The basic phenomenon of
the strengthening mechanism of metals is by minimizing the mobility of dislocations by reducing
the occurrence of plastic deformation. Particle reinforcement phase will act as an obstacle for
dislocation motion in MMCs. The oldest method for the fabrication of metal matrix composites
is the solid-state process. This study uses solid state technique via two different processes to
fabricate required samples. The first method is the cold spraying, and the second method is
powder metallurgy (P/M) technique. The detail of each technique is explained in the next

sections.

2.3. Cold Spraying Process

Plastically deformed metal particles either by means of higher velocity, molten, or
combination of both can be deposited in a substrate to form a coating [14]. This can be achieved
by the most of the thermal spraying processes where molten, semi-molten or solid particles are
deposited on a substrate. Cold spray technique also known as Cold Gas Dynamic Spraying
Method (CGSM) is categorized under thermal spraying techniques where the major difference is

that here the sprayed particles are deposited in solid state condition [24][25].

12



Cold spraying deposition system has been used by few industries to apply protective
layers on the surface of components to enhance their wear and corrosion resistance [8][26][27].
One of the unique characteristics of this process is the capability of manufacturing high purity
metal coatings with highly improved properties compared to the usual cold worked processed
parts and components [8]. Cold spraying technique offers several outstanding characteristics
such as; low residual stress, less heat input towards substrate, higher deposition efficiency and
compositional stability [27]. This technology mainly used in aerospace, automotive and gas
turbine industry [1][8][10][28]. Apart from that cold spraying is capable of fabricating near net
shapes components and can also be used for repairing of damaged surfaces [27]. Cold spraying
can be used to fabricate near net shape parts with variable composition by controlling the
feedstock with the aid of programmable robot gun. Figure 2.3 shows the near net shape parts that
has been fabricated using cold spraying technique [28]. Thin and thick layers of thermal barrier
coatings can be deposited using cold spraying technique. This technique can also be used for
deposition of coatings to mitigate the radiation and corrosion damages used in aerospace

application [10][27].
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Figure 2.3. Near net shape parts fabricated using cold spray technique [10].

Since the particles are sprayed at solid condition, this process is limited to ductile and
deformable materials. The brittle particles will shattered when hit the substrate at high velocity
during cold spraying. The comparison of cold spraying vs other thermal spraying in terms of
temperature and particle velocity is illustrated in Figure 2.4.

Cold spraying system contains a diverging/converging nozzle where the accelerated
particles are sprayed in to a substrate with velocities in the range of 300-1200 m/s. The substrate
is generally located 25-30 mm from the nozzle. Supersonics gas jet is used to accelerate particles
at a temperature below the melting point of the particles. The particles with high kinetic energy

will plastically deform on the substrate during the impact forming splats. Deposition of
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thousands of splats on top of each other, which are bonded together, forms the final coating
structure. This process comprising low temperatures avoids many deficiencies in other thermal
spraying methods such as melting, crystallization, high temperature oxidation and thermally

induced residual stresses [24][25][28].

Figure 2.4. Comparison of Cold spraying technique respect to process temperature and particle
velocity of other thermal spraying methods [8].

Two different types of cold spraying systems have been developed according to the
carrier gas pressure. The low pressure Cold spraying system (LPCS) utilizes lower pressure of 5-
10 bars while high pressure cold spray system (HPCS) uses gases at the pressure of 25-30 bars
[10][25]]28]]29]. Beside the pressure difference among these methods, LPCS uses radial
injection where the powder feeder is introduced radially to the downstream of the supersonic
nozzle. HPCS uses axial injection where the powder is introduced axially towards the

downstream.
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LPCS uses maximum of preheating temperature up to 550 °C to reduce the moisture
content and increase the aerodynamics properties of the flight while deposition. Due to the lower
pressure, the heated gas can reach up to 300- 600 m/s speed. Thus, the LPCS is only capable of
depositing soft ductile metals such as Cu and Al. Apart from the that, there are a few advantages
on using the low pressure systems, such as low overall cost due to the nitrogen and air being
used as the career gas, low maintenance and wear, longer service life, and this system can be
easily modified due to less complexity [29][30]. However, when using the low pressure and the
lower acceleration on career gas, the efficiency of the LPCS is around 50%. The efficiency is a
measure of the bonding and deposition rate or particles to the substrate. Due to lower kinetic
energy absorbed by the particles, it tends to bounce back from the substrate hence the efficiency
could reduce up to 50%.

The HPCS uses the preheating temperature up to 1000 °C to increase the aerodynamic
properties. In addition, the HPCS is capable of using less ductile metals such as Ni, where higher
preheating temperatures will soften the particles slightly prior to the deposition. With higher
pressures, the preheated gas accelerates the powder particles up to 1200 m/s speed which
provides the spraying efficiency around 90% [24][29]. This will induce better mechanical
bonding in the coatings. The difference in the LPCS and HPCS is shown in Figure 2.5 and

Figure 2.6.

16



Powder
Feeder

Gas Heater * — Substrate
> ® Powder

® Carrier Gas .
Low

Pressure
Gas Supply

EIEVEL
Nozzle

Figure 2.5. Schematics of low pressure cold spraying system (LPCS) [25].
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Figure 2.6. Schematics of high pressure cold spraying system (HPCS) [25].
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2.3.1. Spraying Parameters

There are several operational parameters which influence microstructural and mechanical
properties of cold sprayed coatings. Spraying parameters such as pressure, standoff distance, and
particle temperature will define impact velocity, deposition efficiency which consequently
influences coating strength and its adhesion to the substrate. In addition operating gases, powder
feed rate, and particle size can be named as a few other spraying parameter in a cold praying
system. Standoff distance and the pressure can be varied depending on the low pressure and high
pressure cold spraying systems. High pressure is obtained using higher compressed gas for
spraying particles.

Legoux et al. (2007) has studied the change in substrate temperature using an infrared
camera during the process of deposition [31]. The coatings formation was closely investigated as
a function of particle velocity and surface temperature of the substrate. Legoux results showed
higher deposition rates at higher substrate temperatures. Cold spraying been a low temperature
thermal spraying process that relies mostly on plastic deformation to produce low porosity
coatings, there are many aspects of particle adhesion and impaction need to be researched. Finite
element modeling has been incorporated with experimental results from cold spraying particle
impact to develop three dimensional models to understand the several deposition parameters
[32]. Li et al. (2009) studied the behavior of Cu particles impaction using cold spraying
technique with aid of 3-D modeling [32]. Li has observed that the particle size variation has
slight effect on the morphology of the coatings. Particle size is a critical spraying parameter that
studied further in this study which discuss in-depth in chapter 4.

In order to manufacture coatings with the desired microstructure, the relations between

particle characteristics and the spraying parameters need to be fully understood. Then, the

18



relation between the microstructure of the coating and the characteristics of the particles can be
established.

Due to the high velocity involved in the cold spraying process, any small changes in the
spraying parameters may result in significant changes in the in-flight particle characteristics and
thus in the final properties of the coating.

Type of the nozzle defines velocity and system pressure and selection of optimum nozzle
requires close attention which consequently influence the deposition quality of the particles in
clod spraying process. The velocity of in-flight particles is directly controlled by the spraying
process parameters. Some studies have described the correlations between operational spraying
parameters, and particle velocity [30][33][34]. The critical velocity determined the effects of
impinging particles changes from erosion to deposition on the surface of the substrate. Critical
velocity is a variable factor that based on many factors such as the substrate, particle material,
surface condition, spray angle and particle size [32][33]. However the velocity of particles itself
depend on the geometry of the nozzle, operating temperature and pressure of the system [33]

[34] [35] [36].

2.3.2. Mechanism of Splat Formation during Cold Spraying Process

There are a several studies that have been done to understand the mechanism of splat
formation during cold spraying deposition. Since the gas temperature in cold spraying is much
below the melting temperature of particles bonding mechanism can be predominantly caused by
plastically deformation of particles on targeted surface [30][36]. However the preheated particles
always carry higher kinetic energy that strengthen splat due to thermal softening.

Champagne at el. (2005) proposed a ballistic model and theory to explain the bonding

mechanism of Cu particles on Al substrate using cold spraying method [37]. Figure 2.7
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demonstrate the four different steps of the deformation that takes place when a spherical copper
particle is impacted on an aluminum substrate [37]. The deformation mechanism shown in this
figure indicated that the interface has been acting like a viscous fluid which shaped as a wave
and rolled-up to enhance the bonding properties [37]. Figure 2.8 shows the SEM image of Cu

coating (Light gray) on Al substrate (dark gray).

(@ (b)

SAunm Aluminum
(©) )
/
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Copper
Aluminum

Aluminum

Figure 2.7. Simulation of impaction of a Cu particle on a Al substrate at successive intervals of :
(a) 5 ns, (b) 20 ns, (¢) 35 ns, and (d) 50 ns [37].
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Figure 2.8. SEM image of cold sprayed Cu on Al substrate [37].

2.4. Powder Metallurgy

There is a high demand for simple and cost effective techniques which can produce parts
and components with relatively high quality. Since, powder metallurgy (P/M) has the capability
of mass production of components with simple geometry at a lower cost with less machining
with advantages over many other forming processes [38]. P/M can be defined as a process that
fabricates components and parts using raw metal powders or mixture of powders using softening
compaction of particles followed by heat treatment. .

The P/M technique has the following advantages over other fabrication techniques for
MMCs. The mechanical strength of composites made by the P/M technique are generally better
than those made by liquid metal techniques. This is because the P/M technique results in more
uniform distributions of the reinforcement phase. Although the P/M technique is prone to void
formations in the material due to incomplete bonding, the microstructure of properly made P/M
composites has fewer defects than cast composites because it is free of porosity associated with

solidification.
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What follows is a detailed description of the steps in the P/M fabrication process, which has
outlined in Figure 2.9 This description will cover information that is directly relevant to the

fabrication of MMCs in this study.
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Figure 2.9. P/M technique process flow diagram.
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2.4.1. Mixing and Blending

The fabrication of composites by the P/M technique requires complete mixing of the
reinforcement and matrix powders. In addition, mixing pure metal powders with pure alloy
elements is often preformed to create a metal alloy by solid-state inter-diffusion during the
sintering and hot pressing stages. This results in a composite containing a metal alloy matrix. In
this situation, uniform mixing of the metal and alloy powders is required in addition to uniform
mixing of the metal with the reinforcement powders.

Incomplete mixing of the powders occurs from three causes: 1- Particle size differences
between the metal powders and the reinforcing powders, 2- differences in density of the metal
and reinforcement powders, and 3- irregular particle shapes causing inter-locking of particles and

incomplete mixing [39].

2.4.2. Cold Compaction

The cold pressing process is necessary to compress the powders into a state where
sufficient contact occurs between the powders for significant inter-diffusion to occur during the
sintering stage. Cold compaction is usually performed by isostatic pressing at room temperature;

however the process can also be performed by rolling, die compacting, or injection molding.

2.4.3. Sintering

Compressed powders are normally subjected to a degassing and sintering treatment. This
process helps to remove of trapped air and additives using in the mixing and blending stage and
results to a semi ideal dense composite. Successful performance of this process also removes
water vapor and gases absorbed to particles. Shrinkage (porosity decrease) may occur during

sintering by rearrangement and center approach due to inter-diffusion of atoms that result in a
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decrease of the internal surface area as it is shown in Figure 2.10. To obtain the best results, this

process always performs in the inert gas Atmosphere or vacuum [40].

P
GojiNce

Center approach Rearrangement

Center approach

Figure 2.10. Shrinkage by rearrangement and center approach during sintering process [40].

Three different stages of sintering process can be recognized in the Figure 2.9; first, the
rearrangement stage when particles contact at a maximum ratio. Then, a necking forms between
the particles due to the inter-diffusion. Finally, the geometry of particles will completely change
accompany with a significant reduction in the pores numbers and shapes. Sintering time and the
operational temperature are two important parameters defining the final characteristics of

products [41].

2.4.4. Consolidation
Hot isostatic pressing or extrusion can perform the hot pressing process. Hot isostatic
pressing can be considered as the most effective route for consolidation of metal matrix

composites with high volume fractions of reinforcement. Hot pressing applies for simple
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geometries and the result is mostly consolidated to close to ideal density products. In addition,
micro oxidation may occur during P/M fabrication process. A thin oxide layer may cover all the
particle powders, which restricts the full contact of the particles resulting in decrease in inter-
diffusion during sintering process. Application of pressing is not enough to satisfactory break
these oxide layers. Applying an additional pressing at high temperature could break the oxide
layer in small particles [42].

There are several methods to manufacture required powders to be used in the P/M
technique. Metal powders are produced by mechanical milling or chemically. The mechanical
milling uses ball bearing or hammering methods to manufacture metal powder. In the chemical
process, different types of chemical agents and compounds are used to reduce the metals. P/M
technique is capable of using wide range of materials. In general, ductile metals are combined to
manufacture alloy or reinforced can be added to manufacture composites. Lubricants are also
added to this process as a binder such as paraffin wax, to make better mechanical bonding prior
to sintering.

Most of the components manufactured using the P/M contains porosity mostly up to 15%
[38][43]. In general these components are exposed to very high stresses; hence the capacity of
enduring these higher loads can be enhanced by hardening process. However to manufacture a
high quality parts using the P/M, it is crucial to distribute the porosity homogenously within the
microstructure [43][44]. In addition the porosity can act as a crack initiation site that will reduce
the strength and the service life of the P/M parts depending on the loading condition,
temperature, surrounding condition [38].

Special attention has been made to P/M parts service under high temperature applications

such as turbine engines, manufactured with Ni based materials. With the high temperature
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involved with structural components, fatigue crack growth needs to be studied since it could fail
the parts catastrophically. Solomon et.al (1973) and James at.al (1976) investigate on the
environmental effects on the parts that are fabricated from the P/M. Solomon point out that
oxidation due to environmental exposure could lead to increase in rate of fatigue crack growth
[45][46]. Yang et al. (2011) has studies the crack growth behavior of nickel based P/M parts at
R.T, 550 °C, 650 °C respectively. They proposed that, with higher temperature, creep damage

induce on the P/M parts due to the grain boundary weakening increases the crack growth [47].

2.5. Metal Matrix Composites (MMC)

Metal matrix composites (MMC) were developed over the last seventy years. They
exhibit unique microstructures and characteristics which are not found in conventional
monolithic metals or ceramics [48]. A composite material can be defined as a material that
usually consists of two or more physically/chemical distinct phases. The reinforcement material
generally distributed within the structure, and when the matrix is metallic material; it is called as
metal matrix composite [49]. There are verity of material that can take the form of reinforcement
such as; particles, short or continuous fibers and whiskers [49].

Mechanical properties of MMCs directly correlated to the matrix and reinforcement
materials, distribution of reinforcing phase, size and shape of reinforcement materials and the
interfacial bonding between reinforcement and the matrix [50]. MMCs can be manufactured with
high dislocation density with limited recrystallization resulting in superior mechanical properties
[51][52][53]. There are few fabrication methods that use in to industry to produce MMCs.
Casting, diffusion bonding, powder processing and deposition techniques are some of these
methods [50][51]. Castings can categorize under liquid state processing of MMCs that mix the

two phases by means of melting. Diffusion bonding is a solid state process that takes place at
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elevated temperatures to create bonding between dissimilar metals. Controlling the volume
fraction and capability of processing wide verity of materials are the major advantages of using
this technique. Powder processing is further discussed in section 2.4 in detail. Electroplating,
chemical vapor deposition (CVD), physical vapor deposition (PVVD) and thermal spraying are
few deposition methods that used to fabricate MMCs [48][54]. Cold spraying which is used in
this study will be discussed in details in section 2.3.

MMC:s are still finding many applications in automotive, aerospace and electronics.
Many studies were conducted to optimize the mechanical properties of MMCs. 1t is critical to
acquire the optimal particle size to obtain the improved mechanical properties in MMCs. Prasad
et al. (1995) studied the relationship between the Relative Particle Size (RPS) between the matrix
and reinforcement particles manufactured with 2124 Al -SiC MMC:s [55]. This study has shown
that the mechanical properties such as ductility, and strength increased with the decrease in RPS
[55]. On the contrary, Lewandowski et al. (1995) reported of an improvement in mechanical
properties of aluminum based MMC with the increase in RPS [56]. The composite was
fabricated from Al-7Zn-2Mg-2Cu-0.14Zr reinforced with 20 %Vol. SiC with size range of Sum-
16pum [54][56][57]. A similar study was conducted by Yoshmura et al. (1997) to find the
relationship between the particle size and the mechanical properties of MMCs [58]. They have
reported that there is no particular trend between the particle size and the mechanical properties.
Jodoin et al. (2006) studied effect of particle size of Scandium (Sc) reinforcements with
2618(Al-Cu-Mg-Fe-Ni) aluminum alloy coating deposited using cold spraying technique [S9].
Sc powders were deposited with two different particle sizes, one below 25 pm and the other one
between 25 and 38 um [59]. The smaller particles exhibited higher velocity compared to the

larger particles. The higher velocity in the smaller particle can be attributed to the inverse
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relationship between the diameter of the particles and its acceleration [59]. The smaller particles
have produced less porous coatings and harder structure compared to the larger particles.

Thermo-mechanical properties of the MMCs are mainly based on their microstructure
characteristics, morphology, and interfacial properties between splats. Some unwanted phases
such as oxides, and voids would associate within the coating structure during the coating process
[60]. Koivuluoto et al. (2015) studied the effect of heat treatments on Ni reinforced with 30%
vol. Cu that is deposited by cold spraying method [61]. They reported that the cold sprayed Ni
coating showed denser structure after heat treatment process Yang et al. (2008) studied the effect
of phase transformation of cold sprayed Ni/Al-Al203 coating with heat treatments [62].
According to this study during the heat treatment process, the coating has become denser which
can be attributed to the diffusion mechanism on NiAl intermetallic compound. All these studies
indicate the addition of reinforcements had benefited the mechanical properties or the

microstructure of the MMCs.
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CHAPTER 3. EXPERIMENTAL PROCEDURE

3.1. Overview

This chapter presents the procedure that was used to perform this investigation. Specific
information about materials used in this study is mentioned in section 3.2. The processes used to
fabricate the samples are discussed in Section 3.3. The microstructural characterization that was
performed on these samples is described in Section 3.4. The mechanical tests, Knoop and
Vickers micro-indentation tests, Nano-indentation, and Resonant Frequency test, which were

performed on the samples, are described in Section 3.5.

3.2. Powder Preparation

Commercially available Ni powder with 99.5 wt. % purity (Centerline Limited, ON,
Canada) with nominal particle sizes of >50 pm and <100 pm was used to fabricate cold spraying
and P/M samples of pure nickel. Gas atomized NizAl with nominal particle sizes of >5 uym and
<45 um with99.0 wt. % purity (Reade Advanced Materials, Riverside, RI, USA) were added
and mixed with the pure nickel powders with a ratio of 80 vol. % of Ni and 20 vol. % of NizAl
for the fabrication of MMC samples. The samples were mixed using a high speed powder mixer

for 5 minutes at room temperature.

3.3. Sample Fabrication
A total of 12 samples were fabricated from Ni and Ni-Ni3Al materials using the cold
spraying method and P/M method in this study (3 samples of each). In order to evaluate effect of

the particle size, the two types of powder blends were created. The particle size distributions of
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the two blends are shown in Table 1. Two different blends were used to fabricate samples using

both cold spraying and P/M technique.

Table 3.1. Powder size variation of Blend I and II.

Material Ni Nominal Particle size (80 vol. %)  NizAl Nominal particle size (20 vol. %)
pum pum

Blend I >50 and <100 >5 and <45

Blend II >50 and <100 >45 and <100

3.3.1. Cold Spraying

The pure Ni and premixed 80 vol. % of Ni and 20 vol. % of NizAl powder was sprayed
onto aluminum substrates in a size of 76.2mm L x 31.75mm Wx 5.08mm T. Samples were
manufactured by Centerline Limited, Windsor, ON, Canada using a high pressure SST-P Series
cold spray system. Schematic of high pressure cold spray system (HPCS) used in this study is

shown in Figure 3.1.
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Figure 3.1. A Schematics of HPCS system (Courtesy of Centerline (Windsor) Limited).

The spraying gas was preheated to 365°C to eliminate moisture in the feedstock powder.
The recommended gas temperature is in the range of 0.2-0.3 of the melting temperature of
feedstock powders [1]. The process parameters used by the high pressure cold spraying system
to deposit all samples are listed in Table 3.2. It is worth mentioning that the process parameters
used in this study were selected based on the lowest porosity within the coating microstructure
among several combinations of spraying trials. It can be an interesting future study to precisely
optimize the process parameters. The coating (Figure 3.2) was deposited at the thickness of 2

mm for all samples in this study.
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Table 3.2. Operational cold spraying process parameters.

Process Spraying parameters
Temperature (°C) 350
Pressure (MPa) 1.75
Nozzle Stand-off (mm) 10

Gun Traveling Speed (mm/s) 25
Processing Gas No

Figure 3.2. As sprayed Cold sprayed coatings (a) Blend I and (b) Blend 11

3.3.2. Powder Metallurgy

The same composition as used for fabrication of cold sprayed samples (Pure Ni and 80
vol. % of Ni and 20 vol. % of NizAl and pure Ni) was also used to fabricate samples using the
P/M technique. A die was designed to manufacture a cylindrical P/M sample with 6.35mm
diameter and 76.2mm length as shown in Figure 3.3. Cylindrical samples with 6.35 mm diameter
and 76.2 mm length were fabricated using an in-house designed die. Following the conventional
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P/M method, the samples were fabricated via several steps. The premixed powder was first
poured into the die and cold pressed at 450 MPa, and then the die was placed inside a furnace at

500°C and pressed under 500 MPa pressure for further compaction.

Figure 3.3. Developed die used for P/M process in this study.

The samples were sintered at variable temperatures (500°C, 600°C, 700°C, and 800°C)
for 2 hours at each temperature, followed by hot pressing. The optimal temperature and pressure
for hot pressing of P/M samples were obtained through trial-and-error by varying the setup
parameters, and the best results were obtained at 700°C. P/M processed samples that were
processed via variable temperatures and pressures were then tested using optical microscopic and
knoop indentation test. The optimal P/M samples were chosen based on having minimum
porosity, highest density, and maximum hardness. Density measurements were performed on at
least five P/M processed samples at each step consistent with ASTM-B311.The schematic of

P/M process in this study is shown in Figure 3.4.
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Figure 3.4. Schematic of P/M process used in this study.

3. 4. Microstructural Characterization

Cold sprayed and P/M processed samples were cross sectioned, ground, and polished
before SEM and energy dispersive X-ray spectroscopy (EDS). SEM was performed on samples
by a JEOL JSM-6490LV SEM (JEOL USA, Peabody MA, USA) using an accelerating voltage
of 15 keV. A Nanotrace EDS detector equipped with a NORVAR light element window
(ThermoScientific, Madison WI, USA) was used for elemental analysis by EDS. The
morphology and the chemical analysis of the feed stock powders were also examined using
above mentioned SEM equipment. Minimum of three EDS experiments at different regions of
microstructure were performed on each sample.

Image analysis study was performed to determine the apparent porosity of the coatings
and the P/M processed samples from the ten SEM images taken at various locations on each

sample according to ASTM E 2109-00. According to the standard, image analysis must be
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performed on micrographs at optimized magnification and size. The optimal magnification
depends on the size and distribution of the microstructural features. A micrograph taken at very
high magnification shows more details of microstructural features but does not represent a
noticeable region in the microstructure. Reduction in magnification increases the area under
investigation which results in less visibility of individual features in microstructure. After
examining of several micrographs taken at different magnifications, those covering

microstructural area of 520 x 430 um? were found to be the optimum for image analysis.

3. 5. Mechanical Characterization

A number of mechanical experiments were used in this study to evaluate the hardness and
elastic modulus of the fabricated samples. Four different mechanical tests were used to better
validate the hardness and elastic modulus results for the samples. All cold sprayed and P/M

processed samples were cross sectioned, ground, and polished prior to harness testing.

3.5.1. Knoop Hardness Test

The Knoop indentation test is an appropriate method to measure hardness of coating
structures due to the long rhombic shaped indenter that is capable to cover wide area containing
splats, splat boundaries, and voids. In this study, Knoop hardness technique was conducted to
simultaneously measure the Young’s modulus of cold sprayed and P/M fabricated samples. An
average of 12 Knoop hardness test were performed on each sample using a Zwick micro-hardness
tester. It is possible to calculate Young’s Modulus of materials using results from the Knoop
indentation test according to Marshal’s analytical equations. In this technique Young’s modulus is
measured based on the change in the length of the minor and major diagonals of the in-surface

Knoop indentations 2b'and2a’, respectively, after elastic recovery. Figure 3.5 shows a typical
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Knoop indenter with diamond pyramid shape. A combination of elastic (reversible) and plastic

(irreversible) regions will be resulted after Knoop indentation.

Operating
position

Figure 3.5. Schematic of the Knoop indenter geometry [63].

The major and minor diagonals of the indentation start to recover after loading step which
results in change in their length but this length change is negligible for the major diagonal as

shown in Figure 3.6. The following equations relate the displacement of the minor diagonal 2b

and H/E:
b—b' ="‘Eﬂ (Eq. 3.1)
; _ abp 2
a—a' =— (Eq. 3.2)

=T = (Eq. 3.3)



Where H is Hardness, E is Young Modulus and b’and a’ denotes the major and minor diagonal
lengths of Knoop indentation afterward taking the indenter (after the elastic recovery). b and a
are the major and minor diagonal of the indenter respectively. Where « is a constant value of
0.34 [69].In the entirely loaded state, the ratio of the major and minor diagonals is a'/ b'=7.11
which are defined by the indenter geometry [73]. Marshal et al. (1982) proposed this model to
calculate the ratio of the Knoop hardness to elastic modulus [73].

Average Knoop hardness was measured using fifteen indents on each sample with 1000gf

load for 15 s. Knoop hardness can be calculated using the following equation;

14.228P P
HK = =
L2 L2Cy

(Eq. 3.4)

Where L is the length of the major diagonal in mm, and P is denoted as the load in Kgf. Cp is a

constant related to the length of the major diagonal.
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Figure 3.6. Elastic recovery of Knoop indentation after unloading [63].

3.5.2. Vickers Hardness Test

Vickers test uses a square based pyramidal shape diamond indenter. The angle between
the opposite sides of the pyramid is marked as 136’ that is demonstrated in Figure 3.7. Vickers
hardness is a function of the applied load (P) and the diagonal length (L) as shown in the

Equation 3.5. Where angle 0 equals to 136’

. (6
ZPSm(g) 1.854P
H = TR (Eq. 3.5)
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Figure 3.7. Schematics of Vickers indentation process.

Knoop hardness results were validated by conducting a Vickers hardness test using
(Buhler Micromet 5140) on the same cold spray coating samples and P/M samples. Ten indents
were used to obtain the average Vickers hardness with 1000gf for 15s. Unlike Knoop test,
Vickers test can be very sensitive to applied load, where crack can propagate with plastic
deformation by applying larger loads. Minimum of 15 Vickers indentation hardness tests were
performed on the cross-section of each polished sample using a Buhler Micromet5140 micro-

indentation hardness tester.

3.5.3. Nano-Indentation Test

Nanao-indentation is a mechanical characterization testing method that is also known as
sub-micrometer indentation which is used to measure the elastic and plastic properties in very
small scales. This technique was introduce over the last decade and currently it is widely been

used to probe the mechanical properties of thin films due to higher accuracy and capability of
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automation. There is several information we can obtain from the Nano-indentation test. Load
versus displacement curve can be obtain from this experiment. The mechanical behavior of
samples can be evaluated during the both loading and unloading steps. During the loading
condition, with increasing the indentation depth; elastic and plastic deformation will occur. Then
at the unloading step, where the load is slowly released; the material will deform elastically. The
hardness can be calculated by application of mean pressure during indentation at maximum load.
Scratch testing, hardness and elastic modulus can be obtained in ceramic, metals, glasses and

polymers using nano-indentation test.

Magnet

Coil

Indenter

Motorized stage

Figure 3.8. Schematics of Nano- indentation test.

In the present study Nano-indentation test was used to measure the elastic modulus of
fabricated samples. A Tribo-indenter 900 (Hysteron Inc.) was used with a Berkovich indenter
under quasi-static mode to determine the reduce modulus. Schematic of nano- indentation is
illustrated in the Figure 3.8. Thirty indentations were made for each sample to obtain an average

value of the samples’ elastic modulus. Zeng and Fisher (2009) proposed a method to calculate a
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reduce modulus from the values obtained from the direct measurements from the nano-
indentation test [67]. Equation 3.6 shows the relationship between the reduced modulus , E* with
v the Poisson’s ratio of the flat surface, Eg - modulus of elasticity of the flat surface of the
sample, v;- Poisson’s ratio of the sphere, and E;- modulus of elasticity of the sphere [64][65].

1 (1+vs?) n (1+v;%)
E* Eg E;

(Eq. 3.6)

3.5.4. Resonance Frequency Test

This technique was established in 1938 to obtain resonance frequency of concrete by
matching the tone created by musical instrumentation [66]. Overtime this technology was
developed by introducing more controls and electronics. The Resonant Frequency Analyzer
(RFA) is also used to measure long term deterioration properties of concrete blocks [67]. The test
is is also capable of measuring dynamic modulus of elasticity of subsided metal samples.
Rayleigh derived Equation 3.7 to calculate the dynamic modulus of elasticity (E) using flexural
vibration of a thin rod [67].

__ 4m?L*N?%d
T m4K?

E (Eq. 3.7)

where, d , L, N, k, and t are density of the material, length of the specimen, fundamental flexural
frequency, radius of gyration of the section about an axis perpendicular to the plane of bending,
and thickness of the sample, respectively. m is constant equal to 4.73.. Equation 3.7 can be used
in two different modes, where the rod is vibrating in flexure free mode or in the longitudinal

mode [ 64]. The schematic of typical RFA apparatus is illustrated in Figure 3.9.
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Figure 3.9. Schematic of RFA including three types of vibrations modes (A) Transverse
resonance (B) Torsional resonance (C) Longitudinal resonance [68]

In the current study, the validation of the measurements of elastic moduli was performed
using a RFA by IMCE, Belgium. The cold sprayed samples and P/M samples were prepared
according to ASTM E 1876 for the RFA tests. Due to the size limitation of fabricated samples,
the cold sprayed samples were cut to rectangular strips of 50 mm L x 10 mm Wx 2 mm T, and
the P/M samples were cut into cylindrical shapes in the size of 6.35 mm D % 50 mm L. The
average elastic modulus value was obtained from three different RFA tests on each sample. The
obtained elastic moduli from RFA tests were compared to the ones resulted from nano-

indentation and Knoop hardness test.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1. Overview

This chapter presents the results of the experiments that were described in Chapter 3.
Sections 4.2 presents the results of the experiments performed to characterize the microstructure
of the feedstock powder, cold sprayed and P/M processed Ni and Ni-NizAl samples. Section 4.3
presents the results of the mechanical tests (Vickers, Knoop, Nano-indentation, and Resonance

Frequency) performed on all samples in this study.

4. 2. Microstructural Characterization

Figure 4.1 (a) and (b) show the SEM micrographs of pure Ni powder and NizAl powder
used in this study, repectivelylq. The SEM micrograph of the 80 vol. % of Ni and 20 vol. % of
NizAl powder mixture is shown in Figure 4.1 (c¢). Ni powders as seen in Figure 4.1 (a) and (c)
were agglomerated and formed tangled particles, causing a branched type geometry, which does
not reflect the nominal particle size reported by the manufacturer. However, the measured
average size for NizAl particles was 24.53+15.57 um. The large scattering indicated the large
variety in the particle sizes of NizAl powders. Table 3 lists the chemical composition of each
region obtained by EDX experiment. The average weight percentage of each phase was

determined based on 3 different measurements.
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Figure 4.1. SEM images from feedstock powders of (a) Ni, (b) Ni3Al, and (c) mixture containing
80 vol. % Ni and 20 vol. % NizAl.

The EDX results confirmed that the commercially obtained Ni powder had purity more
than 99.6% and NizAl had 85.7 wt. % of Ni and 14.2 wt. % of Al. The Ni.Al phase diagram

reports85-87 wt. % of Ni and 13-15 wt. % of Al in Ni3Al, which is in very good agreement with

the EDX results obtained in this study [1].
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Table 4.1. Chemical compositions of feedstock powder shown in Figure 4(c).

Phases Nickel (wt. %) Aluminum (wt. %)
NizAl phase 85.7+2.8 142+1.3
Ni phase 99.63 +1.8 0.37 +£0.06

Figure 4.2(a) shows SEM micrograph of the cross-sections of cold sprayed Ni sample.
The areas of two distinct contrasts were visible in this micrograph. The gray (region 1) and black
(region 2) regions represent Ni and porosities respectively in the cold sprayed Ni coatings. This
was validated by EDX results listed in Table 4.2. The micrograph shown in Figure 4.2(b) shows
cross-section of cold sprayed Ni-Ni3Al sample. Regions of three different contrasts are clearly
illustrated in this image: light gray, dark gray, and black. EDX experiment identified those
regions as Ni, NizAl and porosity, respectively. It has been tried to find an optimized resolution
and magnification for micrograph images used for image analysis. The micrographs taken at the
magnification shown in Figure 4.2(a) and (b) could better show distribution of particles in a
region representing a distinct portion of microstructure. Six different SEM images taken from
each sample were subjected to the image analysis to identify the area percentages of different
phases within the coating microstructure, and the results are listed in Table 4.3. The inset image
shows higher magnification micrograph of selected area as marked in Figure 4.2 (b). This image
taken at higher magnification provided us with more information regarding the bonding between
Ni3zAl particles and Ni matrix. Although, there is good cohesion between particles and matrix, a
separation line can be seen at some interface regions. Some porosity can also be seen along the

interface.
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Figure 4.2. SEM micrographs of cold sprayed (a) Ni, and (b) Ni-Ni3Al coatings. The inset of
Figure 4.2(b) shows higher magnification image of selected area.

Table 4.2. Chemical compositions of cold sprayed coatings obtained from EDX as marked in

Figure 4.2.
Location Nickel (wt. %) Aluminum (wt. %)
Region 1 99.9+0.01 -
Region 2 -—- —
Region 3 99.91+1.1 0.09+0.01
Region 4 78.77+1.7 21.23+2.1
Region 5 - —

The image analysis results showed that the microstructure of MMC contained around 92
area % of Ni and 8 area % of Ni3Al. Considering the 20 vol. % of reinforcement added to the
matrix, the image analysis results showed reduction in reinforcements after the cold spraying
deposition. Some Ni3Al particles, being the harder phase, could be crushed and disappeared
during the spraying process. However, the main reason associated with this discrepancy could be

that the softer Ni particles underwent more deformation during the spraying impact while the
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harder NizAl particles subjected to less deformation and kept their original aspect ratios. The 2D

SEM images were unable to capture the third dimension of the Ni3Al particles and use it in

image analysis.

Table 4.3. Area percentage of different phases in cold sprayed coatings.

Sample Ni NizAl Voids Impurity
Area% Area % Area % Area %

Ni- NizAl 91.738 +1.43 7.973 £1.24 0.205+0.04 N/A

Ni 95.34 +£2.88 - 0.41+0.25 425+1.12

(0] 2 3) @ (©)

X250 100pm

Figure 4.3. SEM micrographs of P/M processed (a) Ni, and (b) Ni-NizAl coatings. The inset of

Figure 4.3(b) shows higher magnification image of microstructure.

Figure 4.3 shows the SEM images of the P/M processed Ni and Ni-Ni3Al samples

fabricated in this study. The microstructure of unreinforced Ni sample shown in Figure 4.3(a)
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represents a bulk and dense structure, while the SEM micrograph of Ni-Ni3zAl shown in Figure
4.3(b) contains three different contrast levels that could also be observed in cold sprayed
samples. The micrograph of randomly selected area inset of Figure 4.3(b) shows the
microstructural features in higher magnification. EDX results indicated that the chemical
compositions in the light gray and dark gray regions are Ni and Ni3Al, respectively, while the

black areas represent voids as listed in Table 4.4.

Table 4.4. Chemical compositions of P/M samples obtained from EDX as marked in Figure 4.3.

Phase Nickel (wt. %) Aluminum (wt. %)
Region 1 99.9 +£0.01 —
Region 2 — .
Region 3 99.82+0.95 —
Region 4 86.22 +0.22 13.78 + 0.85
Region 5 - —

* Average of 3 measurements + 1 standard deviation

Table 4.5 presents the results of image analysis conducted on six different SEM images
with similar magnification as Figure 4.3(a) and (b) taken from various regions of pure Ni
samples and reinforced P/M samples. The area percentage of the Ni3Al reinforcement phase is
higher in P/M samples compared to the cold sprayed ones. This could be mainly attributed to the
shattering or possibility of the hard NiszAl particles bouncing off during the impact on the

substrate which resulted in a reduction of reinforcement in the cold sprayed samples. However,
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the measured porosity levels in all the P/M samples (reinforced and unreinforced) were much

higher than the same ones produced by cold spraying.

Table 4.5. Area percentages of different phases in P/M samples.

Sample Ni NizAl Voids
Ni-NizAl P/M 78.1 £3.29 191+1.21 28=+1.18
Ni P/M 99.92 +0.11 --- 0.08

* Average of 6 measurements + 1 standard deviation

The amount of porosity and their geometry and shape are considered as critical
parameters that define properties of the material. The majority of porosities in the P/M samples
had relatively larger sizes with irregular shapes where they were finer and round in the cold
sprayed samples. The pure Ni samples manufactured by P/M showed less visible porosities
compared to the reinforced P/M samples, and that might be due to the same particle size in both
P/M and cold spraying processes of Ni samples. Although, the differences in particle sizes
between Ni and Ni3Al particles exist in powders used in both fabrication techniques, the P/M
processed samples may have been affected more due to the particle size mismatch of the two
types of powers during the pressing steps of the P/M fabrication process. It is believed that the
effect of particle size mismatch is less for the cold spraying process because sprayed particles
impact and flatten on the previously deposited particles, and therefore the sprayed particles will
have less effect on the porosity formation compared to those partially deformed particles during
the P/M process.

SEM micrographs obtain from pre mixed blend (I) and blend (II) are shown in Figure 4.4

(a) and (b) respectively. From the given information and the similar contras levels from the
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images below, it is difficult to differentiate the Ni and NizAl particles separately. Even though
the mixing ratios between the Ni and NizAl are 80% to 20%, SEM images do not provide
distribution clearly due to similar contras. However by further examination Ni and NizAl
particles are identified with variable shapes and marked in the images. Using the EDX results, it
was confirmed that blend (I) and (II) carry Ni and NizAl to proper ratios. The results acquired are

listed in Table 4.6.

Figure 4.4. SEM micrograph of cold spraying feedstock powder of (a) Blend (I), and (b) Blend
(ID).
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Table 4.6. Chemical composition by weight percentage in coatings according to Figure 4.4(a)

and (b).
Nickel (wt. %) Aluminum (wt. %)
Blend (I)—(1) 85.7+2.8 14.2+1.3
Blend (I)—(2) 99.63+1.8 0.37+0.06
Blend (II)—(1) 79.3344.1 19342 8
Blend (II)—(2) 99.67+0.9 0.33+0.08

Figure 4.5. Optical image of cold sprayed coatings of (a) Blend (I), and (b) Blend (II).

Apart from the SEM images, the optical micrographs were taken from the fabricated
samples to observe the particle distribution, porosity and spat boundaries in the microstructure as
shown in Figure 4.5(a) and (b) . However the optical images were unable to provide any good
information, hence the higher magnification SEM images were used to observe microstructure of
the samples, where Figure 4.6(a) and (b) illustrate the cold sprayed samples fabricated from

blend (I) and (II) respectively. Using the EDX, the three different contras levels of gray, dark
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gray and black and shown in the images were distinguished as Ni, NizAl and voids. This
microstructural observation was validated using EDX results that are listed in Table 4.7. Figure
4.6 (b) illustrates that the average particle size of Ni3Al is much lower than the actual size of
feedstock particle size of >45 um to <100 um. The high velocity deposition of particle can cause

particles to deformed and shattered to smaller in size particles.
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Figure 4.6. SEM micrograph of cold sprayed coatings of (a) Blend (I), and (b) Blend (II).
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Three different SEM images from each cold spray samples were used to obtain the
average porosity, and the area percentage of the Ni and NizAl. The average values obtained using
image analysis method is listed in Table 4.8. Image analysis results shows that the area
percentage of Ni3Al in both blend (I) and (II) are less than 8% of the total area. However the
fabricated samples contained 20% vol. of Ni3Al. The lower area percentage of reinforcement
particles could be due to the shattering and bouncing back from the coating surface. Apart from
that, the comparison of volume (3D) vs area (2D) could affect the amount of particle distributed.

Image analysis indicates that smaller particle reinforcement (blend I) has slightly created
more porosity compared to larger particles (blend II). However there is no significant difference
in area percentages of matrix and reinforcement among the two samples, the porosity presents in
the sample. Overall reinforced samples fabricated with cold spraying with two different blends
have porosity level below 0.25%.

Compared to the other thermal spraying techniques available, cold spray is capable of
eliminating solidification and melting in the microstructure that could results is lower amount of
porosity [69]. Bashirzadeh et al. (2014) observed this phenomenon in cold prayed Al-Cu
composites, however this cannot considered as a universal statement which has an effect on cold
sprayed coatings in general [69]. Compared to Ni samples fabricated from cold spraying, MMC
samples contained much lower porosity levels. Few studies were done to see the effect of particle
size on the velocity variation, and, it was shown that smaller particles carry higher velocity
which leads to belter mechanical interlock that create strong bonding among adjacent
particles[59][60][70][71][74]. The bonding mechanism term “Interlock™ is commonly used in
thermal spraying process to describe the mechanical bonding in coatings. This causes to form

less porosity in blend (I) MMC coatings compared to larger blend (11) coatings. Hence this
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study clearly shows that MMC fabricated from cold spraying with smaller NizAl reinforced

particles has better bonding with low porosity.

Table 4.7. Chemical composition by weight percentage in coatings according to Figure 4.6.

Nickel (wt. %) Aluminum (wt. %)
Blend I (1) 99.82 £1.5 0.18% +0.02
Blend I- (2) 78.77 £1.7 21.23% £2.1
Blend II- (1) 99.81 +1.6 0.19% +0.04
Blend II- (2) 77.3.34£3.1 22.67% £ 2.7

Table 4.8. Area percentage of existing phases in the cold sprayed samples.

Sample area % Ni NizAl Voids
Blend I 91.738 +1.43 7.973+1.24 0.205+0.04
Blend 11 92.969+0.94 7.069+0.87 0.197+0.07

4. 3. Mechanical Characterization

The results of Vickers and Knoop hardness tests on the reinforced and unreinforced cold
sprayed and P/M processed samples are listed in Table 4.9. The Ni-NisAl composites exhibited
higher hardness values compared to the pure Ni samples regardless of manufacturing method.
The obtained hardness value of P/M processed Ni sample is close to the lowest hardness value

reported for the bulk Ni which ranges from 400 to 600 HV [1].
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Table 4.9. Hardness results of cold sprayed and P/M samples.

Vickers hardness (HV) Knoop hardness (HK)
Ni-NizAl cold sprayed 427.5+ 8.2 398.4+ 17
Ni cold sprayed 413.2+6.9 377.9 £9.05
Ni-NizAl P/M 391.7+4.6 373.1+10.4
Ni P/M 384.4+7.5 359.9 +4.7

The elastic moduli of the cold sprayed and P/M processed samples were calculated from
Marshal’s equation using Knoop hardness values. The calculated elastic modulus were obtained
using 3 equations based on the Marshals method mentioned in section 3.5.1 which resulted in

Equation 4.1 and the results are listed in Table 4.10.

bl

HK
(3) =1-20(1 - v») tan(n)] (=) (Eq. 4.1)
Where v represents Poisson’s ratio and y is the standard half-angle of Knoop indenter

equal to 75°. HK is the Knoop hardness. b’ denote the diagonal length of Knoop indentation

afterward taking the indenter. b is the major diagonal of the indenter.
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Table 4.10. Calculated and experimentally obtained elastic modulus of cold sprayed and P/M

samples.
Fabrication Marshall Equation Nano-indentation ~ Resonance frequency
Materials
Process (GPa) (GPa) (GPa)
Ni-NizAl 152.18+10.1 191.6 +10.49 193.2+04
Cold Spray
Ni 143.8 +8.7 199.3+ 13.1 182.4+0.1
Ni-NizAl 146.1 £5.0 161.5+12.9 70 +£0.01
P/M
Ni 131.0+ 6.2 148.2 £ 6.22 66.39 £ 0.01

Marshall has rearranged the Equation 4.2 and presented in a simpler manner to obtain the
elastic modulus using Knoop hardness (HK) , major and minor diagonal of indentation after
elastic recovery (2a and 2b " respectively) and initial major and minor diagonal of indenter (2a

and 2b respectively).

(Eq. 4.2)

Where, ¢, 1s a constant value of 0.34 [73], v represents Poisson’s ratio and y is the

standard half-angle of Knoop indenter equal to 75°.

Nano-indentation and resonance frequency tests were also used to experimentally
measure the elastic modulus of all samples in this study. Comparison between the obtained
results from variety of testing methods will show the capabilities of each of those techniques in
accurately measuring the properties of cold sprayed and P/M processed samples. The elastic
modulus obtained from Knoop test and marshal equation had the lowest value for all samples

compared to the other two techniques. The elastic modulus values obtained from both nano-
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indentation and resonant frequency tests on cold sprayed Ni samples were in an acceptable range
between the value reported for cold sprayed Ni coating, 158+6GPa, and bulk Ni material,
207+11 GPa [8][74]. There is an increasing trend in elastic modulus of cold sprayed Ni samples
with addition of NizAl particles. Since the porosity is negligible in both cold sprayed Ni and Ni-
NizAl samples according to Table 4.8, the main reason for increase in elastic modulus of Ni-
NizAl samples can be attributed to the higher strength of hard NizAl particles and strong bonding
and interface between matrix and particles as it can also be seen in inset of Figure 4.2 (b).
However, results obtained from nano-indentation test showed no significant improvement in the
elastic moduli of cold sprayed Ni samples after addition of Ni-NizAl particles. It could be due to
the fact that small Berkovich indenter was unable to measure the hardness in the area which
represents all features within the microstructure.

The calculated and experimentally measured elastic moduli of the P/M samples are listed
in Table 4.10. The reinforced P/M samples had higher elastic modulus values compared to the
unreinforced ones. Similar to the hardness, the elastic modulus of the fabricated P/M Ni samples
is also much lower than that of the industrially fabricated bulk Ni at room temperature which is
around 200-210 GPa [8]. However, the reinforced P/M samples have slightly higher elastic
modulus values compared to pure Ni samples due to the anomalous behavior of Ni3Al which
increases the precipitation hardening and dislocation, leading to increased elastic modulus
[25][26][27]. The elastic modulus obtain from P/M samples (Table 4.10) using resonance
frequency test illustrates lower values compared to the other mechanical testing. Though RFA is
a great technique to obtain elastic modulus using the vibration; having voids in P/M samples
could add errors to the results. The voids can act as a vibration damper or absorber that result in

lower values of modulus.
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None of the above mentioned manufacturing techniques includes melting and
solidification of the particles during the fabrication process. The bonding of the sprayed particles
is purely due to the interlock between impacted and deformed solid powders. There is no
metallurgical bonding between the particles in cold sprayed samples and mechanical bonding is
the only reason for adhesion between the splats and the coating layers. The solid particles were
partially deformed during mechanical pressing and attached to each other in P/M process. It is
known that the sintering process may cause some diffusion between elements resulting in local
metallurgical bonding in P/M processed samples. The results from this study showed that the
mechanical interlock in cold sprayed samples is stronger than the metallurgical bonding in P/M
processed samples.

The results obtained in this study proved the strengthening of Ni material with the
addition of NizAl particles. Comparison between the elastic moduli obtained using Marshal’s
equation and resonance frequency for unreinforced and reinforced Ni materials are shown in
Figure 4.7. The results from Marshal’s equation indicated that the addition of NizAl particles was
more effective in improving elastic modulus of Ni in P/M processed samples. The addition of
harder phase, Ni3Al, resulted in the increase of the average hardness of the P/M processed
samples, and consequently, the elastic modulus of the P/M processed material was also increased
according to the Marshal Equation. Alternatively, the elastic modulus obtained from the
resonance frequency technique depends on the bonding mechanisms, porosity content, and
interfacial properties between the particles and the matrix. According to the results obtained from
the resonant frequency test, P/M processed samples exhibited significantly lower elastic moduli
compared to cold sprayed ones due to their relatively higher porosity and lower bonding strength

between partially compacted particles. The addition of 20 vol. % Ni3Al particles had a slight
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effect on improvement of the mechanical strength in the pure Ni P/M processed samples
according to the resonant frequency test. Further investigation at different percentages of the
reinforcement phase can help to better understand the effectiveness of NizAl on mechanical

properties of P/M processed samples.
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Figure 4.7. The increase in elastic modulus of Ni samples after addition of NisAl obtained from
Marshal and resonant frequency test.

Shallow and long rhombic shaped indents have made Knoop indentation well known for
testing hard-brittle materials. SEM micrograph of a Knoop indent on a cold sprayed sample is
shown in Figure 4.8. For this sample, the average Knoop hardness value of blend (I) was
398.4+17 HK and blend (II) was 370.2+5.2 HK. Similarly, the calculated average elastic
modulus for blend (I) was 152.18+10.1 GPa and blend (II) was 138.5£10.1 GPa. Some cracks
are visible in the Ni matrix as a result of the Knoop test in Figure 4.8. However, the crack
propagation was hindered by NizAl particles which have the ability to block crack growth within

composite microstructures. Therefore a larger number of Ni3Al particles should be distributed in
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the matrix of composite fabricated using blend (I) as it showed more obstacles for crack
propagation as opposed to blend (II). The above assumption can be made due to the fact that both

composites consisted of 20% vol. of the reinforcement phase.

15KV X700  20pM o oo

Figure 4.8. SEM micrograph of a Knoop indentation, the inset is the portion of similar indent at
higher magnification.

Vickers hardness test was used to validate results from the Knoop indentation test and
also to measure the hardness properties of the cold sprayed samples. The Vickers hardness value
for blend (I) was 427.5£8.2 HV and blend (IT) was 422.5+14.36 HV. This result was similar in

trend to those results from the Knoop indentation tests. Figure 4.9 shows an optical microscope
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micrograph of a Vickers indentation made on a cold spray sample. Similar to Knoop indentation,

Vickers indentation also results in some cracks on the Ni matrix.

Figure 4.9. Optical micrograph of a Vickers indentation on Ni-NizAl <45 pm (Blend I).

The hardness of individual splats and phases within microstructures of coating materials
can be measured using nano-indentation tests. Nano-indentation tests can also be used to
determine the modulus of elasticity. Load vs. displacement curves from 10 different nano-
indentation tests on blend (I) can be seen in Figure 4.10. An image of the corresponding series of
indents made by the nano-indentation is shown as inset to Figure 4.10. For this test the maximum
load of the cold sprayed samples was kept at 9000 uN in order to avoid any plastic deformation.

The calculated curve of average values for the load vs. displacement results from the 10
nano-indentation tests on blend (I), blend (II) and on pure nickel can be seen in Figure 4.11. Cold

sprayed pure nickel was used here as a reference for blend (I) and (II). Figure 4.11 illustrate that
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blend (I) and blend (IT) has higher elastic modulus and hardness compared to pure nickel and in
addition it indicates that blend (I) has less displacement as opposed to blend (II). Blend (I)
resulted in higher values for hardness and elastic modulus, giving a result of 191.6+10.49 GPa

as compared to 167.81+£26.10 GPa measure in blend (II).
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Figure 4.10. Load-displacement diagram of cold sprayed Ni-NizAl <45 pm (Blend I). The inset
is series of nano-indents on the same cold sprayed sample.
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Figure 4.11. Average load-displacement diagram of cold sprayed Blend I, Blend II, and pure
Nickel.

Resonant frequency analysis test provided an elastic modulus resulting in minimum
deviation as compared to the elastic modulus set by other tests, indicating a certainty in
measurements gained using this method. The elastic modulus result for blend (I) using RFA was
193.2+0.4GPa and 160.25 £0.02 GPa for blend (II). These results make RFA the most accurate
choice in obtaining elastic modulus of cold spray coatings.

A summary of the results from Knoop Indentation, Vickers hardness, nano-indentation
and RFA for blend (I) and blend (II) is given in Table 4.11. The elastic modulus results from

RFA and nano-indentation can be considered fairly well, however this is not true with Knoop
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indentation methods showing 27% discrepancies in comparison to the other two methods.
Regardless of particle size, the elastic modulus calculated by rule of mixtures provided 195 GPa
for Ni-NizAl composites. Few studies conducted by other researchers indicate that the elastic
modulus of MMC coatings fabricated using Ni and NiAl were around 180-200 GPa [8][13].

The main objective of this study was to understand the effect of the reinforcement
particle size (NizAl) on the mechanical properties of the cold sprayed composite material.
Therefore, the results obtained from this study indicates decreasing particle size leads to an
increase in elastic modulus and hardness values for cold sprayed coatings. Test data showed cold
sprayed MMC manufactured with the Ni3Al particle size less than 45um to have 12% higher
elastic modulus as compared to the cold sprayed samples manufactured with Ni3Al particles
larger than 45pum. Similar pattern of logarithmic reduction in mechanical properties with
increasing particle size for Al based MMCs has been previously studied Prasad et al. (2002) [55].
Mechanical properties of Al based MMCs were believed to improve with decreasing
reinforcement particle size [55]. Another study on the effect of particle size on the microstructure
and properties of nickel coatings deposited by kinetic spray mentions that hardness of fabricated
coatings would decrease with increasing particle size [60]. Considering the results goatherd from
current study illustrates that smaller reinforcement particle sizes displayed to be the best fit for

cold sprayed MMCs.

66



Table 4.11. Comparison between obtained results from all experimental tests in this study.

E/ Nano E/ Knoop E /RFA Vickers Knoop
Indentation  test (GPa) Hardness Hardness
(GPa) (GPa) (HV) (HK)
Blend I 191.6£10.49  152.18+ 193.2+ 0.4 427.5+ 8.2 398.4+ 17
10.1
Blend 11 167.81+ 138.5+ 14.5 160.25+ 0.02 422.5+ 14.36 370.2+5.2
26.10

The bonding strength of a sprayed coating is a contributing factor for the mechanical
properties. Previous research has indicated that residual stress within the coating structure,
diffusion of particles across the splat boundaries, forces at the atomic level and mechanical
interlocking can all be affecting the bonding strength between consecutive splats [S5]. As shown
in Equation 4.3, by the inverse relationship between diameter of the particles and drag force,
smaller particles carry higher velocity compared to larger particles that carry lower velocity [59].
Although the larger particles carry high kinetic energy at impact, the drag forces at higher
velocities for smaller particle work beyond the deposition efficiency at higher rates. This
condition can be valid, the particles need to have constant diameter and with perfect spherical

shape.

1
D = pViuApCp (Eq.4.3)
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Where D is the drag force acting on the particles, Cpis drag force coefficient, V,.; is
relative velocity of the particle relative to the gases, and A, is the surface area of the particle
projected.

A research by Assadi et al (2011) observed the effect of sprayed particle velocity on
flattening ratio and deposition efficiency and cohesive strength of cold sprayed copper [72]. This
study concluded that smaller particle resulted in higher velocities for sprayed particle similar to
conclusions from some other studies. Assadi et al (2011) introduce two equation in their study to
represent the deposition efficiency (Equation 4.4) and cohesive strength (Equation 4.5) in terms

of particle size and velocity [72]. The equations are,

DE = f0°° gf (d,) dd, (Eq. 4.4)
Oc =0y (f% - ) (Eq. 4.5)

Where g is a function dependent on the size, dd,,is the differential of particle diameter (d,), o, is
coating cohesive strength and gy, the tensile strength of the coating material. vy, is a particle
velocity and v, is the critical impact velocity which can be define in terms of materials
properties.

The higher velocities affect bond strength and deposition efficiency which could be a
good explanation as to why blend (I) consisting of smaller particles show better mechanical
properties. Some studies have also indicated that higher rates of work hardening during spraying
and impact could also result in higher mechanical strength in cold sprayed MMCs with smaller
particle sizes [S7]. Parameters such as gas temperature and particle velocity on the localized
substrate temperature and deposition efficiency are previously reported to be resulting in changes
in deposition efficiency [8][75][76]. However, variation in deposition velocity which changes the

particles kinetic energy does not seem to have a significant impact on the substrate temperature
68



[34][77]. Therefore to eliminate the effect of gas temperature on the substrate temperature and
consequent properties of the coatings, the process temperature has been kept constant for this

study.
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CHAPTER 5. CONCLUSION

This research was mainly intended to show the effectiveness of cold spraying technique
as a near net shape forming technique to fabricate MMCs. Secondary objectives were setup to
peruse the main objective. The fabricated cold sprayed MMCs were compared to P/M MMCs
and pure cold sprayed samples.

One of the secondary objectives was to compare the mechanical and microstructural
properties of cold sprayed and P/M samples. Both P/M and cold sprayed Ni-NizAl samples were
subjected to multiple experimental tests to determine its hardness and elastic moduli. The cold
sprayed sample exhibited higher strength compared to the P/M processed ones. The results from
this study indicated that the mechanical interlock in cold sprayed samples was stronger than the
combination of weak mechanical and metallurgical bonding in P/M processed samples. It’s
known that mechanical bonding will occur in cold spraying causing adhesion between the splats
and the adjacent coating layers. Unlike in cold spray; P/M uses combination of mechanical
bonding during cold and hot pressing stages and metallurgical bonding during hot pressing and
sintering steps.

One of the other objectives of this study was to investigate the effect of reinforcement
particle size on the mechanical and microstructural properties on the fabricated MMC using cold
spraying method. Two different types of blends were used to fabricate samples, where blend (I)
contained smaller NizAl particles mixed with Ni and blend (II) contained larger Ni3Al particles
mixed with Ni. Based on the microstructural studies conducted on these samples, there is no
solid evidence to prove any major effect of particle size variation on porosity and particle

distribution. Mechanical testing on the samples indicated that the MMC cold sprayed sample
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made from blend (I) has higher elastic modulus compared to the samples fabricated from blend
(II). Both hardness and elastic modulus were decreased with increasing particle size. This
phenomenon could be explained due to smaller particles having higher velocity compared to
larger particles which resulted in a higher mechanical interlock and increase in adhesion between
coating layers.

The effect of adding reinforcement to Ni was also examined in this study. The
strengthening process in composites could be attributed to the solid solution strengthening, work
hardening, precipitation hardening, and grain boundary strengthening, etc. It was speculated that
adding Ni3Al in to Ni matrix enhanced the mechanical properties of the MMCs. Hence, pure Ni
samples were used to fabricate both cold spraying and P/M methods then the obtained results in
this study proved the strengthening of Ni material with the addition of NizAl particles. The
results obtained from the cold sprayed samples using resonant frequency test and, Marshal
equation illustrated that slightly higher elastic moduli was observed in reinforced cold sprayed
samples compared to pure cold sprayed ones. The results from Marshal’s equation and nano-
indentaion indicated that the addition of NizAl reinforcements was more effective in improving
the elastic modulus of Ni in P/M processed samples. This study indicated that the addition of 20
vol. % Ni3Al particles had a slight effect on improvement of the mechanical strength in the P/M
processed and cold spraying samples. However further investigation is necessary at different
percentages of the reinforcement phase to better understand the effectiveness of NizAl on
mechanical properties of P/M and cold spray processed samples.

In conclusion the cold sprayed samples showed better mechanical and microstructural

properties compared to P/M samples. Having denser microstructure with lower voids and strong
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mechanical bonding proved that the cold spraying technique is a suitable method for near net

shape forming of metals and metal matrix composites.
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