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ABSTRACT

This study examines microstructural-based mechanical properties of Al-Cu composite
deposited by cold spraying and wire arc sprayed nickel-based Alloy 625 coating using numerical
modeling and experimental techniques. The microhardness and elastic modulus of samples were
determined using the Knoop hardness technique. Hardness in both transverse and longitudinal
directions on the sample cross-sections has been measured. An image-based finite element
simulation algorithm was employed to determine the mechanical properties through an inverse
analysis. In addition mechanical tests including, tensile, bending, and nano-indentation tests were
performed on Alloy 625 wire arc sprayed samples. Overall, results from the experimental tests
are in relatively good agreement for deposited Al-Cu composites and Alloy 625 coating.
However, results obtained from numerical simulation are significantly higher in value than
experimentally obtained results. Examination and comparison of the results are strong
indications of the influence of microstructure characteristics on the mechanical properties of

thermally spray deposited coatings.
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CHAPTER 1. MOTIVATION & BACKGROUND

Thermal spraying is a convenient method for rapid deposition of protective layers on the
surface of parts, components, and structures. A wide choice of coating materials, including
ceramics, alloys, metals, some type of polymers and carbides can be deposited using thermal
spraying coating. Coatings fabricated by thermal spraying techniques are increasingly finding
application in aerospace, automotive, biomedical, electrical, and turbine industries. Usually
industries use thermal spray coatings because they offer improved:

a) Heat resistance

b) Wear resistance

c) High-temperature oxidation protection

d) Fretting and erosion resistance

e) Electrical properties (resistance and conductivity)
f) Corrosion and oxidation properties

g) Electromagnetic properties (Radio-frequency shielding)

Thermal spraying techniques can be categorized based on their energy sources. Flame
spray, wire arc spray and plasma arc spray are the three major energy source’s categories. In
thermal spraying techniques the energy is consumed in order to heat the coating materials to
semi-molten or molten state [1]. For example wire arc spray technique uses an electric source or
detonation gun uses chemical compounds for heating up the coating materials. Typically the
coating materials are in the form of wire, rod, or powder. Thermal spray techniques are explained

in detail in chapter 3.



Mechanical properties of the coatings fabricated by thermal-spray coating are mainly
based on their microstructure characteristics, morphology, and interfacial properties between
splats. During deposition and solidification process, molten particles known as “splats” form
interlocked lamella type structures. Usually, the grains grow across the thickness of the splats
and often oriented in the direction of the temperature gradient [2]. The pancake-shaped splats
are the basic structural units of a coating [3]. Some unwanted phases such as oxides, and voids
would associate within the coating structure during the coating process [4]. Therefore, proper
characterization of coating materials will significantly improve understanding of critical
microstructural features which affect the physical and mechanical properties of coating
structures. There is a huge need to develop an efficient microstructural based scheme to evaluate
mechanical properties of coating materials. There is a significant difference between the
properties of as-sprayed deposits and the fully dense materials.

It has been a big challenge for engineers and researchers to experimentally characterize
mechanical properties of coating materials as free standing samples. There are some limitation
for capturing the mechanical properties of coatings using methods such as tensile test due to very
thin thickness (100um-500 pm) of them, and the fact of difficulty in separating the coating layer
from substrate. Therefore the coating structures usually must be characterized as they stand on
their substrate.

Generally, coatings are considered anisotropic and heterogeneous materials which exhibit
different properties at different directions respect to the spraying direction. Due to the problems
with experimentally measuring of mechanical properties of coating structures, it has been tried to
develop an analytical method to predict of mechanical behavior of coating structures independent

of experimental tests. There are a few published theoretical papers that have studied and



described the relationships between the mechanical properties and microstructural characteristics
of coating structures 5-7. However, thermal spray coatings exhibit a complex lamellae type
microstructure. Thus, forming a convenient relationship between microstructural and mechanical
characteristic of an as-sprayed coating is a challenging issue. These studies only take into the
account the volume fraction of the pores and voids in the coating microstructure. Models have
also been developed to establish the same relationship for MMCs processed via conventional
techniques such as casting and powder metallurgy [8,9]. Some studies proposed a
microstructure-based finite element analysis to predicting the mechanical properties of particle-
reinforced metal matrix composites [10-13]. However, no model can claim a complete success in
accurate estimation of the mechanical properties of coatings [14].

This research tries to evaluate mechanical properties of thermal spray coatings based on
their microstructures characteristics. Theoretical equations were applied to evaluate the Young’s
modulus of porous materials, and composite materials in term of microstructural features.
Moreover, Object Oriented Finite element analysis (OOF) is performed on the microstructure
image of thermal spray coatings in order to calculate their Young’s modulus. To validate results
obtained from analytical models and numerical simulations, experimental studies such as Knoop
hardness test and Resonant Frequency are performed on the freestanding coating samples.
Comparison between the obtained results from experimental studies, theoretical models, and
finite element simulations gives us better understanding of the effect of microstructural
characteristics on the mechanical behavior of Alloy 625 and aluminum composite fabricated by
deposition technique.

Two different deposition systems were employed to spray different materials to increase

the validity of the results in this study. Copper particulate-reinforced aluminum matrix composite



produced by cold spraying and Alloy 625 super-alloy deposited using wire arc spray technique,
were studied in this research. Aluminum matrix has been reinforced with 10% and 20% copper
particles by volume. A composite made from aluminum and copper will be a suitable choice for
materials deposited using cold spraying technique due to high ductility of these materials. In
addition, the availability and low cost, made them more attractive to be used in our study. Wire
arc spray is a flexible, rapid, and relatively inexpensive method for deposition of metallic
materials which can be formed in the form of wire. It requires minimal facilities compared to the
other thermal spraying techniques. Deposition of high strength coating on the surface of large
structures is possible using this versatile and potable technique. Due to these advantages and the
availability of this technique, Alloy 625 coating was deposited using wire arc spray process in
this study. Nickel based superalloys outperform other high temperature materials like iron based
superalloys, because they are known for exceptional oxidation resistance at high temperatures,

exceptional toughness and ductility, and are relatively cheap to manufacture.



CHAPTER 2. LITERATURE REVIEW

A fair number of researches have investigated mechanical properties of thermal sprayed
materials. They have tried several methods, such as experimental, analytical, and computational
simulation were introduced to determine the elastic modulus, microhardness, fracture toughness,
and other physical and mechanical properties of coating structures.

Some other experimental methods such as tensile test have been applied on coating
structures in order to determine the elastic modulus. Azarmi et al. measured the Young’s
modulus of Air Plasma Sprayed (APS) Alloy 625 and studied the relationship between
microstructural characteristics and mechanical properties in this type of coating structure [14].
Although they have reported very interesting results, but the mechanical testing and sample
preparation looks very difficult, costly, and time consuming process. First, the coating specimens
were separated from the substrate and then tensile specimens were sliced to required dimensions
using an electric discharge machine (EDM) according to the ASTM B533-85.Due to the very
small thickness of the coating deposition (300-600 um) and size limitations they could only
prepare limited number of sub-sized tensile test samples for their experiments. To eliminate the
residual stress during machining process samples were have heat treated at 899°C. Finally they
have reported the results for tensile test of as-sprayed, heat treated, and conventionally processed
(bulk) Alloy 625 as shown in Table 1. They have concluded the main reason for the significant
drop in the mechanical properties of coatings comes from the weak bonding between the splats
of the coatings. Moreover the voids and secondary phase such as oxides contributes in low

Young’s modulus of coating material [14].



Table 1. Tensile test results for mechanical properties of APS deposited Alloy 625

(Azarmi et al, 2009).

Specimen (Alloy  Yield strength ~ Strain at break Load at break (N)  Young’s
625) (MPa) (%) Modulus
Bulk 320 15-20 - 205
As-sprayed 140+15 1.3%0.1 257+11 20+1
Heat treated (1 225+15 1£0.1 323423 2545
h)
Heat treated (3h) 230+20 1.340.1 445429 3542
Heat treated (5h) 305+10 1.5+0.1 670+14 4443

Van Steenkiste et. al. performed a wide study on aluminum coatings prepared via kinetic
spray technique [15]. As a result in this study the mechanical properties, such as Ultimate
Tensile Strength (UTS), hardness, and elastic modulus of as-sprayed and bulk type of aluminum
is measured and compared. The Young’s modulus of the as-sprayed free standing aluminum
coating was found to be 55-57% lower than the one reported for bulk aluminum. However, the

measured UTS and yield strength of aluminum coating were comparable to those of bulk

aluminum.

Marshall et al. proposed a unique method for measuring Young’s modulus (E) and
hardness (H) [16]. In this technique the measurement of elastic modulus is based on the change
in the length of the minor and major diagonals of the in-surface knoop indentations 2b'and 2a’,

respectively, after elastic recovery. As shown in Figure 1 a diamond pyramid shape indenter is

used in this technique.
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Figure 1. Elastic recovery of Knoop indentation impression and model for
elastio—plastic indentation (Lawn. et al, 1981).
In the entirely loaded state, the ratio of the major and minor diagonals is a'/ b'=7.11
which is defined by the indenter geometry [16]. The following equations relate the displacement

of the minor diagonal 2b and H/E:

r__ aap
b—b'== (D
f o
a-a =2 @)
br _br _ b aH
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The knoop hardness can be calculated using the following equation:
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Marshall and Conway proposed the following elastic-plastic equation, based on Lawn
and Howe’s theory [17], which could be used to obtain the hardness and Young’s modulus of the

material.

b H

(;) =1-2[(1 —v®)tany] (E) (5)
where v is the Poisson’s ratio, E is the Young’s modulus, 2b and 2b'is the minor diagonal length
before and after recovery, respectively, and y is the average half-angle of a Knoop indenter, 75°.

Eq. X can be rearranged in terms of elastic modulus as follows:

E =7 (6)

Where HK is the Knoop hardness, a; a proportionality constant, b'/a’ is the ratio of minor and
major diagonals after recovery, and b/a is the ratio of minor and major diagonals in the fully
loaded state, respectively, given by a constant 0.140646. The main advantage of this technique
compare to the other hardness techniques is the capability of determining the elastic modulus and
hardness simultaneously. In addition because of the small size of indenter several hardness
measurements can be done on a small specimen. Due to the shape of Knoop indenter it covers
large area including coating, splat boundary, and voids.
Sang-Ha Leigh et al applied Marshal equation to measure elastic modulus of alumina

with different composition using air plasma spray, and water-stabilized plasma techniques [18].
They found that APS produced samples show lower elastic modulus value compare to the ones

fabricated by water-stabilized plasma (WPS) spray technique. They have also found that elastic



modulus of the Vacuum Plasma Sprayed (VPS) nickel aluminide exhibit higher elastic modulus
compare to the Wire Arc sprayed one.

Another experimental study tried to measure the elastic modulus of tungsten coating
deposited by VPS technique using flexural bending test. Bending stiffness (S;,) and tensile

stiffness (S;) were calculated from [19, 20]:

S, = §[Egh§ + E;(h — h2)] — 5,62 (7)
Se = Ethe + Eghg (8)
With 6 = > [Ezh2 + E5 (hZ — h2)] ©)
t
* Eg * Ec
AndES:m’ EC:l—_19C2 (10)

Where # is the thickness and the subscription ¢, ¢, and s represent total, coating, and substrate
respectively. According to the three points bending test criteria the total bending stress equation

(Eq.7) could be simplified as follows:

3
Sp3 = = (11)

- 48W3

Where P; and w; are the total bending force and the maximum deflection, respectively.

In a four point bending test case the total bending stress could be obtained from Eq. 12 & 13:

_ P4l (31%-413)

Sbe =T Lgmi (12)
P21,
St = Towes (13)



By applying the rule of mixture to the bending force-deflection the coatings Young’s modulus

could be calculated as follows:

E, = —hl _he (14)

" 4bh3w;  ho+hs

The Young’s modulus obtained for tungsten coating was approximately 14% of the bulk
tungsten young’s modulus (400GPa). Also the literature indicates that usually the elastic
modulus of tungsten coating fabricated by plasma-sprayed technique is 20-30% smaller that its
bulk elastic modulus.

Li et. al. determined the Young’s modulus of hydroxyapatite (HA) coating using
indentation test along with three- and four-point bend test [21]. The elastic modulus values
determined by Three- and four-point bend tests indicates a higher Young’s modulus for coatings
prepared with a larger HA powders, and the improvement of elastic modulus values after heat-
treating the coating samples. They have concluded that the elastic modulus result of the bio-
ceramic coatings is considerably related to the microstructure morphology and phase
composition. However, there were significant errors for the elastic modulus obtained from
indentation technique. These results indicated that indentation test was impacted by the surface
roughness of coating samples and basically it is a local-phase-dependent technique not very
appropriate for bulk elastic modulus calculation. It is found that bend tests were more reliable
for characterizing the elastic modulus of coatings and the good agreement between the results
determined from three point bend test and four point bend test.

H-J. Kim and Y-G. Kweon, have investigated the young’s modulus of number of
metallic, cermet, and ceramic coatings fabricated by plasma-sprayed techniques using three-point

bend test [22]. As a result Ni20Cr (B1) and Co32Ni21Cr8Al0.5Y (B2) are the two metallic
10



coatings used in this study. In addition they have conducted Knoop indentation technique to
obtain the hardness and Young’s modulus on the coatings. Since the splat boundaries, pores, and
oxide layers in the planer- section (perpendicular to the deposition surface) is higher than the
cross-section, the obtained elastic modulus for both materials was to be found lower in planer-
section. It has been mentioned in thermally sprayed coatings structures the major difficulty of
determining the elastic modulus is the problem in capturing the pure elastic deformation. The
main problem appears during the mechanical tests when movement of splat boundaries and/or
propagation of cracks affect the Young’s modulus value. Therefore, due to this phenomenon in
thermally sprayed coatings the obtained elastic modulus would be also dependent on the applied
technique and measurement. Since the three-point bend test takes to account this phenomenon
and as the Knoop technique only considers the elastic region in evaluating elastic modulus, the
determined values for elastic modulus from this three-point bend test (for coatings with 10%
porosities) seems to be lower compared to those obtained from Knoop hardness test.

Gross et. al. performed nanoindentation test on hydroxyapatite (HA) produced with
Powder Plasma Sprayed (PPS) and Suspension Plasma Sprayed (SPS) techniques [23]. The
intent of this study was to investigate and compare the mechanical properties of the same coating
materials fabricated with different techniques. The elastic modulus of the coating prepared by
SPS shows a higher value than the PPS coating. They have concluded the coatings fabricated by
SPS contain more porosity than the PPS coatings, which would lead in lower elastic modulus and
hardness. But due to the crystal orientation and finer grain size in the SPS coatings compare to
the PPS coating the elastic modulus and hardness values were slightly greater.

Singh et. al. have evaluated the Young’s modulus of an Yttria Stabilized Zirconia (YSZ)

Thermal Barrier Coating (TBC) using Knoop indentation technique [24]. Also they have

11



measured the hardness by Knoop and Vickers indentation techniques. They have concluded by
increasing the load the elastic modulus and hardness would decrease. The values obtained from
knoop and Vickers technique were in good agreement. Azarmi et al. have also used three
theoretical models to determine the Young’s modulus of coating according to its microstructural
characteristics. The first applied model was Sprigg’s equation, which is a commonly used

empirical equation for porous materials [25].

E* = Egexp(—bp) (15)

where P is known as the volume fraction of all voids, splats interfaces, and cracks. By
substituting the above values, the estimated E* was found to be 166 GPa.

Hashin-Hasselman is one of the most common models used to estimate the mechanical
properties of porous materials . The estimated Young’s modulus by Azarmi et. al for APS Alloy
625 using Hashin-Hasselman equation [26, 27] is 85GPa. The Zhao model [28, 29] was the last
analytical model used by them to predict mechanical properties of the APS Alloy 625 coating

which is capable of measuring elastic modulus in both transverse and longitudinal directions.

_ En(1-p)

E, = 1+2np (16)
_ En(1-p)

Er = 1+2mpa—2 (17)

Where p is the volume fraction of elliptical voids, p is the total volume fraction of voids and

oxides, E;, the longitudinal Young’s modulus (perpendicular to coating plane), E, the transverse

12



Young’s modulus (parallel to coating plane), and E,, is the Young’s modulus of the bulk
material. The obtained values were 105 and 141GPa for the longitudinal (E;) and transverse
(Er) directions, respectively.

Table 2. Analytical models predictions, Objective Oriented Finite Element Analysis (OOF)

calculation, and experimentally measured Young’s modulus for
as-sprayed and heat treated samples (Azarmi et al, 2009).

Method Strain at Etransverse  Ejlongitudinal
break % (GPa) (GPa)

Sprig as-sprayed - 166 -
Zhao as-sprayed - 141 105
Hashin-Hasselman - 85 -
as-sprayed

OOF As-sprayed - 49 25
Heat treated 5 (h) - 64 31

Tensile test ~ As-sprayed 13 20 -
Heat treated 5 (h) 13 44 -

Azarmi et al have reported a 90% reduction in the elastic modulus of as-sprayed Alloy
625 fabricated by plasma spray technique compare to the conventionally fabricated Alloy 625,
shown in Table 2 [14]. The main reason mentioned is due to the weak bonding between the
splats in the coating structure. Also the predicted elastic modulus from the analytical models
such as Sprigg’s model was so far away from the tensile test results.

Hashin-Shtrikman (H-S) and Halpin-Tsai (H-T) both proposed empirical and semi-
empirical models for calculating the elastic modulus of composite materials [8, 30]. According to
the H-T equation, the discontinuous reinforcement particles are assumed to be oriented perfectly
in the composite and parallel to the applied load. The H-T model could be written as follows for

calculating the elastic modulus:

Em(142sqVp)

E. =
¢ 1-qVp

(18)
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Where E, is the elastic modulus of the reinforcement phase, E,, is the elastic modulus of the
matrix phase, E, is the elastic modulus of the composite, s is the aspect ratio of the particles, and
q is given by:

_ GV

—E
14
(Em+25)

q (19)

Both results obtained from Hashin-Shtrikman and Halpin-Tsai over predict the Young’s modulus
of the MMC. Obviously these analytical models are not able to capture the microstructure
features that affect the mechanical properties of the composites. The above mentioned analytical
models were used in this study to determine elastic modulus of the deposited materials. The
details can be seen in chapter 5.

Several theoretical models are available to determine the elastic properties of materials
respect to their microstructural features. Sprigg’s [25] suggested a model to measure mechanical

properties of transversely isotropic materials as follows:

E = Eyexp(—b.P) (20)

Where b, i1s a constant (~2) [31], E, the Young’s modulus for a zero-voids material, and P the
voids volume in the material.

Rossi [31] has proposed a mathematical expression to estimate the elastic modulus of
materials with spherical porosities. The model is based on the microstructural models of
composite materials, which the shape of the included phase is considered as well as the moduli

of the individual phases as follow:
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E=E1-(2+3)p] 1)

4c 4

Where E,is the Young’s modulus for a zero-voids material, ¢ is the parallel axis to stress
direction, and « is the perpendicular plane axis to axis c.

Since, coatings are considered as anisotropic materials, it is assumed that the mechanical
behaviors are not the same at different directions. Sang-Ha Leigh et al have performed
mechanical tests in directions parallel (longitudinal) and perpendicular (7ransverse) to the
spraying deposition plane. As shown in Table 3 the mechanical properties are considerably
different for the coatings in different direction, where M2 and M6 are nickel-aluminum and
Cr2C3-NiCr, respectively, and both fabricated by Arc Plasma Spray (APS) technique.

Table 3. Young’s modulus results parallel and perpendicular to the deposition surface
(Sang-Ha Leigh ef al, 1997).

Elastic modulus data

Mean m E\/E,
Sample Load (kg)  Direction H/E E (GPa)
M2 0.5 E, 0.03756 30+£11 3.1 1.5
M2 0.5 E, 0.05807 20+6 3.6 1.5
M6 1 E, 0.03435 175+34 5.0 1.5
M6 0.5 E, 0.05657 93+14 6.2 1.5

Since the microstructure has a huge effect on the physical and mechanical properties of a
coating materials, it is important to take to the account all microstructure features to determine
these properties. Although the complex coating microstructures often makes it difficult and
challenging to determine the mechanical properties by using numerical technique, an image
based Finite Element Analysis (FEA) software, known as Objective-Oriented Finite Element

(OOF) software can be used to numerical simulation of coating microstructures. This program
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uses the actual micrograph and incorporates the microstructural data with the fundamental
material data (i.e. elastic modulus and Poisson ratio) for predicting of the mechanical properties.

Chawla et. al. have applied OOF for predicting the mechanical properties of SiC particle-
reinforced aluminum matrix composite and double-cemented WC particle-reinforced Co matrix
composite based on their microstructures [32]. The SiC-Al composite was fabricated via Powder
Metallurgy (PM) processing and extrusion and the WC-Co composite produced by a Rapid
Omni-directional Compaction (ROC) technique. In this study they have observed a better
agreement between the values obtained from OOF to the experimental techniques compare to
analytical ones. They have concluded OOF can be applied as an effective tool for predicting the
mechanical properties of materials. Also it is an effective program for studying the
microstructure effect on the localized stress state [32].

Azarmi et. al. have also used OOF program to obtain the elastic modulus of APS Alloy
625 coating [14]. The obtained elastic modulus in the transverse and longitudinal direction was
49 and 25 GPa, respectively. These results are 150% higher than the results obtained from tensile
test (20Gpa) in the transverse direction. They have concluded a significant difference between
the obtained values from experimental and numerical techniques, due to the failure of OOF in
capturing all microstructure features which has a strong influence on the mechanical properties
[14].

Several studies have been done on simulation of three-dimensional (3D) metal matrix
composite’s (MMCs) microstructures. Chawla et. al. have developed a 3D model of the
microstructure of SiC particle reinforced Al composite and studied the mechanical behavior of
the composites using finite element analysis (FEA) [11]. They have modeled the MMC by using

serial sectioning process as shown in Figure 2.
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Figure 2. Flow chart of several sectioning and 3D reconstruction process
(Chawla et al, 2006).

The slicing technique combined with FEA seems to be a good improvement over 2D
models used by programs such as OOF. There is a good agreement between results obtained
from 3D microstructure-based model and experimental tests. Nonetheless, the microstructure-
based 3D reconstructed models represent very close results to the experimental response, 3D
reconstruction process is a costly technique and it requires huge increase of processing time due
to the large number of elements in the 3D microstructure-based model which require additional
refinement of the meshes before solution. The highest elastic modulus and strength from the
simulation were obtained by prism unit cell model and the lowest values were obtained by sphere
unit cell model. This can be caused due to the higher degree of load transfer for the perfectly
rectangular unit cell’s particle compare to the spherical unit cell’s particle. Comparing the sphere
and prism unit cell 3D model results with the experimentally obtained elastic modulus shows a
good correlation. As a result the perfectly rectangular unit cell, microstructure-based models and
experiment stress-strain curve were approximately fitted.

None of those studies tried to compare results of mechanical evaluation from different

methods. We are planning for a more comprehensive study by performing analytical,
17



experimental, and numerical techniques to determine the mechanical properties and comparison
of the results to develop an effective model to predict mechanical properties of coating

structures.
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CHAPTER 3. THERMAL SPRAYING TECHNIQUE

Thermal spraying techniques are well-established methods to deposit metallic or
nonmetallic hard coatings. In this technique the particles in molten, semi molten or solid
condition are sprayed with high velocity toward the substrate, resulting in formation of a coating
layer on the surface of the substrate. The speed of droplets or particles is in the range of 50 to
1200m/s. Significant amount of deformation of the particles can occur during impact due to high
speed and high temperature. Impacted particles on the substrate are called “splats” which are
considered as building blocks of any coating [1]. Each splat flattens and solidifies on the
substrate where cooling rate during solidification is an important parameter in morphology and
properties of coatings. A rapid cooling rate generally results in a fine structure. Coating layers
are formed by deposition of splats on top of each other building coating structure. Figure 3
shows a schematic of thermal spraying technique and coating build up process. Thermal spraying
technique has several distinct advantages compare to traditional methods such as powder
metallurgy (P/M). These advantages are listed as follows:

1. A wide variety of materials can be deposited in this technique (typically, any material
that does not decompose in its melting point could be sprayed).

2. Some techniques such as wire arc and cold spraying could deposit coatings with
minimum heat input to the substrate. The flexibility of the techniques to repair damaged

parts without replacing or changing the structure or dimensions of components.
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Figure 3. Schematic cross-section of thermally sprayed layer and as-sprayed coating
microstructures [http://www.gordonengland.co.uk/tsc.htm].

The main disadvantage of this technique is the line-of-sight limitation which makes it
difficult for coating complicated shapes [1].

Thermal spraying technique could also be used to deposit coating from high temperature
materials such as tungsten, and ceramics. Moreover this method is more flexible for applying
coating on complex structures, and requires shorter time for deposition of protective layer on the
surfaces. Due to the above mentioned advantages; Thermal spraying seems to be a promising
route for fabrication of metal matrix composite (MMCs). The powder mixture of desired
constituents can be deposited to form a composite structure. Thermal spray technique has found
several applications were protection against oxidation, wear, thermal shock, and corrosion is
required, and application in industry areas, such as petrochemical, gas turbine blades, and

medical implants [33,34].
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Thermal spray processes can be grouped based on their energy sources into two
categories: combustion or electrical sources (in order to melt or soften the particles). Typically
selection of an appropriate thermal spray technique is determined by [1]:

1. Fabrication costs

2. Coating material

3. Application

4. Substrate geometry and material

Some common commercial thermal spray techniques and their specs are listed in Table 4:

Table 4. Comparison of thermal spray techniques (Adopted from Brendt and Lenling, 2004).

Process Gas Flame Particle Cohesive Oxide Relative Energy
flow temperature impact strength content process required to
(m?/s) (°C) velocity cost melt (kw/kg)
(m/s)

Flame powder 11 2200 30 Low 6 3 11-22

Flame Wire 71 2800 180 Medium 4 3 11-22

High velocity 28-57 3100 610-1060 | Very high 0.2 5 22-200

oxyfuel

Detonation gun 11 3900 910 Very high 0.1 10 220

Wire arc 71 5500 240 High 0.5-3 1 0.2-0.4

Conventional 4.2 5500 240 High 0.5-1 5 13-22

plasma

High energy 17-28 8300 240-1220 | Very high 0.1 4 9-13

plasma

Vacuum plasma 8.4 8300 240-610 Very high 0) 10 11-22
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Single-phase and multiphase materials such as alloys, metals, intermetallics, ceramics,
and polymers, composite materials such as metal matrix composites, reinforced polymers, and
cements and functionally gradient materials (FGMs) can be deposited by thermal spray

techniques.

3.1. Cold Spray Coating

Cold spray technique was first technologically advanced at the Russian Academy of
Science at mid-1980s by Papyrin and colleagues [1]. Cold spraying is a well-known technology
to deposit metal or metal alloy particles as a coating layer on different substrates. The process is
based on acceleration of solid particles toward the substrate. Coatings are formed layer by layer
after impact of small solid particles (size ranging from 1 to 100 x m) at high velocities (usually
300 to 1200 m/s) with the substrate [35]. In order to reach this goal, metal powder particles are
introduced into a heated pressurized gas flowing via a converging/diverging nozzle to reach a
supersonic speed. Due to the impaction process this method is limited to ductile and deformable
materials such as ductile metals and polymers. Cold spray is not an appropriate technique for
depositing brittle and hard materials such as ceramics as coatings because they will be crashed
and shattered during impact. Since in this technique the particles are preheated to low
temperatures (300 to 600°C) usually lower than their melting point it has significantly lower
deleterious effects of high temperature compare to other conventional thermal spray techniques
[36]. As a result in this technique oxidation, melting, recrystallization, residual thermal stresses,
decomposition, and evaporation is significantly minimized or eliminated. Coatings fabricated by
cold spray technique usually exhibit acceptable mechanical behavior. Figure 4 shows schematic

of cold spraying technique.
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Figure 4. A schematic of a conventional cold spray process (Bashirzadeh et al/, 2013).

Equipment: Typically a cold spray system consists of the following parts:

1.

2.

3.2

considerable commercial application until 1960s. In this technique the materials are in the form
of consumable rods. Unlike other thermal spray techniques this technique applies a direct current
(dc) between the rods which results in a formation of an electric arc in the gap between the rod
tips as the two rods are continuously consumed together [37]. As shown in Figure 5 the molten

particles are then will be accelerated toward substrate by a high velocity air jet (air flow ranges

Extreme high-pressure gas supply (usually nitrogen)

Gas control module

Gas heater and powder-metering device

De Laval-type nozzle (i.e., a converging/ diverging nozzle)

Hoses and cables

Wire Arc Spray Coating

This technique was originally proposed by M.U. Schoop in 1910, but it did not find

from 0.8 to 1.8 m3/min) [1].
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The thermal efficiency is considerably higher than other thermal spray techniques due to
the direct melting process by the electric arc. The other advantage of this technique is the lower
cost compare to other coating methods. The oxidation of the molten particles could be minimized
by using short standoff distances and high compressed air flows. Generally, coatings fabricated
by electric arc spray technique end up with a denser and stronger structure than coatings
fabricated by equivalent combustion spray techniques [38]. Since, in electric arc spray technique
an electric current is applied to the pre-coated materials (wires); thus, the materials shall be
electrically conductive wires to be able to apply them in this technique. The other disadvantages
are that a separate heating source is needed for spraying the materials and substrate preheating is
required prior and during spraying process. The arc spray process is heavily used in production

of anti-corrosion coatings of zinc and aluminum [1,39].
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Figure 5. A schematic of a conventional wire arc spray process
[http://www.gordonengland.co.uk/xaws.htm].

Equipment: Typically a wire arc spray system consists of the following parts:
1. Pressured air supply

2. Power Supply (constant dc voltage)
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3. Wire feeder comprising an electric or air-driven motor, drive wheels, and drive wheel
tensioning devices

4. Electric arc spray gun and air nozzle

5. Wire guide/contact tips, air cap, and arc shield.

6. Hoses and cables

In order to improve the deposition microstructure in this technique, using smaller-diameter
wires, high velocity air caps (to reduce dwell time), inert atomizing gases (to reduce the
oxidation), and lower arc voltage (for minimizing overheat of the droplets) during the deposition

process is required.
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CHAPTER 4. MATERIALS

4.1. Metal Matrix Composites (MMCs)

MMCs are extensively finding application in aircraft components, automotive
industry, cutting tools, and sporting goods [10]. MMCs can be classified into three main
groups:

1) Discontinuously Reinforced Metal Matric Composites (DRMMC) such as particle
reinforced MMCs.

2) Fiber Reinforced Metal Matrix Composites (FRMMC):
e Short fiber reinforced MMCs or, rather, whiskers composite.
¢ Continuous fiber reinforced MMCs, such as mono filaments composite.

3) Layer Metal Matrix Composites (e.g. mono filaments) [40].

Some examples of particle and fiber reinforced MMCs have been illustrated in Figure 6 [41].

g
0 “'f,
(i

AR

Particle reinforced Short fibers/whiskers Continuous fiber
reinforced

Figure 6. Schematic of different types of MMCs [T. W. Clyne et al, Cambridge 1993].

Reinforcing elements were added to the metal matrices to obtain materials with higher
thermo-mechanical and electrical properties such as wear resistance, fatigue strength, creep

resistance, corrosion resistance, thermal conductivity, electrical conductivity, high stiffness, high
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strength, and performance at elevated temperatures [40, 42]. MMCs can be manufactured by one
of the following techniques:

1. Squeeze casting

2. Physical vapor deposition

3. Stir casting

4. Electroplating / Electroforming

5. Powder metallurgy

6. Foil diffusion bonding

7. Spraying deposition

MMC was chosen in this study due to their isotropic properties, cost-effectiveness, and
significantly improved properties over conventionally fabricated metals, such as higher strength,
stiffness, and weight savings. Particularly aluminum matrix composite with incorporation of
copper was chosen due to its low weight and availability, in addition to its compatibility to be
fabricated by cold spray coating technique. The distinct properties of Alloy 625 in high service
temperatures such as high creep, static, and fatigue resistance made it an appropriate case for this

study.

4.2. Aluminum Copper MMCs

In particular, aluminum matrix composites are very attractive due to their light weight
and high strength to weight ratio. Particulate-reinforced aluminum matrix composites have been
used widely for low temperature structural components in the automotive, aerospace and sport
industries [1]. In addition particulate-reinforced aluminum matrix composites prepared by

incorporation of copper particles offers a combination of strength and high electrical and thermal
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conductivity, which has made them attractive for many electrical and thermal conduction
applications such as high field magnet technology and electronic circuits [1,36,43,44,45].
Addition of copper to the aluminum considerably improves wear resistance of the aluminum.
The two most important advantages of particulate-reinforced aluminum matrix composites when
compared to fiber or laminate reinforced composites, are their isotropic mechanical properties
and ease of fabrication into complex shapes. All types of reinforcements including SiC, B, B4C,
ALO;, ZrO,, graphite, copper, aluminides, and Kevlar have been investigated for use in
aluminum-based MMCs [46]. J. M. Torralba et. al. have applied powder metallurgy (P/M) for
manufacturing Al-Cu matrix composites [47]. They have concluded that aluminum MMCs
produced by P/M requires a lower processing cost compare to other conventional methods and
it’s a high versatility technique. Multi-layered Al-Cu MMCs were fabricated by accumulative
roll bonding (ARB) process by M. Eizadjou et. al. [48]. One advantage of this technique is the
ability of fabricating multi-layer Al-Cu composite including homogeneously distributed
fragmented copper layers in an aluminum matrix. Meanwhile, in this technique the average
thickness of copper reinforced layers can be controlled by changing the ARB cycles. Although
all mentioned techniques are suitable for manufacturing AI-Cu composites, however parameters
such as melting, recrystallization, evaporation, debonding, and high-temperature oxidation

influence the final microstructure of MMC:s.

4.3. Aluminum-Copper Cold Sprayed Composites

There is an alternative solution to the above mentioned problem which is using cold spray
technique. This technique is a rapid, single-step manufacturing process with less heat input

resulting in less oxidation, no recrystallization, and minimum thermal stress build up in the
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fabricated metal matrix composites. However, since particles are injected in the solid condition,
this technique is limited to spraying of ductile materials only. Aluminum and copper are two
ductile materials which makes them suitable candidate to be deposited using cold spraying
technique. In this study, particulate-reinforced aluminum matrix composites were prepared by

addition of 10% and 20% copper by volume.

4.4. Nickel Based Superalloy

A superalloy is a metallic alloy which can be based on iron, cobalt or nickel. Since the
1940s, superalloys have been developed to work at corrosive environment and high service
temperatures in excess of 0.7 of the absolute melting temperature [49-51]. Such extreme
conditions commonly exist in gas turbines and aeroengines. Creep and oxidation resistance are
the prime design conditions for superalloys. Typically nickel is used as the base composition for
superalloys due to their high melting point and stability until melting point. Additionally,
diffusion rate is low in nickel which limits the creep of nickel based superalloys [51]. From the
chemistry prospect the Face-Centered Cubic (FCC) crystal structure of nickel confers the key
advantage of the superalloys: Since, this structure would result in substantial ductility and
toughness in materials, they are greatly appropriate for engineering applications. Furthermore,
materials withFCC crystal structure are very steady and stable from the room temperature to the
melting temperature — for pure nickel this lies at 1455°C. Nickel-based superalloys have been
extensively applied in gas turbine engines, rocket motors, submarines, petroleum equipment, and
other challenging environments, including nuclear power plants. Typically nickel-based
superalloys include 40-50% of the total weight of an aircraft engine. During the past few decades

a significant process improvement activities have been resulted in superalloys that can withstand
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temperatures to 1050°C and with occasional excursions as high as 1200°C, which is

approximately 0.9 of the melting point of the material [52, 53].

4.5. Alloy 625 Coating

Alloy 625 is a matrix stiffened super-alloy, with a nickel-based composition containing
significant amounts of chromium and molybdenum. The first development of Inconel Alloy 625
was started by H. L. Eiselstein et. al. in the 1950s. The main goal was to develop a nickel base
composition alloy as a main stream-line material for super critical stream power plants with high
creep resistance, weldability, fabricable into tubing, non-agehardening, and have attractive
ASME boiler code design. They were able to meet the goal, except for weldability. The

developed Alloy 625 composition by H. L. Eiselstein et al is listed in Table 5.

Table 5. Inconel Alloy 625 typical composition (%) [H. L. Elselstein et al, 1991].

Flements | Ni | Cr | M | Nb | Fe | Al Si Ti | Mn C S Total

Wt % 61 | 21. 36 | 2 | 02]021]02]|02]0.05 ] 0.001 100

O

Due to the exceptional properties of Alloy 625, such as oxidation resistance at high
temperatures, high ductility and toughness, and relatively cheap to manufacture they are an
attractive candidate for high service temperature and stress applications, such as aircraft engines
and gas turbines, where the temperature excess 650°C and the mechanical stresses are high, as
well. In addition, these types of materials have significant resistance to various applied loads
such as static, creep, and fatigue. In the few past decades several studies have been done on

improving the mechanical properties of Alloy 625 by adding or adjusting the components.
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In this study Alloy 625 coatings were fabricated by wire arc spraying technique. This
technique uses two wire electrodes made of the desired coating material. Once an electric arc
forms between converging wires, liquid droplets are formed by the produced heat. The droplets
are blown by atomizing gas which propels fine particles towards a substrate. Finally the

impacted molten particles on the substrate quickly solidify and form the coating structure.

4.6. Alloy 625 by Wire Arc Spraying

In this study, wire arc spraying technique is employed to fabricate Alloy 625 coating. In
general, coatings fabricated by wire arc techniques require less fabrication equipment and
subsequently lower manufacturing cost. In addition coatings fabricated by this technique are
normally denser and have a better bonding between splats than their equivalent combustion spray
coatings. Due to the mentioned advantages wire arc spray seems to be an appropriate technique
for fabricating Alloy 625 coatings. In this study the mechanical properties of Alloy 625 coating
has been examined. In another study the same coating material was deposited on wrought Alloy
625 substrate using wire arc spray technique by Azarmi, et al [54]. The influence of the
fabrication technique and solidification rate on the grain size has been observed by comparison
between the microstructure of the wire arc sprayed Alloy 625 coating and the bulk Alloy 625
substrate.

The intent of this study is to examine the mechanical properties of wire arc sprayed Alloy
625 coatings. Proper characterization of coating materials will significantly improve
understanding of critical microstructural features which affect the physical and mechanical
properties of coating structures. The results will be used to relate the elastic modulus, E, of the

coating materials to the microstructure. Thermal spray coatings exhibit a complex lamellae type
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microstructure. Thus, forming a convenient relationship between microstructural and mechanical
characteristic of an as-sprayed coating can be an important tool for further study on coating

structures.
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CHAPTER 5. EXPERIMENTAL TECHNIQUES

5.1. Al-Cu Cold Sprayed Coating Preparation

Commercially available powder of Al 99.5 % with the irregular shape and the nominal
particle size in the range of -45 to +5um, Centerline (Windsor) Limited, ON, Canada was used in
this study. The aluminum particles were mixed with 10% and 20% copper particles (Cu 99.7%)
by volume with irregular shape and the nominal particle size in the range of -45 to +5um,
Centerline (Windsor) Limited, ON, Canada. Fabrication of the metal matrix composite samples,
consisted of aluminum matrix reinforced with various amounts of copper particulates achieved
using the cold spraying technique. The mixture of the Al-Cu particles was deposited on
aluminum substrate 130mmx>75mmx10mm in size. Bonding of particles is resulted due to the
widespread plastic deformation and interlock at the interface boundaries [1,36]. Here, powder
mixture was cold sprayed using SST-P Series cold spray system by Centerline (Windsor)

Limited, ON, Canada using the parameters shown in Table 6.

Table 6. Operational spraying parameters.

Process Parameters Value
Temperature (°C) 350
Pressure (psi) 250
Nozzle Stand-off (mm) 10
Gun Traveling Speed (mm/s) 20
Processing Gas N2

33



5.2. Alloy 625 Coating Preparations

In this study commercially available Alloy 625 wire from Oxford® Alloys, Inc was used.
The present composition for Alloy 625 wire used as feedstock in this study is listed as Table 7.
Alloy 625 coating was deposited using a ValuArc 200 Electric Wire Arc spray gun (Sulzer-
Metco, Westbury, NY, USA). Spray parameters applied in tests are listed in Table 8. In order to
fabricate an Alloy 625 coating with minimum porosities and secondary phases, such as oxide
phase, the spraying parameters applied in this study were chosen from a series of spray runs with
different spraying parameters. The substrate used in this study consisted of 100mmx50mmx>2mm
coupon of Alloy 625. The coating thickness was about 1 mm, where the substrate temperature

during deposition was in the range of 60-480°C.

Table 7. Alloy 625 wire arc sprayed composition (%).

Flements | Ni | C| M |Nb+Ta| Fe | Cu | M Si Al | Ti P S Total
r| o n

Wt % 67 | 2 | 8 2 0510505 05 [(04] 04 | 0.02]0.015] 100
0

The Alloy 625 coating on the Alloy 625 substrate was sectioned parallel to the spraying
direction, mounted, ground, and polished prior to optical microscopy, Knoop hardness testing,
and nano-indentation. The samples where mounted in Buehler transoptic powder. Grinding and
polishing was completed on Metprep3 PG-3 using 240, 400, 600, 800, 1200, 1600 SiC grit
papers for grinding stages, polishing was done using 3 micron diamond suspended solution on
Kempad, and final polishing done using 1 micron diamond suspension on Spec-Cloth. A Zeiss

Axiovert 40 MAT was used for optical microscopy with iSolution DT as the imaging software.
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Table 8. Wire arc spraying process parameters.

Process Spray Distance | Wire Feed Rate .. .
It At A
Parameters (mm) (m/min) Voltage (v) omizing Gas ir Cap
Value 200 28 33 Dry Air HV Cap
5.3. Knoop Hardness

Marshall et al. proposed a new technique for measuring elastic modulus and hardness. In

this technique the measurement of elastic modulus is based on the change in the length of the

minor and major diagonals of the in-surface knoop indentations 2b’and 2a’, respectively, after

elastic recovery. As shown in Figure 7 a diamond pyramid shape indenter is used in this

technique. In the entirely loaded state, the ratio of the major and minor diagonals is a’/ b'=7.11

which is defined by the indenter geometry [16].

As illustrated in chapter 2 (Figure 1) the indentation is formed from a combination of

elastic (reversible) and plastic (irreversible) regions. After unloading, the length of the major and

minor diagonals of the indentation starts to reduce due to the elastic recovery of the material,

whereas the length change in the major diagonal is negligible.
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Operating
position

Figure 7. Illustration of the Knoop indenter geometry, also indicating
the apex angle of the major and minor diagonals
(http://www.instron.us/wa/applications/test_types/hardness/knoop.aspx).

In this study, Knoop hardness experiment was conducted to simultaneously measure the
Young’s modulus of reinforcement and matrix phases of microstructure in both transverse and
longitudinal directions. The Knoop hardness of each sample was measured using a Zwick
microhardness machine under an applied load of 9.8 N for 25 s. Nine indentation tests were
performed on each coating cross-section, with the long axis of the indent oriented perpendicular

and parallel to the deposition direction. The elongated diamond shape covers wide area

containing splats, splat boundaries, and voids which makes it suitable for coating structures.

5.4. Tensile Test

The tensile test was conducted on the thermally sprayed coatings to determine the
Young’s modulus. Tensile Alloy 625 specimens were made from wire arc sprayed Alloy 625
deposited on an Alloy 625 substrate. The coating was separated from the substrate and
machined to coincide with ASTM E8M-04 [55]. Due to coating thickness limitations the

samples where cut parallel to splat plane also known as the transverse direction. A diagram
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of the sub-sized specimen geometry is shown in Figure 8. Tensile tests were performed using
a screw-driven testing machine (Instron 5567) at a strain rate of 10*s" and after fracture tests

were ended.
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Figure 8. Schematic of sub-sized specimen for tensile test (All dimensions in mm).

5.5. Nano Indentation

Nanoindentation technique was developed in the mid-1970s to measure the hardness of
small volumes of material [56]. The measurement in this technique consists of two steps, the
loading stage and the relaxation stage. Within the loading stage, an indentation load is applied on
a hard tip whose mechanical properties are known (usually made from a very hard material like
diamond) [56]. The applied load would force the tip to penetrate into the sample [56,57]. As
shown in Figure 9 the load placed on the indenter tip is increased as the tip penetrates further into
the specimen and soon reaches a user-defined value. During the relaxation stage, the load is
taken off from the sample and the elastic recovery would be completed. Depending on the
applied load a plastic deformation with a specific depth h, would remain in the material. In the

final stage the Young’s modulus could be determined by measuring the maximum penetration
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depth and more parameters related to the indentation procedure with an analytical evaluation

method.

load, P

displacement, A

Figure 9. Schematic of load displacement curve for an instrumented nanoindentation test
(http://en.wikipedia.org/wiki/Nanoindentation).

5.6. Resonance Frequency

Resonance Frequency technique, also known as Impulse Excitation, is a non-destructive
method capable of measuring the elastic properties of a sample continuously at ambient and high
temperature conditions. The elastic properties of a coating can be determined by exciting
(tapping) a sample with a small hammer and detect the induced vibration signal with a
microphone. In the next step, a software package analyzes the vibration signal and determines
the sample's mechanical properties such as elastic modulus, shear modulus, and Poisson ratio.

Figure 10 shows a schematic of the Resonant Frequency Analyzer set-up used in this study.
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Figure 10. A schematic of a resonance frequency test set-up (Bashirzadeh, et al, 2013).

Al-Cu and Alloy 625 samples were subjected to an impulse excitation test to obtain their
mechanical properties according to ASTM E 1876-99 [58]. Resonant Frequency Analyzer
(RFA) by IMCE, Belgium was used to measure Young’s modulus of all coating samples with the
nominal size of 50 mm x 10 mm X 2 mm. To validate the results, the Impulse Excitation test was

performed on at least three specimens from each coating samples.

5.7. Three Point Bending Test

There are several good reasons why the three-point-bend test is used extensively in
material characterization: economy, simplicity of specimen preparation and testing, ease of
adaptability to environmental testing, and the availability of well documented simple formulas
for analyzing materials having equal tension and compression properties [59]. Another important
reason is that the three-point-bend test is a simple way to subject a specimen to tension,
compression, and shear simultaneously. In this sense, a three-point-bend test provides a direct
measure of the structural integrity of the material. The bending test configuration setup is shown

as Figure 11.
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Figure 11. A schematic of a three-point bending test set-up.

The aim of this work was determine the elastic modulus of the coating with and without
attached substrate. After the thermal deposition the samples were machined and cut to 13 mm
x60 mm x2 mm dimensions. This size was chosen from literature; in one similar study they have
noticed for capturing more accurate elastic modulus from coating samples with higher porosity a
larger ratio of width to thickness is required. In the next section the spin length was determined
regarding to ASTM D790 [60]. Since, the coating thickness is not uniform along the width of the
samples; the average thickness of the coating was used for calculations. A screw driven testing

machine (Instron 5567) was used for three point bending test at a rate of 0.12 mm/min.
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CHAPTER 6. RESULTS AND DISCUSSION

6.1. Analytical Model

In this study Hashin-Shtrikman [8] equations were applied to calculate the elastic
modulus of Al-Cu cold sprayed composites. This model is specifically developed to predict the

elastic modulus of particle-reinforced composites. The equations are expressed as follows:
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where K is the Bulk Moduli; # is the shear moduli; [ is the volume fraction of reinforcement.

(26)

The superscripts ” Upper ”, "Lower”, "M " and "R" refer to the upper and lower bound

estimates, and matrix and reinforcement phases. The estimated ¢ values using Hashin-

41



Shtrikman equation were 74.72 and 86.23 GPa for cold sprayed Al with 10 and 20 vol.% Cu,
respectively.

The elastic modulus of wire arc sprayed Alloy 625 coating was calculated using Hashin-
Hasselman equation. This is the most commonly applied model for estimating the modulus of
porous materials [61]. The average elastic modulus was obtained from three different images
which were taken from randomly selected positions along the polished cross-section of the

coating. The Hashin-Hasselman equation is defined as follows:

Ap]

E*=Ey |1+ —e
0[ T-Grp

27)
where A is a constant equal to -33.2, E, is the elastic modulus of the bulk material, p is the
volume fraction of all voids, cracks, and splat interfaces. The elastic modulus (E,) for the as-
sprayed Alloy 625 is 205 GPa and p is equal to 0.024+0.0127. By substituting the above values

in Hashin-Hasselman equation, the estimated elastic modulus of the coating (E*) was to be found

116.52425.3 GPa.

6.2. Microstructural Characterization

The quality of the cold sprayed composites highly depends on the characteristics of the
feedstock powder. Therefore, an important consideration in establishing the spray-microstructure
relationship of any deposition process is to understand the characteristics of the feedstock
powder. The chemical composition, size distribution, and existence of impurities may directly
affect the microstructure of the deposition. A SEM micrograph of both powder blends as

feedstock in this study is shown in Figure 12. Two different contrasts in this picture are
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associated with aluminum and copper as it is confirmed by EDS measurements of the light and
dark regions in these Figures. Average compositions based on measurements from 8 to 10
different spots in these regions, selected from different images, resulted in 98.84+0.5 Al in dark
regions and 97.9+0.8 Cu in light regions. These results are in good agreement with the nominal

composition provided by powder manufacturer previously reported in section 2.1.
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Figure 12. Morphology of feedstock powders used in this study taken by SEM,
(a) Al-10% Cu and, (b) Al-20% Cu.

Optical micrographs of a cross-section of cold sprayed composites are shown in Figure
13 (a) un-etched Al-10%Cu and (b) etched Al-10%Cu. The polished cross sections illustrate that
the solid particles have deformed and flattened upon impact and there is normally good bonding
between the single particles. The coatings are fairly dense with almost no visible pores and
voids. The image analysis measurement resulted in less than 1 Area. % of voids and pores within
microstructure of both composites as indicated in Table 9. The etched microstructure shows

grain boundary within aluminum matrix as shown in Figure 13 (b).
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Figure 13. Optical micrographs from (a) un-etched Al-10% Cu and,
(b) etched AI-10% Cu samples.

Backscattered electron SEM images of un-etched cross-sections of cold sprayed
composites are shown in Figure 14 (a) Al-10%Cu and (b) Al-20%Cu. There is no splat boundary
visible in these images indicating very good cohesion between impacted particles. Areas of three
discernible levels of contrast, black, gray, and white, are seen in these SEM micrographs. The
round shape black regions within the gray area are identified as pores. Additional
characterization by EDS was conducted to determine the composition of the gray and white area
in both images. EDS results indicate that the gray regions are aluminum matrix and white regions

are copper.
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Figure 14. SEM image of cross-section of cold sprayed (a) un-etched, and
(c) etched Al-10% Cu, (b) un-etched, and (d) etched Al-20% Cu.

Although, only 10% and 20% copper particles by volume were added to the aluminum
matrix, the visible area percentage of the copper seems to be more within the microstructure of
the two different composites. Table 9 lists the average area percentage of each contrast obtained
by from image analysis on several micrographs. It is worth mentioning that the higher apparent
area percentage of copper within the microstructure is due to the larger particle size of the copper
powders as shown in the above figure (Figure 14). It can also be associated with higher
deformation rate of aluminum particles during the impact which resulted in more flattening and
spreading of the white regions within the microstructure. The values shown in Table 9 is for area
percentage measurement whereas, the actual volume percentages of copper particles in feedstock

are 10 and 20 for the deposited composites.
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Table 9. Measured area percentage of each contrast within the microstructure
of composites using image analysis.

Area %. Al Cu Voids
Sample
E Ar10%cu 87+1 12.25+0.55 0.75
E A20% cu 58.75+0.8 40.25+1 1+0.35

The SEM image of cross-section of Alloy 625 is shown in Figure 15. Areas of three
discernible levels of contrast, black, gray, and dark gray are seen in these SEM micrographs. The
round shape black regions within the gray area are identified as pores. The polished cross
sections illustrate a considerable area of oxidation along the splat boundaries (dark grey region).
The coatings are fairly dense with some pores and voids. Table 10 lists the average area
percentage of each contrast obtained by from image analysis on several micrographs. The image
analysis measurement resulted in a 27 and 2.4 Area % of oxidation and voids, respectively,

within microstructure of Alloy 625 wire arc coating.

15kV X200 = 100pm

Figure 15. SEM image of cross-section of Alloy 625 wire arc spray coating.

Table 10. Measured area percentage of each contrast within the microstructure of coating

Area %. Alloy625 Cr,03 Voids
Sample
E anoys2s 70.6£12 2747 2.441
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6.3. Mechanical Testing

6.3.1. Knoop Hardness

Figure 16 shows the Optical micrograph of the Knoop indentation made on the Al-20
Vol.% Cu sample. There are no visible cracks in the region of the matrix and matrix/particle

interface, which indicates high ductility of the composite after cold spraying.

Figure 16. Optical micrograph showing indentations made on the region containing Al matrix
and Cu particles for the composite reinforced with 20% Cu by volume.

A schematic of the microstructure of a coating defining directions of the Knoop

indentations parallel and perpendicular to the coating plane is shown in Figure 17.

a) Spray Direction b) Spray lrectlon

Figure 17. (a) Knoop indentation in transverse direction (b) Knoop indentation in longitudinal
direction.
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Figure 18 indicates the change in the measured hardness value along with the
correspondent elastic modulus for each indentation measurement in both transverse and
longitudinal direction of Al-10% Cu by volume. The calculated elastic modulus using the Knoop
hardness measurement in transverse and longitudinal direction for Al-20% Cu by volume is

shown in Figure 19.
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Figure 18. Knoop hardness value and calculated elastic modulus for each indentation
measurement of Al- 10% Cu in: (a) transverse direction, and (b) longitudinal direction.
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Figure 19. Knoop hardness value and calculated elastic modulus for each indentation
measurement of Al- 20% Cu in: (a) transverse direction, and (b) longitudinal direction.

The complete results of the Knoop experiments and correspondent elastic modulus of the

both cold sprayed composite samples in both transverse and longitudinal directions are tabulated
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in Table 11. The changes in the value of elastic modulus are not significant instead of higher
measured values for hardness in Al - 20% Cu by volume which is due to the smaller b'.
However, the calculated values are significantly lower than the ones measured from analytical

methods.

Table 11. Microhardness and elastic modulus obtained from Knoop hardness test.

. Hardness Elastic Modulus
Specimen

(HKN)* (GPa)*
Al-10% Vol. Cu (Transverse) 42.5+3 21.6£2
Al-10% Vol. Cu (Longitudinal) 52.6+6 34,749
Al-20% Vol. Cu (Transverse) 74.8+5 33410
Al-20% Vol. Cu (Longitudinal) 82.9+4 46.2+13

*Average of 9measurements +1 standard deviation for Al-Cu.

Figure 20 is a plot of the indentation versus Knoop hardness and elastic modulus in both
the transverse and longitudinal directions of Alloy 625. The Knoop hardness in the longitudinal
and transverse directions are 318.50+21.75 and 299.71+18.55 HKN, respectively. After
statistical outliers being discarded, from 13 tests the corresponding average modulus in the
longitudinal and transverse directions were calculated 51.23+8.24 and 70.14+17.43,
respectively. The obtained elastic modulus from the Marshall equation is directly related to the
indentation width after fully elastic-recovery. Since in anisotropic materials the elastic-recovery
of the indentation width can vary independently from the indentation length and the fact that the
Knoop hardness equation is only related to the length of the indentation, higher Knoop hardness

value may not result in higher elastic modulus.
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Figure 20. Knoop indentation plots in (a) longitudinal and (b) transverse direction

The complete results of the Knoop experiments and correspondent elastic modulus of the
Alloy 625 samples in both transverse and longitudinal directions are tabulated in Table 12. The
changes in the value of elastic modulus are not significant instead of higher measured values for
hardness in Al - 20% Cu by volume which is due to the smaller b’. However, the calculated
values are significantly lower than the ones measured from analytical methods. The large
scattering in hardness values and consequently large variation in calculated elastic modulus
could be due to heterogeneous microstructure of coating materials for both samples. The
variations in hardness value are resulted from different phases existing in the microstructure. For

instance the higher elastic modulus might be a related to an oxide region in the microstructure.

Table 12. Microhardness and elastic modulus obtained from Knoop hardness test.

Hardness Elastic Modulus

Specimen (HKN)* (GPa)*
Alloy 625 (Transverse) 299.71£18.55 70.14+£17.43
Alloy 625 (Longitudinal) 318.50+21.75 51.23+8.24

*Average of 13 measurements +1 standard deviation for Alloy 625 samples.
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6.3.2. Nano Indentation

Nano indentation test was only performed on Alloy 625 samples. Two series of tests were
performed by nanoindentation on Alloy 625 wire arc spray coating. The first test consisted of
identifying oxide and non-oxide regions to determine the mechanical properties difference
between the two regions. The second test averaged both oxide and a non-oxide region so that
total average of mechanical properties for Alloy 625 could be reported, through 100 equally
spaced indents. For the first test, three indents were done on non-oxide regions of Alloy 625 and
six indents were performed on the oxide regions. Assuming a Poisson ratio of 0.31 for Alloy 625
[14], the average modulus of elasticity for the non-oxide regions was 188.254+32.9 GPa and the
average indentation hardness was 6.494+0.24 GPa. For the oxide region, the average modulus of
elasticity was 217.04+22.54 GPa and the average indentation hardness was 7.58+1 GPa. Figure
21 and Figure 22 show the load-displacement curves for the non-oxide and oxide regions
respectively. Depth of penetration varied between 100 and 200 nm. The oxide regions had higher
elastic modulus and hardness, however the challenge of adequately identifying oxides lead to

larger standard deviations. It is believed that more indents can improve statistical results.

Alloy 625 Non-Oxide

o 50 100 150 200
Depth (nm)

Figure 21. Load-displacement curves for non-oxide regions of Alloy 625
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Alloy 625 Oxide

Figure 22. Load-displacement curves for oxide regions of Alloy 625

The second test averaged 100 indents in a line spaced 10 u m apart randomly selecting
oxide and non-oxide regions. The average modulus of elasticity for Alloy 625 was 211.13+
29.89 GPa and the indentation hardness was 7.85+ 3.12 GPa. The values determined from these
set of tests are in a good agreement with the reported values in the literature. The results from

these tests have been implemented in the numerical simulation for determining the elastic

modulus of Alloy 625.

6.3.3. Resonance Frequency Test

The Impulse Excitation test was performed on at least three specimens from each
composition and the average Young’s modulus was 31.31£1.02 GPa and 46.48+2.61 GPa for
10% and 20% copper by volume, respectively. According to the resonance frequency test on the
Alloy 625 test specimens the elastic modulus was to be found 57.41+1.47 GPa in longitudinal
directions. Also the Poisson’s ratio of Alloy 625 coating deposited by wire arc spray method was

determined to be 0.275 using the same test. These results are accurate and can be used as
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reference to compare the accuracy of the results from the other experimental, analytical, and
numerical techniques. These results are in good agreement with the ones obtained from Knoop
indentation test.

The experimental results from different mechanical testing to determine elastic modulus
of cold sprayed Al-Cu composite in this study are in good agreement. However, it is important to
compare these results with the ones reported for the same material manufactured by a
conventional process. The comparison of the results will show the effectiveness of cold spraying
in production of metal matrix composites. Torralba, et al studied on Al-Cu matrix composites by
squeeze casting (SC) and determined a modulus of 70.5 GPa for this material. The composition
was not explicitly stated in their report however, from image analysis of provided images in their
report a 20% Cu composition was determined. The modulus calculated from Knoop indentation
of the cold spray samples in this study is 34% less than that of the squeeze casting samples [62].
Generally, Squeeze casting fabricated components exhibit fine grain microstructure with
significantly improved properties over other conventional methods. SC process consists of
melting and solidification of materials inside a re-usable die under high pressure condition. [63].
However, It seems that cold spraying is a faster technique with less time required for sample
preparation. In addition, SC molded parts also requires production of dies for casting which
wear overtime. The mechanical properties of cold spraying can be improved upon application of

an appropriate post deposition heat treatment.
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6.3.4. Tensile and Bend Test

Figure 23 (a) shows example of alloy625 tensile sample after testing. As shown the tests
were ended after sample’s fracture. In Figure 23 (b) three-point bend testing has been conducted

on an alloy625 coating sample.

(b)

Figure 23. (a) Alloy 625 samples after tensile test (b) an image of bend test on alloy625 sample.

A typical stress-strain curve for Alloy 625 wire arc spray coating measured from the
tensile test is shown in Figure 24 (a). Five tensile tests were completed, the average elastic
modulus was 18.98 +£3.08 GPa. The elastic modulus calculated in the tensile test was in the
transverse direction. The three point bend test was completed on substrate and coating from
which the elastic modulus of the Alloy 625 wire arc spray coating was found to be 65.74+12.41
GPa. The bend test provides the modulus in the longitudinal direction. A standard loading (load-

displacement) diagram is shown in Figure 24 (b) for the three-point bend test.
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Figure 24. (a) A typical stress-strain curve from the tensile test for Alloy 625 wire arc sprayed
coating. (b) typical Loading curve for the three point bend test.

The elastic modulus obtained from tensile test was significantly lower than that of the
Knoop - technique. This could be partly due to the small sample sizes and voids present which
can significantly affect the accuracy of the tensile test. As seen from stress-strain curve from the
tensile test in Figure 24 (a), the coating is brittle with no plastic deformation. The measured
elastic modulus results from the bending test were in relatively good agreement with resonant

frequency and Knoop values.

6.4. Numerical Simulation

There are several commercially available finite element packages which are capable of
numerical simulation of stress-strain distribution and mechanical behavior of the bulk and
homogenous structures. Mechanical characteristics of inhomogeneous materials such as coating
structures highly depend on their microstructural features such as porosity, voids, and interface
between splats and it is essential to account for these features in finite element models of coating

behavior. The Object Oriented Finite element program(OOF), developed by US National
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Institute of Standards and Technology (NIST), uses actual micrographs to numerically simulate
thermo-mechanical properties of coatings and composite materials [64].

Several microstructural images were taken from randomly selected positions along the
polished cross-section of the cold sprayed Al-cu coatings. The image files were converted to
portable pixel map format (ppm) from their original formats (i.e. jpeg, TIFF, etc.). The portable
pixel map (ppm) incorporates microstructural data with basic material data (such as Poisson ratio
and elastic modulus), and materials physical models in the form of experimental or simulated
micrographs [63]. By setting a threshold level for the pixel brightness, the pixels were divided
into three groups, matrix (gray), reinforcement phase (white), and voids (black). The threshold
value must be set up appropriately in order to select the most pixels with same contrast as one
representative material [14,64,65]. In this study several threshold value iterations as discussed in
[14] have been used in order to determine the optimum threshold value for pixel selection
process. Figure 25 (a) illustrates an image consisting of matrix, reinforcement particles, and
voids within microstructure of Al-Cu coating. The selected area is meshed and divided to several
elements. Some of those elements may contain pixels corresponding to mixture of different
phases. The pixel selection and mesh geometry must be improved to increase the accuracy of the
solution. Figure 25 (b) shows the red selected meshes with homogeneity index of lower than
80%. The higher homogeneity index would result in more accurate results. In this simulation the
homogeneity index varies from 84%-88% for different SEM micrographs. Due to the ambiguity
in recognizing boundaries between different material’s pixels in the micrograph; as shown in
Figure 25 (c) and (d) the meshes need to be refined and annealed several times. This process

would cause in higher homogeneity index, and higher computational time, as well. The
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homogeneity index is defined as the ratio of the area of the dominant category to the area of the

element as a whole.

Figure 25. An SEM micrograph from a cross-section of cold sprayed Al-10% Cu by volume (a)
meshed with n,=110 and, ny,=125 size, (b) binary image illustrating
meshes with a homogeneity index lower than 80%, (c) after 15 iteration
of annealing, (d) after 1 iteration of refining and adapting.

Figure 26 (a) shows an original SEM micrograph of the cross-section of the as-sprayed
coating. Microstructural features could then be grouped according to their colors and threshold
level of pixel brightness (contrast). Each group was named and material properties such as
Elastic modulus, E, and Poisson ratio, v, were assigned to each group and all the pixels in the
individual group. It produced a grayscale (binary) image as shown in Figure 26 (b). Then, the
binary image was meshed by dividing it to thousands of individual elements. A quadrilateral

element with a second polynomial order was adapted as meshes. The meshed image as shown in

Figure 26 (¢) is used for computation of mechanical properties.
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Figure 26. (a) An SEM micrograph from a cross-section of cold sprayed Al-10% Cu by volume,
(b) processed binary image, (c) meshed image.

A uniaxial strain corresponding to the strain below the yield strength of bulk aluminum
was imposed to the cross-section parallel and perpendicular to the coating plane (the transverse
and longitudinal directions). Five images taken from different regions within the cross-section of
each coating sample have been analyzed to reduce the dependence of the results on the location
of the image within the microstructure. The estimated elastic modulus for Al-10% Cu by volume
in transverse and longitudinal directions using finite element were 86.5+3 GPa and 95.3+6 GPa,
respectively. The estimated elastic modulus for Al-20%Cu in transverse and longitudinal
directions using finite element were 97.2+6 GPa and 106.7+11 GPa, respectively. from the
results obtained in longitudinal direction are not accurate since elastic modulus of each
constituents is less than 100 GPa and calculated elastic modulus above 100 GPa will not be

acceptable. Therefore, the results from application of image based finite element in longitudinal
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direction have not been included in this study. Figure 27 (a) and (b) exhibit stress distribution in
the micrograph shown in Figure 26, after application of load in the transverse and longitudinal
directions.

7.5e+9Pa 9.3e+9Pa

il)- .)-

Figure 27. Stress distribution in micrograph shown in Figure 26 after application of loads in: (a)
transverse and (b) longitudinal directions.

The elastic modulus of composite in longitudinal direction for Al-10% Cu was found to
be greater than that for transverse one using object oriented finite element analysis. This is
against what has already been reported for coating materials since the weak splat boundaries will
reduce the mechanical strength and elastic modulus [66]. It can be explained by observing at
high magnification microstructural images such as the ones shown in Figure 14. No visible splat
boundary can be seen in the microstructure of cold sprayed samples due to high impact velocity
and strong bounding between splats. The distribution, orientation, and shape factor (lower aspect
ratio) of the stronger phase Cu particle might be another reason for exhibiting better mechanical
properties in longitudinal direction. Elastic modulus calculation in image based finite element
highly depends on the amount and distribution of each contrast within the image. According to
Table 9 the visible area percentage of copper as stiffer material is much higher than the actual
volume percentage of the reinforcement phase used in feedstock. It can be another reason of

significantly larger calculated elastic modulus by numerical simulation compare to experimental
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results. The Numerical simulation also uses 2D images to calculate 3D properties such as elastic
modulus. Experimental results are consistent and close while analytical calculation resulted in
larger calculated elastic modulus in coatings. This discrepancy between the analytical
calculations and experimental values of elastic modulus are due to the failure of the analytical
models to account for the effect of the features such as voids and pores across the microstructure.

The image based finite element analysis was also conducted on wire arc sprayed Alloy
625 coating samples. Figure 28 (a) shows an original SEM micrograph of the cross-section of the
as-sprayed coating. Next, microstructural features were identified and grouped based on their
pixel colors and brightness threshold level (contrast). Each phase was assigned an elastic
modulus and Poisson’s ratio for all the pixels in the phase cluster forming a “material image” as
shown in Figure 28 (b). In the next step, thousands of individual meshes were generated on the
material image. Each element may contain pixels corresponding to multiple phase regions. As
shown in Figure 28 (c) quadrilateral elements with second order polynomial was adapted to mesh
the material image. Finally, the loads were applied to the meshed image and the mechanical

properties were obtained.

R AR AR L

Figure 28. (a) An SEM micrograph from a cross-section of wire arc sprayed Alloy 625,
(b) processed material (binary) image, (c) meshed image.
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For the remaining elastic region, the uniaxial corresponding strain was selected below the
yield strength of bulk nickel. Loads were applied to the coating cross-section in both the
transverse and longitudinal directions. Due to the variation in the phase distribution of different
microstructure images, five images taken from different regions within the cross-section of each
coating sample have been simulated to reduce the dependence of the results on the location of the
image within the microstructure. The estimated elastic modulus for Alloy 625 in transverse and
longitudinal directions using finite element were 174+8 GPa and 148+32 GPa, respectively. The
elastic modulus of each phase was defined through nanoindentation test. Figure 29 (a) and (b)
shows the stress distribution in the microstructure image, after application of load in the
transverse and longitudinal directions, respectively.

Alternatively, the elastic modulus for each phase was defined from literature review [6].
The estimated elastic modulus under these properties in transverse and longitudinal directions
through numerical simulation was 214.4+13 GPa and 189.8445 GPa, respectively. The
simulations which were run with nano-indentation obtained Young’s modulus shows a slightly

lower overall elastic modulus and closer to experimentally obtained results.

Figure 29. Stress distribution in micrograph after application of loads in: (a) transverse and
(b) longitudinal directions.
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OOF analysis consistently predicted the elastic modulus of Alloy 625 coating in the
transverse direction to be greater than the longitudinal regardless of phase distribution. The
distribution, orientation, and geometry of the splat boundaries may contribute to better
mechanical properties in the transverse direction.

One of the purposes of utilization of image based finite element in this study was to investigate
the effectiveness of such methods in accurate evaluation of mechanical properties of thermally
sprayed coatings. The image based finite element study was unable to address the effect of
important parameters such as presence of unwanted phases, interfacial properties between splats,

and loading conditions.

6.5. Comparison of the Results

In this section the results from different methods for Al-Cu has been tabulated as Table

13 and Alloy 625 wire arc spray coating as Table 14.

Table 13. Elastic modulus results for Al-Cu samples in transverse and
longitudinal directions.

Method Material E transverse (GPa) ELongitudinal (GPa)
Theoretical Ear—10%cu 74.72 74.72
(Hashin-Shtrikman Esi—20%cu 79.64 79.64
Hashin-Hasselman)

Experimental Eqi—10%cu -—-- 31.3+1.02
(Resonance Eq—200%cu - 46.48 + 2.68
Frequency)

Experimental Eqi—10%cu 21.6+2 34.7£9
(Indentation Test) Esi—20%cu 33+10 46.2+13
Finite Element Eqi—10%cu 84+3 95.3+6
Analysis (OOF) Exi_20%cu 97.2+6 106+11

62



Table 14. Elastic modulus results for Alloy 625 sample in transverse and

longitudinal directions.

Method

Etransverse

ELongitudinal

Theoretical
(Hashin-Shtrikman
Hashin-Hasselman)

116.52+25.3

116.52+25.3

Experimental
(Resonance
Frequency)

57.41%£1.47

Experimental
(Indentation Test)

70.14+17.43

51.23+8.24

Experimental
(Tensile Test)

18.98+1.23

Experimental (3
Point Test)

65.74+12.41

Finite Element
Analysis(OOF)

174+8 GPa

148+32
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CHAPTER 7. CONCLUSION AND FUTURE WORKS

This study examined microstructural-based mechanical properties of a cold sprayed
aluminum containing different volume percentage of copper particulate reinforcement, and wire
arc sprayed Alloy 625 coating. Cold spraying technique was used to fabricate composite samples
instead of traditional fabrication routes such as casting or powder metallurgy. Cold spraying is a
rapid technique to fabricate metal matrix composites in a single step. The composite material
consisted Al matrix reinforced with 10 and 20 vol.% of Cu particulates. Wire arc spraying
technique was used to deposit Alloy 625 coating on an Alloy 625 substrate. Wire arc technique is
a highly thermal efficient, relatively inexpensive, and rapid method capable of fabricating metal

matrix composites in a single step and can be used as a coating mechanism for superalloys.

Several experimental, numerical and analytical methods were performed on the Al-Cu
cold spray and wire arc Alloy 625 composites. It is essential in coating layers design and
processes to compare all those results to predict the elastic modulus of metal matrix composites
in both transverse and longitudinal directions. The comparison of the analytical and numerical
results with actual values obtained from experimental techniques indicated the effectiveness of
each technique to evaluate mechanical properties of deposited composite materials. Furthermore,
nanoindentation test was performed on Alloy 625 coating, to better address the mechanical
properties of oxide and non-oxide regions of the microstructure. These results were also used in

the numerical simulation to calculate the elastic modulus of the Alloy 625 micro-schemes.

The elastic modulus obtained from the theoretical models for Al-Cu and Alloy 625
composites was higher than actual results obtained from experimental tests. It can be resulted
from the inaccuracy and inability of the models to capture all microstructural features which

define mechanical properties of deposited composites. There was a significant difference
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between the values of the elastic modulus obtained from image based finite element and the ones
measured experimentally. The predicted values by numerical simulation were closer the ones
obtained from analytical models and much higher than the actual values measured
experimentally. In the Al-Cu cold spray coating case, it can be attributed to the large area
percentage of the copper with higher elastic modulus within the micrographs and no visible splat
boundary within the coating microstructures. Furthermore, for both composite materials the
interfacial properties between splats are not taken to account in the numerical simulation models
and therefore are a potential source of error in the obtained elastic modulus. In addition, the
image based finite element is a 2D technique but elastic modulus is a 3D characteristic of a
material. This study showed that image based numerical simulation was inaccurate and far from
the obtained experimental results. It is due to inability of taking to the account the interfacial
properties of the coatings to the inputs for more accurate simulations for the mechanical

characteristics of the coating materials.

The results obtained from application of available analytical models such as Hashin-
Shtrikman and Hashin-Hasselman resulted in higher values compared to the experimental results.
It could be due to the fact that those analytical models are unable to include interfacial properties
and splat boundary areas into the calculations. This missing information would result in an
overestimation for the elastic modulus of studied materials. However the obtained results from
the analytical methods were in better agreement with the experimental results compared to the

the ones obtained from numerical simulations.
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Overall results from the experimental tests are in relatively good agreement for Al 10 and
20% of Cu by copper composites and Alloy 625. The Knoop test and resonant frequency
methods produced the most consistent results. With thin coatings the Knoop and bend tests have
an added benefit of not requiring coating separation from substrate which can be a difficult task.
Examination and comparison of the results are strong indications of the influence of the
microstructure characteristics on the mechanical properties of thermally spray deposited metal
matrix coatings. In closing, interfacial properties were found to be immensely important and

continue to be an area of future research.

7.1. Future Research

The group is planning on developing an empirical model which elucidates the
relationship between the physical and mechanical properties and microstructure of coatings. This
model will be independent of the coating materials and production technique. This would require
an in depth understanding of the effect of interfacial properties on the overall mechanical

properties of coating materials.
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