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Abstract 

Cold gas dynamic spraying, CGDS, is a relatively new technique used to deposit 

materials onto the surface of a substrate. It differs to the majority of other thermal 

spray techniques as the substrate and particles are not exposed to high temperatures 

during the spraying process. This makes CGDS particularly advantageous for 

spraying materials such as titanium which react at high temperature. The aim of this 

project was to investigate the potential use of titanium coatings by CGDS as a 

surface treatment for medical prostheses. Titanium powder was deposited onto 

Ti6A14V substrate using helium gas at room temperature. Titanium coatings were 

also produced by a competing spray technique, shrouded arc spraying, to allow for a 

comparison of the two techniques to be made. Mechanical properties of the titanium 

coatings were measured and the influence of subsequent heat treating on the 

mechanical properties was also investigated. The coatings were characterised by 

investigating properties such as their bond strength, residual stress and stiffness, as 

well as the influence of the cold spray titanium coating on the fatigue life of a 

sprayed substrate. Scanning electron microscopy and optical microscopy techniques 

were also used to characterise the deposits. To further develop and optimise the 

CGDS process aluminium and copper coatings were also deposited and their 

mechanical properties compared to that of the titanium deposits. Additionally 

particle image velocimetry, PIV, was used to improve general understanding of the 

cold spray process and the effect that spray parameters have on the particle impact 

velocity. 

In the case of fatigue endurance limit and despite a compressive residual stress state 

measured in the titanium CGDS coatings, a 15% reduction in fatigue endurance limit 

was observed following the application of a CGDS titanium coating to the as- 

received substrate, but no significant reduction was observed on its application to the 

grit blasted substrate. By four point bend testing it was observed that the ratio of the 

modulus of the titanium deposit to that of the corresponding bulk material (the 

modulus ratio) was 0.17, significantly below unity. For copper and aluminium, also 

deposited by cold spray, a modulus ratio of 0.41 and 0.16 was observed. The volume 
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fraction and aspect ratio of porosity in each deposit was measured by SEM. 

However, an Eshelby equivalent homogeneous inclusion model supplied with these 

data was not able to predict the low modulus ratios observed. Instead, imperfect 

inter-particle bonding within the deposit (akin to through-thickness cracks) is the 

source of the low modulus ratios, with the tenacious oxide on the titanium and 

aluminium powder particles being more effective at preventing oxide disruption and 

formation of metallurgical bonds between particles upon impact, hence the lower 

modulus ratio for these material types. 

A method was developed to visually show the imperfect inter-particle bonding 

expected to be found within the CGDS deposits. Although porosity levels are low 

within cold spray deposits, individual particles are found to not be well bonded to 

each other which results in low coating moduli. By increasing the primary gas 

pressure in the cold spray process an increase in the degree of inter-particle bond 

formation occurred. 

Heat treating of the titanium coating at 1150 °C was found to improve the bond 

strength of the coating but drastically reduced the fatigue endurance limit. The same 

heat treatment temperature was found to increase the modulus ratio of the coating to 

0.36 and this is attributed to a greater level of inter-particle bonding within the 

titanium coating occurring by diffusion bonding. However a reduction in the fatigue 

endurance limit was observed. This is most likely due to phase changes of the 

Ti6A14V substrate, the stress relaxation nature of heat treating and oxygen 

embrittlement occurring, despite an argon furnace used. 

Diagnostic tools such as particle velocity measurements are also used to gain a 

further general understanding of the CGDS process. Particle velocity measurements 

were made for titanium and copper powders using helium and nitrogen gas and a 

range of spray parameters. Particles of less than 9 pm in diameter were found to 

have the slowest particle velocities for both the copper and titanium powders. For the 

titanium powder up to a 200 m s-1 variation was found between the smallest and 

largest sized particles. This knowledge may be used in the future to optimise the size 
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distribution of a powder feedstock prior to being used for cold spray deposition. 

Overall the titanium powder produced the highest particle velocities compared to the 

copper powder due to its lower density and therefore being easier to accelerate by the 

gas flow. A particle model was used to predict particle velocities. Generally the 

model predicted higher particle velocities then the maximum measured particle 

velocities and this is due to the model not taking into consideration of particles 
interacting with one another, the external walls of the nozzle, or the external 

atmosphere. These factors would all lead to particle deceleration. 

In comparison to titanium coatings produced by the shrouded arc process, the 

titanium CGDS coatings performed admirably. The shrouded arc coatings had a 

considerably lower fatigue endurance limit, due to tensile residual stresses within the 

coating, forming as particles cool on impact. However, the shrouded arc coatings 

showed a higher modulus ratio of approximately 1/3, which is comparable to 

coatings produced by other thermal spray methods. 
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Chapter 1- Introduction 

1.1. Introduction 
Surface coatings are utilised widely in engineering design and manufacture. Coatings 

may be applied to a component for a number of reasons including improvement of 

surface properties, such as wear resistance, and to provide protection to the main 

bulk of the component from the operating environment, for example corrosion 

resistance. Surface coatings are also used to improve aesthetic appearance and to 

reduce material costs. Reductions in material costs can be made if a low cost 

substrate is used for the main bulk of the component, such as steel or many metal 

alloys. Often the material chosen for the substrate is selected due to superior 

mechanical properties, but will not interact with the operating environment 

positively and will therefore require a coating to protect the main bulk of the 

component from the operating environment. There are different methods of surface 

coating and they differ in the manner in which the coatings are applied, thickness of 

coating, nature of bonding, materials coated and temperature during coating process. 

The choice of the surface coating process used for a particular engineering 

application depends upon a number of requirements. Firstly, the coating-surface 

treatment should not impair the properties of the bulk material. For example, there is 

little point in applying a coating for corrosion protection if the fatigue or mechanical 

properties of the bulk material are adversely affected and these properties are also 

important. Secondly the deposition process must be capable of coating the 

component, in terms of both size and shape. One major disadvantage of all spray 

methods is that they are line of sight processes. Therefore complex geometries are 

often difficult to spray as great care must be taken in initial design stages to ensure 

that the component can be sprayed. In contrast, chemical vapour deposition (CVD) 

and electroless nickel plating are noted for their ability to coat complex shaped 

components with a layer of uniform thickness. Finally the surface treatments must be 

cost-effective, taking into account factors such as reduced downtime and improved 

product quality, in addition to the coating cost. For example, the improvement in 

surface finish, which occurs through the use of a coated tool, may give an additional 
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benefit in that a subsequent finishing operation may be omitted [1]. The decision to 

use a particular coating process therefore will depend upon the capabilities and 

limitations of the process and benefits versus cost analysis of the coating applied. 

The biomedical industry uses coatings on prosthetic implants. All implants are 

considered as a foreign body to the surrounding living cells and body tissues. When 

considering a material to be used as a foreign body it is important to consider its 

biocompatibility. Biocompatibility is the ability of a material to perform with an 

appropriate response in a specific application [2]. For example, the prosthetic must 

not interact harmfully with the host's body. For load bearing applications the implant 

must meet or exceed the mechanical properties of bone. The mechanical properties 

of bone vary greatly depending on age and location within the body but its stiffness 

has been found to vary from between 14 - 20 GPa with a tensile load applied. 

During bending the stiffness can reduce to as low as 5.4 GPa [3]. Whilst materials 

such as polymers and composite more closely resemble the properties of bone only 

metals are suitable materials for load bearing implants due to their higher strength. 

Currently many implants are produced from cobalt chrome and titanium alloys (e. g. 

Ti6A14V). These materials are chosen due to having a relatively low stiffness 

(compared to other metals), high mechanical strength and commercial availability. 

To improve the biocompatibility of the implant the surface properties are modified, 

by applying a coating, to increase the level of tissue interaction and bone attachment. 

Fixation of the majority of prosthetic implants in the past has been performed using 

bone cement such as poly(methyl methacrylate), PMMA. Bone cement is able to 

conform to the shape of its surroundings before self curing. It acts as cement 

between the bone and implant and allows even distribution of any loads between 

implant and bone [4]. However, bone cement is sometimes not favoured due to poor 

bonding between bone and cement sometimes being observed. Wear particles, 

originating from the acetabular cup, may then build up between the bone and 

prosthetic, causing inflammatory reactions. These shortfalls often lead to aseptic 

loosening or as a worst case scenario prosthetic failure [5]. To prevent prosthetic 

failure revision surgery is routinely required and in 1995 18% of the 40,000 hip 

replacement operations performed in the UK were revision surgery due to aseptic 
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loosening occurring [5]. Alternatives to bone cement are hydroxyapatite, HA, and 

other calcium phosphate coatings which allow a direct chemical bond between the 

coating and bone to occur, leading to decreased healing times and increase of the 

longevity of the prosthetic [4,6-9]. As life expectancies increase the life spans of 

the implants are too short and replacement surgery is routinely required; also a 

greater number of organs, joints and other critical body parts are being replaced by 

artificial implants to maintain a good quality of life. Implants are expected to deliver 

greater levels of comfort and increased life spans as on going improvement 

continues, and so the prosthetic implant market is growing rapidly [10]. 

As an alternative to HA and other calcium phosphate coatings, pure titanium is also 

regarded to have a high level of biocompatibility, low levels of toxicity and high 

resistance to corrosion by body fluids. The reason for this is due to the presence of a 

protective oxide layer. This oxide layer is regarded to be self-protecting and is 

quickly re-established after being locally destroyed, for example by mechanical 

action [101. However the fatigue and yield strength of pure titanium makes it 

unsuitable for use as the bulk material for implants and therefore can only be used as 

a surface coating. 

Spraying of pure titanium as a surface coating can be applied using current thermal 

surface coating technologies (for example, high velocity oxy fuel spraying, HVOF, 

and plasma spraying). However in these processes the pure titanium powder is 

heated to a semi-molten state and propelled towards the substrate to be coated. By 

heating the pure titanium, oxidation can readily occur which will affect its final 

properties. To prevent this from occurring, inert atmospheres (i. e. vacuum or low 

pressure plasma spray) must be employed. This greatly increases the cost and 

reduces the flexibility of coating application. Another problem is the creation of 

residual stresses within the coating after it has been applied due to the coating and 

substrate cooling at different rates. This causes the coating to contract after spraying 

and tensile residual stresses will form at the coating top surface. Tensile residual 

stresses at the surface are generally regarded as unwanted due to aiding crack growth 

and therefore, reducing the fatigue life of the component. 

3 
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Cold gas dynamic spraying, CGDS, is a relatively new spray technique. This process 

is potentially attractive compared with the current manufacturing methods due to the 

fact that no significant heating of the titanium powder is required, eliminating the 

problem of oxidation and possibly reducing residual stresses within the deposit. 

Titanium powder particles in the CGDS process are typically accelerated to speeds in 

excess of 600 m s'1. On impact with the substrate the particles plastically deform, 

bond together and form a mechanical bond to the substrate. This project seeks to 

investigate optimisation of the CGDS process for deposition of titanium onto a 

Ti6A14V substrate by examination of mechanical properties and microstructural 

characterisation of titanium deposits produced. Diagnostic tools such as modelling 

and particle velocity measurements are also made to gain a further general 

understanding of the CGDS process. 

This chapter provides a brief introduction as to why titanium is inherently 

biocompatible, why HA is currently used and finally the case for using titanium as 

an alternative to HA and calcium phosphate coatings. Chapter two describes the 

spray methods commonly used to deposit titanium as well as cold spraying. Chapter 

three considers particle velocity measurement in cold spray and its important role in 

determining if bonding occurs. Finally chapter four characterises the titanium 

coating produced during this project both mechanically and microstructurally. 

1.2. Titanium in Medicine 

The mechanical properties of titanium make it suitable for medical applications, 

including its high strength to weight ratio and low Young's modulus. Titanium 

alloys, such as Ti6A14V, have even better strength to weight ratios than pure 

titanium, and since the late 1960s it has become the most popular implant material 

[I I]. Ti6A14V is a dual phase (a+ß phases) alloy. The alloying additions, the relative 

grain size of the a and ß phases and heat treatment conditions rates are the reasons 

why the Ti6A14V alloy has a much higher ultimate tensile stress than pure titanium 

shown in Table 1.1 [12]. 
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Density 
/ kg m3 

Young's Modulus 
/ GPa 

Yield Strength 
/ MPa 

Ultimate Tensile 
Strength / MPa 

Titanium 4500 120 170 240 
Ti6A14V 4400 115 800-900 900-1000 

Table 1.1 - Material properties of titanium and Ti6A14V 1131. 

It is the surface properties of titanium that allow it to be a suitable candidate as a 
highly regarded biocompatible material. Titanium oxidises within nanoseconds in a 

variety of media [see 14]. The oxidised surface layer consists of predominantly Ti02, 

the most stable titanium oxide [14]. The oxide film grows due to oxygen ions 

migrating towards the metal where they react at the base of the oxide layer, the 

metal-oxide interface [15]. It is this oxide layer that provides titanium with superior 

corrosion resistant properties compared to most other metals. Figure 1.1 shows a 

schematic of in vivo corrosion resistance versus tissue reaction for various metals. 

Figure 1.1 shows that metals of similar corrosion resistance (for example cobalt 

chrome and titanium) do not necessarily offer the same level of tissue reaction. 

Cobalt chrome has a less favourable tissue reaction compared to titanium due to the 

effect of the toxic nickel and cobalt. Similarly Ti6A14V shows a slightly poorer 

tissue reaction compared to titanium, due to the low levels of vanadium that have 

high toxicity and are able to produce a prominent foreign body reaction [15]. 
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Figure 1.1 - Corrosion resistance versus tissue reaction of various metals. Those materials to 
the left of the figure are regarded as toxic whereas those to the right are regarded as bio-inert 

115]. 

Steinemann [15] also presented work concerning the effect of metals in close 

proximity to fibroblast and osteoblast cells. Fibroblast cells give rise to connective 
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tissue whereas osteoblast cells are required to help bone formation. A range of 

metals were tested including copper, vanadium, aluminium and titanium. It was 

found that copper and vanadium were toxic to fibroblast cell growth and corroding 

molybdenum strongly reduces the cell proliferation rate. Only the titanium and 

zirconium metal discs showed little or no growth inhibition for both fibroblast and 

osteoblast cells. This suggests that only these two metals have the capacity for 

osseointegration to occur (the direct attachment of tissue to the implant surface). 

1.3. Hydroxyapatite 

Hydroxyapatite, HA, is a synthetic material that is able to promote bone growth 

without the need for bone cement. It bonds directly to bone with greater fixation 

strength than PMMA and in a smaller time scale thus reducing the required healing 

time [16]. HA is mechanically bonded to the implant and currently, the only 

clinically approved method to apply the coating is by plasma spraying. Plasma 

spraying is also advantageous because of its simplicity and high deposition rates 

[17]. The plasma spray process projects heated calcium phosphate particles at high 

velocity in a gas stream onto the implant to build up the coating. The thickness of the 

coating typically ranges from 50-75 gm. The temperature of the plasma flame is 

normally up to 10000 K [10]. Some of this heat energy is distributed to the 

accelerated particles and the fact that the substrate is in close proximity to the gun 

can lead to heating of the substrate that could affect its microstructure and ultimately 

its mechanical strength. The plasma spray process can occur in atmospheric (APS) or 

vacuum conditions (VPS). Other novel techniques for the application of HA coatings 

include chemical vapour deposition, dip coating and pulsed laser deposition [9]. 

These techniques offer advantages over plasma spraying due to greater control over 

the final chemical composition of the coating and minimisation of defects within the 

coating. 

An ideal HA coating requires strong cohesive strength, good adhesion to the 

substrate, a high degree of crystallinity and high chemical purity and phase stability 

[18]. A porous and rough coating surface will allow bone growth to occur more 

readily between the stem and bone and improve the bonding strength further [9,19, 
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20]. HA coatings are required to have a tensile strength of 50.8 MPa and a shear 

strength greater than 22.2 MPa [9,21 ]. No criterion is set for the stiffness of the HA 

coating [21 ]. 

The plasma spray technique normally used to apply HA coatings does not permit 

accurate control of the chemical composition, crystallographic structure and 

crystallinity of the coating. As a result, the HA coating can be mechanically and 

chemically unstable [22] and the HA coatings' consistency and reliability is 

sometimes questioned [17]. The brittle nature of HA coatings leads to concerns of 

coating failure and research to optimise coating and spray parameters is ongoing 

[23]. Nevertheless HA coatings have been successfully used in many biomedical 

situations and successfully help improve substrate-bone bonding [24]. 

It is universally agreed that HA does increase speed, strength and amount of bony 

attachment to an implant in the early stages of fixation especially in regions of an 

implant which is not in press contact with the bone. These areas require HA to allow 

bony growth to bridge the gap between implant and bone which otherwise would not 

be possible. However there may be other factors that help long term implant 

survival such as optimised implant design, loading conditions and most critically 

surface roughness [7,16,25-35]. There are two main methods of surface 

modification; modification of the surface texture and chemical modifications, usually 

by application of a coating. The aim of texture modifications, such as pores or 

patterns, is to improve mechanical interlocking between bone and titanium implant. 

Many studies have compared the biocompatibility of different surface roughness of 

titanium surfaces with HA coatings [26,27,33-35]. Generally, results found a higher 

amount of bone fixation immediately after insertion (< 4 weeks) for HA coated 

implants. However after longer periods of time similar amounts of bone fixation 

were found when comparing HA and non-HA coated implants. Those implants that 

were not HA coated were found to perform best if a rough surface finish was 

employed. This highlights the importance of HA during the early stages of bone 

fixation. However over time it appears a non-HA implant may offer similar levels of 

fixation. 

7 
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Of particular note is the work carried out by Hacking et al. [33]. Tests were carried 

out on canine femoral implants. Four types of implant were used for the study with 

different average surface roughness values (Ra). The average surface roughness 

refers to the mean height of the valleys and peaks of the surface profile and therefore 

it is possible for surfaces of differing surface profile to have identical Ra values. 

Alternatives to characterising a samples surface include determining the maximum 

and minimum peak and valley heights of the surface, the waviness or pitch of the 

profile and the number of peaks within the sample. Nevertheless RQ is used routinely 

to characterise surface profiles. The four types of implant in the study were, i) 

polished surface, RQ = 0.09µm, ii) grit blasted surface, Ra = 3.64µm, iii) HA coated, 

RQ = 5.58µm and iv) HA coated and masked with titanium, Ra = 5.58µm. The HA 

coating was applied by plasma spraying. For the final type of implant a plasma 

vapour deposition, PVD, technique was used to apply the dense, homogeneous and 

thin (<100nm) titanium mask. The surface topographies of the HA coated and HA 

and titanium masked implants were shown to be near identical and allowed the role 

of the HA surface topography to be investigated without the benefits of the HA 

itself. Results after 12 weeks insertion found the polished and grit blasted surfaces to 

have the lowest bone apposition of 3% and 23% respectively compared to the 

highest bone apposition of 74% for the HA coated implant. The HA coated implant 

with the titanium mask showed bone apposition of 59%. This is significantly higher 

than the 3% bone apposition of the polished surface. Although the HA coated 

implant showed statistically significantly higher bone apposition compared to the 

HA coated and titanium masked implant, the role of the surface topography can not 

be disputed [33]. 

The specific surface topography required to influence bone apposition is unknown. 

Although Hacking et al. [33] quantify the sizes of peaks and valleys, by calculating 

roughness average values (Ra), between the different implants, it could also be other 

unknown factors that are influencing the level of bone apposition. For example 

characteristics of as yet undefined individual features such as their spatial 

distribution or radii curvature could be significant. Other factors may also be 

responsible such as total surface area and relative plane of implant surface compared 

to the bone. 

8 
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Greater research into the role of surface topography on implant fixation is required 

and the search for new prosthetic surfaces is justified. CGDS inherently leaves a 

rough surface and it has therefore been identified as a potential method for the 

application of pure titanium coatings or titanium-HA coatings which may prove very 

desirable in terms of biocompatibility [36]. 

9 
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Chapter 2- Spray Methods 

2.1. Introduction 

This chapter will give a brief introduction of the spray methods routinely used to 

deposit titanium coatings. All thermal spray methods operate on the same basic 

principle of providing the coating particles with sufficient kinetic and thermal energy 

so that when they impact the substrate they will form a bond. As subsequent particles 

impact the substrate these will also deform and bond to the previously deposited 

splats. This creates a slow build up of the coating, typically up to 100 - 1000 gm 

thick. The major disadvantage of all spray methods is that they are line of sight 

processes. Therefore complex geometries are often difficult to spray as great care 

must be taken in initial design stages to ensure that the component can be sprayed. 

By heating the particles, semi-molten droplets can form and this makes it easier for 

the particles to deform when impacting the substrate. It is expected that a molten 

particle hitting a surface with sufficient kinetic energy is deformed into a disc like 

splat with an enlarged diameter of 2.5 times the original particle diameter or more. 

At the same time the disc thickness is reduced to 115th or less of the original particle 

diameter. The exact deformation depends on the velocity and temperature of the 

particles at the point of their impact [14]. 

Cold gas dynamic spraying, CGDS, differs from thermal spray processes in that the 

particles are sprayed at much lower temperatures, typically in the range from room 

temperature to 500 °C. This coating process relies on achieving much higher 

velocities, compared to thermal spray techniques, to create a well bonded and 

cohesive coating. 

Figure 2.1 shows the variation in gas temperature and particle velocities between 

some of the main spray processes. Despite the different gas temperature and particle 

velocities a number of these processes are suitable for creating titanium coatings. 

This chapter will concentrate on describing the spray processes identified in Figure 

2.1 that are capable of spraying titanium; namely, high velocity oxy fuel (HVOF), 

vacuum plasma spray, shrouded arc spraying, (a derivative of wire arc spraying), and 

CGDS. 
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Figure 2.1 - Schematic illustration of the ranges of gas temperatures and particle velocities of 
the main spray processes 1371. 

2.2. High Velocity Oxy Fuel, HVOF, Spraying 
HVOF processes and its variants have some of the highest particle velocities of all 

thermal spray processes. A specially designed nozzle and combustion chamber 

accelerates the particles to supersonic velocities within the nozzle. Figure 2.2 shows 

a schematic of a IIVOF nozzle. The two main variants are differentiated by whether 

they use liquid (11VOLF) or gas fuel (IIVOGF). Particle velocities are greater in a 

liquid fuel gun compared to a gas fuel gun and therefore result in denser, lower 

porosity coating structures [38]. 

1IVOF has been successfully used for spraying titanium despite the high 

temperatures involved and the consequent oxidation of the powder during spraying 

[39,40]. Spraying of titanium is possible at atmospheric conditions due to the high 

particle velocities, typically 650 m s-', and therefore the particles are exposed to the 

high temperature for only a short period of time and so their temperature remains 

relatively low. 
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Figure 2.2 - Schematic diagram of a HV'OF nozzle. 

2.3. Vacuum Plasma Spray, VPS 

VPS originally derives from air plasma spraying (APS) but is carried out in a low 

pressure or inert atmosphere. This eliminates the detrimental oxidation effect seen 

during I IVOF spraying but at increased cost and reduced process flexibility. 

During VPS the powder particles gain their thermal and kinetic energy from a 

plasma jet. Particle temperatures are significantly higher than those developed in 

II VOF but particle velocities are significantly lower. Figure 2.3 shows typical 

temperatures and velocities gained within a plasma spray system. VPS is routinely 

used for spraying titanium, including for biomedical applications [ 14]. 
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Figure 2.3 - Schematic diagram of the \'PS system. 
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2.4. Shrouded Arc, SA, Spraying 
Shrouded arc spraying is a derivative of wire arc spraying. A direct current, DC, 

electric arc is struck between two consumable wire electrodes and form the spray 

material. The material is atomised into tine droplets by a compressed gas and 

propelled towards the substrate. By using an inert gas as a shroud between the nozzle 

and substrate, oxidation effects can be minimised and deposition efficiencies are 

improved but at increased cost. 
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Figure 2.4 - Schematic diagram of the shrouded are spraying equipment 1411. 

2.5. Cold Gas Dynamic Spraying, CGDS 

CGDS is a relatively new process. It was developed in the mid- I9ROs at the Institute 

of Theoretical and Applied Mechanics of the Siberian Division of the Russian 

Academy of Science in Novorsihirsk while pertorming supersonic wind tunnel tests 

[421. The CGDS process uses a specifically designed gun, a converging-diverging 

nozzle, termed a de Laval nozzle. A schematic of a cold spray nozzle is shown in 

Figure 2.5. The area of the nozzle between the converging and diverging sections is 

termed the throat. 

High 

pressure 
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Sub-sonic gas velocities 
Supersonic gas ve ýorý. 

Figure 2.5 - Schematic diagram of the ('GDS de-Laval nozzle. 
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High pressure gas (generally up to 30 bar [42]) is fed into the rear of the de Laval 

nozzle. The powder particles are fed by a high pressure powder feeder into the back 

of the nozzle before the throat. It is expected that the gas reaches sonic conditions at 

the throat. Within the diverging section of the nozzle the gas continues to accelerate 

to supersonic velocities. As particles pass along the nozzle, they gain kinetic energy 

from the supersonic gas and this allows them to be accelerated by the gas. Higher gas 

and particle velocities can occur if the gas is heated typically to 500 K prior to 

entering the de Laval nozzle. In contrast to thermal spray processes, the particles 

remain solid during the whole process [43]. This is highly advantageous as the phase 

makeup of the spray powder is not affected and it prevents unwanted effects, such as 

oxidation, from occurring. A substrate is placed at a typical stand off distance of 

between 5 and 40 mm from the nozzle exit. A further advantage of CGDS is that due 

to minimal heating, the substrate experiences little or no temperature variation and 

therefore its mechanical properties are not affected. 

For bonding between the substrate and particles to occur, the particle impact velocity 

is required to exceed a critical velocity. The critical velocity is determined by a 

number of factors such as particle type and size. Critical particle velocities of Cu, Fe, 

Ni, Al and Ti has been experimentally measured to be approximately 540-580,620- 

640,630-690,660-700 and 680-750 m s"1 respectively [44-48]. If the particle impact 

velocity is less than the critical velocity there is insufficient kinetic energy for 

bonding to occur. Instead, the particles will either rebound or erode the substrate 

surface similar to a sand blasting process [43,47,49-52]. The more the particle 

impact velocity exceeds the critical velocity the greater the likelihood and the 

stronger the bond formed within the coating and between the substrate and coating 

itself. Materials that are suitable for cold spraying include copper, aluminium and 

titanium because of their ability to deform on impact. 

The next chapter describes the specific design of the de Laval nozzle in greater detail 

as well as the concept and mechanisms of its operation. Previous modelling of the 

CGDS process and physical measurements of particle velocities are described and 

compared to modelling and particle velocity measurements made during this project. 
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Chapter 3- Gas Flow and Particle Velocity in 

Cold Spraying 

3.1. Introduction 

As described previously cold spraying involves the use of a converging-diverging 

nozzle referred to as a de Laval nozzle. The role of the nozzle is to generate 

supersonic gas flow and allow particle injection. If particles are accelerated to an 

impact velocity greater than a critical velocity this allows particle bonding and 

coating build up to occur. The greater the particle impact velocity and mass, and 

therefore the greater the kinetic energy, the denser the coating and the greater the 

level of bonding between splats is expected to be. This generally leads to an increase 

in the strength of particle to particle bonding and therefore improves the coatings' 

mechanical properties. The other important criterion to be considered is the 

deposition efficiency. The deposition efficiency is defined as the ratio of the weight 

of the deposited coating (the weight gain of the substrate prior to spraying) to the 

weight of the powder incident to the surface. Evidently, to achieve a viable process 

the deposition efficiency must be as large as possible and this is accomplished by the 

correct choice of powder size distribution, process parameters and nozzle design, to 

achieve the desired particle velocity. Examples of typical deposition efficiencies 

observed in cold spraying are described in Section 4.3. 

The effect of particle size distribution, nozzle design and spray parameters, such as 

gas pressure and temperature, on particle velocity can be investigated both 

experimentally and theoretically through process modelling [47,53-57]. One 

dimensional and more complex two and three dimension modelling techniques 

(computational fluid dynamics) are commonly used to predict expected particle 

velocities along the length of the nozzle, the nozzle exit, and just prior to impact with 

the substrate. The present chapter will review fundamental concepts of compressible 

gas flow and particle acceleration relevant to cold spraying. Also reviewed will be 

modelling work, predicted and measured particle impact velocities carried out by 

other workers. The experimental work undertaken in the present project will then be 

discussed in detail and results reported. Part of the present work involved 
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modification of a one dimensional isentropic model and the modelling carried out 

will be described. The isentropic model assumes that the gas flow is frictionless, 

occurs without loss or gain of heat and that external forces acting on the gas flow are 

negligible. The limitations of the model are discussed in further sections. Finally a 

discussion section will consider the results and where relevant compare measured 

and modelled results. 

3.2. Fundamental Principles of Compressible Flow 

This section describes the key equations used for describing the gas dynamics 

expected within a de Laval nozzle and is based on the application of fundamental 

flow equations presented by Oosthuizen and Carscallen in the text book 

"Compressible Fluid Flow" [58]. Within this section only the key equations are 

shown with their full derivation available in Appendix 1. Section 3.5.2. considers the 

key process parameters and their predicted effect on coating deposition. 

A de Laval nozzle consists of converging and diverging sections. The smallest area 

section of the nozzle is called the throat. The de Laval nozzle operates because gases 

are highly compressible fluids. The flow is accelerated or decelerated by changing 

flow areas and compressing the gas. As the gas passes through the throat it is 

compressed sufficiently so that it will reach sonic velocity (Mach number equal to 

one). The gas continues through the throat and accelerates and within the first third 

of the divergent section 90% of the gas acceleration is expected to occur [59]. As the 

gas accelerates, the temperature and pressure decrease from their original stagnation 

values. The ratio of exit area to throat area is approximately 8-10 for sufficient 

supersonic gas velocities to be reached in the diverging section of the nozzle for 

deposition to occur. This section highlights the main equations used to carry out 

modelling of the gas characteristics along the length of a nozzle (pressure, 

temperature, density, velocity), referred to as the gas model, and is then used to 

model the particle characteristics as it travels within the gas flow. 
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3.2.1. Compressible Fluid Flow within the de Laval Nozzle 

Gas flow within the de Laval nozzle can be modelled if a number of assumptions are 

made. These are: 

i) The gas flow whilst within the nozzle is assumed to be one dimensional. 

Therefore the gas flow properties (pressure, temperature and velocity) 

will vary only along one dimension, x, parallel to the nozzle axis (i. e. 

p=p(x), T=T(x) etc). 

ii) The gas flow is assumed to be continuous, i. e. the motion of individual 

molecules does not have to be considered. This is valid under most 

conditions, except under conditions of low pressure or a vacuum. 

iii) It is assumed that flow properties are uniform across any given cross 

section area of the nozzle, and therefore the gas flow is isentropic 

(adiabatic and frictionless). 

iv) No chemical changes occur in the flow. 

v) Gravitational effects on the gas flow are negligible. 

vi) The gas is approximated as a perfect gas with constant specific heat. 

vii) It is assumed that external forces are negligible. These include frictional 

forces within the gas flow and the boundary layer between the nozzle 

wall and the gas flow. 

The analysis of compressible fluids also relies on the principles of conservation of 

mass, momentum and energy to the flow. Once the gas properties within the nozzle 

are known, it is possible to calculate its effect on the momentum of a particle passing 

through the gas flow within the nozzle as shown in Section 3.3. 

3.2.2. Isentropic State Relationships 

The isentropic state relationships (equation 3.1 and A44) show how the temperature, 

T, pressure, P, density, p, and speed of sound, a, of a fluid passing through the de 
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Laval nozzle between any two points (xi and x2) are related. Y is the adiabatic index 

of the fluids (the ratio of specific heats). 

a2 
_ 

T2 2 1P2 2 P2 2y 

a, Tº P, P 
(Eq. 3.1) 

By considering energy conservation between any two points within a de Laval 

nozzle it is possible to find the temperature, pressure and density of the fluid in the 

gas flow in terms of the corresponding Mach number (Ma) of the gas as shown by 

equations 3.2 to 3.4 (Equations A47 and A48): 
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(Eq. 3.2) 

(Eq. 3.3) 

(Eq. 3.4) 

3.2.3. Relationship between Critical and Stagnation 

Conditions 

Critical conditions within a de Laval nozzle occur at the throat where the gas is 

expected to reach sonic velocities. Stagnation conditions exist isentropically when 

the flow is brought to rest, i. e. no gain or loss of heat. A large reservoir of gas can be 

considered as possessing stagnation conditions. Critical and stagnation conditions are 

denoted with the superscript i and subscript o respectively. By setting Mal equal to 

zero (stagnation conditions) and Mae to one (critical conditions at throat) in 

equations 3.2 the relationships between stagnation and critical conditions are 

generated as shown by equation 3.5. Equation 3.5 (Equations A53 to A56) show the 

I Y-1 Y-1 
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relationships between stagnation and critical conditions of the temperature, speed of 

sound of the fluid, pressure and density. 

YI 

T2 a* 2 P* 2 r-1 p*2 r-1 
and -= and -= and (Eq. 3.5) 

To y+1 ao y+1 Po y+1 po y+1 

3.2.4. Variable Area Flow 

Equation 3.6 (Equation A60) shows the relationship between velocity change of the 

fluid and area change in an isentropic duct flow. 

dug 
_ 

dA 1 dP 

ug A MaZ -1 pugz 
(Eq. 3.6) 

This equation shows property changes are of opposite sign for subsonic and 

supersonic flow because of the term Mae-1. There are four combinations of area 

change and Mach number summarised below: 

i) dA >0 (Increasing duct area) and Ma <1 (Subsonic) 

Then dug <0 (deceleration) and dp >0 (Increasing pressure) 

ii) dA >0 (Increasing duct area) and Ma >1 (Supersonic) 

Then dug >0 (acceleration) and dp <0 (Decreasing pressure) 

iii) dA <0 (Decreasing duct area) and Ma <I (Subsonic) 

Then dug >0 (acceleration) and dp <0 (Decreasing pressure) 

iv) dA <0 (Decreasing duct area) and Ma >I (Supersonic) 

Then dug <0 (deceleration) and dp >0 (Increasing pressure) 

For a de Laval nozzle option ii) occurs after the gas has passed through the throat of 

the nozzle with sufficient stagnation pressure. This will cause the gas to continue to 

accelerate as it passes along the nozzle. 
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3.2.5. Area-Mach Relationships 

Equations 3.2 to 3.4 can be used to calculate gas flow properties (temperature, 

pressure and density) at any point within the nozzle if the gas Mach number is 

known at that point and the flow properties are also known at an alternative point 

within the nozzle. To calculate the gas Mach number at any point along the nozzle, a 

relationship between the nozzle dimensions at that point and the throat is created. 

Equation 3.7 (Equation A82) relates the Mach number of the gas at any location 

within the nozzle as a function of the local nozzle area, A, to the sonic throat area, 

A *. 

y+1 
%ý -2 

A* Ma y+1 
1+ 

21 
Ma (Eq. 3.7) 

Figure 3.1 shows a plot of area ratio (A/A*) against Mach number for helium gas. 

During the converging region of the nozzle the gas is subsonic (Ma < 1), and as the 

local nozzle area, A, approaches the sonic throat area, A* (A/A* approaches 1), a 

steady increase in the gas Mach number occurs. At A/A* equals one the gas reach 

transonic velocity (Ma = 1). In the diverging section of the nozzle the ratio of A/A* 

will increase rapidly. 
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Figure 3.1 - Variation of area ratio with Mach number for helium gas (y =1.6) 1581. 

Equations 3.2 to 3.4 are used to calculate the gas pressure, temperature, velocity and 

density. Ma is set to the gas Mach number at the point in the nozzle under 

consideration, calculated by equation 3.7, and Mae is set to zero to represent 

stagnation conditions; therefore equations 3.2 to 3.4 become: 
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To calculate the gas velocity the following equation is used: 

ug = Ma yRT 

(Eq. 3.8) 

(Eq. 3.9) 

(Eq. 3.10) 

(Eq. 3.11) 

3.3. Particle Motion and Heating in a Flowing Gas 
It is not the gas properties that determine the effectiveness of the cold spray process, 

but the resulting particle velocities, as they pass within the gas flow. The gas 

characteristics described in the previous section may be used to calculate the particle 

velocity. It is assumed that external forces are negligible, such as interactions 

between particles within the flow that may lead to particle deceleration. Whilst 

calculating a particle velocity, it is assumed to be isolated within the gas flow and 

therefore surrounding particles have no influence on the particle velocity. Moreover, 

no frictional or energy losses and collisions between particles and nozzle walls, 

which could lead to particle deceleration, are considered. Finally, particles are 

assumed to have a uniform temperature at all times. These approximations will lead 

to over estimation of the particle velocity found within the nozzle. 

The particle velocity as it travels along the nozzle is determined using Newton's 

second law. All forces acting on the particle other than drag forces due to relative 

motion between gas and particle are neglected. Therefore: 

MP 
dt 

=g Ap pgCD l ug - uP lýug 
-up) (Eq. 3.12) 
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The acceleration of a particle is therefore equal to: 

du 
p_3 pg CD 

dt 4dppp 
ug -uPl(ug -up) (Eq. 3.13) 

There are a number of drag coefficient, Co, equations available in the literature for 

compressible and incompressible gas flows. In the case of incompressible gas flows, 

the drag coefficient is calculated depending on the relative Reynolds number of the 

particle at a specific point. The drag coefficient equations employed in this case are 

as follows as described by Clift et al. [60]: 

CD =R (Re, < 0.2) (Eq. 3.14) 
r 

C° 
Re 

1+ 
16 

Re (0.2<Rer<2) (Eq. 3.15) 

(1 + 0.11 Re0 81) (2<Rer<20) (Eq. 3.16) 14- 
Co 

Re 
r 

24 
Co 

Re 
(1 + 0.1935 Re0.6'°s 1 (20<Rer<260) (Eq. 3.17) 

Re, I 

CD = 101.645-1.1242w+0.1588wZ (Re, >260) (Eq. 3.18) 

Where: 

log Re, 
log 10 

Where Re, is the relative Reynolds number and calculated by: 

Re, = 
pdp ug -upl 

p 

(Eq. 3.19) 

(Eq. 3.20) 

However, it has been reported previously that the drag coefficients of a particle 

travelling within a compressible gas flow will also depend on the gas Mach number 

[61-64]. The Mach number of a gas is calculated by the following equation: 

ug 
Ma = 

yRT 
(Eq. 3.21) 

Re is the gas Reynolds number and calculated by: 
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Re = 
pgdvug 

lig 

And S is the molecular speed ratio calculated by: 

S=M Y 
2 

(Eq. 3.22) 

(Eq. 3.23) 

The subscript r is used to refer to relative conditions and therefore ug in equations 

3.21 to 3.23 is replaced by ug -upI. Using the work of Henderson et al. [63] and 

Walsh et al. [64] the following drag coefficient equations are proposed. If Ma, <1 

then: 

CD= 24 Re, + 4.33+ 
3.65 -1.53 

TT 
I- 

1+0.353TT 
exp - 0.247 

Re, 
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-1 

0.5Ma' J4.5 + O. 38O. O3 Rer + 0.48 Re ) 

+ exp -'+0.1Ma, 
2 + 0.2Ma, g (Eq. 3.24) 
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If Ma, >1 then: 

Co = 

0.34 Ma 2 1.058 FT 
-1 0.9+MaZ +1.86 

Re 
2+Sz +S 

S4 

1+1.86 
Ma 
Re 

(Eq. 3.25) 

Tp is the temperature of the particle and T is the temperature of the gas at that given 

point. 

Whereas the methods developed by Clift et al. [60] do not consider the role of Mach 

number, equations 3.24 and 3.25 do. Therefore equations 3.14 and 3.18 predict little 

variation in the drag coefficient when a gas flow changes from subsonic to 

supersonic velocity. However experimental work by Bailey and Hiatt [61], shown in 

Figure 3.2, found that for Reynolds numbers in the region of 200 to 1500 the drag 

Re 
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coefficient will increase abruptly from -0.5 to -1.2 as the Mach number increases 

from -0.8 to -1.5. Therefore it is crucial to use the correct drag coefficient equations 

when predicting particle velocities as they pass within the gas flow. 
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Figure 3.2 - Variation of sphere drag coefficient with Mach number at subsonic and supersonic 
speeds and Tw/T--1 [611. 

Heat transfer to a particle is described by a heat transfer coefficient, hl, which is a 

function of the Nusselt number, Nu. The Nusselt number refers to the ratio of 

convective to conductive heat transfer across a boundary. A Nusselt number close to 

unity (where the amount of conductive and convective heat transfer is similar) is 

characteristic of a laminar flow. For turbulent flows, convection heat transfer occurs 

more readily and a larger Nusselt number is obtained. By considering the 

conservation of energy, the equation for the temperature change in a particle is [65]: 

mpCp 
dt 

=h(T-TP)AP 

The heat transfer coefficient is given by: 

NuAg 
h= 

dp 

(Eq. 3.26) 

(Eq. 3.27) 

Combining equations 3.26 and 3.27, the rate of change of temperature of a particle 

is: 
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dTp 
- 

6, tgNu(T -Tp 
) 

dt dPppCp 
(Eq. 3.28) 

To determine the temperature and velocity of a spherical particle as it moves along 

the nozzle, equations 3.13 and 3.28 are solved numerically in a series of time steps. 

At the end of each time step, the new velocity, new temperature, and new position of 

the particle are calculated [65]. 

3.4. Modelling of Gas and Particle Behaviour in CGDS 

The basic equations and assumptions made relating to isentropic one dimensional 

flow and the interaction of a gas flow with injected particles have been described 

previously. The simplest form of modelling the cold spray process is based on 

solving these one dimensional flow equations. More complex analysis uses 

computational fluid dynamics which is able to include factors such as wall friction 

and the influence of the free jet nozzle external to the nozzle. In the simplest case, 

modelling of particle velocity is calculated by first calculating the gas velocities as 

they pass along the length of the nozzle and secondly the interactions between 

particles and the gas flow [42,54,65,66]. 

Dykhuizen and Smith [42] were the first researchers to publish work on predicting 

cold spray particle velocities using a one dimensional isentropic model. Modelling 

was carried out using the equations and assumptions described previously. 

Modelling was carried out for a particle of 10 gm diameter with a density of 8x 103 

kg M-3 . Although no information was provided referring to the nozzle dimensions, an 

exit particle velocity of 1080 m s-' was predicted when utilising helium gas. It is 

noted by the authors that the particle velocity is strongly influenced by the gas type 

and properties, particle material density and size. It was also predicted that particles 

of smaller diameter are expected to have the highest velocities at the nozzle exit, due 

to small particles accelerating faster than larger particles whilst travelling within the 

gas flow. The nozzle length was also found to influence the particle velocity but not 

the nozzle shape. However, if the nozzle length is too large then the gas pressure 
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within the nozzle will reduce to less than ambient pressure and therefore cause a 

shock wave to form within the nozzle, abruptly reducing the gas velocity. 

Further one dimensional flow modelling was carried out by Van Steenkiste et al. 

[54]. The variation in gas and particle velocities and temperatures along the nozzle 

axis for copper particle diameters ranging from I to 50 µm, utilising air as the main 

driving gas with a stagnation pressure of 2.0 MPa and temperature of 527 °C, was 

calculated. The variation of gas and particle velocities and temperatures along the 

nozzle axis are shown in Figure 3.3(a) and (b). Once again similar trends to those 

identified by Dykhuizen and Smith [42] are identified; mainly, increasing particle 

velocity with decreasing particle size. Whilst modelling was carried out for particles 

of similar density, lower particle velocities, of size 10 µm, were found by Van 

Steenkiste et al. [54] compared to Dykhuizen and Smith [42]. This can be explained 

due to the utilisation of different gas types as well as the potential variation in nozzle 

dimensions. 
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Figure 3.3 - (a) Velocity and (b) temperature profile along the nozzle axis utilising air as the 
process gas for various copper particle diameters, To = 527°C, po = 2.0 AIPa 1541. 

Whilst one dimensional isentropic analysis helps to provide physical understanding 

of the spraying process, a number of potentially important factors are ignored. With 

one dimensional flow modelling the effect that the ambient atmosphere (upon 

leaving the nozzle and prior to the particle impacting the substrate) has on the final 

particle impact velocity can not be predicted accurately. It may be expected that 

turbulence of the gas flow at the nozzle exit will influence the gas velocity and 

therefore may affect the particles velocity on leaving the nozzle. Additionally, 

boundary layers that change the working dimensions of the nozzle and friction at the 

40 

I 
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nozzle walls may also influence the particles velocity. Computational fluid dynamics 

(CFD) provides more detailed analysis of particle velocities than isentropic flow 

analysis as it is able to take these parameters into account [48,54,56,66,67]. 

Comparisons between isentropic flow and CFD analyses have been made previously 
[66]. For their particular nozzle geometry, the particle nozzle exit velocity of a 15 

µm copper particle travelling through a heated nitrogen gas flow was 50 m s-1 higher 

when calculated by isentropic flow equations compared to CFD modelling [66]. The 

increased particle exit velocity is due to the basic assumptions made by isentropic 

models, for example, no frictional losses throughout the system. However, the 

authors also believe that the particles will continue to accelerate on leaving the 

nozzle and therefore the particle impact velocity for a typical stand off distance of 30 

mm may in fact more closely resemble the particle exit velocity calculated by the 

isentropic flow equations. 

Stoltenhoff et al. [48] calculated the gas and temperature and velocity of the particles 

along the length of the nozzle for a copper powder travelling within a nitrogen gas 

flow using CFD as shown in Figure 3.4. The authors did not divulge the nozzle 

length. The majority of the gas acceleration takes place in the area of the nozzle 

throat and the first third of the divergent section. At the same time the gas 

temperature is predicted to decrease to values below room temperature. At the nozzle 

exit, the gas velocity suffers from shockwaves and changes irregularly. However it is 

predicted to have little influence on the particle velocity on leaving the nozzle. 
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Figure 3.4 - Temperature and velocity profile along the nozzle axis utilising nitrogen as the 
process gas and a 15 µm Cu particle, To = 320 °C, po = 2.5 AMPa (* = nozzle throat, E= nozzle 

exit, S= substrate, V. = gas velocity, T. = gas temperature, Vpjs = particle velocity, TP15 = 
particle temperature) 1481. 



Tim Price Chapter 3- Gas Flow and Particle Velocity in Cold Spraying 

The effect of varying gas temperature, gas pressure, stand off distance and particle 

size on particle exit velocity and temperature was also evaluated. By increasing gas 

temperature (Figure 3.5(a)) and gas pressure (Figure 3.5(b)) a monotonic increase in 

particle velocity at the nozzle exit was found. The stand off distance is predicted to 

have a minimal effect on the particle velocity as shown by Figure 3.5(c). Finally, for 

a typical powder size distribution (+5-25 µm) an increasing particle velocity is found 

with decreasing particle size and shown in Figure 3.5(d). This is due to the slower 

acceleration of the particle as its mass increases. Further modelling of potential 

shockwaves that may occur at the nozzle exit have been made by Jodoin et al. [67] 

using CFD analysis. For their particular spray setup, shock waves were expected 

when using nitrogen and helium over a range of gas pressures and temperatures. 

Shock waves were found to reduce the gas velocity drastically and therefore 

influence the particle exit velocity. By considering the effect of shockwaves at the 

nozzle exit, the particle velocity model was found to be in good agreement with 

captured velocity data. 
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An area where results vary between one dimensional flow modelling and CFD 

analysis is the effect of particle size on particle velocity. One dimensional isentropic 

modelling predicts that the smallest particles will offer the largest particle velocities 

at the nozzle exit due to being easier to accelerate. Grujicic et at. [68] and Schmidt et 

al. [47] predict that particles of small diameter will have a reduced particle impact 

velocity. This is shown schematically in Figure 3.6. Grujicic et al. [68] modelled the 

impact velocities of copper and aluminium particles travelling within a helium and 

nitrogen gas flow using analytical analysis. They predict particle velocities to reduce 

for particle diameters less than I µm for a copper particle travelling within a helium 

gas flow. The particle diameter, at the point where particle velocities begin to reduce, 

is larger for aluminium within a helium gas flow as shown by Figure 3.7. From 

Figure 3.7 it appears that the particle diameters where impact velocities are expected 

to reduce are generally smaller than a typical powder size distribution and therefore 

this effect may not be an issue when creating a coating by cold spray deposition. 

Particle velocities reduce for particles of a small volume and mass, compared to 

larger particles, because of faster deceleration on leaving the nozzle, thus reducing 

the impact velocity [47,68]. 
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Figure 3.7 - Effect of the particle size, the powder material and the carrier gas on the particle 
impact velocity [681. 

3.5. Measurement of Particle Velocities 

Whilst modelling of particle velocities is important in the development of the cold 

spray process, physical measurement of particle velocities is also important; at the 

very least to validate and verify modelling output. Firstly, this section will discuss 

the general methods available for measuring particle velocities. Secondly, 

measurements of particle velocities from cold spray made by other workers are then 

described. 

3.5.1. Particle Velocity Measurement Techniques 

There are various methods available to measure particle flows within fluids; the three 

methods routinely employed are: 

i) Laser Doppler Velocimetry (LDV) 

ii) Laser Two-Focus Method (L2F) 

iii) Particle Image Velocimetry (PIV) 
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LDV is based on the fact that coherent light waves show a Doppler shift when 

scattered by moving boundary layers, and therefore carry velocity information. A 

laser beam is split into two partial waves that are then focussed by the use of a 

convex lens. At the point of intersection of the laser beams interference fringes will 

form. Flowing particles that pass through the point of intersection will cause the 

interference fringes to scatter. A detector (photomultiplier) collects data referring to 

the frequency of the interference fringes that can be directly related to the particles 

velocity [69]. 

The L2F method uses two laser beams to focus within the particle flow at two points 

of known separation distance. The focal points act as a light barrier in the flow. Two 

photomultipliers detect the light scattered by particles as they pass the measuring 

points allowing the particle velocity to be calculated. The L2F method has some 

advantages over the LDV method, such as requiring lower laser power and a larger 

velocity measurement range [69]. Similar to the LDV method it is not possible for 

particle sizes to be measured simultaneously. An example of a commercially 

available L2F measuring system for cold spraying is the Polytec Optronics (Polytec 

Optronics Ltd., Costa Mesa, CA, USA) L2F velocimeter [70]. 

Ply uses a monochromatic light source to illuminate a large area (typically up to 

several square centimetres) of the particle flow. The laser light flashes in quick 

succession illuminating the travelling particles. A digital camera and computer 

record images of the particles illuminated by the backscattered flashing laser light. 

PIV systems will typically illuminate the particle flow twice for every time the 

digital camera produces an image. This causes a double exposed image to be 

produced with each particle appearing on the image twice. The particle velocity may 

then be calculated by computer software as the time duration between the firing of 

the lasers is known and the distance between paired particles may be measured. 

There are various commercial PIV systems available for cold spraying. One of the 

most common PIV systems routinely used to measure particle velocities in cold 

spraying is the SprayWatch system (Oseir Ltd., Tampere, Finland) [57,67,71,72], 
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but other examples include the Control Vision dual strobe system (Control Vision, 

Idaho Falls, ID, USA) [55] and the Oxford Laser VisiSizer (Oxford Lasers, Didcot, 

UK). 

The SprayWatch system consists of a camera that captures images of the particles as 

they are illuminated by a laser light source. For each camera exposure of typically 

I/10tui to 1/100x1 second, the light source is pulsed so that the particles are illuminated 

for a short time period (- 50 ns). During this time period the particle movement will 

normally not be frozen due to sufficiently high particle velocity. Figure 3.8 is a 

schematic of the SprayWatch system. Whilst this time period may not be short 

enough to "freeze" the particle movements, the particle velocity may he calculated 

from the particle streaks. This is due to knowing the pulse tinge-interval and the 

measuring the distance travelled between pulses by subsequent image analysis. For 

PIV to accurately measure particle velocity it must be able to accurately and reliably 

control the time delay between the firing of the two lasers, typically 300 ns. Whilst 

the Oxford Lasers system operates using the same basic time of flight principle it is 

advantageous over the SprayWatch equipment as it is able to "freeze" the particle 

movement, due to a laser illumination time of approximately 6 ns, allowing the 

particle velocity and size to be measured simultaneously. The Oxford Lasers system 

was used for this project to carry out particle velocity and size measurements and is 

explained in greater detail in Section 3.7.4. 

Laser Unit 

Camera Unit 

Figure 3.8 - Schematic of the SprayWatch diagnostic system 1721. 
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A final note is made to the Tecnar DPV-2000 (Tecnar Automation Ltd., St. Bruno, 

QC, Canada) [73-75]. This system is not strictly a PIV system as it records the time 

taken for particles to travel a known distance. A laser light source is used to 

illuminate the measurement volume area. Particles travel in front of two slits and the 

reflected light coming from the particles passes through the slits and an optical fibre 

to a detector. The distance between the two slits is fixed and the time taken for a 

particle to traverse the distance between the slits is determined by measuring the 

time interval between two signal peaks formed. This allows the particle velocity to 

be determined. Individual particle sizes may also be determined by analysis of the 

laser light diffraction pattern generated. Figure 3.9 is a schematic of the DPV-2000 

diagnostic system. 
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Figure 3.9 - Schematic of the DPI'-2000 diagnostic system 1761. 

In all cases radiation from the laser employed can he dangerous and means that 

safety issues must be addressed prior to their use. Generally with any velocity 

measurement, system the measuring and particle illumination system are mounted on 

a traverse to allow measurement of particle velocities at any point within the plume. 

Definition of the axis system used when describing results from previous workers is 

shown schematically in Figure 3.10. The z-axis is classified as the distance from the 

nozzle exit. Typically velocity measurements are made with a stand off distance (z- 

axis) of between 5 and 40 mm, to replicate typical stand oft distances when 
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depositing material. If gravitational effects on the particles velocity are assumed to 

be negligible, then the plume can be classed as axisymmetric and therefore there 

should be little variation in velocity data when comparing measurements carried out 

in the x and y axis. Changing the vertical position (x-axis) requires a traverse capable 

of lifting the weight of the measuring system. It is often simpler and cheaper to 

change the horizontal axis (y-axis) where no load requires lifting. 

X 

Figure 3.10 - The three axis coordinate system used to define where 1'1\' measurements are 
made from. (Z =0 at the nozzle exit, X& 1' =0 at the centre of the plume). 

3.5.2. Particle Velocity Measurements in Cold Spray 

Velocity measurements made at a specific point within a plume are often represented 

in terms of a normal or Gaussian distribution. For example, Lee at al. [571 measured 

the velocity of a Cu-Sn alloy and group experimental velocity data taken at a single 

measuring point into 20 m s-1 bins, and show that their- data can be characterised by a 

normal distribution, as shown by Figure 3.11. It is not surprising that a range of 

velocity results will be measured at any point within the plume. For mono-sized 

particles, a velocity distribution exists due to particles interacting with each other, 

the nozzle walls and the surrounding atmosphere. Furthermore a real powder often 

contains particles of various sizes, and therefore mass. Particles of varying size Nv ill 

have different velocity profiles due to different rates of acceleration and deceleration 

as described in Section 3.4. 

The majority of the literature concentrates on showing the effects of process 

parameters on velocity and not how powder parameters (i. e. its size distribution) 

affects particle velocities. This is due to limitations of the majority of velocity 

measurement techniques that only allow for the measurement of particle velocity and 

-34- 
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not simultaneous measurements of their size. Therefore velocity data are generally 

evaluated by identifying the effect of parameter variation, for example gas pressure 

[57,67,70,71,74] or temperature [55,57,67,70,71,74], versus the mean particle 

velocity. Capturing of individual particle size and velocity data simultaneously 

makes it possible theoretically to identify trends relating the particle size to its 

velocity. 

This section describes key results produced by other workers when measuring 

particle velocities in cold spray. It must be noted that when analysing particle 

measurements from various workers it is generally difficult to compare data output 

due to the effect of differing process parameters and nozzle design, however similar 

trends may be expected. 
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Figure 3.11 - Particle distribution curves of a Cu-Sn alloy using nitrogen gas at an operating 
pressure of 2.9 MPa and at a temperature of 400 °C. The distribution of measured particle 

velocities has been estimated as a normal distribution 1571. 

3.5.2.1. Process Gas Type 

Currently industrial standard helium, nitrogen and air can be suitably used for the 

cold spraying process. Helium is preferentially used due to higher compressibility 

and higher speed of sound, compared to nitrogen or air and therefore will have a 

higher velocity at the throat region of the nozzle. 
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As the gas passes along the remaining diverging part of the nozzle and continues to 

accelerate, higher velocities can be expected with helium gas compared to nitrogen 

or air, despite the lower gas density. Assuming that sonic velocities are reached at 

the throat, the speed of the gas at the throat, ut, is determined by equation 3.29 

(Equation A43): 

uý = yR T (Eq. 3.29) 

Where y is the adiabatic index of the gas, R the gas specific constant and T is the 

temperature of the gas. Table 3.1 summarises the critical gas constants of helium and 

nitrogen gas. Helium has a higher ratio of gas specific heats (adiabatic index) and 

lower molecular weight compared to nitrogen. Equation 3.29 shows that increasing 

the ratio of specific heats (adiabatic index) and the specific gas constant, by reducing 

the molecular weight of the gas, will produce a higher gas velocity. 

Gas Constants He N2 
Specific Gas Constant /J kg-' K" 2079 296.8 

Adiabatic Index 1.667 1.404 
D amic Viscosity / kg m-' s-' 1.86 x 10" 1.67 x 10" 

Thermal Conductivity /Wm K" 0.1468 0.025 
Specific Heat Capacity! J kg-' K" 5193 1039 

Table 3.1 - The gas constants of helium and nitrogen gas. Constants are taken from the 
Handbook of Chemistry and Physics 1771. 

Vlcek et al. [75] used the Tecnar DPV-2000 system to measure the particle velocity 

and diameter simultaneously for a 316L stainless steel powder using a 

helium/nitrogen mixture at 793 K. Results are shown in Figure 3.12. They found that 

for any given particle diameter, there was a large variation in particle velocities. 

Presenting individual particle diameters and their corresponding velocities (Figure 

3.12) makes it difficult to analyse the data and in fact the author makes no attempt to 

predict trends between particle diameter and velocity. 
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Figure 3.12 - Particle velocities measured by the Tecnar DPI'-2000 for -25 µm 3161, stainless 
steel powder at a nozzle distance of 20 mm; temperature of helium/nitrogen mixture 793 K 1751. 

Comparisons between helium, nitrogen and air as the main driving gas have been 

made by PIV analysis. Despite the lower gas density of helium, higher particle 

velocities were found compared to if nitrogen or air was utilised. Gilmore et al. 170] 

compared the velocity of a copper powder utilising helium and air as the driving gas. 

Measurements taken at a stand off distance of 30 mm and gas temperature of' 200 °C, 

showed a mean particle velocity of approximately of 400 in s-1 when using air, and 

650 m s-1 with helium. Comparisons between helium and nitrogen have also been 

made by Jodoin et al. using a nickel powder [67]. At a gas temperature of 500 °C the 

helium gas gave a mean velocity of 800 in s-1 compared to 510 in s-' for nitrogen gas. 

These results were in good agreement with a CFD model produced by the authors. 

3.5.2.2. Gas Pressure 

Increasing the gas stagnation pressure, and therefore gas density, w iII increase the 

mass flow rate of the gas as shown by equation 3.30: 

m= pgAu, ( L'q. 3.30) 

Gas pressures of between 15 to 30 bar have been successfully employed for 

depositing various materials [48]. Increasing gas pressure will theoretically have no 
influence on the gas velocity but due to an increase in gas density an increase in the 

drag force acting on the powder particles is experienced resulting in more rapid 

acceleration [42]. Additionally the use of high gas inlet pressures reduces the risk of 
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shock waves from occurring within the diverging part of the nozzle which would 

significantly reduce the velocity of the gas and particles [42]. 

Increasing the gas stagnation pressure, be it nitrogen, helium, or air, has routinely 

shown to increase the mean particle velocity for a range of spherical powders 

including Al-Si [71], bronze (Cu-Sn) [57], copper [55,70,72], nickel [67] and 

stainless steel [74]. Results are summarised in Table 3.2. The stand off distance (z- 

axis) that measurements were taken at is also given in the table. Measurements that 

have been made using the Oseir Ltd. SprayWatch [57,67,71] have given results for 

a larger section of the plume, up to 20mm across, compared to typically 1 or 2mm 

for other measurement systems. In these cases the stand off distance shown in Table 

3.2 is given as the centre of the measuring area. 

Whilst it is difficult to compare actual values from one worker to another, due to 

different nozzle designs, powders and spray parameters, similar trends are apparent. 

Figure 3.5(b) has previously shown that modelling predicts a relatively linear 

increase of particle velocity with increasing gas pressure. Therefore it is possible to 

calculate the velocity percent increase per 1 MPa increase in stagnation pressure, as 

shown in Table 3.2, as a method of comparing the influence of pressure on particle 

velocities for the various studies considered. Whilst this basic assumption may have 

limited validity it does allow simple comparisons between the data to be made. It is 

found that generally helium gives the largest percentage increase in particle velocity 

per 1 MPa stagnation pressure increase compared to nitrogen or air. 



Tim Price Chapter 3- Gas Flow and Particle Velocity in Cold Spraying 

Powder Size Gas Mean Vel. % 

Distribution 
Gas z/ Ae/A Temperature Velocities Increase Ref. 

/ µm 
Type mm & Pressure /m s" 

per 
MPa 

Al-Si -45 +5 N2 30 2.1- 2" MPa 675 - 820 +24% [71] (CGT) 500 
Cu-Sn N2 30 - 1.7 - 2.9 MPa 523 - 593 +11 % [57] 
-40 +5 (CGT) 500 °C 

Cu -30 +10 He 10 6.4 1.5-2 .7 MPa 
° 425 - 500 +15% [70] 

300 C 

Cu -30 +10 Air 10 6.4 1.5 - 2.7 MPa 325 - 375 +13% [70] 
300 °C 

Ni -45 +10 He 8 10.4 2.0-2 .4 MPa 
° 

740 - 800 +20% [67] 
500 C 

Ni -45 +10 N2 8 10.4 2.0 - 2.4 MPa 
° 570 - 610 +18% [67] 

500 C 
316L He 20 - 

1.5 - 3.0 MPa 
° 475 - 625 +21% [74] 

-44+16 200 C 
L 6 N2 20 1.5 MPa 0° 450 - 540 +13% [74] 

+1 6 -44 300 C 
2.0-10. 

Cu +1 -50 N2 14 (CGT) MPa 
° 

271 - 430 +7% [72] 
150 C 

Table 3.2 - Effect of gas stagnation pressure on mean spherical particle velocities at constant 
spray temperature for various gas types and powders. All measurements were taken in the 

central portion of the plume. 

3.5.2.3. Gas Temperature 

An increase in the gas temperature will increase the gas velocity as shown by 

equation 3.29 and therefore higher exit velocities at the end of the nozzle are 

attained, despite the reduction in gas density. The reduction in gas density will mean 

that momentum is passed to the particles at lower efficiency due to less drag. Pre 

heating of nitrogen gas allows the potential for nitrogen gas to be used due to 

sufficiently increasing the particle velocity to allow bonding [45,48,56]. 

Results of experimental measurements carried out by other workers are summarised 

in Table 3.3. The velocity percent increase per 100 K increase in gas temperature is 

also shown in the table. This assumes a linear increase of particle velocity with 

increasing temperature as shown to be predicted previously by modelling in Figure 

3.5(a). By comparing Table 3.2 and Table 3.3 it can be seen that generally a 300 °C 
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to 400 °C increase in gas temperature is required to give a similar increase in particle 

velocity to when a1 MPa increase in gas stagnation pressure is applied. Results by 

Gilmore et al. [70] suggest that a larger percentage increase in particle velocity per 

100 °C in gas temperature may be expected when using air rather than helium, 

although the absolute particle velocity when using helium remains higher. 

Vel% 
Powder Size Gas z/ 

Gas Mean Increase 
Distribution Temperature Velocities Ref. 

/ µm 
Type mm & Pressure / in s- 

per 
1 K 

Al-Si -45 +5 N2 30 2.9 MPa 705 - 820 +8% [71] 
(CGT) 300 - 500 °C 

Cu-Sn -40 N2 30 2.9 MPa 544 - 593 +5% [57] 
+5 (CGT) 300 - 500 °C 

Cu -30 +10 He 10 6.4 2.1 MPa 600 - 690 +3 % [70] 
25 - 500 °C 

Cu -30 +10 Air 10 6.4 2.1 MPa 350 - 450 +6% [70] 
25 - 500 °C 

Cu +50 Air 5 2.8 2.4 MPa 
-320 N/A [55] 

204-371 °C 

Ni -45 +10 He 8 10.4 2.4 MPa 760 - 810 +4% [67] 
300 - 500 °C 

Ni -45 +10 N2 8 10.4 2.4 MPa 
° 570-610 +4% [67] 

300 - 500 C 
Table 3.3 - Effect of gas temperature on mean spherical particle velocities at constant 

stagnation pressure for various gas types and powders. All measurements were taken in the 
central portion of the plume. 

3.5.2.4. Plume Position 

The stand off distance (z-axis (Figure 3.10)) is the distance from the exit point of the 

de Laval nozzle to the substrate. It is typically 10 - 40 mm in length. As with most 

spray systems, the in flight particle characteristics and deposition efficiency for cold 

spray coatings change very little when varying the stand off distance between typical 

stand off distances of 5 and 20 mm [70,78]. Shukla et al. [see 78] observed that 

instabilities in spray flume, such as shock waves, are enhanced as the stand off 

distance is increased. An increase in shock waves would be expected to reduce the 

deposition efficiency of the coating due to a potential reduction in the particle impact 

velocity. Generally stand off distances of no greater than 30 mm are employed. As 
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the stand off distance is increased the particle velocity is expected to decrease 

slightly due to interactions between the particles and the surrounding environment. 

Gilmore et at. [70], Wu et al. [711 and Lee et al. [57] have all investigated the effect 

of the measuring position within the plume on the mean particle velocity. Work 

carried out by Gilmore et at. [70] investigated the effect of changing the z-axis 

position. A copper powder was used and tests were carried out using helium and air 

at a constant pressure of 2.1 MPa and 200 °C. It was found that the copper powder 

continues to accelerate upon leaving the nozzle up to az position of 30 mm with 

helium as the main driving gas but when air is used this does not occur, as shown by 

Figure 3.13. Momentum transfer between air and the particles is greater than when 

the helium is used because of the higher density of air. Therefore particles travelling 

within the helium gas flow take longer to attain their maximum velocity. 
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Figure 3.13 - Measured mean particle velocity versus z-axis position (x=o, y=O) for a copper 
powder for helium and air process gases. Measurements were made using the Polytec Optronics 

L2F system. Pressure and temperature of process gas is kept constant at 2.1 MPa and 200 °C 
respectively 1701. 

Lee et al. [57] considered the impact of the x position on particle velocity for a 

bronze powder, the results are shown in Figure 3.14. The authors suggest that a 

reduction in the mean particle velocity is found at the extremities of the plume which 
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is attributed to gas flow boundary layers along the nozzle walls, where the gas 

velocity is lower than the central axis value [57]. Furthermore at the extremities of 

the gas plume the gas velocity can be expected to decelerate as it interacts with the 

surrounding atmosphere. 
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Figure 3.14 - Measured particle velocities using the Oseir SprayWatch system for a bronze 
powder using nitrogen gas at 2.9 MPa and 400 °C (z = 30mm) 1571. 

3.5.2.5. The Effect of Particle Shape 

Comparisons of the particle velocities for spherical and angular powders were made 

by Fukanuma et al. [74]. A 316L stainless steel powder available in spherical and 

angular form of similar size distribution was chosen for the analysis. It was found 

that angular particles had higher velocities than spherical ones. The author suggests 

that angular particles are able to reach higher velocities due to a larger drag 

coefficient and therefore a greater likelihood of momentum being transferred from 

the gas flow to the particle [74]. 

Gauss fit curve 
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3.6. Conclusions of Literature Review 

By completing this literature review the following conclusions can be made: 

i) The one dimensional isentropic relationships for a compressible flow 

provide a good starting point for predicting gas velocities within cold 

spray. However, it is agreed that when predicting particle velocities using 

the isentropic relationships that an over estimation of particle velocity 

will be made. This is due to interactions that particles have with the walls 

of the nozzle, other particles and the external atmosphere are not 

considered by this modelling process. CFD modelling allows for these 

effects to be considered. For a heated nitrogen gas flow a 50 ms 

reduction in the predicted velocity of a 15 gm copper particle was found 

when modelling using the isentropic relationships compared to using 

CFD analysis [66] 

ii) Velocity measurement techniques routinely used do not allow for 

simultaneous measurement of particle velocity and size. 

iii) The majority of modelling results and subsequent velocity measurements 

have successfully summarised the effect that various spray parameters 
have on particle velocity. 

The following areas may be identified in the science of cold spray where gaps exist 

in the present knowledge: 

i) Few measurements exist of particle velocity and size. This is fundamental 

to optimising the powder size range of a feedstock to be used for cold 

spraying. 

ii) The majority of modelling carried out to date only allows for the particle 

velocity at the nozzle exit to be predicted. Despite this, there has been 

very little literature examining the effect of stand off distance on particle 

velocity. 
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The present work will attempt to increase the general understanding of particle 

diameter on particle velocity and more specifically carry out velocity measurements 

of a titanium and copper powder used frequently for cold spray. A model, based on 

the one dimensional isentropic relationships, originally created at The University of 

Nottingham, will be further developed to improve general understanding of the cold 

spray process and the factors involved that influence particle velocity. 

3.7. Experimental Methods 

In this section experimental techniques for characterising the powder powders and 

measuring particle velocities are described. Section 3.7.1. describes the techniques 

for characterising the powder morphology, Section 3.7.2. explains the processes for 

analysing the powder size, Section 3.7.3. describes the cold spray method of coating 

deposition and finally Section 3.7.4. describes the PIV technique for measuring 

particle velocities. Definition of the axis system used for PIV measurements for this 

project is shown schematically in Figure 3.10. 

For the PIV analysis a spherical copper and angular titanium powder were employed. 

The powder suppliers, and manufacturers nominal size distributions, are summarised 

in Table 3.4. The copper and aluminium powders were both spherical in nature and 

produced by gas atomisation. The titanium powder was produced using the hydride- 

dehydride process. This process hydrogenates the Ti6A14V to make it brittle, milled 

to produce a fine powder, and finally heated in a vacuum to extract the hydrogen 

[79]. 

Material Nominal Size Range /m Supplier 
Copper +5 -25 Sandvik Osprey Ltd. (Neath, UK) 

Titanium +5 -45 Active Metals Ltd. (Sheffield, UK) 
Table 3.4 - Powder materials employed in this study. 

3.7.1. Powder Morphology 

Particle morphology was investigated using a FEI XL-30 (FEI Imaging, Eindhoven, 

The Netherlands) utilising secondary and backscattered electron imaging techniques 

(SE and BSE techniques respectively). The powder was applied onto an adhesive 
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carbon disc and mounted within the scanning electron microscope, SEM. Care was 

taken to ensure that the powder particles were evenly distributed and that a sufficient 

number of the particles had not agglomerated so that sufficient images could be 

captured. 

3.7.2. Powder Size Analysis 

Particle size analysis of the copper and titanium powders was carried out using a 

laser diffractometry technique, Malvern Instruments Laser Mastersizer S (Malvern 

Instruments, Worcestershire, UK). For comparison of the size distribution data 

measured by the laser diffractometry technique, an automated optical measurement 

sizing system, the Malvern Morphologi G2 (Malvern Instruments, Worcestershire, 

UK), was additionally used with the spherical copper powder. Powder size analysis 

is also able to be measured by manual particle size measurement, using the SEM, 

and the sizing function of the particle image velocimetry equipment. The operation 

of the PIV equipment is described in Sections 3.7.4. To manually measure particle 

sizes, up to 5 captured SE images of the powders, at a magnification of 1500 x, were 

analysed in ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA) 

using the sizing function. This was a labour intensive method and allowed for 

typically up to 150 particles to be sized for each powder type. 

3.7.2.1. Laser Diffractometry 

A schematic of the laser diffractometer sizing system, Laser Mastersizer S, is shown 

in Figure 3.15. The process is based on the phenomenon that particles in a laser 

beam scatter light during the sizing operation at angles that are related to the particle 

size. To prevent particle agglomeration a representative sample of each powder is 

suspended in fluid, normally propanol, during testing. The laser light is scattered by 

the particles at various angles and is measured by a multi-element detector and 

numerical values relating to the scattering pattern are then recorded for subsequent 

analysis. This is then transformed, using an appropriate optical model, to yield a 

volumetric particle size distribution. 
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The system software uses the Mie light scattering theory to obtain the light energy 

distribution of the particles to produce particle size analyses. This is supported by the 

ISO-13320 standard, which advises that Mie theory provides a rigorous method for 

measuring particle diameters below 50 pm. AI le-Ne light source with a wavelength 

of 632.8 nm is used, which means that the measurable particle size limit is I pm. 

Prior to performing the measurements, the system calibration was checked by using 

a sample powder with known size distribution. After that, two measurements were 

taken for each powder and the mean calculated. 
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Figure 3.15 - Schematic of the Malvern sizing system. 

3.7.2.2. Automated Optical Microscopy 

The automated optical microscopy equipment, the Malvern Morphologi G2, differs 

from the system described above because it uses an optical measuring system to 

characterise the powder size distribution. A mono-layer of the powder is dispersed 

onto a glass microscope slide and placed under the optical microscope. The system 

uses a2 megapixel CCD to capture images of the individual particles for analysis. 

An automated controlled 3-axis traverse system allows particle images to he 

captured at a quicker rate than the laser diffractometer. Additionally, there is reduced 

risk of particle agglomeration as suspension of the powder in a fluid is not required. 

The area of each particle is measured and then the diameter for a circle of equivalent 

area is calculated and recorded. This technique will offer less accuracy for a powder 

that is not spherical, for example the titanium powder used in this study. 
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3.7.3. Description of Cold Spray Equipment and Parameter 

Settings 

Cold gas dynamic spraying (CGDS) was carried out at The University of 

Nottingham using an in-house designed system. A de Laval nozzle, 100 mm in 

length with a throat diameter of 1.35 mm, was employed. The nozzle was 

manufactured from hardened steel. Table 3.5 summarises the nozzle dimensions. 

Nozzle Dimensions 
Throat Diameter (D*) / mm 1.35 

Entrance Nozzle Diameter / mm 13 
Exit Nozzle Diameter (De) / mm 4 
Nozzle exit area (Ae) / Nozzle 

throat area (A*) 8.79 

Length of Converging Section / mm 10 
Length of Diverging Section / mm 100 

Table 3.5 - The nozzle dimensions (Nozzle I). 

Nitrogen was used as the carrier gas and helium for the main driving gas supply. 

Carrier gas pressures were employed for the different powder types; typically 30 bar 

and approximately 1 bar above that of the main driving gas. A high pressure powder 

feeder (1264HP, Praxair, USA) was employed. For the spherical copper powder a 

`120 hole' feed wheel was used. Due to the angular morphology of the titanium 

powder the powders flowability is less than that of the copper powder. Therefore for 

the titanium powder, a `12 slot' feed wheel was used. This feed wheel consists of 

larger apertures, compared to the `120 hole' feed wheel, and therefore helps to feed 

the titanium powder to the de Laval nozzle. A powder feed wheel speed of 2 rpm for 

the titanium powder and 4 rpm for the copper powder was employed. When carrying 

out PIV analysis, the nozzle was mounted in a horizontal position to allow enough 

room for the PIV equipment to be installed and operated as described in the next 

section. 

3.7.4. PIV Measurement Methodology 

Particle velocities and diameters were measured by PIV. PIV was carried out using 

the VisiSizer system produced by Oxford Lasers (Oxford Lasers, Didcot, UK). 

Particle size and velocity distributions were measured by a technique called Particle / 
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Droplet Image Analysis or PDIA. The system uses a monochromatic light source, to 

illuminate the spray plume, supplied by a 532 nm Nd: YAG laser connected to a 

diffuser, and a digital camera to capture images of the spray plume. A schematic of 

the system is shown in Figure 3.16. The working distance between the camera lens 

and focusing plane is 37 mm. Lens magnifications of between Ix and 7x are 

available that will alter the field of view (FOV, the captured image width) between 

324 and 3910 µm. The smallest object/particle that the camera can resolve is 

typically 1/200`' of the FOV and therefore increasing the lens magnification, and 

reducing the FOV, will increase the ability to resolve smaller objects/particles. For 

this project a lens magnification of 2x was used giving a FOV of approximately 1 134 

pm x1 134 µm. This gave an ability to size particles accurately that are between 5.8 

µm and 378 pm in diameter. 

Ca mtera 

Camera Focusing Plane 

Powder 
inserted into 

gas flow at 
throat of nozzle 

Spray Plume 
De Laval Nozzle 

Diffused Light 
Beam 

Diffuser 
Delay 
Generator 

Laser 

Figure 3.16 - Schematic representation of the I'I\' system 

The laser fires twice for every frame captured by the camera to create a double 

exposed image as shown by Figure 3.17. The laser illuminates the spray plume for 

approximately 6 ns so that it is able to "freeze" the particles movement. The delay 

generator controls the time delay between the two lasers tiring and is typically set to 

300 ns to allow for sufficient displacement of the particles between the two lasers 

firing. 
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Figure 3.17 - The laser fires twice for every camera exposure resulting in a double exposed 
image of the particles as they pass through the spray plume. 

Captured images are analysed by computer software, VisiSizer v2.093. The 

computer software detects particles within captured images by the change in contrast 

between the dark particle and the surrounding brighter background. Particles are 

paired together, if they are of similar size, and are also located relative to each other 

so that the particles velocity vector was at most +/- 22.5 ° of the direction of' the 

spray plume itself. Before any further analysis is carried out by the computer 

software, particles are rejected that fail to meet shape or focus criteria. Shape criteria 

will reject particles that are not spherical in nature. This is important for rejecting 

particles that may appear to overlap in the captured images and would therefore 

skew any size distribution data. Images of out of focus particles arise due to the 

shallow depth of field of the focussing plane system, approximately equal to the 

FOV width. Particles that are out of focus are identified by the gradual change in 

contrast between the dark particle and bright background. Again, this would affect 

the measured size distribution data, due to particles appearing larger and would also 

influence the measured particle velocity due to a smaller distance between the pair of 

particles. With knowledge of the time delay between the laser pulses and the distance 

travelled by the particles between laser pulses, the computer software is able to 

calculate individual particle velocities and corresponding particle diameters. Particle 

diameter is calculated by measuring the area of the particle in pixels. Using equation 

3.3 1 the particle diameter is then calculated for a particle of equivalent circular area. 

D, -U 

4. 
' 
1 

1, n rl 

IT 
(I-q. 3.31) 

Where D, is the particle diameter of equivalent circular area, is the micron pixel 

ratio, and A, � , L. 1 is the pixel area. 
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3.7.4.1. Calibration of PIV Equipment 

The PIV system relies on knowing the time delay between the firing of the two lasers 

and accurate sizing of any particles captured within the images. Due to the short time 

delay between the two lasers firing, - 300 ns, it was not possible to check the 

accuracy of this piece of equipment. Accurate sizing of particles can be carried out if 

the microns per pixel ratio of the captured images are known. Prior to any 

experimental work the camera system was calibrated by capturing images of an 

optical microscope graticule and calculating the microns per pixel ratio. Images of a 

Imm graticule, with a graded scale of 10 µm, were captured at each lens 

magnification used. The graticule length is measured by the supplied Oxford Lasers 

software and the microns per pixel ratio is calculated. Figure 3.18 shows the linear 

relationship measured between 1/ lens magnification and the microns per pixel ratio. 

The measured micron per pixel ratio was found to vary by less than 0.1 gm microns 

per pixel from the original calibration data supplied by Oxford Lasers. For all 

experimental work a magnification of 2x was employed, where approximately a2% 

variation between the measured micron per pixel ratio and the data supplied by 

Oxford Lasers was found. 
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Figure 3.18 - Graph showing the relationship between the lens magnification and the calibrated 
microns per pixel ratio. 
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3.8. Experimental Results 

This section describes the experimental results for powder characterisation and 

measurements of particle velocities. Section 3.8.1. compares the results from the 

methods available for measuring the copper and titanium powder size distributions. 

Section 3.8.2. describes the velocity measurements utilising the same copper and 

titanium powders. The influence of particle size, gas stagnation pressure and gas type 

on particle velocity were investigated and also measuring position and nozzle design. 

3.8.1. Powder Size Distribution 

There are many different methods for assessing a powder size distribution. These 

include commercially available size analysis solutions, manual measurements of 

particle sizes using the SEM and using the size analysis function of the Oxford 

Lasers PIV system. It would be difficult to compare and assess the results of these 

methods using the titanium powder due to it having an angular morphology. Powders 

of an angular morphology are more difficult to size, compared to a spherical powder 

due to the measurement techniques calculating the diameter of a spherical particle of 

equivalent area, and therefore the accuracy of each measuring system would be 

reduced. In an extreme case, a particle of high aspect ratio (i. e., tall and thin), the 

calculated particle diameter may not necessarily resemble any physical measurement 

of the particle. Aware of this limitation of the size analysis method measurements 

were first made with a spherical copper powder before measuring the angular 

titanium powder. 

3.8.1.1. Copper Powder 

Figure 3.19 is an SEM image showing the typical size distribution of the spherical 

copper powder. The majority of the particles are seen to be less than 12 pm diameter. 
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Figure 3.19 - SEM image of the spherical copper powder used for this studs. 

Figure 3.20(a) shows the size distribution of the copper powder measured by the Coln, 

methods available; automated optical microscopy, laser diftractometºy, PIV, and 

manual measurement of particles from SEM images. Figure 3.20(a) shows that at 50 

% cumulative number% of particles the largest particle diameter was measured by 

the automated optical microscopy technique (9.5 µm) and the smallest particle 

diameter was measured by the laser diffractornetry technique (6 µm). This 3.5 pm 

variation in particle size may be explained by errors of the different measuring 

techniques. The laser diffractometry technique does not measure individual particle 

sizes but instead calculates the volume percent of bins of particle diameters. 

Appendix 2 summarises the process to convert from the volumetric size distribution 

to a number size distribution. 

To determine if the size distribution data may he approximated to a normal or log 

normal distribution the data is re-plotted using a probability axis. A probability axis 

is symmetrical about the cumulative number 50 `ýo point and scaled in a manner that 

if a normal distribution is present a straight line is produced. Figure 3.20(h) shows 

that the data does not fit a normal distribution but may he approximated to a log- 

normal distribution as shown by Figure 3.20(c). 
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Figure 3.20 - Graph showing (a) cumulative number percent of particles, (b) normal 
distribution plot and (c) log-normal distribution plot for the copper poisder. \lcasuremen(s 
were made using four methods i) PIN' - Particle Image V'elocimetr), ii) Au(onlated Optical 

Microscopy - AON1, iii) SEM analysis and iv) Laser I)iffractometry - 1.1). PIN' measurements 
were taken at a stand off distance of 20 mm within the centre of the gas plume. 

Generally good agreement between the four measurement techniques is tound. Data 

generated by the automated optical microscopy technique consists of two straight 

lines indicating two log-normal distributions present for the copper powders size 

distribution. The first log-normal distribution present, for particles approximately 

less than 6 µm, is found for less than 10% of the cumulative number " distribution. 

This is potentially due to the manufacturers sieving process when trying to produce a 

powder of size distribution +5 -25 µm. The largest variation in the size distribution is 

found for small sized particles measured by the automated optical microscopy and 

laser diffractornetry techniques and this is due to the laser dif actometry technique 

originally measuring a volumetric size distribution and errors generated when 

converting this data to a number size distribution. 

The mean and standard deviation of a log-normal distribution may be calculated 

using the following equations. Firstly, if a normal distribution, it,, has a mean, 0, 

standard deviation, co, and Xis a log-normal random variable then [KO]: 
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X=e' 

The mean�aX, and standard deviation, ax, of X are therefore [80]: 

B+w 

, ux =e 
2 

6= 
Vee+lUZ 

(2_I) 

x 

(Eq. 3.32) 

(Eq. 3.33) 

(Eq. 3.34) 

Table 3.6 summarises the calculated mean and standard deviation of the log-normal 

distribution of the copper powder measured by the four techniques. 

Normal Dis tribution, w Lo -normal D istribution, X 
Measurement 

Technique 
Mean /0 Standard 

Deviation /w Mean / NX 
Standard 

Deviation / a, 
PIV 1.95 0.24 7.26 m 4.53 m 

AOM 2.18 0.29 9.19 m 5.81 m 
SEM 1.98 0.24 7.45 m 4.65 m 
LD 1.79 0.49 6.72 m 4.59 m 

Table 3.6 - The mean and standard deviation of the copper powder log-normal size distribution 
measured by the four available techniques. 

Measurements made by the PIV system and shown in Figure 3.20 were all made at a 

stand off distance of 20 mm within a central position of the plume representing a 

small volume of the plume of approximately 1 mm3. The total plume width is 

approximately 4mm and therefore it may be expected that not all particles were to 

pass through this portion of the plume. This may be due to selective powder feeding 

or non-uniform dispersion of powder within the plume. Further size analysis of the 

copper powder was made at different plume and stand off distance positions. Figure 

3.21(a) and (b) show the effect of measuring the size distribution at a y-axis position 

of 0,0.5 and 1.5 mm at a stand off distance of 20 mm and 1 mm respectively. Once 

again a log-normal distribution was identified. Table 3.7 summarises the mean and 

standard deviation of the log-normal size distribution of the copper powder measured 

at various positions within the plume. In both cases minimal variation in the size 

distribution was found when the y-axis position was changed. Furthermore in both 

cases no further large sized particles were found at the extremities of the spray 

plume. 
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Figure 3.21 - Graph showing variation in size distribution of the spherical copper powder 
measured by the PIV system depending on y-axis position. Measurements were made at a stand 

off distance of (a) 20 mm and (b) 1 mm. For comparison data from the AOM measurement 
system is also presented. 
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Normal Dis tribution, w Log-normal D istribution, X 
Measurement Standard Standard 
Technique and Mean /0 

Deviation / co 
Mean l Nx 

Deviation / ax Position 
AOM N/A 2.18 0.29 9.19 m 5.81 m 

PIV z= 20 mm 1.95 0.24 7.26 µm 4.53 µm = 0.0 mm 

PIV z= 20 mm 1.99 0.23 7.50 µm 4.67 µm = 0.5 mm 

PIV z= 20 mm 2,00 0.24 7.58 µm 4.73 µm = 1.5 mm 

PIV z=1.0 mm 1.98 0.26 7.46 µm 4.68 µm = 0.0 mm 

PN z=1.0 mm 1.91 0.32 7.11 µm 4.54 µm 
= 1.0 mm 

PIV z=1.0 mm 1.96 0.35 7.56 µm 4.88 µm Y=1. mm 5 
Table 3.7 - The mean and standard deviation of the copper powder log-normal size distribution 

measured by PIV at various z and y-axis positions. For comparison data from the AOM 
measurement system is also presented. 

3.8.1.2. Titanium Powder 

An SEM image of the titanium powder is shown in Figure 3.22. In comparison to the 

copper powder the angular morphology is clearly identified. There are a greater 

number of larger diameter particles compared to the copper powder due to the larger 

manufacturer's size distribution. Size distribution analysis of the titanium powder 

was carried out using the laser diffractometry and PIV techniques. Results are shown 

in Figure 3.23(a). In general there is good agreement between the two methods. 

There is some variation between the data outputted by the two methods. Mainly there 

are fewer particles greater than 15 pm shown with the data created from the PIV 

system compared to the laser diffractometry system. 

Figure 3.23(b) shows the normal plot of the titanium powder size distribution data 

produced by the two methods. Similar to the copper powder size distribution a 

straight line is not produced and therefore the size distribution of powder may not be 

represented by a normal distribution. Figure 3.23(c) shows the log-normal plot of the 

titanium powder with data produced by the two sizing methods. A probability axis is 

used, and in both cases the data follows approximately a straight line indicating that 
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the size distribution can be approximated by a log-normal distribution. 

Measurements made by both measuring systems are in good agreement of each 

other. Table 3.8 summarises the calculated mean and standard deviation of the log- 

normal distribution of the titanium powder measured by the two techniques. 

Figure 3.22 - SEMI image of the angular titanium pm-, der used tor this study. 

Normal Dis tribution, it, Log-normal D istribution, .V 
Measurement 

Technique 
Mean /0 Standard 

Deviation / (o 
Mean 

Standard 
Deviation / (r, 

PIV 2.58 0.31 13.9(1µm 8.85 tm 
LD 2.72 0.50 17.20 µm 11.87 tm 

Table 3.8 - The mean and standard deviation of the titanium pomder log-normal site 
distribution measured by the PIN" and LD techniques. 
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Figure 3.23 - Graph showing (a) cumulative number percent of particles, (b) normal 
distribution plot and (c) log-normal distribution plot for the titanium powder. Measurements 

were made using methods i) Particle Image Velocimetry - PIV and ii) Laser Diffractometry - 
LD. PIV measurements were taken at a stand off distance of 20 mm within the centre of the gas 

plume. 

3.8.2. Velocity Measurements - Copper Powder 

Initial velocity measurements were made using the spherical copper powder with 

helium and nitrogen as the main carrier gas. For each test 500 individual particles 

travelling with the gas plume had their velocity and diameter recorded. All 

measurements were made by a standard nozzle (Nozzle I) unless otherwise stated. 

The dimensions of the standard nozzle are found in Table 3.5. Results are shown in 

three main sections. First, Section 3.8.2.1. describes measurements made at a 20 mm 

stand off distance using room temperature helium and nitrogen gas. Measurements 

were predominantly made at the centre plume position but variation in particle 

velocity with varying plume position (y-axis) is measured using nitrogen gas. The 

next section, Section 3.8.2.2., comprises measurements made at a1 mm stand off 

distance, this allows the influence of z-axis position to be determined and also allows 

comparison with the particle modelling carried out. Again measurements were 

predominantly made at the centre plume position but variation in particle velocity 

with varying plume position (y-axis) is measured using nitrogen gas. Finally, Section 
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3.8.2.3., shows results for a second nozzle design (Nozzle II), tested using the copper 

powder. The new nozzle uses the same area-expansion ratio but twice the throat area 

of the original nozzle. Reasons for this choice of nozzle design are discussed in 

further detail in Section 3.8.2.3. 

3.8.2.1.20 mm Stand Off Distance; Axial Position 

Measurements were made using helium and nitrogen gas flows taken at a stand off 

distance of 20 mm at the centre of the plume. A stand off distance of 20 mm was 

chosen due to it being the same as regularly used for depositing coatings. Figure 3.24 

shows a plot of particle diameter versus particle velocity for 500 individual particles 

of the copper powder travelling within a helium gas flow at a stagnation pressure of 

29 bar. Figure 3.24 shows that far fewer particles are captured for size and velocity 

measurements once the particle diameter exceeds 15 µm. 

Figure 3.24 shows that there is a large variation in particle velocity for particles of 

similar diameter and this makes it difficult to assess any trends between particle 

diameter and particle velocity that may be occurring. A method to allow for trends 

between particle diameter and particle velocity to be recognised is to calculate the 

average particle diameter and velocity for every 20 individual particle 

measurements. This was done by arranging the raw particle size and corresponding 

particle velocity data in order of increasing particle diameter. The data were then 

grouped into bins consisting of 20 particles and the average particle size and velocity 

of each bin was then calculated. 
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Figure 3.24 - Influence of particle diameter on particle velocity for the +5 -25 µm copper 
powder travelling with a helium gas flow at stagnation pressure 29 bar. Data for 500 individual 

particles was collected at a stand off distance of 20 mm and within the centre of the gas plume. 

Results for stagnation pressures 10,20,25 and 29 bar for helium and nitrogen gas 

flows are shown in Figure 3.25(a) and (b) respectively. Each data point shown within 

the figures corresponds to the average particle diameter and velocity for 20 

individual particles. Due to the smaller number of particles data captured for large 

particle diameters the data points become more sparsely populated as the particle 

diameter increases. The remainder of the particle velocity data for both copper and 

titanium powders will be displayed using this method. However, graphs of the raw 

particle velocity data from the main velocity measurements carried out are available 

in Appendix 3. 

When using helium as the main carrier gas (Figure 3.25(a)) there is a gradual 

increase in particle velocity with increasing stagnation pressure. For an 11 µm 

particle the average velocity is found to increase from 252 m s"I to 530 ms -I when 

increasing the gas pressure from 10 bar to 29 bar. 
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At the lowest helium gas pressure, 10 bar, there appears to be little variation in the 

particle velocity for a particle diameter of 5 µm or 25 gm. As the gas pressure is 

increased the influence of particle diameter becomes more apparent and a decrease in 

particle velocity is found for particle diameters greater than 9 gm. Additionally for 

gas pressures of 20,25 and 29 bar a reduction in particle velocity is found for 

particle sizes of approximately 7 µm or less. This trend did not occur when a helium 

gas pressure of 10 bar was used. 

When nitrogen was used as the main carrier gas (Figure 3.25(b)) lower particle 

velocities compared to helium were found. This is expected because of the lower gas 

velocity of nitrogen compared to helium. An increase in particle velocity is found 

with increasing gas pressure but not to the same degree as found with helium. For 

example, for an 11 pm copper particle, approximately a 75 m s'' increase in particle 

velocity is found when increasing the gas pressure from 10 bar to 29 bar compared to 

nearly a 300 m s'' increase when helium gas is used. For nitrogen gas the effect of 

particle diameter on particle velocity is less well defined. For all gas pressures there 

are only minor decreases in particle velocities with increasing particle diameter. 

Additionally, there appears to be no decrease in particle velocity for the smallest 

particle diameters which was found with helium gas at all pressures except 10 bar. 

The velocities attained whilst using helium at 10 bar are similar to those that occur 

when using nitrogen at all the gas pressures tested. 
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Figure 3.25 - Influence of particle diameter on particle velocity for a copper pos der travelling 

within (a) a helium gas flow and (h) a nitrogen gas flow. Measurements were made at a stand off 

distance of 20 mm and results are shown for stagnation pressures 10,20,25, and 29 bar. Fach 

data point corresponds to the average particle diameter and average velocity for 20 particles. 
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3.8.2.2.20 mm Stand Off Distance; Off-Axis 

Velocity measurements at varying y-axis positions were made at a constant stand off 

distance (z-axis) of 20 mm using nitrogen gas at a stagnation pressure of 29 bar. The 

y-axis was varied in 0.5 mm increments. It was found that particle measurements 

could be recorded up to 2.5 mm from the centre of the plume. Beyond this distance it 

was possible for particle measurements to be made but there were very low particle 

counts, making it time consuming to capture a significant amount of data. Results are 

shown in Figure 3.28 for measurements made at the centre position of the plume and 

at a distance 2.5 mm from this point. At a stand off distance of 20 nun a reduction of 

less than 100 ms was found in particle velocity at the two y-axis measuring points. 
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Figure 3.26- Influence of particle diameter on particle %elocith for a copper powder travelling 

within a nitrogen gas flow and a stagnation pressure of 29 bar at a stand off distance of 20 mm. 
Results are shown for y-axis positions 0 mm (centre of plume) and at the plume extremith, 2.5 

nim. Each data point corresponds to the average particle diameter and average velocity for 20 
particles. 

3.8.2.3.1 mm Stand Off Distance; Axial Position 

Velocity measurements were made at a stand off distance of I mm to establish an 

understanding of the particle velocity upon leaving the nozzle. Additionally 

modelling output carried out in this project (Section 3.9. ) only allows for particle 
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velocities to be predicted up to the nozzle exit; therefore to allow comparison 

between measured velocities and model output it was necessary to capture data as 

close to the nozzle exit as possible. A stand off distance of less than I nun could not 

be used due to a shadow of the nozzle occurring on the images captured by the 1'1V 

system. This meant that the background of the images captured had a varying 

contrast and therefore made it difficult for the computer software to detect particles 

accurately. A further complication was that when using a feed rate of 4 rpnm, a 

powder feed rate of approximately 60 g min-1, at a stand off distance of I nun (the 

feed rate used for velocity measurements at 20 mm and deposition of the copper 

powder) the spray plume was found to be too dense for the computer software to 

correctly pair particles together and also correctly size particles due to their 

overlapping in the images. Therefore, for these experiments carried out at a stand off 

distance of 1 mm, the powder feed rate was reduced to 2 rpni to give a powder feed 

rate of approximately 30 g mine. Velocity measurements were made using helium 

and nitrogen gas at a stagnation gas pressure of 29 bar. It was found that when 

helium, Figure 3.27(a), or nitrogen, Figure 3.27(b), is used as the main gas the 

particle velocity increases slightly when travelling between a stand off distance of I 

nun and 20 mm. 
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Figure 3.27 - The effect of stand off distance (SOD) on particle velocity, for a copper powder 
travelling within (a) a helium gas flow and (b) a nitrogen gas flow with a stagnation pressure of 
29 bar. Each data point corresponds to the average particle diameter and average velocity for 

20 particles. 

3.8.2.4.1 mm Stand Off Distance; Off-Axis 

Using a stand off distance of 1 mm the effect of varying the measuring position by 

changing the y-axis was repeated. Measurements were made at a constant nitrogen 

gas pressure of 29 bar and results are shown in Figure 3.28. Due to the diverging 

nature of the spray plume, particle velocities were only recorded up to 1.5 mm from 

the central portion of the plume compared to 2.5 mm at a stand off distance of 20 

mm (Figure 3.26). Up to a 100 in s-1 reduction in particle velocity is found at a point 

1.5 mm from the centre of the plume. 



Tim Price 

450 

400 

350 
,N 
E 300 

250 
0 
> 200 
d 

150 
ß 
a 100 

50 

oý 
0 

(7t, l/N"I ., (;, Iý l7uu III, / l'ýu I/(/, I, i'', ut III (,;, / 1j, n ral; 

"fý f" 
ýf f 

"" "" 
ff. 

®Qf 

mo 
ý° Q 

ý °Q Q 

5 

0 

10 15 20 

Particle Diameter / pm 

0.0 mm 

y=1.5mm 

25 30 

Figure 3.28 -In flue nee of particle diameter on particle velocity for a copper powder travelling 

within a nitrogen gas flow and a stagnation pressure of 29 har at a stand off distance of I nun. 
Results are shown for s. -axis positions 0 intn (centre of plume) and at the plume extremity, 1.5 

min. Each data point corresponds to the aserage particle diameter and average selocity for 20 

particles. 

3.8.2.5. Nozzle 11 

A new nozzle was designed so that the effect of nozzle diameter on particle velocity 

may be investigated. The cross-sectional throat area was doubled, with the aim of 

reducing the amount of gas flow that would be inhibited by frictional effects from 

the nozzle walls. The measurements of this nozzle are shown in Table 3.9. The 

nozzle exit cross-sectional area was also doubled and therefore the expansion ratio of 

the nozzle remained the same as the previous nozzle. This means that the same gas 

properties such as velocity and temperature within the nozzle are predicted and 

therefore further gas and particle modelling would not be required. Velocity 

measurements were made at a stand off distance of 20 mm at a stagnation gas 

pressure of 29 bar using helium and nitrogen gas. Results are shown in Figure 

3.29(a) and (b) for helium and nitrogen gas respectively. Minimal variation in 

particle velocity was found between the two nozzle designs when employing the 

same spray parameters and using either helium or nitrogen gas. This indicates that 

frictional effects are minimal with both nozzle designs. 
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Figure 3.29- Effect of particle velocity of a copper powder using nozzles is ith t%sO different 
cross-sectional throat areas for (a) helium gas and (h) nitrogen gas. \leasurements sere made 

using a stagnation pressure of 29 bar and at a stand off distance of 20 mm. Each data point 
corresponds to the average particle diameter and average velocitý for 20 particles. 
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Nozzle II Dimensions 
Throat Diameter / A* / mm 1.91 

Entrance Nozzle Diameter / mm 13 
Exit Nozzle Diameter / Ae / mm 5.66 

Ae / A* 8.79 
Length of Converging Section / mm 10 
Length of Diverging Section / mm 100 

Table 3.9 - Dimensions of Nozzle II. 

3.8.3. Velocity Measurements - Titanium Powder 

Particle velocities were also measured using the titanium powder. For this data there 

may be some assumptions when correlating the particle velocities to the particle 

diameters due to the difficulty of measuring the particle diameters of an angular 

powder accurately. Measurements were carried out at a stand off distance of 20 mm. 

Results were analysed using the same method as the copper powder described 

previously and are shown in Figure 3.30(a) and (b) for helium and nitrogen gas flows 

respectively. In both cases, and for particle diameters greater than 10 gm, a slight 

reduction in particle velocity is found with increasing particle diameter. The largest 

reduction in particle velocity for small sized particles, less than 10 µm, is found with 

helium gas at a stagnation pressure of 10 bar. Similar to the velocity measurements 

made with the copper powder, a larger increase in particle velocity is found when 

increasing the gas stagnation pressure from 10 bar to 29 bar when using helium gas 

compared to nitrogen gas. 
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Figure 3.30 -Influence of particle diameter on particle velocity for a titanium pow der tray elling 

within (a) a helium gas flow and (h) a nitrogen gas flow at a stand off distance of 20 mm. Results 

are shown for a stagnation pressure of 10,20,25, and 29 bar. Each data point corresponds to 
the average particle diameter and average velocity for 20 particles. 
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3.9. Model Results 

A mathematical model has been developed at the University of Nottingham to 

predict gas and particle velocities through the nozzle [65]. It consists of two parts, 

first the gas properties are calculated, and these are then used to calculate the particle 

velocity as it passes through the cold spray nozzle. The gas model, previously 

written in java, calculates the gas properties (density, temperature and velocity) as it 

passes from the nozzle throat to the nozzle exit. This part of the model uses a 

standard iterative procedure to calculate the gas mach number at any given point in 

the nozzle, of known cross sectional area, using the area-mach relationship, equation 

3.7 [58]. Once the gas mach number is known, it is possible to calculate the gas 

velocity, temperature, density and pressure at that point using equations 3.8 to 3.11 

[58]. Whilst calculating the gas properties within the nozzle it is assumed that no 

shockwaves occur. The variation in gas velocity, temperature and density along the 

length of the nozzle, calculated by the gas model, are used within the QBasic particle 

model to calculate particle temperature and velocities within the nozzle. Newton's 

second law is employed and all forces acting on the particle are neglected other than 

the drag force due to the relative motion between gas and particle. To determine the 

temperature and velocity of a spherical particle as it moves along the nozzle, 

equations 3.13 and 3.28 are solved numerically in a series of time steps, typically 0.1 

µs. At the end of each time step, the new velocity, new temperature, and new 

position of the particle are calculated. At the new particle position and beginning of 

the next time step the drag coefficient and Nusselt number are recalculated, using the 

gas properties at that point (previously calculated by the gas model) and this then 

allows for the particle's acceleration and rate of change of temperature to be 

calculated once again. This will determine the next particle position, temperature and 

velocity and the calculation continues until the particle reaches the end of the nozzle 

[65]. 

The models require a number of parameters are required by the gas and particle 

models. The parameters required for each model are shown in Table 3.10 for a range 

of gas and powder types. Process parameters for the nozzle employed are also 

shown. Gas and particle parameters are taken from the literature [77]. The mean 
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particle diameter chosen for the particle modelling was the manufacturers measured 

50% volume fraction of the powder. The table highlights the fact that some 

parameters that may be required by one model are not required by the other. For 

example, the gas model requires the nozzle dimensions to calculate the gas 

properties along the length of the nozzle but the particle model does not require any 

of this dimensional information. 

Process Parameters Gas Model Particle Model 
Throat Diameter (D*) / mm 1.35 - 

Entrance Nozzle Diameter / mm 13 - 
Exit Nozzle Diameter (De) / mm 4 - 
Nozzle exit area (Ae) / Nozzle 

throat area (A*) 
8.79 - 

Len th of Converging Section / mm 10 - 
Length of Diverging Section / mm 100 - 

Gas Stagnation Pressure / bar 10,29 - 
Initial Gas Temperature /K 293 - 

Gas Parameters He N2 He N2 
Specific Gas Constant /J kg-1 K' 2079 296.8 2079 296.8 

Adiabatic Index 1.667 1.404 1.667 1.404 
Dynamic Viscosit / kg m' s" - - 1.86 x 10' 1.67 x 10' 

Thermal Conductivity /W m" K' - - 0.1468 0.025 
Specific Heat Capacity /J kg-' K" - - 5193 1039 

Particle Parameters - Cu Ti 
Particle Diameter /m - +5 -25 +5 -45 

Mean Particle Diameter /m - 11 15 

Particle Density / kg m - 8960 4507 
Specific Heat Capacity /J kg-' K- - 385 523 

Melting Point /K - 1356 1943 
Porosity Fraction - 0 0 

Initial Particle Velocity /m s- - 20 
Initial Particle Temperature /K - 300 

Table 3.10 - The parameters used by the gas and particle models. Constants are taken from the 
Handbook of Chemistry and Physics 1771. Parameters are broadly defined as process 

parameters, gas parameters and particle parameters. 
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In summary the key issues with the current modelling process before this project 

begun were: 

i) The gas model begins calculating gas properties from the throat of the 

nozzle and therefore does not consider the effect of the converging 

section of the nozzle. 

ii) An incompressible fluid flow is assumed whilst calculating the particles 

drag coefficients through the gas flow to predict the interactions between 

gas flow and particles. For greater accuracy the particles drag coefficient 

needs to be calculated from equations that assume a compressible fluid 

flow (Section 3.3. ) 

iii) The model is only able to predict the velocity profile of a single sized 

particle. For multiple particle diameters the program must be repeated 

many times making the task time consuming and laborious. 

iv) Currently the gas properties data output by the java model requires 

manual manipulation to be used by the particle model. The data output 

from the particle model then requires further manual manipulation for it 

to be recognised by Microsoft Excel. One again this is a time consuming 

and laborious operation. 

3.9.1. Key Developments to the Model 

This section highlights the main changes made to the gas and particle model during 

this study. To improve the gas models ease of use and to reduce the steps required to 

prepare the outputted data to be used within the particle model, the gas model was 

rewritten using Microsoft Excel. Additionally the variation in gas properties was 

calculated along the whole length of the nozzle incorporating the converging section 

of the nozzle. To solve the area-mach relationship (equation 3.7) within Excel an 

iterative bisection method was used [81]. To check the accuracy of the new gas 

model it was compared to the old java gas model and shown to behave in the same 

manner. By writing the model in Excel it was possible to use macros to create text 
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output of the gas properties that required no further manual manipulation to be used 

by the QBasic particle model. 

The existing particle model assumes an incompressible gas flow to calculate the drag 

coefficient equations. The drag coefficient at any point within the gas flow is 

calculated depending on the Reynolds number of the particle at that point. The drag 

coefficient equations previously employed were replaced with those for a 

compressible flow as described previously in Section 3.3. 

A final modification to the particle model allows the effect of varying the particle 

diameter on particle exit velocity to be assessed. The range of particle diameters to 

be assessed is inputted by the user before the program is executed. The properties 

(temperature, velocity etc. ) of a single particle diameter as it passes along the nozzle 

are calculated, but only the properties of the particle at the nozzle exit are recorded to 

a data file. The process is then repeated automatically for the next particle diameter. 

The final data file consists of the particle properties at the nozzle exit for each 

particle diameter. 

3.9.2. Copper Powder Modelling 

Modelling was carried out for nitrogen and helium gas flows at gas pressures ranging 

from 10 bar to 29 bar and a gas stagnation temperature of 293 K. An initial particle 

velocity of 20 m s-1 and particle temperature of 300 K at the entrance to the 

converging section of the nozzle is assumed. Further nozzle dimensions, particle and 

gas parameters required for the modelling process are summarised in Table 3.10. A 

copper powder of size distribution +5-25 pm was chosen for the modelling process, 

the same as to be used for the experimental velocity measurements within this study. 

The variation in particle velocity along the nozzle length was carried out for a single 

11 pm copper particle. An 11 pm particle was chosen due to it being the 

manufacturers (Sandvik Osprey Ltd, Neath, UK) measured 50% volume fraction of 

the spherical copper powder employed for the velocity measurements carried out 

within this study. 
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3.9.2.1. Influence of Compressible and Incompressible 

Drag Coefficient Equations 

A typical comparison of the variation of drag coefficient with Mach number between 

the two methods used to calculate the drag coefficient is shown in Figure 3.31 for a 

11 pm copper particle travelling with a helium gas flow at a stagnation pressure of 

29 bar. As the particle accelerates within the subsonic region of the nozzle up to Mr 

= 0.5 both equations give similar drag coefficient values. Beyond this point the drag 

coefficient increases when using the compressible drag coefficient equation. Figure 

3.31 highlights the variation in the calculation of drag coefficients by the two 

methods when supersonic flows are considered, and therefore will affect the final 

calculated particle velocities. 

The large increase in drag coefficient at Mz1 is acknowledged to occur by Bailey 

and Hiatt [61] when comparing experimental data as shown previously by Figure 

3.2. Figure 3.2 shows that for Reynolds numbers in the region of 100 to 1500, 

similar to those calculated for the cold spray system, the drag coefficient will 

increase abruptly from -0.5 to -1.2 as M,. increases for -0.8 to -1.5. This is a similar 

trend to the drag coefficients calculated by the mathematical model shown in Figure 

3.31. 

The influence of the compressible and incompressible drag coefficient equations on 

particle velocities were assessed by modelling spherical copper particles travelling 

within a helium gas flow along the length of the nozzle. Modelling was carried out at 

two different stagnation pressures; 10 bar and 29 bar. Results are shown in Figure 

3.32(a). It can be seen in Figure 3.32(a) that relatively shortly after the throat region 

the particle velocities calculated by the compressible and incompressible drag 

coefficient equations vary. After 0.002 m from the throat, a variation of greater than 

50 in s-1 of the particle velocity is found between the two techniques. Faster particle 

velocities along the length of the nozzle are found when using the compressible drag 

coefficient equations. For all further modelling the compressible drag coefficient 

equations are used. 
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Figure 3.31- Variation of drag coefficient with relative mach number for a 11µm copper 
particle. He, T. = 293K, P. = 29bar. 

3.9.2.2. Helium Gas Flow 

The velocity of a single 11 pm particle travelling along the length of the nozzle 

within a helium gas flow is shown in Figure 3.32(a). The helium gas velocity is also 

shown. Despite an increase in gas stagnation pressure having no effect on gas 

velocity, an increase in particle velocity is found. Higher particle velocities are 

predicted when using the compressible drag coefficient equations compared to the 

incompressible drag coefficient equations. The helium gas accelerates the most 

during the first third of the diverging section of the nozzle and as expected this is 

also when the largest amount of particle acceleration occurs for both gas pressures 

employed. Whilst it is interesting to know the particle velocities within the nozzle, 

the particle velocities at the nozzle exit are of greater interest, due to their influence 

on the mechanical properties of the coating, and how they are influenced by process 

parameters. 

Figure 3.32(b) show the particle velocities at the nozzle exit for a spherical copper 

powder of size distribution 5 µm to 25 µm travelling within a helium gas flow. 

Figure 3.32(b) shows the influence of particle diameter and gas pressure on particle 
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exit velocity. The same gas stagnation conditions described previously are used and 

calculations are made using the compressible drag coefficient equations. The model 

predicts that the particle exit velocity increases with decreasing particle diameter. In 

the case of this one dimensional model this is due to the smaller particles being 

lighter and therefore easier to accelerate within the gas flow. Table 3.11 summarises 

the predicted particle exit velocities for a 5,11 and 25 gm spherical copper particle 

travelling within a helium gas flow at 10 bar and 29 bar. The model predicts similar 

absolute increases in particle velocity due to increasing stagnation pressure across 

the size distribution of the copper powder. For comparison, maximum measured 

particle velocities at 10 bar (SOD = 20 mm) and 29 bar (SOD =1 mm) are also 

included. The model output values are significantly higher than the measured values 

using a copper powder and described in Section 3.8.2.1. and Section 3.8.2.3. for a 

stand off distance of 20 mm and 1 mm. The largest variation between measured and 

predicted particle velocities is found for small sized particles. This is due to small 

sized particles decelerating to a greater extent compared to large size particles whilst 

travelling within the plume and interacting with other particles and the nozzle walls. 

The model used to predict particle velocities does not consider these interactions and 

deceleration of the particles occurring. 

Gas Type 
Cu 

Particle 
Size /m 

10 bar 29 bar 
Velocity Increase 

/m s'1 

5 846 1059 +213 
Helium 11 647 870 + 223 

25 469 667 + 198 

5 500 545 +45 
Nitrogen 11 413 478 +65 

25 335 422 +87 
Table 3.11 - Predicted particle exit velocities (m s) for a 5,11 and 25 pm spherical copper 
particle travelling within helium and nitrogen gas flows calculated by modelling using the 

compressible drag coefficient equations. The increase in particle exit velocity by increasing the 
gas stagnation pressure from 10 bar to 29 bar is also shown. 
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Figure 3.32 - Model output shoss ing the variation in particle velocity ýý ilk position for a copper 
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at 10 bar (SOD = 20 mm) and 29 bar (SOl) =I mm) are also included. 
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3.9.2.3. Nitrogen Gas Flow 

Figure 3.33(a) shows an 11 µm copper particle travelling within a nitrogen gas flow. 

The nitrogen gas velocity is also shown. Smaller particle velocities along the length 

of the nozzle are found compared to when helium gas is used. Compared to helium a 

smaller variation in particle velocity between the two gas stagnation pressures of 10 

bar and 29 bar is found. This is due to the lower gas velocities achieved by nitrogen 

whilst travelling within the nozzle. 

Figure 3.33(b) shows the influence of particle diameter and gas pressure on particle 

exit velocity. Table 3.11 summarises the predicted particle exit velocities for a 5,11 

and 25 gm spherical particle travelling within a nitrogen gas flow at stagnation 

pressures of 10 bar and 29 bar. It is noticeable that in all cases the particle exit 

velocities are lower than those predicted for a helium gas flow. Figure 3.33(b) shows 

that substantially lower increases in particle velocity are found with nitrogen gas 

compared to helium gas but the increase in particle velocity is found to increase with 

increasing particle size. This indicates that an increase in nitrogen gas pressure is less 

influential in increasing particle velocity compared to a similar pressure increase for 

a helium gas flow. Similar particle velocities are predicted to the maximum 

measured particle velocities for particle diameters below 10 µm. This is in contrast 

to the modelling carried out for helium gas where it was found that the measured and 

predicted particle velocities were not similar. The maximum measured particle 

velocities show a larger reduction in particle velocity with increasing particle size to 

that predicted by the model. 
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3.9.3. Titanium Powder Modelling 

The same modelling parameters and constants as used for the copper powder were 

also used for the titanium powder and are summarised in Table 3.10. A titanium 

powder of size distribution +5-45 µm was chosen for the modelling process, the 

same used for the experimental velocity measurements, microstructural examination 

and mechanical testing within this study. The variation in particle velocity along the 

nozzle length was carried out for a single 15 µm titanium particle. A 15 µm particle 

was chosen due to it being the manufacturers (Active Metals Ltd, Sheffield, UK) 

measured 50% volume fraction of the spherical copper powder employed for the 

velocity measurements carried out within this study. 

3.9.3.1. Helium Gas Flow 

The velocity of a single 15 µm titanium particle travelling within a helium gas flow 

is shown in Figure 3.34(a). The helium gas velocity is also shown. As expected, 

there is an increase in particle velocity along the length of the nozzle with increasing 

gas stagnation pressure despite no increase in the helium gas velocity. Figure 3.34(b) 

shows the influence of particle diameter and gas pressure on particle exit velocity. 

Compared to the copper powder (Figure 3.32(b)) larger particle velocities can be 

expected at the nozzle exit for similar sized particles. Table 3.12 summarises the 

particle exit velocities for a 5,15 and 45 µm spherical titanium particle travelling 

within a helium gas flow at 10 bar and 29 bar. Similar increases in particle velocity 

to the modelled output for a copper powder are found, irrelevant of the particle size 

as the gas pressure is increased from 10 bar to 29 bar. Similar to the copper powder, 

the modelled output produces higher particle velocities than the maximum measured 

particle velocities at 10 bar and 29 bar, shown in Figure 3.32(b). As the particle size 

increases the difference between the modelled particle velocities and maximum 

measured particle velocities reduces. It is noted that the maximum particle velocities 

shown in Figure 3.34(b) were made at a stand off distance of 20 mm and so some 

variation to the particle velocity upon leaving the nozzle exit may be expected. The 

variation between predicted particle velocities and the maximum measured particle 

velocities is expected to be most likely due to particles interacting with one another 
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and with the nozzle walls that will cause the particle velocity to decrease. The 

particle model used does not account for these factors occurring. 
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Figure 3.34 - Model output showing the variation in particle velocity with position for a 
titanium powder travelling within a helium gas flow (a) along the length of the nozzle for an 15 

pm particle (the predicted helium gas velocity calculated by the model is also shown) and (b) 

particle exit velocity with varying particle diameter. In both cases calculations were made using 
the compressible drag coefficient equations. Po = 10 - 29 bar; To = 293 K. For comparison, 

maximum measured particle velocities at 10 bar (SOD = 20 mm) and 29 bar (SOD = 20 mm) are 
also included. 
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Gas Type 
Ti 

Particle 
Size/ m 

10 bar 29 bar Velocity Increase 
1 /ms" 

5 1000 1200 +200 
Helium 15 726 952 + 226 

45 479 683 +204 
5 554 589 +35 

Nitrogen 15 440 494 +54 

45 341 427 +86 
Table 3.12 - Predicted particle exit velocities (m s') for a 5,15 and 45 µm spherical titanium 

particle travelling within helium and nitrogen gas flows calculated by modelling using the 
compressible drag coefficient equations. The increase in particle exit velocity by increasing the 

gas stagnation pressure from 10 bar to 29 bar is also shown. 

3.9.3.2. Nitrogen Gas Flow 

The velocity of a single 15 pm copper particle travelling within a nitrogen gas flow 

is shown in Figure 3.35(a). The nitrogen gas velocity is also shown. As expected 

smaller particle velocities are predicted compared to when helium gas is used. This is 

due to the smaller gas velocity achieved by nitrogen gas compared to helium gas. 

Figure 3.35(b) shows the influence of particle diameter and gas pressure on particle 

exit velocity. Table 3.12 summarises the particle exit velocities for a 5,15 and 45 

µm spherical titanium particle travelling within a nitrogen gas flow at 10 bar and 29 

bar. Similar trends to those identified for a copper powder travelling within nitrogen 

gas are found. There is some variation in the predicted particle velocities compared 

to the maximum measured particle velocities but not to the same degree as when 

helium gas is used. 
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Figure 3.35 - Model output showing the variation in particle velocity with position for a 
titanium powder travelling within a nitrogen gas flow (a) along the length of the nozzle for an 15 

pm particle (the predicted nitrogen gas velocity calculated by the model is also shown) and (b) 
particle exit velocity with varying particle diameter. In both cases calculations were made using 

the compressible drag coefficient equations. P0 = 10 - 29 bar; To = 293 K. For comparison, 
maximum measured particle velocities at 10 bar (SOD = 20 mm) and 29 bar (SOD = 20 mm) are 

also included. 
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3.10. Discussion 

This section of the chapter will discuss the experimental results and model 

predictions made during this project. Firstly, the various methods employed to 

measure the powder size distributions are discussed. Then the particle velocity 

measurements made using the PIV equipment are considered. Finally the modelling 

results are discussed and comparisons between the modelling output and the actual 

velocity measurements for a copper and titanium powder are made. 

3.10.1. Powder Size Distribution 

The copper powder size distribution was measured by four techniques i) automated 

optical microscopy, ii) laser diffractometry, iii) particle image velocimetry and iv) 

manual measurement by analysis of SEM images. Due to the different methods of 

operation each system consists of different numbers of individual particles data. For 

example, the automated optical microscopy system is able to characterise the most 

number of particles, as many as 65,000. The data captured by the particle image 

velocimetry system consists of 2500 particles (7 individual runs), whilst manual 

measurement of particle sizes using the SEM has the lowest data yield of 

approximately 200 individual particle measurements due to being labour and time 

intensive to carry out the measurements. Figure 3.20(a) shows that the automated 

optical microscopy measuring system measures a size distribution consisting of a 

greater number of larger particles than the three other methods and there are a 

number of reasons for this. SEM was carried out by measuring particles from a small 

number of captured images. The total area of the captured images is a limiting factor 

in determining the number of particles that may be measured. Particles of larger 

diameter have a larger surface area and therefore there is a greater likelihood that 

fewer larger particles may be measured by this method. 

The particle image velocimetry system is not a dedicated piece of equipment for 

measuring a particles size distribution, particles are travelling at velocities typically 

in excess of 500 m s" and therefore there is potential for error in the measurements. 

Additionally, measurements are made within a small volume portion of the spray 
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plume, typically 1 mm3. Measurements shown in Figure 3.20(a) were made at a 

stand off distance (z-axis) of 20 mm within a central position of the plume. It may be 

possible that some particles may not pass through this small volume section of the 

plume, due to interactions with other particles or the possible turbulent nature of the 

gas flow, and this could influence the measured size distribution data. However, 

when measurements are taken at other positions within the plume, variation of the y- 

axis and z-axis shown in Figure 3.21, only minor change in the powder size 

distribution is found. As the y-axis position is changed, a greater number of smaller 

sized particles are found; however, the variation is found to be only up to 2 µm. Data 

measured at a y-axis position not at the central position of the plume only consists of 

500 particles but the small variation in size distribution found is regarded as 

inconclusive evidence of whether a different size distribution of the powder may be 

measured at different positions within the plume. Selective powder feeding occurring 

during the cold spray process, upstream of the nozzle, would also influence the size 

of particles captured by the PIV system, regardless of plume measuring position. 

The smallest size distribution was found when the copper powder was measured by 

the laser diffractometry technique. Up to a 3.5 pm variation in particle size was 

found compared to the automated optical microscopy measuring technique at the 

cumulative number 50% point. The laser diffractometer employed originally 

measures the volume distribution of the powder. Data is presented in bins of varying 

particle size and the volume% of each bin is measured. The method for determining 

the particle number size distribution from the volume size distribution is described in 

Appendix 2. Using the mid-point of each bin range for calculating the volume of 

each bin for a single particle, this method is particularly prone to error if large bin 

ranges are employed. Also, the assumption that every particle within a bin range will 

be of the same size, is not valid. This method is prone to error due to the fact that the 

size of each individual particle remains unknown. 

In contrast, the automated optical microscopy equipment employed, measures the 

area of each individual particle and the diameter of a circle of equivalent area is 

calculated. A far greater number of particles are measured individually and therefore 
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there is a greater likelihood for large particles to be measured, and no errors are 

generated by converting the data from a volume to a number distribution. It is 

therefore regarded to be the most accurate size distribution of the different methods 

employed. By comparing the 50% cumulative number% of the copper powder 

measured by the automated optical microscopy technique and the particle image 

velocimetry technique (Table 3.7) the particle image velocimetry technique is found 

to consistently under size the copper powder compared to the size distribution 

measured by the automated optical microscopy technique by approximately 2 gm. 

Further comparisons between the size distributions measured by the automated 

optical microscopy technique and the particle image velocimetry techniques were 

made by plotting the data onto a log-normal probability axis, shown in Figure 

3.20(c). Data taken from the particle image velocimetry system and used in Figure 

3.20(c) were taken at a stand off distance of 20 mm from the nozzle from the centre 

of the plume. A logarithmic axis is used for the x-axis and therefore, if the measured 

data creates a straight line, then a log-normal distribution is present for the powder 

size distribution. In the case of the data measured by the automated optical 

microscopy system two size distributions are identified. The first distribution covers 

particle sizes less than approximately 6µm and account for approximately less than 

10% of the cumulative number distribution. Due to the size of these particles, this 

small part of the size distribution will cover an even smaller percentage of the size 

distribution in terms of mass or volume. This size distribution is most likely an 

artefact of a sieving process used to create the desired size distribution of +5 -25 µm 

from an original copper powder of larger size range. The second log-normal 

distribution covers particle sizes of greater than 7 µm. A straight line is created 

indicating that the size distribution matches a log-normal distribution of mean 2.18 

and standard deviation 0.29 as shown by Table 3.6. The data created by the particle 

image velocimetry system shows a relatively straight line up to particle sizes of 10 

µm indicating a log-normal distribution. For particle sizes greater than 10 gm the 

size distribution deviates from the predicted log-normal distribution and the gradient 

of the line decreases. This indicates that insufficient numbers of large particles have 

been captured by the particle image velocimetry system for a true log-normal 

distribution to be recorded. Nevertheless, there is good agreement between the size 
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distributions measured by the two systems and therefore high confidence that the 

particle image velocimetry system is able to measure the size of particles, whilst 

travelling within the plume, accurately. 

The copper powder was measured by the automated optical microscopy equipment 

using an external source. It was not possible for the titanium powder to be sized by 

this method. Despite the angular nature of the powder, making size analysis difficult, 

when comparing the size distribution of the titanium powder measured by the laser 

diffractometer and particle image velocimetry system, Figure 3.23, good agreement 

was found despite the laser diffractometer technique measuring the volume size 

distribution and not the number size distribution. 

3.10.2. Particle Velocity Measurements - Copper Powder 

When using nitrogen or helium as the main carrier gas, an increase in the measured 

particle velocity is found with increasing gas stagnation pressure. Larger particle 

velocities are found when using helium gas compared to nitrogen gas and 

additionally a larger increase in particle velocity is found with helium compared to 

nitrogen gas when increasing the gas pressure from 10 bar to 29 bar. Helium will 

have a higher gas velocity along the length of the nozzle due to a higher speed of 

sound, leading to greater particle velocities compared to nitrogen gas. This is despite 

the lower density of helium which may be expected to reduce the effectiveness of 

passing momentum from the gas flow to the individual particles. 

3.10.2.1. Helium Gas 

Figure 3.25(a) shows the effect of particle size on particle velocity at various helium 

gas stagnation pressures. For particles of diameter greater than 9 µm a slight 

decrease in particle velocity is measured with increasing particle size for all gas 

stagnation pressures considered. With a stagnation pressure of 29 bar, a decrease in 

particle velocity of approximately 100 m s'1 is found when increasing the particle 

size from 10 µm to 25 µm. It is proposed that this occurs because the larger sized 

particles are of greater mass and therefore experience much slower acceleration 
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compared to smaller sized particles whilst travelling within the nozzle and has been 

predicted previously by Grujicic et al. [68]. For a stagnation pressure of 10 bar the 

particle velocity is measured to remain fairly constant for all particle sizes measured. 

When the gas pressure exceeds 20 bar the particle velocity is found to reduce by up 

to 200 m s-1 for particles of less than approximately 9 µm or lower. Measurements 

were made at a stand off distance of 20 mm and therefore it is possible that particles 

of diameter less than 9 µm may be decelerating on leaving the nozzle exit or 

alternatively unable to be accelerated to the same degree as particles of larger size. 

For a stagnation pressure of 10 bar it is proposed that all particles are able to 

accelerate to similar values on leaving the nozzle exit. 

Using Figure 3.7, originally created by Grujicic et al. [68], the greatest particle 

impact velocity for a copper particle travelling within a helium gas now is predicted 

to be for a particle of approximately 2 pm in diameter. This particle size is far lower 

than the measured data from this study shown in Figure 3.25(a) where approximately 

a 10 µm particle was found to have the highest particle velocity. For the copper 

powder used for this study (+5-25 gm) Grujicic et al. [68] predict particle velocities 

of between approximately 800 m s-1 and 950 m s-1. These values are higher than the 

measured velocities in this study because Grujicic et al. [68] carry out their 

calculation for a heated gas flow. However, the reduction in particle velocity for the 

size range +5-25 µm is in good agreement to that measured in this study. It is unclear 

whether a heated gas flow may affect the particle size that would provide the highest 

particle velocity. It may be suggested that on reducing the temperature of a gas flow, 

and therefore increasing the gas density, it would become easier for larger sized 

particles to be accelerated by the gas flow and therefore the optimum particle size 

offering the greatest particle velocity may increase. 

To allow for a greater understanding as to why particles less than 9 µm have 

measured particle velocities lower than the remainder of the size distribution, tests 

were repeated at a stand off distance of 1 mm. A similar reduction in particle 

velocity is also found at a stand off distance of 1 mm when the particle size reduces 

below approximately 9 pm as shown by Figure 3.27(a). It may be concluded that the 
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smaller sized particles are not decelerating faster than larger sized particles on 

leaving the nozzle exit. Instead, it has been shown that, in the case of copper and a 

helium gas flow, particles of less than 9 µm do not attain as high a particle velocity 

whilst travelling within the nozzle. By removing particles of 9 µm or less from the 

powders size distribution, a greater proportion of the powder would attain the greater 

particle velocities. This would lead to greater deposition efficiency and less wastage 

of the powder when depositing material. 

When carrying out velocity measurements at a stand off distance of 1 mm, the 

particle feed rate had to be reduced from 4 rpm (60 g min') to 2 rpm (30 g min-'). 

This was due to the spray plume consisting of too many particles and making it 

difficult for the computer software to pair particles together correctly and measure 

the particles velocity at a stand off distance of 1 mm (as discussed in Section 

3.8.2.3. ). The reduction in powder feed rate affects the ratio of gas mass flow rate to 

powder mass feed rate, termed the mass ratio. Using equation 3.30, the gas mass 

flow rate for helium is calculated as 386 g min-' for a gas stagnation pressure of 29 

bar. Therefore the mass ratio is calculated to reduce from 0.155 to 0.077, as the 

powder feed rate is reduced from 4 rpm to 2 rpm. The higher the mass ratio the 

higher the probability there is for particles to interact with one another and cause 

particle deceleration to occur. Figure 3.27(a) shows velocity measurements made at a 

stand off distance of 1 mm, a powder feed rate of 30 g min"', and 20 mm, a powder 

feed rate of 60 g min-', for a helium gas flow at a stagnation pressure of 29 bar. It 

could be argued that measurements made at a stand off distance of 1 mm show a 

slightly lower particle velocity, less than 50 m s', and therefore particles continue to 

accelerate on leaving the nozzle exit. This is despite the higher mass ratio for the 

measurements made at a stand off distance of 20 mm, which may be expected to 

reduce the particle velocity. It is anticipated that the measured increase in particle 

velocity is too low to act as conclusive evidence. However, an even higher particle 

velocity may have been measured at a stand off distance of 20 mm if a feed rate of 2 

rpm had been used, due to the lower mass ratio. Measurements were not made at a 

stand off distance of 20 mm and a powder feed rate of 2 rpm due to the cost involved 

in the increased time it would have taken to capture the particle velocities of 

sufficient particles. Measured data presented by Gilmore et al. [70] and shown in 
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Figure 3.13, found that when utilising helium gas, particle velocities were found to 

accelerate, by up to approximately 50 m s', up to a stand off distance of 

approximately 30 mm. Whilst it is difficult to compare velocity measurements 

published from other authors, due to different nozzle designs and spray parameters 

employed, a similar trend has also been identified in this project. This indicates that 

for the nozzle design used that the maximum attainable particle velocity was not 

achieved whilst the particles were travelling within the nozzle and so were able to 

continue to accelerate on leaving the nozzle. 

Some researchers calculate the largest sized particle to bond to the substrate with 

knowledge of the powder size distribution and its deposition efficiency as shown by 

Figure 3.36. 
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Figure 3.36 - Schematic of how to calculate the maximum particle diameter to bond for a 
known particle size distribution and deposition efficiency. This assumes that particles of 

decreasing particle diameter have an increasing impact velocity. 

For this method to work it is assumed that for a powder of particular size 

distribution, the only particles that adhere are those that, because of their small size 

and therefore higher velocity (as shown by Figure 3.3(a), exceed the critical velocity. 

This technique was utilised by Stoltenhoff et al. [48] to find the maximum sized 

copper particle, from a +5 -25 pm powder, expected to deposit for various nozzles 

used to create coatings with different deposition efficiencies. For a deposition 

efficiency of greater than 70 %, particles of greater than 18 pm were not expected to 
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bond. However, from the results found by this study and as discussed previously in 

Section 3.3.2., it has been shown that for particles of small diameters a reduction in 

particle impact velocity may be expected and therefore this assumption may not be 

valid [47,68]. It is in fact possible for similar sized particles to travel with a wide 

range of particle velocities due to the various interactions between other particles, 

nozzle walls and the surrounding atmosphere. 

Previous studies found within the literature have often approximated particle velocity 

results to a normal distribution (Section 3.6. ). A more accurate method of testing if 

this assumption is valid is to plot the data using a normal probability axis. Data 

collected within this study was plotted using a normal probability axis. Results are 

shown in Figure 3.37(a) for velocity data at 10 bar and 29 bar for a helium gas now 

and theoretical normal distributions that approximately match the measured data. 

Table 3.13 summarises the mean and standard deviation of the theoretical normal 

distributions which are shown in Figure 3.37. Experimental velocities carried out 

with a helium gas pressure of 10 bar appear to match the straight line of the 

theoretical normal distribution much more closely than when using a helium gas 

pressure of 29 bar. The largest deviation from the theoretical normal distribution 

occurs with particles moving at low velocities (less than 300 m s'), where more than 

the expected number particles have been expected, and at higher velocities (greater 

than 650 m s"'), where a lager than expected number of particles have been detected. 

Gas Mean Standard 
Gas Type pressure m s'' / Deviation 

/ms' 

10 bar 308 92 
li H um e 29 bar 551 103 

10 bar 289 60 
Ni trogen 

29 bar 376 42 
Table 3.13 - Mean and standard deviation of the corresponding normal distributions shown in 

Figure 3.37 for the measured particle velocities of the copper particles. 



Tim Price 

O 

i 
Q! 

-0 

E 

(a) 

(b) 

99.5 -ý 

95 -ý 

70 

73 40- 

lo- ýý 

E 1- 

U 

0.01 -ý 

1 E-4 

C'haptcr 3 Gas Fhon and l'arthcle i'clurih in (old Spra ing 

Q"ý 

 Q"ö 
Q"ö 

00 
ME .u 

QuM AAAAý 

El 
Q 

 WA 
AV 

A 

AA 

  10 Bar -PIV 
0 10 Bar - Normal Distribution 
" 29 Bar - PIV 

29 Bar - Normal Distribution 

0 100 200 300 400 500 600 790 800 900 1000 
Particle Velocity /ms 

99.999 -ý 

99.5-ý 

95 -+ 

70 1 

40 

10" 

1- 

0.01 -ý 

1 E-4 

.o 
""ý° .. "ý 

.: 
1e4.. - 
0ý 

00 00 

  10 Bar -PIV 
o 10 Bar - Normal Distribution 
" 29 Bar - PIV 

29 Bar - Normal Distribution 

io 
0 100 200 300 400 500 600 700 800 

Particle Velocity /m s-' 

Figure 3.37 - Experimental velocity data for copper particles travelling within (a) a helium gas 
flow and (b) a nitrogen gas flow and plotted using a normal probability axis. The straight lines 

of corresponding standard normal distributions are also shown. Velocity measurements %% ere 
made at a stand off distance of 20 mm. 

3.10.2.2. Nitrogen Gas 

When using nitrogen gas, lower particle velocities were found compared to when 

helium gas is used at a stand off distance of 20 nom. This is due to the lower gas 

velocity of nitrogen gas whilst travelling through the nozzle. Figure 3.25(b) shows 
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that only a 100 m s'' increase in particle velocity is found by increasing the gas 

stagnation pressure from 10 bar to 29 bar compared to up to 300 ms -I increase when 

helium gas is used. Also a reduction in particle velocity is not identified for particles 

of small size and the particle velocity remains fairly consistent for all particle sizes 

measured. This is similar to the results measured for particles travelling within a 

helium gas flow at a stagnation pressure of 10 bar. The reduction in particle velocity 

for particles of small particle diameter therefore only appears to occur once the gas 

and particle velocity is sufficiently high, regardless of gas type used. When low 

pressure helium gas or nitrogen gas is used a lower gas velocity may be expected. 

Therefore the larger sized particles are unable to attain the high velocities found 

when utilising helium gas at high pressures and so a similar particle velocity is found 

regardless of particle size. Figure 3.37(b) is used to determine if the measured 

particle velocity data may be approximated to a normal distribution. The mean and 

standard deviation that the particle velocity data is approximated to is shown in 

Table 3.13. There appears to be less of an agreement between the experimental data 

and the theoretical normal distributions when nitrogen is utilised compared to 

helium. Reasons for this are unknown. 

Measurements made at a stand off distance of 1 mm were of similar value to those 

made at a stand off distance of 20 mm as shown in Figure 3.27(b). Due to the higher 

density of nitrogen gas compared to helium gas the mass flow rate of the nitrogen 

gas is higher and calculated as 964 g min-'. This causes the mass ratio for the copper 

powder to be lower than when helium gas was used. For a powder feed rate of 4 rpm 

(60 g min-1) which was used for velocity measurements made at a stand off distance 

of 20 mm) the mass ratio is 0.06 and reduces to 0.03 for a powder feed rate of 2 rpm 

(30 g miri'), used for velocity measurements made at a stand off distance of 1 mm. 

Similar to measurements made with a helium gas flow there is a small amount of 

evidence showing that particles accelerate between a stand off distance of 1 mm and 

20 mm. In this case however, because the mass ratio is already significantly low for 

the measurements made at a stand off distance of 20 mm, no further increase in 

particle velocity is expected if the powder feed rate was reduced. 
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When considering the effect of measuring position within the plume it has been 

discussed previously, in Section 3.10.1., that no change in the measured size 

distribution was found. At a stand off distance of 20 mm a reduction in particle 

velocity was found at the extremities of the plume as shown in Figure 3.26. Similar 

results were found at a stand off distance of 1 mm (Figure 3.28). A reduction in 

particle velocity at the plume extremities may be expected due to particles 

interacting with the external environment leading to greater particle deceleration. 

Also some particles at the plume extremities may have originated from the nozzle at 

points close to the nozzle walls and therefore frictional effects may also lead to a 

reduction in their particle velocity. When carrying out measurements at a stand off 

distance of 1 mm it was found that particles were identified to be present up to 1.5 

mm from the central plume position. At a stand off distance of 20 mm this distance 

increases to 2.5 mm and is due to the diverging nature of the spray plume on leaving 

the nozzle. 

3.10.3. Particle Velocity Measurements - Titanium Powder 

Velocity measurements were made using helium and nitrogen gas at a stand off 

distance of 20 mm at a central position within the plume. The reader is reminded that 

that the powder was of an angular morphology and therefore some inaccuracy in 

particle size measured by the Oxford Lasers system may be anticipated. First the 

velocity results made using helium gas are considered. All measurements were made 

with a powder feed rate of 4 rpm (20 g min-'), giving a mass ratio of 0.05 and 0.02 

when helium and nitrogen gas are used respectively. 

3.10.3.1. Helium Gas 

As expected, an increase in particle velocity is measured with increasing gas 

stagnation pressure despite a reduction in gas pressure. Velocities up to 650 m s-1 

were measured with the titanium powder at a stagnation pressure of 29 bar as shown 

in Figure 3.30(a). Similar to the copper powder, a reduction in particle velocity is 

found for particles of approximately 10 µm or less. In the case of copper 

approximately a 200 m s-1 reduction was measured as the particle size reduced below 
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9 µm. This information may be used to improve the deposition efficiency of the 

titanium powder is these small sized particles are removed from the feedstock prior 

to spraying. With the titanium powder, the reduction in particle velocity due to 

reducing particle size is approximately 100 - 140 m s'1. A higher particle velocity is 

measured for the titanium powder compared to the copper powder. This is primarily 

due to the titanium powder being of lower density and therefore easier for it to be 

accelerated by the gas flow. Secondly the angular nature of the powder may make it 

easier to be accelerated due to a higher drag coefficient. To assess if the data created 

can be approximated as a normal distribution the data was also plotted using a 

normal probability axis. Results are shown in Figure 3.38(a). Table 3.14 shows the 

mean and standard deviation of the normal distributions that approximately match 

the measured particle velocity data. 

Standard 
Gas Type Gas 

p 
Mean 

-1 Deviation 
ressure /mS 

/ms" 
10 bar 382 105 

li H um e 
29 bar 601 102 

10 bar 292 64 
Nit rogen 

29 bar 391 56 
Table 3.14 - Mean and standard deviation of the corresponding normal distributions shown in 

Figure 3.38 for the measured particle velocities of the titanium particles. 

3.10.3.2. Nitrogen Gas 

When using a nitrogen gas flow, the particle velocity was found to be lower than 

when using helium gas. A similar particle velocity was found when increasing the 

gas pressure from 20 to 29 bar. Overall a smaller increase in particle velocity was 

found when increasing the gas pressure from 10 bar and 29 bar and using nitrogen 

gas compared to when using helium gas. At a gas pressure of 10 bar a reduction in 

particle velocity was found for particles less than 10 . tm in size. To assess if the data 

created can be approximated as a normal distribution the data was also plotted using 

a normal probability axis. Results are shown in Figure 3.38(b). The majority of the 

data closely matches a normal size distribution. The mean and standard deviation of 
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data is shown in Table 3.14. 
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Figure 3.38 - Experimental velocity data for titanium particles travelling within (a) a helium 
gas flow and (b) a nitrogen gas flow and plotted using a normal probability axis. The straight 

lines of corresponding standard normal distributions are also shown. 
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3.10.4. Particle Velocity Measurements - Nozzle II 
A final set of measurements was conducted using a larger diameter throat nozzle 

design as described in Section 3.8.2.5. In comparison to velocity measurements 

conducted with the nozzle regularly used for coating deposition, similar particle 

velocities were measured. The new nozzle was designed so that it maintained the 

same area-expansion ratio within the nozzle but twice the cross-sectional throat area. 

This means that the nozzle would theoretically attain the same gas velocity as the 

current nozzle but the mass flow rate will double. By increasing the cross-sectional 

throat area any frictional effects than may be present when using the current nozzle 

would be minimised due to a smaller proportion of the gas flow being influenced by 

the nozzle walls. Both nozzles were found to have similar particle velocities when 

using helium and nitrogen gas, as shown in Figure 3.29. It therefore is concluded that 

either frictional effects are not apparent in either nozzle design and do not prohibit 

particle velocity or the dimensions of the new nozzle were not large enough to cause 

a significant variation in any frictional effects present in the current nozzle. 

However, it should be noted that the measured particle velocities for the copper 

powder are of similar value to measurements made by other workers and identified 

in Table 3.2 and Table 3.3 previously. Therefore it is not expected that greater 

particle velocities would be attainable if further increases in the throat cross- 

sectional area were made. 

3.10.5. Particle Modelling 

Within this section comparison between output from the particle model and the 

measured particle velocities will be made. Figure 3.32(b) shows that the model 

predicts an increase in particle velocity of approximately 200 m s-' when increasing 

the helium gas stagnation pressure from 10 to 29 bar. For nitrogen gas, shown in 

Figure 3.33(b), and the same pressure increase, only approximately a 60 ms -I 

increase in particle velocity is predicted. The model therefore predicts that particles 

may be accelerated with greater efficiency using helium gas compared to nitrogen 

despite the lower gas density. Using the Oxford Lasers equipment an increase of 

particle velocity when increasing the gas stagnation pressure from 10 bar to 29 bar of 

approximately 280 m s-1 was measured when using helium gas compared to 150 ms 
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1 when using nitrogen gas. Although the values predicted by the particle model are 

higher than the measured values the same trend has been identified. 

The particle model may be regarded as calculating the maximum attainable particle 

velocity. The model calculates the particle velocity for a single particle travelling 

through the nozzle and therefore does not consider particle interactions with one 

another, the nozzle walls, frictional effects, or the effect of the external atmosphere 

on a particles velocity upon leaving the nozzle. A combination of all or some of 

these effects may be expected to reduce the particle velocity and cause it to 

decelerate. It is therefore not surprising that the model output predicts higher particle 

velocities compared to the maximum measured particle velocities, shown in Figure 

3.32(b). When copper particles and helium gas are employed, it was found that as the 

particle diameter reduced, the difference between the maximum measured particle 

velocity and the modelled particle velocity increased. This may be explained by the 

smaller sized particles decelerating at a faster rate compared to the larger sized 

particles. Therefore a greater variation between the theoretical particle velocity, the 

model output, and the actual particle velocity may be expected for small sized 

particles. In the case of copper particles and nitrogen gas, shown in Figure 3.33(b) a 

much closer resemblance between the maximum measured particle velocities and the 

model output is found. This is due to the higher density of the nitrogen gas compared 

to the helium gas and so deceleration effects within a nitrogen gas plume are not as 

prominent as those found in a helium gas plume. 

In the case of titanium similar trends were found to those identified with the copper 

powder. Higher particle velocities are predicted for the titanium powder compared to 

the copper powder. This is due to the lower density of titanium and therefore being 

easier to accelerate whilst travelling within the gas flow. When comparing the model 

output with the maximum measured particle velocities (Section 3.9.3. ), higher 

velocities are predicted by the model. This is due to the same reasons as outlined 

above for the copper powder. A further consideration is the fact that the modelling 

was carried out assuming that the titanium particles were spherical. The titanium 

particles were in fact angular and this may allow for higher particle velocities, due to 
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a larger drag coefficient and therefore a greater likelihood of momentum being 

transferred from the gas flow to the particle, as discussed previously in Section 

3.5.2.5. 

For both a copper and titanium powder the model predicts reductions in particle 

velocity with increasing particle size. Whilst this trend was also identified when 

measuring particle velocities the model fails to predict a reduction in particle 

velocities for smaller sized particles, a trend first predicted by Grujicic et al [68] and 

Schmidt et al. [47]. 

3.11. Conclusions 
Particle velocities of a copper and titanium powder have been successfully measured 

using a PIV technique and the influence of various spray parameters have been 

investigated. When helium gas and the highest stagnation pressure of 29 bar was 

used the highest particle velocities were measured for both copper and titanium 

powders. Whilst it is difficult to compare results with other workers, due to different 

nozzle designs and spray parameters, results for the spherical copper powder were 

found to be of similar magnitude to those measured by other workers. 

Advantageously, the PIV equipment employed for this project allowed simultaneous 

measurement of particle size and particle velocity. Comparison of the size 

distribution measured by the PIV system has been found to be comparable to other 

particle size measuring techniques and has been successfully shown to be 

approximated by a log-normal distribution. 

In the case of copper powder and using helium gas it was found that particle velocity 

generally decreased for particles of less than 9 µm in diameter at a stand off distance 

of 1 mm and 20 mm. Whilst this can not be explained by deceleration effects upon 

leaving the nozzle, it is attributed to particles of small diameter not attaining higher 

velocities than larger sized particles whilst travelling within the nozzle. 
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A nozzle of twice the throat area to that conventionally used for depositions was 

employed to investigate its effect on particle velocity. Whilst this nozzle would 

theoretically provide identical gas velocities and pressures, it would limit the 

influence of the nozzle walls and their subsequent interaction with the gas flow and 

particles such as boundary layers and frictional effects. Similar particle velocities 

were measured for both nozzle designs indicating that both nozzle designs do not 

suffer from frictional effects due to interaction between the gas flow and the nozzle 

walls. Alternatively both nozzles suffer from similar frictional effects and so an even 

larger nozzle throat diameter should be used to prove this theory. 

When comparing the model output to the maximum measured particle velocities, 

higher particle velocities were consistently predicted by the particle model. This is 

not surprising as the model does not consider particles interacting with themselves 

and the external atmosphere that may lead to particle deceleration. The model failed 

to predict lower particle velocities for small sized particles that were measured with 

the copper powder and a helium gas flow. These discrepancies between the model 

and those measured may be explained by the simplistic nature of the model. 
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Chapter 4- Substrate and Coating 

Characterisation 

4.1. Introduction 

The following chapter concentrates on the characterisation of the substrates used and 

the cold spray coatings produced during this project. Firstly, the process materials 

routinely used for cold spraying and the current state of cold spraying technology is 

described. The particle impact velocity is required to be greater than a critical 

velocity for coating build up to occur. This chapter describes the bonding 

mechanisms expected to occur within cold spray deposits, when particles exceed 

their critical velocity. It is found that spray parameters, nozzle design and powder 

types affect the mechanical properties of the coating due to variation in the particle 

impact velocities. An overview of the mechanical properties of cold spray coatings is 

made by discussing the mechanical properties of coatings produced from a range of 

materials, including titanium (the main scope of this project). 

To gain a fuller understanding of cold spray coatings in general some work was also 

undertaken using aluminium and copper coatings. Also, when assessing titanium 

cold spray coatings it is useful to compare them to a competing spray process used to 

produce titanium coatings. Therefore some experimental work was repeated using 

titanium coatings produced by a shrouded arc process. Many experimental methods 

were used to mechanically test the coatings deposited and included hardness, 

stiffness, fatigue, bond and residual stress testing. Each of these methods employed 

are described within this chapter. Finally the experimental results are discussed and 

comparisons to results from previous workers are made. 

4.2. Materials for Cold Spraying 

The following section will highlight the characteristics of typical substrate and 

powder materials that have been used successfully in cold spraying by other workers. 
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4.2.1. Substrate Material 

For cold spraying, many materials have been used as a substrate successfully 

including aluminium, steel, titanium and copper [45,48,53,59,65,78,82-88]. To 

aid coating formation it is preferential to choose substrate materials that do not have 

a tenacious oxide layer. Substrates are frequently ground or grit blasted immediately 

prior to spraying to increase the substrate surface area and to partially remove some 

of the unwanted oxide layers. 

The current work primarily concentrates on spraying on to a titanium alloy 
(Ti6A14V) as used for biomedical applications. Generally the surface is 

cleaned/degreased and either left in the as received state or grit blasted prior to 

spraying. 

The Ti6A14V microstructure is generally either lamellar or equiaxed and these are 

generated by differing thermomechanical treatments. The various microstructures 
have a strong influence on the mechanical behaviour of Ti6A14V. Table 4.1 

summarises qualitatively the effect of phase size and arrangement on selected 

mechanical properties of titanium alloys. For example, fine scale microstructures 

increase the strength and ductility of the material. Coarser microstructures are 

generally found to have increased fracture toughness and creep strength. Equiaxed 

microstructures are found to have high ductility and strength. In the case of fatigue 

properties, the resistance to fatigue crack initiation decreases with coarsening of the 

microstructure, i. e., a fine equiaxed microstructure will have the greatest effect of 

preventing fatigue crack initiation. However, for the second stage of fatigue damage, 

a coarse lamellar microstructure is found to show a more favourable rate of fatigue 

crack propagation. Therefore it is inherently difficult for both the fatigue crack 

initiation and crack propagation properties of a titanium alloy to be optimised at the 

same time [89]. 

Figure 4.1 is a schematic of the phase diagram for Ti6A14V. It shows how, at room 

temperature Ti6A14V, is a two-phase alloy and above temperatures of approximately 

1000 °C changes to a single 3 phase alloy. 
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Fine Coarse Property Lamellar E uiaxed 
- - Elastic Modulus - +/- (texture) 
+ - Strength - + 
+ - Ductility + 

+ Fracture Toughness + - 
+ - Fatigue Crack Initiation - + 

- + Fatigue Crack Propagation + - 
- + Creep Strength + - 
+ - Superplasticity - + 
+ - Oxidation Behaviour + - 

Table 4.1 - Table shows qualitatively how the size of phases (comparison of fine and coarse 
microstructures) and arrangement of phases (comparison between lamellar and equiaxed 

microstructures) influence selected mechanical properties of titanium alloys 1891. 

02 46 8 10 12 14 16 18 

Ti-öAl Vanadium Content in wt. % 

Figure 4.1 - Schematic of the Ti6A14V phase diagram. NIS - hfarternsite start 1891. 

4.2.2. Deposited Material 

The cold spraying process favours the successful deposition of metal powders as 

opposed to ceramics and polymers. This is due to the process relying on plastic 

deformation of the powder to create the build up of a coating onto the substrate. 

Aluminium, copper, nickel, titanium and steel have all been successfully sprayed 

using cold spraying [59]. 
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The density of the particles is of importance. Particles of high density will accelerate 

more slowly when travelling along the nozzle compared to less dense materials. 

Therefore the cold spraying process is not suitable for very dense materials such as 

tungsten [42]. Modelling has been carried out previously to investigate the role of 

material properties, for example density and yield strength, on deposition efficiency 

and the reader is referred to Sections 4.3. and 4.4. for a greater explanation of 

findings. 

4.2.3. Particle Size Distribution 

Powders to be sprayed are generally of the region of 10µm to 60µm in diameter. 

Smaller particle sizes are more expensive to produce, and difficult to handle due to 

health and safety risks such as inhalation of the fine powder [87]. Smaller particle 

sizes in practice can be more difficult to feed and this often limits the minimum 

particle size that can be sprayed [70]. The velocity that the particle must exceed for 

bonding to occur, the critical velocity, is found to reduce also with increasing 

particle diameter and this is discussed in further detail in Section 4.5. Work by 

Schmidt et al. [47] shows that a reduction of approximately 200 ms -I in the critical 

velocity is measured when a particle is increased in size from 25 pm to 2 mm in 

diameter. Tests were conducted using aluminium and copper. 

4.3. Deposition Efficiency 
The deposition efficiency refers to the ratio of the weight of the deposited coating 

(the weight gain of the substrate prior to spraying) and the powder feed rate [70]. 

The deposition efficiency is dependent on the particle impact velocity, particle 

material, size and shape, substrate material and surface finish. Deposition 

efficiencies of 65%-90% have been observed for CGDS for a range of gas types, 

spray materials and substrates [45,47,70]. Lower deposition efficiencies have been 

measured when using experimental materials or parameters not optimised for the 

cold spray process. For example, Shin et al. [90] found deposition efficiencies as low 

as 20 % for tungsten within a tungsten-copper blended powder. Pre-heating of the 

powder was found to increase the deposition efficiency of the tungsten to nearly 70 

% and the author suggests that this is due to enhanced thermal softening, required to 
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improve bonding between particles. When spraying a thermoplastic powder by cold 

spraying, deposition efficiencies as low as 0.5 % have been measured [91]. The 

authors did not know why such low deposition efficiencies were measured but 

suggest that it is most likely due to either weak adhesion between particles or that 

erosion of the coating readily occurs due to further impinging particles at impact 

velocities greater than its critical velocity. 

Particle impact velocities must exceed a particle critical velocity for deposition to 

occur and this is desribed in further detail in Section 4.5. The effect of critical 

velocity on the deposition efficiency has been successfully modelled by C. J. Li et al. 

[92] for a copper powder deposited by helium or nitrogen gas at a pressure of 2 MPa 

and a temperature of 340 °C. This is based on calculation of the particle deposition 

efficiency as a function of particle size distribution. Results are shown in Figure 4.2. 

Higher deposition efficiencies are predicted when helium gas is used rather than 

nitrogen because of the higher particle impact velocity associated with helium gas 

but in both cases a reduction in deposition efficiency is found for systems with 

higher particle critical velocities. For systems with higher critical velocities it will 

become increasingly harder for the particle impact velocity to exceed the critical 

velocity. As the particle impact velocity and critical velocity become similar, the 

deposition efficiency is expected to reduce as there is a greater likelihood of bonding 

between particles not occurring. One example of when this may occur is shown in 

Figure 3.6; as the particle diameter increases, its impact velocity will decrease and 

approach the critical velocity. Particle impact velocities can also be reduced to 

values close to or below the required critical velocity due to low gas pressure, sub- 

optimal stand off distance and/or incorrect powder size distribution. A low gas 

pressure will mean that there is insufficient kinetic energy within the gas now to 

accelerate the particles. A sub-optimal stand off distance, usually too large, will 

allow the particles to decelerate whilst travelling between the nozzle and substrate. 

Finally an incorrect powder size distribution will either consist of particles that are 

too small and too light and therefore decelerate quickly upon leaving the nozzle or 

too large so that they weigh too much to be accelerated efficiently within the nozzle. 

These process variables have been discussed in more detail previously in Section 

3.5.2. 
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Low deposition efficiencies can also be expected if the particle diameter is too small 

and therefore a fast rate of heat transfer over the particle volume prevents the 

localised particle temperature from being sufficiently high for shear instabilities to 

occur [47,93]. Additionally, it may be expected that if a powder is chosen which has 

an oxide layer that is difficult to break down, there is greater likelihood of shear 

instabilities and bonding between particles not occurring and so the deposition 

efficiency will reduce. 
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Figure 4.2 - Effect of critical velocity on the deposition efficiency of a copper powder when 
utilising helium or nitrogen gases operated at a run-time pressure of 2 NIPa and temperature of 

340 °C 1921. 

4.4. Bonding Mechanisms 
For particles to adhere to the substrate in CGDS, it is widely recognised that they 

must have an impact velocity in excess of a critical velocity [47]. Particle velocity is 

a function of many spray parameters, for example; gas pressure, temperature, powder 
feed rate, nozzle dimensions, stand off distance and powder material. At low impact 

velocities, particles are unable to adhere to the substrate due to insufficient kinetic 

energy. Instead they will rebound from and possibly deform the substrate similar to a 

sand blasting process [43,47,49-52]. As the particle velocity increases, the amount 

of deformation and erosion to the substrate will increase leading to a breakdown of 

the oxide layers on the substrate; this has been observed by analysis of craters 

produced on the substrate surface after spraying [50,85,93]. Eventually particle 

velocities will exceed a critical velocity required for bonding between the substrate 
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and impinging particles to occur. Methods to estimate the particle critical velocity 

are described in Section 4.5. 

There are various mechanisms suggested within the literature that explain the 

bonding mechanisms operating. These include mechanical interlocking between 

substrate and particles on impact and bonding due to the creation of Van der Waals 

forces between particles [50]. However, the adhesive strength of cold spray deposits 

is considerably higher than that expected of van der Waals forces. It is now widely 

agreed that for coating formation to occur there must be sufficient plastic 

deformation to the impinging particle themselves during substrate-coating bonding 

[47,50-52,55,68,83,85,87,93] and, as such, the yield stress of the particle must 

be exceeded upon impact [93]. On impact, a strong pressure field propagates 

spherically into the particle and substrate from the point of contact as shown by 

Figure 4.3(a). This pressure wave is believed to deform the grain structure within the 

particle. Evidence of this phenomenon has been found by etching an aluminium 

deposit as shown in Figure 4.4 [84]. 

Figure 4.3 - Pressure field during impact (a), and jetting (b) 1471. 

The initial removal of oxide layers of the substrate allows further impinging particles 

to adhere to the newly-exposed metal surfaces [55]. On impact of further impinging 

particles, high plastic strain rates of the materials are observed which can result in 

shear instabilities and significant softening of the material surrounding the impact 

zone due to adiabatic heating [47,48,50-52,54,55,85,88,93,94]. This leads to 

lateral viscous flow of the particle and an increase in the local material temperature 

close to its melting point. Solid-state jets of metal are extruded from the interface 

between the particle and the material which is being impacted as shown 
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schematically by Figure 4.3(b) [47,51,93]. Topographical evidence of metal jetting 

occurring on impact has been found by Assadi et al. [93] when investigating copper 

particles impacting a copper substrate as shown in Figure 4.5. The bonding process 

results in removal of surface oxide layers, allowing true metal to metal contact and a 

bond to form between these surfaces [47,51,55,68,93-95]. Impinging particles will 

additionally cause consolidation of any already deposited material, thus reducing 

voids and porosity within the coating. 

Figure 4.4 - (a) SE image sho%%ing aluminium particle impact. Deformation of grain structure 
within the particle perpendicular to impact direction at the leading edge may be identified. )b) 

Grain structure of particle is compressed between pre-deposited material on impact 1841. 

ý In P, ý'rý 

Figure 4.5 - Scanning electron micrograph of a copper particle impacting a copper substrate. 
Evidence of metal jetting can be seen 1931. 

Modelling of the bonding process has been carried out to further increase the 

understanding of the operative mechanisms. I Iigh strain rates and large temperature 

increases have been found for particles impacting at speeds in excess of the critical 

velocity [47,52,93]. It has been found that the particle size will affect the amount of 

localised deformation and temperature increase. Schmidt et al. [47] modelled local 

shear and temperature variations within particles on impact and allowed the 
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occurrence of shear instabilities to be analysed for typical particle diameters (5 - 50 

µm) and impact velocities (400 - 600 in s-1) as shown in Figure 4.6. A critical 

particle diameter required for shear instabilities to occur was found. Below this 

critical diameter (< 5 µm) the maximum local temperature is insufficient due to a 

fast rate of heat transfer over the particle volume and therefore shear instabilities are 

prevented from occurring. As the particle diameter increases, the cooling rate 

decreases and therefore an increase in the localised temperature can be expected. The 

interfaces are therefore exposed to higher temperatures for longer time periods and 

therefore a greater likelihood of bonding between the particles can he expected. 

Therefore for any given powder an increasingly stronger bond between splats is 

expected with increasing particle size for a given impact velocity. 
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Figure 4.6 - Evolution of the local temperature for (a) 5µm (b) 15 µm (c) 25 luu and (d) 50 µm 
copper particle for different impact velocities 1471. 



Tun Price Chapter 4- Substrate und Coating Characterisation 

Schmidt et al. [47] generated the following equation for estimating the minimum 

particle diameter required for allowing shear instabilities to occur for a given particle 

impact velocity: 

ý, 
A 

a,.,.,, = JO 
Cp' PI) ' «,, 

(Eq. 4.1) 

where d.,.,, is the critical particle diameter, )y, is the thermal conductivity of the 

particles, c,, the specific heat of the particle, p,, the particle density and u,, the velocity 

of the particle. Figure 4.7 shows the minimum particle diameter for localised 

adiabatic straining to occur on impact for various materials using equation 4.1. 

Materials of high thermal conductivity require larger particle diameters to promote 

bonding between the particles. 

Figure 4.7 - Minimum particle diameter for localised adiabatic straining during impact 
calculated for different materials with Eq. 4.1 1471. 

The work by Schmidt et al. [47] only considers single particle impacts. Assadi et al. 

[93] have briefly considered the interaction between multiple spherical particles 

impacting a surface. It was found that previous particle impacts to a substrate do 

affect the shear instabilities generated in further impinging particles. Additionally the 

strain and temperature distribution at the particle-particle impact interface Was found 

to be inhomogeneous; they suggested that this would indicate that bonding may be 

confined to a fraction of the interacting surfaces. This could be potentially due to 

oxide layers not being removed on particle impact. When modelling particle impact, 

whilst shear and temperature effects can easily be considered, the role of surface 
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oxides in modifying interface interactions has not been addressed (even though its 

role is widely recognised) [47]. 

Examination of the bonding mechanisms operating during cold spraying has also 

been carried out by examination of the interfaces formed between splats. A range of 

techniques have been employed to determine whether oxide free boundaries do 

indeed exist [44,53,55,84,88,96]. A number of authors have reported 

metallographic studies using scanning and transmission electron microscopy and 

have shown that, although particles appear well bonded, interparticle defects do exist 

in the form of voids, pores and sub-micron oxide layers. There has also been 

evidence presented for the presence of surface oxides ruptured during deposition. 

Etching of the coating microstructure, to highlight the defects surrounding individual 

particles, has been carried out on aluminium [55,84] and copper [88] cold sprayed 

coatings. Stoltenhoff et al. [88] used this approach, combined with image analysis, to 

estimate the degree of metal-to-metal contact between splats for deposits sprayed 

with nitrogen and helium gases. For particles sprayed with helium gas (and therefore 

an expected higher impact velocity), 75% of interfaces were found to show metallic 

bonding compared to 30 to 35 % for deposits sprayed with nitrogen gas. They also 

showed that the amount of deformation that occured was non-uniform within the 

particle and was predominantly found close to surfaces that are impacted by further 

impinging particles. Whilst this etching technique provides useful insight, control of 

the etching behaviour to obtain reproducible results is very difficult. 

The nature of the oxide layers between individual particles in aluminium, copper and 

nickel deposits has also been analysed using transmission electron microscopy [44, 

53,96]. It was found that at inter-particle boundaries, oxides were identified that 

appeared to have originated from the original powder. Although evidence of ruptured 

surface oxides was found, which allowed true metal-to-metal contact to occur at 

points along particle interfaces, true metal to metal bonding was incomplete [96]. For 

example, Figure 4.8, shows evidence of an oxide layer only forming at some points 

along the aluminium splat interfaces. No attempt was made to explain why surface 

oxides ruptured at some interfaces and not others. Further physical analysis of splat 

interfaces and modelling of the surface topography, particle interactions and their 
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effect on bonding mechanisms is required for a fuller understanding of the bonding 

mechanisms that occur within cold spray coatings. 

Figure 4.8 - Transmission electron microscopy image of an aluminium deposit showing 
evidence of oxide layers at a splat interface 1961. 

4.5. Particle Critical Velocity 

The cold spray process relies on the correct process variables to ensure that the 

impact velocity of the particle is greater than the critical velocity. Knowledge of the 

particle impact velocities allow the critical particle velocity to he calculated if the 

particle impact velocity as a function of size and the deposition efficiency tier a 

particular powder and substrate combination are known. It is assumed that only 

particles exceeding the critical velocity can deposit on the substrate and that the 

critical velocity is independent of particle size. Plotting the deposition efficiency on 

to a cumulative volume% plot of particle velocities allows the critical velocity to he 

found as shown schematically in Figure 4.9. A decrease in the critical velocity 

required for bonding to occur will lead to increased coating deposition efficiency. 
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Figure 4.9 - Schematic of how to calculate the critical velocity for a known particle deposition 
efficiency and velocity distribution. 

By using these derived critical velocities as reference conditions, it is possible by 

numerical analysis to predict the critical velocity for a range of powder materials and 

process parameters to develop equations that estimate the critical velocity for a 

powder [47,93]. Work by Assadi et al. [93] used finite element analysis modelling 

to estimate the critical velocity for a copper powder. The following equation was 

derived for calculating a materials critical velocity: 

u, = 667 - l4pp + 0.08T, 
� + 0. lc,, - 04T, (Eq. 4.2) 

Where u, is the critical velocity (m s'1), pp is the particle density (g cm"3), Ou is the 

particle ultimate strength (MPa) and T, � and T; are the particle melting and impact 

temperatures (°C) respectively. Equation 4.2 allows the effect of changes of the 

particle properties (density, ultimate strength, melting temperature etc) on critical 

velocity to be predicted. It is shown that the ultimate strength and melting 

temperature of the particle has a smaller influence on the critical velocity than the 

particle density and impact temperature. Equation 4.2 was originally derived for 

copper; however it is also valid for calculating the critical velocity of other materials 

if there are only small changes in the particle properties. For large deviations from 

the copper reference condition, for example from copper to tin, less accuracy in the 

critical velocity can be expected. However the simplicity of equation 4.2 makes it 

easy to evaluate various materials and their applicability for cold spraying. 
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Schmidt et al. [47] worked to improve the accuracy of Assadi's equation (Equation 

4.2). Their aim was to develop simple equations, which predict impact dynamic 

effects, such as particle bonding or erosion, based on available materials data. It is 

assumed that particle and substrate materials as well as initial temperatures are 

identical. Impact dynamic effects are determined by the relationships of the 

interaction between material strength and dynamic load [47]. The tensile strength of 

the particle and the Johnson-Cook equation for thermal softening are used to 

represent the temperature-dependent strength of the material and a ballistic 

expression is used for characterising the dynamic load. Comparisons between 

Assadi's equation, equation 4.2, and Schmidt's equation are shown in Figure 4.10. 

Figure 4.10 highlights the point that drastically different critical velocities are 

calculated by Assadi's equation when a material is analysed that has significantly 

different properties to the reference material copper; for example tin with a 

significantly lower melting temperature or tantalum with a significantly higher 

density. 
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Figure 4.10 - Comparison of calculated critical velocities for 25 µm particles at room 
temperature by Assadi's equation (Eq. 4.2) and Schmidt's equation 1471. 

Figure 4.10 also only shows the respective critical velocities required for material 

deposition and not whether these velocities can be achieved by the powder and the 

cold spray process. For example tantalum is estimated to require a relatively low 

OAssadi Eq. (Eq. 4.2) 
Schmidt Ea. 

Ii 

- 116 - 



Tim Price Chapter 4- Substrate and Coating Characterisation 

critical velocity of less than 500 m s'. However, in practice due to the high particle 

density, it is often difficult to transfer the kinetic energy from the gas flow to the 

tantalum particle and accelerate it to a velocity greater than its critical velocity. 

Critical particle velocities of Cu, Fe, Ni, Al and Ti has been experimentally 

measured to be approximately 540-580,620-640,630-690,660-700 and 680-750 m 

s"' respectively [44-48]. Generally, the lower the materials particle critical velocity 

the more suitable the material is for deposition. 

Both Assadi's and Schmidt's work does not take into consideration the particle 

diameter and it has been suggested that this may influence the critical and impact 

velocities [47,55,68,87]. Schmidt et al. [47] developed new equations and these 

were analysed numerically; they allowed the effect of particle size on the critical and 

impact velocity of a copper particle to be shown schematically, shown by Figure 3.6. 

Figure 3.6 shows that the critical velocity increases as the particle diameter 

decreases. This is primarily due to greater levels of particle deformation and greater 

likelihood of oxide layers fracturing on impact occurring for larger sized particles 

and therefore less kinetic energy, and therefore a lower critical velocity, is required 

for a metallurgical bond to form between the deposit and impinging particles as 

described in the previous section [47,55]. 

For deposition to occur, the impact velocity must be higher than the critical velocity. 

As shown by Figure 3.6 there is an optimum particle size range where the impact 

velocity is greater than the critical velocity and here particle deposition can be 

expected. A larger difference between the impact and critical velocity increases the 

likelihood of bond formation between particles. As the particle size increases the 

critical velocity approaches the impact velocity due to slower acceleration of the 

particle as its mass increases [68]. As the average impact velocity approaches the 

critical velocity, there is a greater likelihood of particles not bonding to form a 

coating and therefore coatings of increasing porosity and weaker bonding interfaces 

are expected to form. 
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4.6. Mechanical Properties 
This section summarises the mechanical properties of cold spray coatings measured 

by previous workers. The section concentrates on mechanical properties that will 

also be measured during this study. To allow comparison between materials 

routinely deposited by cold spraying and corresponding bulk materials, Table 4.2 

shows the mechanical properties of the bulk materials and the data for this is taken 

from the Metals Handbook [13]. Examples of typical physical and mechanical 

properties observed in cold spray deposits are given in Table 4.3. Available spray 

parameters have also been added so their influence on the deposits' mechanical 

properties may be observed. It must be noted that it is difficult to compare absolute 

values of mechanical properties between workers due to the variation in spray 

parameters, powder types, and nozzle designs. However it is anticipated that similar 

trends should be found by different workers and these will be identified. 

Material Modulus / GPa Hardness / kgf MM-2 
Al 67 20 - 23 
Cu 128 60 
Fe 211 61 
Ti 120 200 - 265 

Table 4.2 - Mechanical properties of bulk materials typically cold sprayed supplied by the 
Metals Handbook [13]. Hardness values are given for the annealed state. 
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4.6.1. Coating Hardness 

For aluminium [97], iron [54], copper [99] and titanium [78] coatings, an increase in 

coating hardness has been found with increasing particle impact velocity. This is 

expected as the higher impact velocity will lead to a greater amount of bonding 

between splats, compaction within the deposit and higher dislocation density 

throughout the microstructure [97,99]. By comparing hardness values of cold spray 

deposits in Table 4.3 with hardness values of corresponding annealed bulk materials 

in Table 4.2, it can be seen that the hardness values of cold spray deposits are higher 

than those of the bulk material for aluminium, copper and iron. This is generally 

attributed to the fine grain size or high levels of dislocation density occurring on 

particle impact. For titanium, the hardness of the cold sprayed deposits is less than 

the bulk material and in this case is due to a greater level of porosity and defects 

within the coating. The significant cold working that occurs during cold spray 

coating deposition is expected to contribute greatly to the high hardness values 

routinely found within cold spray deposits. 

4.6.2. Coating Porosity 

Table 4.3 shows that cold spray deposits generally exhibit relatively low coating 

porosities, typically less than 10%. Low porosity values are found due to the high 

levels of particle deformation on impact. This allows the majority of voids and pores 

within the deposit to be filled or reduced. Particles of higher impact velocity will 

deform to a greater extent and therefore help to create a denser deposit with less 

voids and defects. This was shown by Van Steenkiste et al. [100] when measuring 

the porosity of tantalum coatings produced by two nozzle designs with different 

expansion ratios. The nozzle that was predicted to have the higher particle impact 

velocity, due to the higher expansion ratio (as shown in Table 4.3), had the lowest 

porosity volume fraction. The authors argue that a lower particle impact velocity 

translates into a reduction of the particle's kinetic energy with subsequently reduced 

deformation and void reduction, resulting in increased porosity. By heating the 

helium gas flow from 204 °C to 427 °C, further increases in the particle impact 

velocity were predicted, but only minimal variations in the coating porosity were 

measured that may be within the error of the measuring technique. This suggests that 
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either i) once the particle velocity is sufficiently high and greater than the critical 

velocity for bonding and void reduction to occur, further reduction in porosity by 

increasing the particle impact velocity does not occur, or ii), that the increase in gas 

temperature from 204 °C to 427 °C did not provide sufficient increase in particle 

impact velocity for void reduction to be observed. 

Table 4.3 shows that coatings produced from a high density powder, for example 

copper or iron, generally exhibit lower porosities than those produced from a low 

density powder such as aluminium or titanium. Van Steenkiste et al. [54] found that 

the porosity levels of an aluminium deposit varied, depending on the position within 

the plume that the coating was created from. Porosity levels were found to be at their 

lowest at points where the deposit was created from the central part of the plume and 

increased when created from the extremities of the gas plume. Van Steenkiste et al. 

[54] suggest that this is due to the smaller and lighter aluminium particles being 

swept to the edges of the plume and where the particle impacts are smaller. Lower 

particle impact velocities are found at the plume extremities because of frictional 

effects from the nozzle walls and a greater amount of deceleration of the gas velocity 

due to its interaction with the surrounding atmosphere on leaving the nozzle. 

Particles of higher density, expected to be found in the centre of the plume, have 

greater momentum on impact and therefore consolidation of defects within the 

coating may occur leading to a reduction in coating porosity. 

4.6.3. Coating Stiffness 

It has been recognised that one of the important mechanical properties of deposits is 

the Young's modulus and a number of techniques have been employed previously to 

measure it. Table 4.4 summarises data available from the literature for cold sprayed 

and thermally sprayed coatings (along with the test method employed to measure the 

coating modulus) [53,55,73,82,104-108]. Alongside the actual measured coating 

modulus, E, the ratio of the coating modulus to a typically quoted Young's modulus 

of the equivalent bulk material, Eb, is also shown (termed the modulus ratio). If 

measured Young's modulus values for the bulk material are unavailable from the 

literature, then values obtained from the Metals Handbook have been used [13]. One 
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of the striking features is that the modulus ratio of cold spray deposits is usually 

much less than unity. This is found to be the case irrespective of whether 

measurements were made by a bulk measurement technique (e. g. beam bending) or a 

localised indentation method. In the work by Sampath et at. [73], in which the 

modulus of a single material was measured following deposition by different spray 

processes, cold spraying was found, surprisingly, to give the lowest modulus ratio 

despite the apparently low porosity and low oxide content of the deposit. 

This difference between the modulus of a bulk material and that of a sprayed coating 

of the same material has generally been attributed, in qualitative terms, to defects 

within the coating [105,106,108]. These defects include pores, poorly bonded splats 

and a poorly bonded interface between the coating and the substrate (for 

measurements of the modulus which involve deformation of a coating-substrate 

system where interfacial shear is present). On application of a load, these pores have 

zero stiffness and will therefore lead to a reduction in the overall stiffness of the 

coating. Poor bonding between splats and between the coating and substrate will also 

allow easier deformation of the system under a given stress (either in shear or 

tension), resulting in a lower recorded value of Young's modulus. 

Qualitatively the effect of inclusions or pores within composites, coatings and 

foamed metals has previously been modelled by Eshelby or modified-Eshelby model 

analysis [104,109-115]. The Eshelby model was originally derived in the 1950's and 

allowed the elastic strain field of an ellipsoidal inclusion to be determined [114, 

115]. The model is based upon the fact that an ellipsoid of any aspect ratio has a 

uniform stress at all points within it, and thus the variation of a uniform stress field 

in a material can be determined when it is disturbed by an ellipsoidal inclusion. This 

allows the stress due to the inclusion to be calculated without analysing the 

complicated form of the stress field matrix. To ease the calculation, the technique 

replaces the actual inclusion by one of the matrix material, which has an appropriate 

misfit strain such that the stress field is the same as that observed in the actual 

inclusion [116]. 
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Young's Young's 

Coating Spray Modulus Modulus of Modulus 
Test Method of Bulk Ratio Ref. Material Method Coating Material (Ec / Eb) 

E, / GPa Eb) / GPa 
Ti CGDS Indentation -23 120 * 0.19 [82] 
Ti CGDS 4PB 20 107 0.19 [107] 

Cu CGDS Composite 108 f9 126 0.84 [53] Cantiliever 

Al CGDS Tensile 31 69 - 72 0.43- [55] 
0.45 

Al APS 3PB 30 71 0.42 [104] 
Al WA Indentation 24 ± 10 67 * 0.36 105 

Ni APS / VPS 3PB 55 - 80 200 0'28 [104] 0.40 

IN625 APS 4PB 40 - 150 214 0.19- [108] 0.70 
Ni-5 APS Indentation 83 ±5 207 * 0.40 [73] 

wt. % Al 
Ni-5 TWA Indentation 110 ± 23 207 * 0.53 [73] 

wt. % Al 

Ni-5 HVOF Indentation 178 ± 10 207 * 0.86 [73] 
wt. % Al 

Ni-5 CGDS Indentation 58 ±7 207 * 0.28 [73] 
wt. % Al 

Mo APS / VPS 3PB 80 - 130 325 0'25 [104] 0.40 
Zr02 APS Indentation 35 190 0.18 106 

Table 4.4 - Young's modulus values reported in the literature for cold and thermally sprayed 
coatings. Values for the Young's modulus of bulk materials used in the literature are shown (if 

not cited, values are taken from the Metals Handbook 1131 and indicated by an asterisk). For 
Ni-5 wt. % Al, the Young's modulus of bulk nickel is used. (CGDS - cold gas dynamic spray; 

APS - atmospheric plasma spray; WA - Wire Arc; VPS - vacuum plasma spray; TWA - 
transferred wire arc; 4PB - four point bend technique; 3PB - three point bend technique). 

The Eshelby equivalent homogeneous inclusion model has been used for thermally 

sprayed coatings to assess the effect of porosity content and aspect ratio on the 

coating stiffness [104]. The aspect ratio of a pore is defined as the width (x) divided 

by the length (y) as shown in Figure 4.11 where x is taken parallel to the coating- 

substrate interface and y is perpendicular to it. It was found that with an increasing 

content of spherical pores (an ellipse with an aspect ratio of 1), only a relatively 

small reduction in the coating modulus was observed. However, with a pore aspect 

ratio of approximately 0.01, a greater and more significant reduction of the coating 

modulus is predicted. This approach to modelling the elastic behaviour of a coating 

-124- 



Tim Price Chapter 4- Sahst, ate and ('uatin gC haract, i. euti I 

was justified on the basis that through thickness cracks and weak intersplat bonds 

could be modelled as ellipses with low aspect ratio. Although the modulus ratios of 

several cold sprayed coatings have been determined (Table 4.4) the reasons fir the 

low modulus values in these types of deposits have not yet been explored. 

Figure 4.11 -The aspect ratio of a given pore is defined as the width (x) divided in the height 
(y) relative to the coating and substrate. 

4.6.4. Coating Bond Strength 

Typical cold spray coating bond strengths vary from between 5 MPa and 70 MPa 

and are heavily dependent on the spray parameters, powder material, substrate 

material and substrate surface finish as shown in Table 4.3. Bond strength is 

normally tested by using resin to attach a stud to the top surface of the coating and 

pulling the stud away from the coating-substrate interface as explained in Section 

4.8.7.1. For some cold spray coatings there is some degree of uncertainty of bond 

strength because the coating bond strength is sometimes found to he in excess of that 

of the resin. For example Van Steenkiste et al. [54] tested the bond strength of 

aluminium, copper and iron deposits on a range of substrates including aluminium, 

brass, copper and steel. In the vast majority of cases the bond between coating and 

substrate remained and resin failure occurred at between 68 MPa and 82 MPa. 

Spray parameters such as gas type and gas pressure are expected to influence the 

coating bond strength indirectly due to their influence on particle velocity. 

Stoltenhoff et al. [88] produced copper deposits using helium and nitrogen as the 

main gas type. When using steel as the substrate material, the bond strength 
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increased substantially from 10 MPa when using nitrogen to 57 MPa when using 

helium as the main gas type. Marrocco et al. [65] found an increase in bond strength 

from 20 MPa to 24 MPa for titanium deposits when increasing the gas stagnation 

pressure from 15 bar to 29 bar. Increase in bond strength due to variation in gas type 

and pressure can be attributed to the higher impact velocities expected and therefore 

greater levels of particle deformation and bonding on impact when using helium. 

Van Steenkiste et al. [100] found an increase in the bond strength of tantalum 

coatings on to brass when the particle exit velocity was increased by using a nozzle 

of higher area expansion ratio. In some cases epoxy failure at 79 MPa occurred, 

indicating that the actual bond strength of the tantalum coatings was higher than this 

measured value. 

The effect of substrate surface finish on bond strength has been determined for 

titanium coatings deposited onto a Ti6A14V substrate [65]. A significant reduction in 

bond strength from 22 MPa to 8 MPa was found for a grit blasted surface finish 

compared to a polished or ground surface finish. Similar results were found by Wu et 

al. [102] when depositing an Al-Si powder onto mild steel. The lower bond strength 

values observed for a grit blasted substrate surface finish were attributed to work 

hardening of the substrate during grit blasting, which decreases the level of 

deformation of the substrate on initial particle impact. Such a reduction in substrate 

deformation makes it harder for particles to adhere to the substrate. 

In the case of titanium deposits, minimal variation in the bond strength was found 

when using two powders of different size distribution (+5 -25 µm and +5 -45 µm) 

and the same spray parameters [65]. 

4.6.5. Fatigue 

High cycle fatigue can be tested in laboratory conditions using a rotating-beam 

fatigue machine. This method applies a cyclic load to the sample at a frequency of 

approximately 50 Hz as recommended by the relevant British Standard [117]. An 

idealised situation is created and a completely reversed cycle of stress of sinusoidal 
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form is created (ie. compressive and tensile forces exerted on the sample are equal 

and therefore the stress ratio, R, equals -1). Tensile stresses are considered positive, 

and compressive stresses are negative. Samples are tested until failure and the stress 

required for the sample to fail for a known number of cycles is recorded. 

Ti6Al4V has been subjected to previous fatigue testing by many workers [14,118- 

120]. Figure 4.12 shows the influence of the a grain size on fatigue endurance limit 

for a Ti6Al4V microstructure. It is found that with increasing grain size the fatigue 

endurance limit reduces. For equiaxed microstructures, fatigue cracks nucleate along 

slip bands within a grains and therefore the greater number of grain boundaries 

found when there is a small a grain size prevents crack initiation from occurring [ 12, 

120]. Another important parameter is the surface finish and residual stress of the 

Ti6Al4V fatigue sample. Modifications of the surface finish will often modify the 

surface roughness, degree of cold work or dislocation density at the sample surface 

and the residual stresses of the sample. Compressive residual stresses at the sample 

surface are very favourable as they prevent fatigue microcrack propagation. 
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Figure 4.12 - Influence of a grain size (equiaxed microstructure) on the high cycle fatigue 
behaviour (R=1) of Ti6A14V 11201. 

Surface finish can also change the nature of surface stress raisers which could act as 

sites for fatigue cracks to initiate as shown in Figure 4.13. The shot peening (SP) 

process is shown to increase the fatigue endurance limit from that observed for an 

electro-polished (EP) surface finish. This is due to compressive residual stresses 

formed at the sample surface from the shot peening process. Shot peening and stress 
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relieving (SP + SR) at 600 °C for one hour causes further reductions in the fatigue 

endurance limit due to the removal of the compressive residual stresses and also the 

increased surface roughness increases the number of nucleation sites for fatigue 

cracks to develop. 

Vacuum plasma sprayed titanium coatings have been shown to reduce the fatigue 

endurance limit of a Ti6A14V substrate as shown in Figure 4.14. Depending on the 

spray parameters chosen, between a 20 % and 60 % reduction in the fatigue 

endurance limit was found compared to the uncoated samples [ 14]. 
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Figure 4.13 - Influence of Ti6Al4V surface finish on high cycle fatigue behaviour (R=1) (SP = 
shot peening, EP = electro polishing, SR = stress relieving by heat treating at 600 °C for one 

hour) [1201. 
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Figure 4.14 - Fatigue endurance limits of a forged TiAIV samples without and with vacuum 
sprayed titanium coatings, measured by rotating bending test. Two types of plasma spray 

parameters were tested [141. 
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4.6.6. Residual Stresses within Deposits 

The residual stresses in CGDS coatings are generally found to be compressive and 

smaller in magnitude than those developed in thermally sprayed coatings, the latter 

which are predominantly formed as a result of the different cooling coefficients of 

the substrate and coating [53,73,121]. Work by Sampath et al. [73] compared the 

residual stresses in Ni-5wt%Al coatings deposited by thermal and cold spraying; 

results are shown in Figure 4.15. Figure 4.15 shows that for both plasma sprayed and 

wire arc sprayed deposits, a tensile residual stress is found at the coating top surface. 

This is a result of tensile quenching stresses due to rapid cooling and solidification of 

particles on impact. Additionally, stresses arise due to differences in the coefficients 

of thermal expansion between the coating and substrate on cooling after deposition 

and also due to the difference in operating temperature of the deposition methods. In 

the case of the plasma sprayed deposit, Sampath et al. [73] expected the thermal 

mismatch to be relatively small and therefore argued that the residual stress profile is 

dominated by quenching stresses. The stress gradient of the wire arc sprayed deposit 

is higher than the plasma sprayed deposit while in the substrate it is negligible. 

Sampath et al. [73] expected this to be due to higher quenching stresses that varied 

during deposit build-up, thus creating a larger and non-uniform stress deposit. 

Whilst HVOF coatings will suffer from quenching and thermal mismatch stresses as 

described previously, the higher particle velocity impact also means that peening 

(compressive stresses) are also created. Compressive peening stresses are also 

expected within cold spray coatings and occur due to the plastic deformation of the 

surface layer of the coating by impact of impinging particles. Plastic deformation to 

under-lying layers of the coating causes compressive residual stresses to be 

generated. In the case of HVOF coatings, compressive residual stresses reduce as the 

top layer of the coating is approached as shown by Figure 4.15. This is due to a 

reduction in impacting particles that will induce peening stresses. Therefore as the 

top surface layer of the coating is approached, quenching stresses will have a greater 

overall impact on the residual stress levels, creating a trend towards tensile residual 

stress levels. In the case of a cold sprayed coating the compressive residual stress 

remains fairly constant throughout the thickness of the coating because quenching 

and thermal mismatch stresses are relatively minimal. Overall it was found that 
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compressive stresses are smaller in magnitude for cold spray than thermal spray 

coatings. 

Residual stress In plasma sprayed and wire-arc coatings 
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Figure 4.15 - Through thickness profiles of the residual stresses in (a) plasma sprayed and wire- 
arc sprayed and (b) HVOF sprayed and cold sprayed Ni-5%AI deposit and steel substrate 173). 

4.6.7. Heat Treatments 

Workers who investigate the influence the effect of heat treatments on the properties 

of cold sprayed coatings have predominantly focussed on the variation of coating 

hardness before and after heat treating [83,88,98,99,101]. Calla et at. [99], 

Stoltenhoff et al. [88] and Li et al. [98] investigated the effect of heat treating copper 

cold spray deposits. The as-sprayed coating hardness varied from 135-180 kgf mm'2 

and was reduced to 50-80 kgf MM -2 depending on the heat treatment temperature 

and dwell time [88,98,99]. The high hardness values found in the as-sprayed copper 

cold spray coatings are commonly associated with either very fine grain size or high 

levels of dislocation density [99]. The authors suggested that a reduction in hardness 

due to heat treatment occurs because the number of dislocations within the deposit 

are reduced by recovery and recrystallisation [88,99]. Recrystallisation was found to 

coating 
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occur predominantly at splat interfaces where the highest amount of particle 

deformation from deposition has previously occurred [98]. A further microstructural 

change was found due to heat treating; `sphericization' of voids and pores within the 

cold spray deposits was observed. This occurs as new grains within the deposit grow 

and is also evident during diffusion bonding processes [98]. The lowest hardness 

values were observed for those deposits exposed to the highest temperatures and 

longest dwell times, and typical values found are shown in Figure 4.16. 
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Figure 4.16 - Effect of annealing condition on the microhardnes of cold sprayed copper coating 
[981. 

Whilst there is a large variation in hardness between heat treated and non-heat 

treated deposits, there is little variation in the hardness of deposits when heat treated 

at 350 °C for 4 hours or 36 hours. This is due to the majority of any recrystallisation 

effects occurring during the early stages of the heat treatment. Deposits showing the 

lowest hardness values, and therefore heat treated at the highest temperature and 

longest dwell time, were found to be similar to that of annealed bulk copper. The 

effect of recrystalisation meant that it was also found that deposits after heat 

treatment showed evidence of `healing' occurring between splats at interfaces [98]. 

Due to this, experimentally, an increase in bond strength between splats may have 

been expected but was not shown. Stoltenhoff et at. [88] however did show an 

increase in bond strength between copper and aluminium substrates and copper 

coatings with increasing heat treatment temperature as shown by Figure 4.17. This is 
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predominantly expected to be due to diffusion bonding process and rccrystallisation 

occurring at the coating-substrate interface. 
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Figure 4.17 - Bond strength of cold sprayed copper coatings on two substrate materials (Al - 
aluminium, Cu - copper) as-sprayed and annealed 1881. 

Calla et al. [99] investigated the variation in hardness values of copper cold sprayed 

coatings after heat treating at temperatures ranging from 100 °C to 600 °(' for I hour. 

Two copper coatings were used and were initially sprayed at different main carrier 

gas temperatures of 25 °C and 250 °C. Samples sprayed at the higher gas temperature 

have a higher hardness value due to the higher dislocation density because of the 

higher particle impact velocity as described in Section 4.4. It was tüund that a 

reduction in hardness values occurred at much lower heat treatment temperatures tür 

deposits initially sprayed at the lower gas temperature of 25 °C as shown by Figure 

4.1 H. This is due to an initial lower dislocation density compared to samples sprayed 

at a gas temperature of 250 °C; In this case the recrystallisation process is able to 

occur readily at lower heat treatment temperatures since the dislocation hindrance of 

recystallisation is lower. 
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Figure 4.18 - Microhardness of cold sprayed copper deposits following heat treating at 1 hour 
as a function of heat treatment temperature. Data is shown for deposits sprayed with helium at 

25 °C (298 K) and 250 °C (523 K)1991. 

Blose et al. [101] microstructually investigated the effect of heat treating on the 

interface between a Ti6A14V deposit and a Ti6A14V substrate. Heat treatments 

carried out at 955 °C for 8 hours were found to show what appeared to be an 

improved metallurgical bond between coating and substrate compared to the non- 

heat treated deposit. No adhesion tests were carried out to confirm this theory. 

4.6.7.1. Diffusion Bonding 

Diffusion bonding is a process used within industry to form a bond between two 

materials. The two materials are locally heated at the point where bonding is required 

whilst a modest pressure is applied so that the two materials remain in contact. In the 

case of titanium or titanium alloys, the components are heated to temperatures in 

excess of 600 °C in a vacuum or inert atmosphere. At temperatures in excess of 600 

°C, oxide surface layers dissolve, leaving pure titanium surfaces in contact. This 

results in the components bonding together by inter-diffusion, creating a bond that is 

imperceptible even during metallographic examination [12]. In the case of Ti6A14V, 

the bond is formed due to the diffusion of interstitial and substitutional alloying 

elements across the interface. 

Deposited with gas 
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Expected diffusion constants of interstitial and substitutional alloying elements 

within the alpha and beta phases of titanium alloys are shown in Figure 4.19 in the 

form of an Arrhenius plot [12]. It is shown that the diffusion of aluminium in the 

alpha phase is approximately five orders of magnitude lower when compared to the 

beta phase [12]. This is due to the densely packed atoms found in hcp a titanium 

preventing diffusion from occurring [89]. It is important to note the high oxygen 

diffusion rates within the titanium ß phase shown in Figure 4.19. High levels of 

diffused oxygen within titanium will embrittle the metal causing a reduction in 

mechanical properties. Using the diffusion constant for the considered element and 

heat treatment temperature the diffusion distance may be estimated using the 

following equation: 

w= D"t (Eg4.3) 

Where w is the diffusion distance, t is the dwell time of the heat treatment and D is 

the diffusion coefficient. 
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Figure 4.19 - Arrhenius plot for diffusion coefficients of interstitial and substitutional elements 
within titanium 1121. 
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4.7. Conclusions of Literature Review 

From the literature review carried out it may be concluded that: 

i) Bonding within cold spay deposits is now widely recognised to occur due 

to shear instabilities occurring on particle impact and the breakdown of 

particle oxide layers. Modelling has identified localised temperature 

increases which in turn will cause the breakdown of oxide layers and 

allow shear instabilities to occur. 

ii) SEM and TEM analysis has shown evidence of the breakdown of oxide 

layers occurring on particle impact but the true extent of this process 

remains unknown. For example, the inhomogeneous nature of inter-splat 

bonding has been identified but it remains unclear as to why inter-splat 

bonds are able to form at some particle-particle interfaces and not others. 

iii) Coating bond strength, stiffness, porosity and hardness have all been 

characterised previously for cold spray coatings (although not necessarily 

for titanium deposits). Bond strengths have been previously directly 

attributed to the bonding mechanisms that occur between the cold spray 

coating and substrate. 

iv) Similar to thermally sprayed coatings, low stiffness values have been 

typically found in cold spray coatings but reasons to explain these 

findings have not been fully explored. 

v) Coating hardness has been used to previously quantify the effect of heat 

treating cold spray coatings. The effect of heat treating of titanium cold 

spray coatings on its mechanical properties has not been previously 

examined. 

4.8. Experimental Methods 

Within this chapter, the materials employed (Section 4.8.1. ) and the coating 

deposition methods (Section 4.8.2. ) are described. The majority of the work was 

carried out on cold spray deposits but some comparison work was also carried out 
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using titanium deposits produced by a shrouded arc process. Experimental 

techniques used to characterise the deposits are then explained and these include the 

microstructural (Section 4.8.3. ) and mechanical characterisation techniques (Section 

4.8.5. onwards) used. Section 4.8.4. explains the experimental methods used to 

visually indicate the distribution of true metal to metal bonding within cold spray 

coatings. Mechanical characterisation techniques were used to assess the mechanical 

integrity of the cold sprayed coatings. A range of techniques are employed including 

modulus testing, adhesion strength testing, fatigue testing and residual stress 

measurement. The final part of this section (Section 4.8.11. ) describes the post-spray 

heat treatments used with the titanium cold sprayed deposits. 

4.8.1. Materials Employed 

Most of the work concentrated within this study utilises titanium as the feedstock. To 

increase general understanding of cold spray coating formation, some work was also 

carried out using aluminium, copper and a blended aluminium-copper powder as 

powders. The powder suppliers and nominal size distributions are summarised in 

Table 4.5. The blended aluminium-copper powder was mixed at a ratio of 1: 1 by 

volume using a three-dimensional Turbula mixer (Glen Creston, Middlesex, UK) for 

30 minutes. 

Material Nominal Size Range /m Supplier 

Aluminium +15 -45 
The Aluminium Powder Co. Ltd. 

Sutton Coldfield, UK) 

Copper +5 -25 Sandvik Osprey Ltd. (Neath, UK) 

Titanium +5 -45 Active Metals Ltd. (Sheffield, UK) 

Table 4.5 - Powder materials employed in this study. 

For the titanium deposits, Ti6A14V was used as a substrate. When spraying copper, 

aluminium or the blended powder, copper substrates were used. Titanium coatings 

were deposited onto three substrate types; 1.6 mm thick sheet, 7 mm diameter rod 

and 5 mm thick sections from a 45 mm diameter bar. The 1.6 mm thick sheet 

substrate was used for modulus testing and microstructural examination of the 
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coatings, the 7 mm diameter rod was machined into cylindrical dog bones to be used 
for the fatigue testing and the 5 mm thick substrates cut from the 45 mm diameter 

bar were used for pull off tests. 

Prior to coating deposition, the substrate surface was either left in the as-received 

state or prepared by grinding with P240 emery paper, or grit blasted with A1203 with 

an average particle diameter 250 gm. The different surface roughnesses obtained by 

these different preparation routes are summarised in Table 4.6. The as-received 

surface finish of the cylindrical dog bones is higher than that of the two other 

substrates due to machining marks left on the sample surface. Just prior to spraying, 

substrates were degreased using acetone and cleaned using a compressed air blower. 

The substrates used for depositing the titanium shrouded arc samples were not 

prepared at The University of Nottingham and therefore have a different surface 

roughness to the cylindrical dog bone samples prepared at The University of 

Nottingham for cold spray deposition. 

Surface Preparation 
1.6 mm thick Cylindrical Dog 5 mm thick 

sheet /m Bones /m section 

As-received 1.2 2.7 N/A 

Ground N/A N/A 1.4 

Grit Blasted 
(UofN) 3.5 3.5 3.5 

Grit Blasted 6.2 6.2 N/A (Industrial Partner 
Table 4.6 - Surface roughness measurements (Ra) of the two substrate types employed for this 

study. 

4.8.2. Method of Coating Deposition 

Two deposition methods were used for this study. The vast majority of mechanical 

testing was carried out using material deposited produced by the cold spraying 

process. Comparisons of coating stiffness, fatigue and residual stress measurements 

were made between titanium coatings deposited by cold spraying and shrouded arc 

spraying. 
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4.8.2.1. Cold Gas Dynamic Spraying 

Cold gas dynamic spraying (CGDS) was carried out at The University of 

Nottingham using an in-house designed system. A de Laval nozzle, 100 mm in 

length with a throat diameter of 1.35 mm and an area expansion ratio of -8.8, was 

used. Table 4.7 summarises the critical nozzle dimensions. 

Nozzle Dimensions 
Throat Diameter (D* / mm 1.35 

Entrance Nozzle Diameter / mm 13 
Exit Nozzle Diameter (De) / mm 4 
Nozzle exit area (Ae) / Nozzle 

throat area (A*) 8.79 

Length of Converging Section / mm 10 
Length of Diverging Section / mm 100 

Table 4.7 - The nozzle dimensions. 

Nitrogen was used as the carrier gas and helium for the main driving gas supply. 

Optimised carrier gas pressures were employed for the different powder types 

generally ranging from 25-30 bar and approximately 1 bar above that of the main 

driving gas. A constant stand-off distance of 20 mm was employed. A high pressure 

powder feeder (1264HP, Praxair, USA) was employed. For titanium deposits a '12- 

slot' feed wheel was used and for all other deposits a '120-hole' feed wheel was 

used. For the titanium powder a feed wheel speed of 2 rpm was used and for all other 

powder types was set to 4 rpm. The powder feed rate is the amount of powder fed to 

the nozzle and usually reported in grams per minute. For a titanium powder the 

powder feed rate is approximately 20 g min' and has been optimised previously to 

provide the greatest deposition efficiency. A schematic diagram of the cold spray 

system is shown in Figure 4.20. 

Samples were mounted on an x-y traverse table that traverses typically at 100 mm s- 
1. To allow deposits to be made over an area of the substrate, a number of individual 

tracks with a2 mm separation between them was used. Samples used for 

microstructural examination and mechanical testing, except pull off and fatigue 

testing, were deposited onto Ti6AI4V sheet measuring 120 x 16 x 1.6 mm. The 

coating was approximately 700 pm thick, and was deposited centrally onto the 

largest face of the test strip, covering an area measuring 80 mm x 16 mm. Pull-off 
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test samples were deposited using a mask in order that a coating of 8.16 mm 

diameter and approximately 350 gm in thickness is created. For each sample, the 

coating thickness was measured at three locations using a vernier caliper and the 

average coating thickness was calculated. 
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Figure 4.20 - Schematic of the cold spray system at the University of Nottingham. 

When spraying fatigue samples a cylindrical dog bone substrate as shown in Figure 

4.21 was used. When spraying, the substrate was rotated using a calibrated electric 

drill at a rotational speed of approximately 2800 rpm. A stand off distance of 20 mm 

was employed, measured from the central region of the substrate and a traverse 

speed of 100 mm s-1 was used. Coatings, -120 pm thick, were applied to the central 

21 mm of the substrate which covered the central test area and a small part of the 

shoulders. 

15.9 mm 19.1 mm 15 9 mm 

R=38.1 mm 

Figure 4.21 - Dimensions of the cylindrical dog bone Ti6Al4V substrates used for fatigue testing 
during this study. 
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4.8.2.2. Shrouded Arc Spraying 

Shrouded arc samples were produced by an industrial partner and sprayed onto a 

Ti6A14V substrate. The Ti6A14V substrate was grit blasted by the industrial partner 

prior to spraying and an average surface roughness of the substrate was 6.2 µm as 

shown by Table 4.6. The coating was applied to the same portions of the fatigue and 

modulus substrates as the cold spray coatings as described in the previous section. 

Samples used for fatigue testing and modulus testing had coatings of approximately 

100 gm and 900 µm in thickness respectively. Spray parameters for the shrouded arc 

process were unavailable due to the commercial sensitivity of this information. 

4.8.3. Microstructural Characterisation of Coatings 

This section describes the metallurgical preparation and microscopy techniques used 

to characterise the coatings created for this study. 

4.8.3.1. Metallurgical Preparation 

Coating deposit samples of a suitable size for OM and SEM analysis were cut cross- 

sectionally using a diamond saw and mounted in conductive resin. Samples were 

then ground and polished. The grinding and polishing were performed with emery 

papers starting with size 400 grit and progressively polishing with finer size paper up 

to 2400 grit. Water was used for sample cooling and lubrication. After this initial 

grinding stage, titanium deposits were subsequently polished with a solution of 1 

part 11202 (30 % by volume) with 9 parts water based colloidal silica solution. After 

the initial grinding stage, the copper and aluminium deposits were initially polished 

with diamond paste of 6 µm and 1 µm and final polishing was carried out using 

water based colloidal silica solution. Powders and deposits were observed in both the 

unetched and etched conditions to reveal the microstructure. Etching of titanium was 

performed using with a 10% hydrofluoric acid, 30% HNO3 and 60% H202 solution. 
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4.8.3.2. Microscopy Techniques 

Scanning electron microscopy, energy dispersive X-ray (EDX) analysis and optical 

microscopy were employed for coating characterisation. 

4.8.3.3. Scanning Electron Microscopy 

Scanning electron microscopy was performed using a Philips XL-30 (Philips, 

Eindhoven, The Netherlands) and JEOL 6400 (JEOL, Welwyn Garden City, UK). 

Examination of deposits was performed at 20 kV, utilising both secondary electron 

(SE) and backscattered electron (BSE) techniques. A working distance of 10 mm 

was used. EDX analysis was carried out on cross sectioned samples to measure 

chemical compositions of regions within the coating. 

4.8.3.4. Optical Microscopy 

Optical microscopy of the mounted coating cross-sections was carried out at a range 

of magnifications using a Nikon microscope fitted with a digital camera to record 

images (Nikon DXM 1200F, Kingston upon Thames, UK). 

4.8.3.5. Measurement of Coating Porosity 

Coating porosity measurements were taken by analysis of SEM BSE images. For 

each sample, a suitable magnification was selected so that a mosaic of nine BSE 

images covering the full coating thickness was obtained. The same contrast and 

brightness were used for each image so that, using analysis software, (Scandium, 

Olympus Soft Imaging Solutions GmbH, Münster, Germany) a set threshold grey 

value could be used to differentiate between the coating material and pores and 

measure its volume fraction. Analysis software, ImageJ (U. S. National Institutes of 

Health, Bethesda, Maryland, USA), was used to measure the aspect ratio of the 

pores. Firstly, the pores were approximated to ellipses. The aspect ratio was 

measured by dividing the minor and major lengths of each ellipse. This technique 

assumes that all pores are aligned with the major axis perpendicular to the substrate- 

coating interface. In reality pores of many orientations will exist and the effects of 
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any subsequent analysis is discussed in subsequent sections. It should also be noted 

that this technique is only suitable for measuring pores and defects that are large 

enough to be resolved by the SEM. 

4.8.4. Method of Investigating Coating Bonding Mechanisms 

A blended aluminium copper powder was deposited onto a copper substrate at gas 

stagnation pressures of 15 and 29 bar. Following spray deposition, samples (coating 

plus substrate) were heat treated in a tube furnace (Lenton Furnaces, Sheffield, UK). 

The furnace was evacuated using a rotary pump prior to heating and heat treatment 

was performed under a continuous flow of high purity argon gas. Samples were 

heated at 20 °C min-' to the annealing temperature of 400 °C, held at this 

temperature for 15 minutes and then furnace cooled to room temperature. The 

furnace cooled at a rate of approximately 10 °C min-' from the annealing 

temperature, 400 °C, to 350 °C. The heat treatment allowed intermetallics to form 

where there was sufficient metallic contact between the aluminium and copper 

particles. 

Samples were prepared for cross-sectional examination in the SEM and using image 

analysis software, ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, 

USA), the degree of intermetallic formation could be characterised. Two 

characteristic features were examined to quantify the extent of intermetallic phase 

formation at the interfaces between copper and aluminium particles. First, the 

fraction of the total Al-Cu interface length where an intermetallic phase had formed 

was measured and secondly, the average intermetallic layer thickness was 

determined. These measurements were made using the analysis software ImageJ. For 

each stagnation gas pressure, up to four BSE images at a magnification of 4000X, 

representative of the coating microstructure, were selected for quantitative analysis. 

All visible interface lengths and corresponding intermetallic lengths were measured. 

Lines were overlaid randomly across the microstructure, and the thickness of the 

intermetallic measured (perpendicular to the interface) at points where the lines 

intersected with any intermetallic region. Between 50 and 60 thickness 

measurements were made for each primary gas pressure. 
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4.8.5. Micro Hardness Testing 

Micro hardness testing was carried out on coating cross sections. Samples were 

mounted and polished as described in Section 4.8.3.1. A 100 gf load was applied for 

15 seconds using a Leco 400M micro hardness tester (LEC'O Instruments, Stockport, 

UK). To assess the variation in micro hardness with coating depth, measurements 

were made at various points on the coating cross section. After each indentation, the 

indentor was moved 150 pm in the x-direction and 50 pm in the y-direction as 

shown by Figure 4.22. The distance between indentations was sufficient enough that 

the indentations would not influence the measured hardness at other points. 

Coating 50 pm 

_, - 150 dam 

ý' 
x, 

Substrate 

Figure 4.22 - Schematic diagram of micro hardness test indent placement. 

4.8.6. Modulus Testing Methodology 

The substrate and coating moduli were determined using a four point bend test 

methodology. Bend testing was carried out using a Mayes testing machine with a 2.5 

kN load cell. During bend testing, samples were tested three times with the coatings 

in compression, from which an average elastic modulus was calculated. The mid- 

point displacement of the surface in tension was monitored using an external LVDT 

(Model I000RA, RDP, UK) to an accuracy off 1 µm and a cross head loading rate of 

approximately 0.5 mm / minute was applied. 

The modulus, E, of a uniform beam can be calculated from the slope of the load- 

displacement curve and is given by [ 122]: 

Pa E- (3L'-4a') 
24 v1 

(l: q. 4.4) 
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where v is the mid-point displacement, L is the distance between outer support rollers 

(50 mm in this work), a is the distance between the loading and support rollers (15 

mm in this work), and P is the applied load per loading point as shown by Figure 

4.23. The rollers used had a diameter of 5.5 mm. I is the second moment of area, 

given by: 

I= 'Nd 3 

where w is the width and d the sample thickness. However, if the beam is created 

from two dissimilar materials, (i. e. a substrate and coating) the method of equivalent 

sections must be employed to find the location of the neutral axis [ 123]. 

PP 

II 

PP 

Figure 4.23 - Schematic of the four point bend rig employed. 

12 
(Eq. 4.5) 

4.8.6.1. Method of Equivalent Sections 

This method replaces the actual section with a mechanically equivalent one, in which 

all the material has a common modulus. If the elastic moduli of the substrate and 

coating are ES and E, respectively, and w is the original width of the coating, then w' 

is the equivalent section width of the coating with an elastic modulus ES as shown in 

Figure 4.24. H and h are the substrate and coating thicknesses respectively. It is 

anticipated that the coating must be approximately at least a third of the thickness of 

the substrate for this technique to be successful. w' is given by: 

w'= wl 
IE, 

ES 
(Eq. 4.6) 

The distance between the neutral axis of the composite beam and the free coating 

surface, y,, is given by: 
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hZE, +E, H(H+2h) 
y' - 2(HES +hEýý 

(Eq. 4.7) 

The second moment of area, I, of the composite beam can be shown to be equal to: 

H ll 11z 

123 
+(wHh+ 2) -Yi 

2 ]+[+(whkYI 

-(I211 (Eq. 4.8) 

For unsprayed samples, equation 4.4 can be used to calculate the modulus of the 

substrate using the slope of the load-displacement curve generated from the four 

point bend test. To calculate the elastic modulus of the coating, the coated sample is 

treated as a composite beam. Using equation 4.4 and the slope of the load- 

displacement curve of the coated samples, it is possible to determine the value of the 

product (E I) of the composite beam. Using equations 4.7 and 4.8, the known ES 

values, and an estimate of EE, an estimate of the (E I) value can be made and 

compared with the experimentally derived value. EE is then refined. 

Eý 

ES 

W 

ý 

ES 

----------- 
ES 

A W 

I y=0 
i y=h 

u=h 
º 

y=h+H 

y=o 
yh 
y= Yi 

Vy=h+H 

Figure 4.24 - Geometry of the actual and equivalent section. 

4.8.6.2. Eshelby Equivalent Homogeneous Inclusion 

Model 

The Eshelby equivalent homogeneous inclusion model allows the effect of 

ellipsoidal inclusions within a matrix material on its modulus to be calculated [114- 

116]. Eshelby visualised a series of cutting and joining exercises whereby an 

elliptical inclusion is cut from an elastically homogenous material, which then 
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undergoes a shape change (the transformation strain ) free from the constraining 

matrix. A stress field is then applied to the ellipsoid in order to return it to its original 

shape and allow it to fit back into the original hole left within the matrix. The two 

regions are then assumed to be joined together and equilibrium is reached between 

the matrix and the inclusion with a constrained strain (if) relative to its initial shape 

before removal [ 116]. 

The inclusion stress (o) can be calculated using Hooke's Law in terms of the elastic 

strain (sc c) and the stiffness tensor of the material (CM). 

6, =CM(sC -ST 
) 

(Eq. 4.9) 

By using the Eshelby `S' tensor it is found that the final constrained strain (i, -) can 

be obtained from a specified shape change (ET). 

cc = SET (Eq. 4.10) 

The Eshelby `S' tensor is calculated in terms of the inclusion aspect ratio and the 

Poisson's ratio of the material. The aspect ratio of the pore is defined as the width (x) 

divided by the length (y) as shown in Figure 4.11. 

Therefore: 

Q, = Cm 
(SET 

-6T) 

or: 

ß'1 =CM(S-I)s 

where I is the identity matrix. 

(Eq. 4.11) 

(Eq. 4.12) 

The case described above assumes the matrix and inclusion to be of the same 

material. In the case of sprayed coatings this is not the case as the defects or 

inclusions are considered to have zero stiffness. To ease the calculation, it is possible 

to replace the actual inclusion by an equivalent "ghost inclusion" of the same 

properties as the matrix material. For the ghost inclusion to have an identical 
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constrained shape of the real inclusion, the elastic strains within the inclusions will 
differ but the same uniform stress state of the composite will be attained. This allows 

the actual and equivalent inclusion to be freely interchanged whilst maintaining 
identical stress fields in the matrix [116]. 

To allow for external loading, the system is assumed to be elastically homogeneous, 

and therefore the strain arising from the applied stress is the same throughout. 

Consequently the stress (and strain) at each point is simply the sum of the applied 

stress or strain and the internal stress (Eq. 4.9) calculated previously. 

Hitherto, it has been assumed that the system consists of a single inclusion embedded 

within an infinite matrix. To account for higher inclusion contents, the inclusion and 

its surrounding matrix is removed from the infinite matrix. This causes the matrix to 

deform due to the creation of a stress within the matrix to oppose the inclusion 

stress; previously the infinite matrix would have been able to successfully constrain 

the inclusion. This effect is modelled by superimposing a background stress (o. b) 

upon the infinite matrix as if it was externally applied which satisfies the stress 

balance and causes the matrix and inclusion to relax uniformly. Finally, all 

inclusions within the matrix can be included by using the total volume fraction of all 

the inclusions and the mean internal stresses in the matrix and inclusions. 

The composite stiffness tensor (Cc) is found to be [116]: 

Cc = 
[CM 

-f 
{(C, 

- CM )[S 
-AS -, )]+ CM)-` (C, 

- CM)CM J, (Eq. 4.13) 

where f is the porosity volume fraction and C1 is the inclusion stiffness. The 

engineering constants of the composite can be derived from this tensor. The axial 

and transverse Young's moduli are given by E3c and Elc respectively, which are 

defined as follows: 

1 ýA 
E3C 

£3 +�A f£T L'3C 
(Eq. 4.14) 

and 
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1 
EiC =i = CIc 

6' I 

sii +fýIr 
(Eq. 4.15) 

o' and e are the stresses and strains acting due to the applied load. These equations 

are best evaluated numetrically [ 116]. 

4.8.7. Adhesion Strength Test Methodologies 

The surface of the substrate prior to spraying is a major factor in determining the 
bond strength between the substrate and coating. There are various methods 

available to measure the bond strength between coating and substrate. To validate 

results two separate analysis techniques have been derived. 

4.8.7.1. Pull Off Test Method 

Adhesion/tensile equipment supplied by DFD instruments (PAT, DFD Instruments, 

Kristiansand, Norway) uses a handheld hydraulic pump to generate tutee. After 

spraying, the top surface of the coating is attached with a heat curing resin (F": II OOS, 

DFD Instruments, Kristiansand, Norway) to the test element as shown in Figure 

4.25. 

Force 

Resin A 

4'ýý 

Substrate 

Test Element 

Coating 

Figure 4.25 - Schematic of the pull off test procedure. 

Once the resin is applied, the sample is placed in the furnace at 120 °(' tür 90 

minutes. Once the resin is hardened, the test equipment is attached and pulls the test 

element away from the sample. Generally one of two failure mechanisms occurs, 

namely failure at the coating-substrate interface or failure at the coating-resin 
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interface. It is important to apply the resin carefully. The resin must be applied 

evenly, to a clean surface and not touch the substrate, ensuring that only a bond 

between the test element and coating is formed. Additionally, because the force is 

applied by hand it is difficult for the force to be applied linearly during the test. 

Results can be difficult to analyse if failure occurs between the resin and coating and 

not between the substrate and coating, as the former only provides a lower-boundary 

of the coating-substrate strength. 

4.8.7.2. Transverse Scratch Test 

The transverse scratch test method is a modified scratch test/indentation method 

[124-126]. Fixed load scratching is performed across the interface as shown in 

Figure 4.26. Loads up to 80 N are applied and the scratches created are evaluated by 

optical microscopy. Cracks generated along the interface can he analysed and used to 

qualitatively show the amount of delamination between the substrate and coating 

[1261. This method also allows investigation of bonding mechanisms between 

individual splats, by assessing qualitatively the amount of coating break up with 

increasing load. 

rorce 

Rockwell 
Indenter Substrate Coating 

IM m 

Direction of Sample Movement 

Figure 4.26 - Schematic of the transverse scratch test procedure. 
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4.8.8. Fatigue Testing Methodology 

Samples were rotated by a Wöhler rotating bend fatigue testing machine at 

approximately 3000 rpm. A fatigue step loading method was employed. This method 

is widely employed [119,127-130] since it addresses the statistical problems 

associated with fatigue testing [128]. Starting with an applied load known to not 

cause failure, the sample is rotated for blocks of 107 cycles. A countdown timer 

connected to the power supply was used to stop the sample rotating after 107 cycles 

had passed. The load applied was then increased by steps of 5% and the process 

repeated until failure occured [128]. The data is interpolated to calculate the applied 

stress required for failure to occur at 107 cycles using the following equation [128]: 

N 
CIO, -6Pr+1 1 \6I -6Pr! (Eq. 4.16) 

Where 6107 is the value of stress required for failure to occur after 107 cycles, ap, is 

the maximum stress level of the prior block of cycles where no failure occurred, aj is 

the maximum stress level of the final block of cycles where failure occurred and Njis 

the number of cycles to failure within that block [ 128]. 

This constant life endurance stress is termed the endurance limit [ 15]. Up to five 

samples of each sample type were tested to allow an average fatigue endurance limit 

to be calculated. One potential problem of the step loading method is coaxing [ 119, 

130], where fatigue at loads under which the sample does not fail do in fact alter its 

endurance limit. However, it has been shown that coaxing is not significant in 

Ti6A14V [128,130]. 

4.8.9. Tensile Testing 

Tensile testing of the Ti6Al4V rod substrate was performed using tensile testing 

equipment manufactured by J. J. Lloyd (J. J. Lloyd, Southampton, UK). During testing 

the cross-head was moved at a rate of 1 mm per minute. Cylindrical dog bones 

samples were produced consisting of a central test section 30 mm in length and 4 

mm in diameter. 
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4.8.10. Residual Stress Measurement 

Two methods were evaluated for estimating the residual stresses developed in 

coatings during spraying, namely X-ray diffractometry (XRD) analysis and the 

variation of the induced bending of the sample pre- and post-spraying. Both types of 

analysis are non-destructive methods. 

4.8.10.1. X-Ray Diffractometry 

During x-ray diffractometry x-rays are diffracted by a sample surface. It is known 

that: 

n2 = 2d'sin a (Eq. 4.17) 

where A is the wavelength of x-rays, d' is the spacing between planes in the atomic 

lattice and 6 is the angle between the incident ray and scattering plane. Equation 

4.17 is known as Bragg's Law. 

X-ray diffraction can be used to calculate macrostresses within the specimen being 

examined. Variations in the sample crystal lattice due to stress at its surface will 

affect the x-ray diffraction angle. The residual stress, stresses that persist in the 

absence of external forces, is determined from the elastic constants and assuming a 

linear elastic distortion of the appropriate crystal lattice plane. A full derivation of 

this method is available in Appendix 4 and with definitions of the various symbols 

used. Equation A97 (Appendix 4) allows the stress in any chosen direction to be 

calculated from the inter-planar spacings determined from two measurements, made 

in a plane normal to the surface and containing the direction of the stress to be 

measured. 

The XRD process is regarded as a near surface measurement device. Strictly 

speaking the x-rays will penetrate into a small amount of the sample (<10µm), 

dependent on the anode material, and angle of incidence of the x-ray beam. 

Therefore the measured strain is in fact the average over a few microns depth under 

the surface of the specimen. To perform analysis at deeper depths into the specimen, 

material must be removed carefully to expose surfaces at varying depths through the 

sample. This turns the method into a destructive method. Abrasive or machining 
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removal methods, no matter how slow the removal rate, will deform the surface and 

introduce additional stresses. This will lead to alteration of the stress state and 

residual stress measurements must be corrected to take account of this. In this case it 

is recommended that electro polishing is used to remove material from the specimen 

since it will induce low residual stresses to the material [ 131 ]. 

X-ray diffractometry was carried out using a Bruker Diffractometer D8 Discover 

XRD (Bruker AXS, Coventry, UK) machine with Cu Ka radiation. A nickel filter 

was used to remove the Cu Kß peak from subsequent analysis. Analysis was carried 

out using a spot focus of 1 mm in diameter on the sample surface and tube operating 

conditions of 40 kV and 30 mA. To assess the integrity of this method a four point 

bend rig was constructed for the X-ray diffractometer. A small piece of Ti6Al4V 

sheet, measuring 10 mm by 150 mm, was placed within the four point bend rig. 

Strain gauges were attached to the underside of the Ti6Al4V sheet. Residual stress 

measurements were made using the XRD and the strain gauges with the Ti6Al4V 

sheet with no applied strain and a known applied strain. By attaching the strain 

gauges to the underside of the Ti6Al4V sheet a compressive force is measured when 

the strain is applied. Stresses calculated by the strain gauges and the x-Ray 

diffractometer were compared. 

4.8.10.2. Induced Specimen Bending 

An alternative method to measure the amount of residual stress within a sprayed 

deposit, is to measure the amount of bending of the substrate, induced due to 

deposition of the coating. The induced bending of the sample was recorded by 

profiling the underside of the substrate pre- and post-spraying using a Talysurf CLI 

1000 profilometer (Taylor Hobson, Leicester, UK) with a stylus having a resolution 

of 40 nm. This allowed the radius of curvature of the sample, R, associated with the 

residual stresses to be measured. The profile was measured for the central 80 mm 

portion of the sample. 

The substrate and coating are considered to be a composite beam of two dissimilar 

materials. Due to the misfit strain between the coating and substrate, forces equal but 
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opposite in magnitude, occur. These forces act at the centre of the two sections to 

give a continuity of length [123] and cause the two sections to deflect by a radius of 

curvature R as shown by Figure 4.27 and Figure 4.28. 

AE 

-P, -º 

(h + H)/2 

P*- Substrate 

y=0 

- -Pi 

y=h 

P 

T y=h+H 

Figure 4.27 - Schematic of the misfit strain between the coating and the substrate. 

M 
Pi-ý 

M 
f- -Pi 

-9 Pi 

Figure 4.28 - After coating application, a misfit strain arises causing the sample to deflect by 
radius, R. 

The moment associated with the forces is given by: 

M_P(h+H) 
2 

(Eq. 4.18) 

Where P1 is the force applied to give continuity of length, h is the coating thickness 

and H is the substrate thickness. M is the resulting moment and balancing this 

moment will cause the beam to bend to give a radius of curvature, R, as shown by 

Figure 4.28. The stress, a, in the beam is proportional to the distance, (y, - y), from 

its neutral axis where Ey is the beam modulus (a function of the position) [123]. 

Coating 

Substrate 

Coating 
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Q Ey 
(y1 -y) R 

(Eq. 4.19) 

Considering an element of cross sectional area dA at a distance (y, - y) from the 

neutral axis and assuming that for pure bending the normal net force on the cross- 

section must be zero [123], then the bending moment is given by: 

h+H 

M=R JEy(Y, 
-YydY 

0 

Solving equation 4.20 and inserting equation 4.18 gives: 

Pr(h+H)_ WE, ýy, 
2h-h2yl +h3 

ll 2JR3J 

RJ 
I Y, 

(H2 +2hH-Hy, 
)+ 33 

-(h+3 
)' 

(Eq. 4.20) 

(Eq. 4.21) 

where y, is given by equation 4.7. Since es =a/E., and a= Pd/ H w, and similarly for 

F c, then if AE = ES - sc then [123]: 

Ac _ 
P, P, 

HwEs 
+ 

hwE. 

P- 
Qc( 

hE, HEs 

w hE, + HE, 

(Eq. 4.22) 

(Eq. 4.23) 

The stress distributions within the coating and substrate can be determined by using 

the values of PI and R from a/y=E/R. Therefore, the stresses in the coating at the 

free surface (y = 0) and at the interface (y = h) are given by: 

Uý 
E, HES y, 

Y0_ -Ac hE, + HES + Eý 
R 

and 

6, -De 
E`HES )-E, (h 

- y, ) 
y-h hE, + HES R 

whilst the stresses in the substrate at the interface (y = h) are calculated by: 

Qs = 
hE`Es 

-Es 
(h-y') 

r_n - hEý +HES R 

(Eq. 4.24) 

(Eq. 4.25) 

(Eq. 4.26) 
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4.8.11. Post-Spray Heat Treatments 

Deposits were cut using a diamond saw to approximately 6 mm in length prior to 

heat treatment. Heat treatments were carried out in a tube furnace (Lenton Furnaces, 

Sheffield, UK). A rotary pump was used to remove air from the chamber prior to the 

heat treatment and to prevent oxidation from occurring. Additionally during the 

heating, dwell and cooling stages of the heat treatment a flow of argon was used to 

prevent oxygen from entering the chamber. A range of temperatures up to 1150 °C 

and dwell times up to 60 minutes were employed for the titanium deposits. For the 

blended aluminium-copper deposits the samples were heat treated at a temperature of 

400 °C for 15 minutes to allow formation of intermetallics between the aluminium 

and copper particles. In all cases a temperature increase rate of 20 °C min-' was used. 

After the heat treatment, the deposits were cooled within the furnace. 

4.9. Experimental Results 

The effects of various spray parameters on the mechanical properties of the deposit 

are presented in the subsequent sections. First measured properties of the Ti6A14V 

substrate are identified. Whilst this is not the main scope of this study, some 

substrate properties are required to be measured to allow calculation of the cold 

spray coating mechanical properties. Next the cold spray coating mechanical 

properties are shown. A range of mechanical tests were performed, predominantly to 

titanium coatings, to characterise the mechanical properties of cold spray coatings. 

The next section shows the effect of heat treatments on titanium cold spray coatings. 

Heat treatments at various temperatures from 400 °C to 1150 °C were carried out and 

their influence on the mechanical properties of the cold spray deposits was 

measured. Finally the mechanical properties of a competitors shrouded arc coating 

are displayed. 

4.9.1. Ti6AI4V Substrate Properties 

Titanium coatings were deposited onto a Ti6A14V substrate. Figure 4.29(a) and (b) 

are optical microscopy images showing the etched microstructure of the Ti6A14V 

rod and sheet used for fatigue and modulus testing respectively. The Ti6A14V rod 
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(Figure 4.29(a)) has a coarse equiaxed microstructure. The light areas of the image 

are the a phase and the darker areas the P phase. The Ti6AI4V rod has an 

approximate grain size of 10 pm or less. In contrast the Ti6Al4V sheet (Figure 

4.29(b)) has a much finer equiaxed microstructure, indicating that a recrystallization 

procedure was carried out after being rolled to sheet form. The tine equiaxed 

microstructure gives the substrate high strength and ductility [89]. All three substrate 

types were found to have similar hardness values of between 326 kgf mm and 362 

kgf min in the as received state. 
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Figure 4.29 - OM1 images of the etched Ti6Al4%' substrate microstructure; (a) Rod used for 
fatigue testing and (b) sheet used for modulus testing and inicrostructural anaissis. 

By four point bend testing, the 1.6mm thick Ti6Al4V substrate material was shown 

to have a modulus value of 107 GPa. The 0.2 % proof and yield stresses of the rod 

substrate to be used for fatigue testing by tensile testing was measured as 880 and 

800 MPa, respectively. The Ti6AI4V substrate was found to have a rotating bend 

fatigue endurance limit for 10' cycles of 633 MPa. The fatigue endurance limit was 

found to reduce to 507 MPa or 418 MPa depending on the type of grit blasting 

surface finish employed. 

4.9.1.1. Effect of Heat Treatment on Ti6A14V Substrate 

Properties 

Heat treatments were carried out at 400,600,800 and 1 150 °C for I hour. 1,11) to 800 

°C there was minimal change in the substrate microstructure. In the case of the 7 mm 
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diameter rod, the coarse equiaxed microstructure previously identified in Figure 

4.29(a) has been modified, due to growth of the lighter coloured alpha phase, and 

shown in Figure 4.30(a). For the 1.6 mm thick sheet, the fine equiaxed 

microstructure is still observed after the 800 °C heat treatment and shown in Figure 

4.30(b). 

Figure 4.30 - OM images of the etched Ti6AI4V substrate microstructure after a heat treatment 
of 800 "C for 1 hour; (a) Rod used for fatigue testing and (h) sheet used for modulus testing and 

microstructural analysis. 

After a heat treatment at 1150 °C there are significant variations in the substrate 

microstructure and these are due to the alpha / beta transus existing at approximately 

1000 °C for this alloy. Figure 4.31(a) and (b) show lamellar microstructures of 

materials heated at 1 150 °C with the beta phase as a small seam around the coarse 

and lighter coloured alpha [89]. 

Figure 4.31 - OM images of the etched Ti6AI4V substrate microstructure after a heat treatment 
of 1150 "C for 1 hour; (a) Rod used for fatigue testing and (b) sheet used for modulus testing 

and microstructural analysis. 
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The variation in the average substrate hardness measured in this work with heat 

treatment temperature is summarised in Table 4.8. A reduction in substrate hardness 

was found with increasing heat treatment temperature. The 0.2% proof and yield 

stresses of the rod substrate to be used for fatigue testing were found to increase 

marginally from 880 and 800 MPa in the as-received condition to 945 and 824 MPa 

respectively after a heat treatment carried out at 1150 °C for one hour. 

Heat Hardness / kgf MM-2 
Treatment Substrate Coating 

400 °C 385 ±5 90 ± 13 

600°C 375±5 139±27 
800 °C 354 ±9 130 ± 19 
1150 °C 327±6 157±27 

Table 4.8 - Average substrate and cold spray coating hardness values (kgf mm-') and the 
standard error of the mean after heat treating at various temperatures for one hour. 

For most materials, the Young's modulus can be assumed to be independent of heat 

treatment; however, the Ti6A14V alloy is known to behave differently in this respect. 

This is due to the modulus of the Ti6A14V alloy being influenced by the specific 

moduli of the phases present and their volume fractions [12,132]. The Young's 

modulus was 107 GPa in the as-received state, and increased approximately linearly 

with heat treatment temperature to a maximum of 123 GPa after a heat treatment at 

1150 °C for one hour. It is also noted that some of the samples heat treated at 1150 

°C suffered from brittle fracture during the four point bend testing due to oxygen 

embrittlement occurring during the heat treatment process. 

4.9.2. Cold Spray Coating Properties 

This section describes the mechanical properties of the cold spray coatings produced 

within this study. The majority of this work consists of examination of titanium 

deposits. A small amount of work concerning cold spray coatings produced from 

other materials (copper and aluminium) is also presented to give a more general 

overview of the mechanical properties expected from cold spray coatings. Firstly, 
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within Section 4.9.2.1. an assessment of the coating microstructure of the titanium 

cold spray coatings is made. Section 4.9.2.2. consists of results from utilising a 

blended aluminium and copper powder and subsequently heat treated to visually 

show the levels of bonding found within cold spray deposits; reasons for this choice 

of powder are discussed in further detail in the relevant section. The next sections 

assess the mechanical properties of the titanium deposits; coating porosity, stiffness, 

adhesion strength, rotating bend fatigue endurance limit and coating residual stress 

are all assessed. Coating stiffness measurements were also made with aluminium and 

copper cold spray deposits to give an overview of typical measured coating stiffness 

values for cold spray deposits. An Eshelby equivalent homogeneous inclusion model 

is also used to predict the effect of pores and defects on the coating stiffness for cold 

spray deposits. 

4.9.2.1. Coating Microstructure 

Figure 4.32(a) shows an overview of the microstructure of a cross-sectioned titanium 

coating deposited onto a Ti6Al4V substrate with an as-received surface finish. The 

coating consists of individual particles that are layered onto one another to form the 

bulk of the coating. Particles are surrounded by darker areas which are 

predominantly defects created during the coating process such as pores, voids or 

oxides where particles have not bonded together and are resolvable by the SEM. 

Figure 4.32(a) shows that approximately the top third of the coating appears to have 

a greater volume of voids and pores compared to the remaining two thirds. This is 

due to compaction of the underlying layers of the coating as further impinging 

particles impact the top surface of the deposit. Figure 4.32(b) is a higher 

magnification image of a densified region of the coating and it is possible to identify 

the light coloured individual particles more clearly that make up the coating and 

range in size up to approximately 40 gm. Figure 4.32(c) shows the coating-substrate 

interface. The interface is easily identifiable due to what appears to be incomplete 

bonding between the coating and substrate. Limited regions of the interface show no 

visible defects between the coating and substrate. 
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Etching the titanium coating allows individual grains within the particles to he 

identified more easily. The etching process also attacks defects within the coating 

and will therefore make these areas easier to identify. Figure 4.32(d) is an SF image 

of an etched titanium coating at the coating-substrate interface. The etch attacks the 

coating-substrate interface and large fractions of the particle boundaries are 

highlighted indicating that there are high levels of defects within the coating. There 

is a danger that over-etching the sample may attack areas within the deposit that have 

indeed formed a sufficient bond, leading to an over-estimation of areas where high 

levels of defects may be expected. 
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Figure 4.32 - BSE cross-sectional images of the tit: uºiuuo coating microstructure deposited onto 
a Ti6AL4V' substrate with an as-received surface finish at (a) Ios magnification, (b) high 

magnification and (c) high magnification at the coating-substrate interface. (d) SE image of the 
etched titanium coating and 'I'i6AI4V' substrate. Spray direction top to bottom utilising helium 

gas at room temperature and a stagnation pressure of 29 bar. 

4.9.2.2. Visualisation of Coating Bonding 

As discussed previously in Section 4.4. the bonding between individual particles is 

of great interest. Defects of any kind will affect the mechanical and physical 
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properties of a cold sprayed coating and it is important therefore to be able to 

characterise inter-particle bond formation and assess how it is affected by deposition 

conditions. The present study was therefore designed to investigate the interparticle 

bonding between aluminium and copper particles following deposition by cold 

spraying. The approach adopted was to spray a blended powder comprising 

elemental aluminium and copper particles and to subsequently anneal the deposit at 

400 °C (Section 4.8.4. ). If oxide free metal surfaces are in contact, intermetallic 

phases form rapidly for the aluminium-copper system by inter-diffusion at this 

temperature [133-135]. Therefore intermetallic phase formation can act as a marker 

for interfaces which were bonded together without oxide. 

Figure 4.33(a) and Figure 4.33(b) show BSE images of the aluminium-copper 

microstructure after being sprayed at 15 and 29 bar respectively. In both figures there 

appears to be little porosity, with good interparticle contact. There is no significant 

difference observable between the 15 and 29 bar deposits. Following heat treatment 

of the deposits, it was found that one or more intermetallic phases form at 

interparticle boundaries, but coverage of the aluminium-copper interfaces by the 

intermetallics is incomplete. This is shown in Figure 4.34(a) and Figure 4.34(b) for 

the 15 and 29 bar primary gas pressures respectively. 

It can be seen that although intermetallic layers are apparently absent from some 

interfacial regions, they had grown to a few microns in thickness in other areas. This 

is shown in more detail in Figure 4.35. Three different intermetallic phases have 

been found between a copper and aluminium splat, shown as intermediate grey 

levels (Figure 4.35). The intermetallic phases are numbered 1,2 and 3, with phase 1 

closest to the copper splat and phase 3 closest to the aluminium. Phases I and 3 were 

identified by EDX analysis as Cu3Al2 (S - 60at% Cu) and CuA12 (0 - 33at% Cu) 

respectively. Phase 2 was harder to accurately characterise due to its thickness being 

close to the spatial resolution of EDX analysis. However, both the BSE image and 

EDX analysis qualitatively indicate that this phase has a composition between that of 

phases 1 and 3. A previous interdiffusion study showed that up to five possible 

intermetallic phases may be expected for an aluminium-copper system ranging from 

Cu9Al4 (y2) to CuA12 (0) [134]. Not all five intermetallic phases were identified 
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within the current samples; however, it may be postulated that phase 2 is CuAI (11 - 
50at% Cu) or Cu4AI-; (ý2 - 57.1 at% Cu). 

t. , 
ý; ' 9 

Figure 4.33 - 13SF images of the as-sprayed AI-Cu deposits using heliuiu gas at a pressure of (a) 
15 bar and (b) 29 bar showing Cu, bright, Al dark and no evidence for intermetallic phase at 

the interface. Spray direction top to hottont. 

m 
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Figure 4.34 - BSE images of the heat treated AI-Cu deposits ýs hich , ereed using helium 
gas at a pressure of (a) 15 bar and (b) 29 bar showing Cu, bright, Al, (lark, and an intermetallic 

laver of grey contrast at the interface. Spray direction top to bottom. 
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Figure 4.35 - BSE image of the heat treated AI-Cu deposit sprayed at 29 bar at high 
magnification showing Cu, bright, Al, dark, and three distinct intermetallic layers at the 

interface. Spray direction top to bottom. 
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Quantitative measurements with Image. ), as described in Section 4.8.4., showed a 

significant difference between the deposits produced at the two different gas 

pressures following heat treatment. At 15 bar primary gas pressure, the average 

intermetallic layer thickness was found to be 1.1 ± 0.1 tm and the fraction of the 

interface length covered with intermetallic was 0.44 ± 0.05. For the 29 bar primary 

gas pressure, the corresponding values for thickness and fractional coverage were 2.0 

± 0.1 µm and 0.74 ± 0.05 respectively; a significant increase compared with the 

deposits made at 15 bar. It was also found that the development of the intermetallic 

layer did not depend on interface orientation with respect to the impact direction. 

4.9.2.3. Porosity Measurements 

Porosity in cold spray deposits of aluminium, copper and titanium was identified by 

SEM; image analysis of the porosity was carried out to yield the porosity volume 

fractions and aspect ratios. Porosity measurements were made on these three deposit 

types as this information was required for subsequent Eshelby analysis relating to 

modelling of the coating stiffness. Typical microstructures, polished and unetched, 

for titanium deposits are shown in Figure 4.32(b) and for aluminium and copper 

deposits in Figure 4.36(a) and (b) respectively. Pores, shown as dark areas, are 

randomly distributed within the coatings. The copper coating appears to have 

significantly lower levels of porosity and other defects than the other two coating 

types. 

b) 
. 

Figure. 4.36 - BSF images shoeing typical (a) aluminium and (b) copper Iuirrutitrurtures. SpraN. 
direction top to bottom utilising helium gas at room temperature and a stagnation pressure of 

29 bar. 
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Measurements of porosity were made and the mean porosity measured over the nine 

images, along with the standard error in the mean for the three coating types is 

shown in Table 4.9. Also shown in Table 4.9 are measurements of the coatings 

modulus, described in the next section, and the effect of post-spray heat treatment on 

the titanium coatings porosity and modulus, described in Section 4.9.3. 

Coating 
Heat 

Treatment 

Young's 
Modulus of 

Coating 
E, / GPa 

Young's 
Modulus of 

Bulk Material 
(Eb) / GPa 

Modulus 
Ratio 

(Eý / Eb) 

Pore Volume 
Fraction 

Aluminium - 11 f 1.0 67 0.16 0.031 f 0.0016 

Copper - 52 f 1.0 128 0.41 0.060 f 0.0004 
Titanium - 20 f 0.7 120 0.17 0.045 t 0.0046 
Titanium 400 °C 18 f 1.0 120 0.15 0.033 f 0.0048 
Titanium 600 °C 16 f 1.0 120 0.13 0.037 f 0.0030 

Titanium 800 °C 17± 1.1 120 0.14 0.036 ± 0.0026 
Titanium 1150 °C 43 ± 0.9 120 0.36 0.056 ± 0.0084 

Table 4.9 - Modulus and porosity measurements of the various cold spray coatings and the 

corresponding error of the mean are shown. Bulk modulus values are given from the metals 
handbook for titanium in a non-heat treated state 1131. 

The normalised volume fraction of pores as a function of their aspect ratio for each 

of the coatings deposited is shown in Figure 4.37(a) with the standard error of the 

mean. Finally, the cumulative normalised volume fraction of pores with different 

aspect ratios measured within the three coatings deposited in this study is shown in 

Figure 4.37(b). It is shown that pores of aspect ratio 0.1 or less were only detected as 

minimal volume fractions using this analysis method, and pores of aspect ratio 0.2 or 

less account for only 5% or less of the total pore volume found within the deposits. 

The majority of pores are found to have an aspect ratio of approximately 0.3 or 

greater. Unlike the aluminium and copper coating microstructures, boundaries 

between individual powder particles within the titanium coating can be clearly seen. 

Defects and individual particles are not as readily apparent within the aluminium and 

copper coatings. Defects surrounding the individual titanium splats indicate poor 

bonding within the coating and suggest that, on impact, there was a smaller degree of 

particle deformation in the titanium deposits when compared to the aluminium and 

copper deposits. 
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Figure 4.37 - (a) Normalised pore volume fraction (fý) (calculated as the volume fraction of a 
specific volume fraction divided by the total volume fraction) as a function of pore aspect ratio 

and (b) cumulative normalised pore volume fraction as a function of pore aspect ratio. 

4.9.2.4. Coating Stiffness 

Modulus testing was carried out on the cold spray coatings and results are shown in 

Table 4.9 with the standard error of the mean. The bulk modulus values for the 

materials [13] and the corresponding modulus ratios are also reported. A 

significantly higher modulus ratio (0.41) was found for the copper coatings than tot, 

the aluminium and titanium coatings (0.16 and 0.17 respectively). Table 4.9 shows 

that the measured titanium modulus ratio is in close agreement with results from 

previous literature. The aluminium and copper coatings modulus ratios, measured in 
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this study, exhibited lower values than those previously reported in the literature for 

cold spraying; reasons for this are considered in the discussion section. 

4.9.2.5. Eshelby Equivalent Homogeneous Inclusion 

Model 

Using equation 4.14, the elastic modulus ratio of a porous material was calculated as 

a function of pore aspect ratio, S, and pore volume fraction, f, as shown in Figure 

4.38. The horizontal lines shown in Figure 4.38 represent the modulus ratios 

determined experimentally for the aluminium, copper and titanium deposits. This 

illustrates that, for example, for a modulus ratio of 0.4, (i. e. that measured for copper 

deposits), defects of aspect ratio 0.01 and 0.1 would have to be present with volume 

fractions of approximately 0.01 and 0.1 respectively, whereas for the aluminium and 

titanium deposits it can be seen that defect aspect ratios 0.01 and 0.1 would have to 

be present with a volume fraction of 0.05 and 0.3 respectively. 

0.01 0.1 1 

Pore Aspect Ratio (S) 
10 100 

Figure 4.38 - Effect of defect aspect ratio, S, on modulus ratio for defect volume fractions, f, of 
0.01,0.05 and 0.10. Horizontal lines indicate the experimentally measured modulus ratios for 

the aluminium, copper and titanium deposits. 

In both cases this is significantly greater than the measured porosity in the respective 

aspect ratio ranges, as shown in Table 4.9 and Figure 4.37. Note that in this model, 

all defects are assumed to be orientated with the x-axis parallel to the substrate- 
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coating interface and the aspect ratio is defined as xly as shown in Figure 4.11; the 

most detrimental defect orientation in terms of the predicted Young's modulus 

reduction. In reality defects of many orientations would exist. As the defect aspect 

ratio falls below unity, the defect more closely resembles a through-thickness crack 

and as the aspect ratio increases above unity, the defect more closely resembles a 

crack in the plane of the coating. 

4.9.2.6. Coating Bond Strength 

The coating bond strength was assessed by two main methods; i) hand operated pull- 

off test and ii) transverse scratch testing (Section 4.8.7. ). For the pull-off test method 

a significant number of samples were found to show resin failure, as opposed to 

coating failure, at applied tensile strengths of up to 80 MPa. This indicates that the 

coating bond strength is expected to be greater than this measured value. This value 

exceeds the required tensile strength of HA coatings, 50.8 MPa [9,21 ]. 

An alternative method, transverse scratch testing, allows a qualitative understanding 

of the bonding process to be obtained. Figure 4.39 shows OM images of scratches 

made on a cross section sample of a titanium coating deposited onto a Ti6A14V 

substrate with as-received and grit blasted surface finishes with applied loads of 10 

N and 70 N. For both surface finishes some cracking within the coating has been 

observed when a load of 10 N is applied and shown in Figure 4.39(a) and Figure 

4.39(c). At the higher load of 70 N, cracks formed within the coating are larger and 

longer. Furthermore, delamination at the coating substrate interface is found for both 

substrate surface finishes. The amount of delamination found for the grit blasted 

substrate (Figure 4.39(d)) is less than that observed for a substrate with an as- 

received surface finish (Figure 4.39(b)). This indicates that bonding between the 

substrate and coating is greater when a grit blasted substrate is used. Delamination 

between the substrate and coating is first observed to have occurred after a load of 20 

N was applied for both substrate surface finishes. In contrast, for copper deposits, 

application of normal loads of both 10 N and 70 N in the transverse scratch test 

caused minimal cracking and debonding to occur at the interface and within the 
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coating itself (Figure 4.40(a) and (b)), indicating a high level of bonding within the 

coating and at the substrate-coating interface. 

d) AR f 10N ý, -- _--ý---- ---. --. -.,... ý, v. ý., 

v 

c)GB/10N 
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*-ý. ý: ý_ ý, 
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d) GB / 70N 
lb 

Figure 4.39 - 011 images showing transverse scratches for titanium deposits onto a T'ihAI4V 
substrate with, (a) and (b), an as-received (AR) surface finish and, (c) and (d), a grit blasted 
((; B) surface finish generated by applied loads of Itl N and 70 \ as indicated by each image. 
Scratch direction is from substrate into the coating (left to right). The coating ýsas deposited 

using helium as the primary gas at room temperature and a stagnation pressure of 29 bar. 

Figure 4.40 - OM images showing transverse scratches for copper deposits onto a copper 
substrate with an applied load of (a) 10 N and (b) 70 N. Scratch direction is from substrate into 
the coating (left to right). The coating was deposited using helium as the primary gas at room 

temperature and a stagnation pressure of 29 bar. 
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4.9.2.7. Coating Hardness 

The micro-hardness of the titanium coating was found to increase as the distance 

from the coating-substrate interface decreased. Results are shown in Figure 4.41. At 

the top surface of the coating, the hardness of the coating is measured as 80 kgf MM -2 

and increases to 340 kgf mm2 close to the coating-substrate interface. This is higher 

than the hardness value of bulk pure titanium generally quoted as 200 - 265 kgf 

mm-2 as shown in Table 4.2. 
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Figure 4.41 - Titanium coating hardness deposited onto a Ti6A14V substrate as a function of 
distance from the coating-substrate interface. The coating hardness increases as the coating- 

substrate interface is approached. The coating was deposited using helium as the primary gas at 
room temperature and a stagnation pressure of 29 bar. 

4.9.2.8. Fatigue Endurance Limit 

Fatigue endurance limits after 107 cycles as a function of substrate surface finish 

type, uncoated and for both cold sprayed and shrouded arc sprayed samples are 

shown in Table 4.10. The Ti6A14V substrate was measured to have a fatigue 

endurance limit for 107 cycles of 633 MPa. This is of a similar value to that found by 

previous workers for a Ti6A14V substrate with an approximate grain size of 10 gm 

(Figure 4.12). Table 4.10 shows that both grit blasting and cold spraying have a 

significant effect on the fatigue endurance limit. A 15 % reduction in the fatigue 
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endurance limit was observed after application of the coating to the as-received 

substrate. A 20 % reduction was observed after grit blasting an as-received substrate; 

this is attributed to the grit blasting process producing surface stress raisers. It is 

clearly shown that both grit blasting and cold spraying has a significant effect on the 

fatigue endurance limit. However, when applying a cold sprayed coating to a grit 

blasted substrate surface, it is found that the fatigue endurance limit does not reduce 

further. Also shown in Table 4.10 are fatigue endurance limit results relating to cold 

sprayed coating subsequently heat treated and titanium coatings created by the 

shrouded arc spray process. These results are described in Sections 4.9.3. and 4.9.4. 

respectively. 

Coating Type 
Heat 

Treatment 
Surface Finish Fatigue Endurance Limit 

at 107 cycles / MPa 
Substrate Only - AR 633 ± 20 
Substrate Only - GB 507 ± 28 

Substrate Only - 
GB (Industrial 

Partner) 418 ±1 

Cold Sprayed - AR 537 ±8 
Cold Sprayed - GB 512 ± 13 

Shrouded Arc - 
GB (Industrial 

Partner) < 182 

Substrate Only 800 °C AR 345 ±9 
Substrate Only 1150 °C AR 262 ±5 
ColdSprayed 800°C AR 217±5 
Cold Sprayed 1150 °C AR 200 ±5 

Table 4.10 - Fatigue endurance limits after 10' cycles for as-received (AR) and grit blasted 
(GB). Results for as-received samples are shown for the non-heat treated and heat treated state. 

The standard error of the mean is also shown. 

4.9.2.9. Analysis of Fracture Surfaces 

Figure 4.42(a) shows the fracture surface of an as-received sample. It is possible to 

identify the structural features commonly observed in fatigue fractures; these are, 

slip band formation, stage I and stage II crack growth [136]. Fatigue fractures 

normally originate at the surface and it is possible for multiple initiation sites of 

fractigue fractures to be present. Cracks generated proceed along grain boundaries 

and this is known as stage I crack growth. Stage I crack growth generally occurs 

within the first few thousand cycles of stress. Successive cycles produce additional 
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slip bands, but the number of slip bands is not directly proportional to the number of 

cycles of stress. Stage I crack growth normally only extends over a fcw grain 

diameters before crack propagation changes to Stage II. The rate of crack 

propagation in Stage I is generally very low, (angstroms per cycle), compared to the 

rate of propagation in Stage 11 crack growth, usually microns per cycle [136]. 

Therefore the surface of Stage I fractures are practically featureless as shown in 

Figure 4.42(b). In Stage II crack growth, a pattern of ripples or fätigue facture 

striations is produced as shown in Figure 4.42(c). Each striation represents one 

complete cycle and the advancement of a crack normal to the greatest tensile stress 

[136]. Eventually the crack will become so long that the remainder of the cross 

sectional area of the specimen is unable to support the cyclic load and will also fail. 

Figure 4.42 - SE image showing the (a) fatigue fracture surface of the Ti6: U4\' substrate with 
an as-received surface finish and; (b) higher magnification of Stage I crack growth and (c) Stage 

11 crack growth. The coating was deposited using helium as the primarN gas at room 
temperature and a stagnation pressure of 29 har. 

Figure 4.43(a) shows the fatigue fracture of an as received and cold sprayed sample. 

There appears to be little deformation to the coating itself at the point of initial 
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fracture, shown in Figure 4.43(b), and the coating appears well bonded to the 

substrate. In contrast, in the regions associated with final the final fracture, the 

coating was seen to have debonded from the substrate as shown in Figure 4.43(c). 

Figure 4.43 - SE image showing the (a) fatigue fracture surface of a Ti6AI4\' substrate with an 
as-received surface finish and cold sprayed titanium coating and, (b) initial fracture point and 

(c) final fracture point and coating delamination. The coating was deposited using helium as the 
primary gas at room temperature and a stagnation pressure of 29 bar. 

Cross-sectional images of these samples show the difference in degradation of the 

coating at the point of fatigue fracture and close to the shoulder of the sample, where 

a much lower level of alternating stress is experienced due to the dimensions of the 

sample. Figure 4.44(a) is an image taken close to the fatigue fracture and it is 

observed that delamination has occurred along the coating-substrate interface, along 

with cracking within the coating itself. In contrast Figure 4.44(b) is an image taken 

close to the shoulder where significantly less coating degradation has occurred. 

Grit blasted and cold sprayed samples showed similar structural features to the as- 

received and cold sprayed samples. However, coating delamination was found close 
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to the initial point of fracture and shown in Figure 4.45. This is in contrast to the 

coating sprayed onto the as-received substrate (Figure 4.43(b)) and may be due to the 

stress raisers at the substrate surface, which increase the likelihood of crack 

formation and coating delamination. 

'' ý11 
m 

Figure 4.44 BSI: images of the cross-section of the I i( I4\ substrate %%ith : in as-recei\ed 
surface finish and the titanium cold sprayed coating (a) close to the fatigue fracture (Stress 

570 11Pa) and (b) away from the fatigue fracture (stress - 190 \1l'a). The coating was deposited 

using helium as the primary gas at room temperature and a stagnation pressure of 29 bar. 

Figure 4.45- SE image sho%sing initial fracture surface of the grit-blasted I'i6: U4\ substrate 
and the titanium coating. The coating was deposited using helium as the primar% is at room 

temperature and a stagnation pressure of 29 bar. 

4.9.2.10. Residual Stresses within Deposits 

From previous literature, Section 4.6.6., it has been shown that residual stresses 

within cold spray deposits are expected to he low in magnitude, which tends to result 

in low accuracy in measurement of such stresses. The suitability of XRI) testing was 

evaluated for the measuring of residual stresses within cold spray deposits using a 
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small four point bend test rig (Section 4.8.10.1. ). The XRD recorded an applied 

stress (between the strained and no known strain applied positions) of 115 MPa 

compared to 100 MPa measured by strain gauges. The variation between the 

measured induced stress between the XRD and strain gauges is believed to be within 

the error of the measuring process. However, when carrying out XRD stress analysis 

on the top surface of titanium cold sprayed deposit and Ti6A14V substrates, the 

residual stress values measured were lower than the errors generated by the analysis 

equipment. Furthermore, this technique only allowed the top surface of the deposit, 

which tends to have high levels of porosity, to be analysed. To measure residual 

stresses within the coating, part of the coating would require removal until the area 

where analysis was to be carried out was left exposed. Electro polishing is typically 

used for this as it is known to induce minimal stresses within the sample. However, 

on attempting to electro polish the titanium cold spray deposits, inhomogeneous 

removal of the coating material occurred due to the polishing process preferentially 

removing material at particle boundaries. 

The induced specimen bending method (Section 4.8.10.2. ) is a simpler method by 

which to measure the residual stresses and allows average residual stresses within the 

coating to be evaluated without the need for machining or polishing of the sample. 

The form of the underside of the substrate surface (i. e. the face not being coated) is 

measured before and after spraying, which allows the deflection of the substrate due 

to spraying to be calculated. Measured results can then be fitted to a circle of known 

radius and an example of this is shown in Figure 4.46. Using the known radius of 

curvature, the residual stresses within the deposits are calculated (Section 4.8.10.2. ). 

Residual stress measurements for titanium coatings deposited onto a Ti6A14V 

substrate with an as-received and grit blasted surface finish are summarised in Table 

4.11. Stresses within the cold spray coatings are found to be small and compressive; 

accordingly, tensile stresses are expected in the substrate close to the coating 

substrate interface. Also shown in Table 4.11 are measured residual stress values for 

cold sprayed coating subsequently heat treated and titanium coatings created by the 

shrouded arc spray process. These results are described in Sections 4.9.3. and 4.9.4. 

respectively. 
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Figure 4.46 -A typical measured amount of Ti6Al4V substrate deflection due to a titanium cold 
spray deposit (grey line) and fitted to a curve of radius R (black line). 

Coating 
Type 

Heat 
Treatment 

Surface 
Finish ac at y=0 

ac at y= 
h 

ß, at y= 
h 

CS - GB -10 -13 +21 
CS - AR -25 -32 +52 
CS 400 °C AR -10 -12 +17 
CS 600 °C AR -7 -8 +11 
CS 800 °C AR -5 -6 +9 
CS 1150 °C AR -5 -6 +9 

SA - 

GB 
(Industrial 

Partner) 
+45 +65 -84 

Table 4.11 - Measured residual stresses within the titanium cold sprayed coating (CS) and 
shrouded arc coatings (SA). Residual stresses are calculated for the coating («j and Ti6A14V 

substrate (ß, ) for a grit blasted (GB) and as-received (AR) surface finishes. Samples with an AR 
surface finish were also heat treated at 400 °C, 600 °C, 800 °C and 1150 °C for one hour 

respectively. Measurements are calculated at y=0 (the coating top surface) and y=h (the 
coating-substrate interface). See Figure 4.28. 

4.9.3. Effect of Heat Treatments on Titanium Cold Spray 

Deposits 

Heat treatments were carried out on the titanium deposits to investigate their effect 

on coating properties. Heat treatments were carried out at 400 °C, 600 °C, 800 °C and 

1150 °C for one hour as described in Section 4.8.11. The same mechanical tests (for 
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example coating stiffness, porosity, rotating bend fatigue endurance limit and 

residual stress measurement) that had been previously used on the non-heat treated 

samples were used to characterise the heat treated coatings. 

4.9.3.1. Coating Microstructure 

Figure 4.47 shows the titanium coating microstructure after heat treatments of (a) 

400 °C, (b) 800 °C and (c) 1150 °C for one hour. Higher magnification images of the 

coating microstructure after each heat treatment are shown in Figure 4.48. 

.ý IM NEMs s ý11 1i 

101. ,'. 

Figure 4.47 - BSE images of the titanium coating microstructure deposited onto a 7'iOA14V 

substrate and subsequently heat treated at (a) 400 "C, (b) 800 "C and (c) 115() "(' for one hour. 

The coating was deposited using helium as the primary gas at room temperature and a 
stagnation pressure of 29 bar. 

It is found that there is minimal variation in the coating microstructure compared to 

the non-heat treated microstructure (Figure 4.32(b)) for heat treatments up to so() °(, 

(Figure 4.47(b)). After a heat treatment at 1150 °C, it becomes harder to identity 

individual particles as some of the defects that have been found previously, such as 
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interparticle boundaries, are no longer present. However, there also appears to he a 

greater amount of porosity of a more spherical nature and this is discussed in greater 
detail in the next section. 

.ý a 

R. 

j 
ý 

ýýý ,ýý 

.,. f. t 

F' 

o, 
.4 

l_'' " 
q.. ` 

'll 11 Iý 1 .: 1 

" 

., 

.. I' -'"" , , ý 
,ýý., 

I 111 tI 

Figure 4.48 - BSE images showing the degree of inter-particle bonding for a titanium coating 
subsequently heat treated at (a) 400 "C, (h) 800 "C and (c) 1150 "(' for one hour. 1'1w coating 

was deposited using helium as the primary gas at room temperature and a stagnation pressure 
of 29 bar. 

As shown previously (Section 4.9.1.1. ), there is little variation in the T11 Al4V 

substrate microstructure until a heat treatment carried out at I 150 °C is employed. 

Figure 4.49 is an OM image of the etched coating substrate interface after being heat 

treated at 1150 °C for one hour. Growth of the grains from the substrate into the 

coating can be seen to have occurred and this was not observed ti- the other heat 

treatment temperatures. 
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Figure 4.49 - OM image of the titanium coating / T16AI4V' substrate after being heat treated at 
1150 °C for one hour. The coating was deposited using helium as the primary gas at room 

temperature and a stagnation pressure of 29 bar. 

Using EDX analysis, the amount of diffusion between the substrate and coating may 

be calculated. The Alka peak was chosen as it was known that it would not have 

been found within the titanium coating prior to the heat treatment. It was not possible 

to accurately count the peak intensity of the vanadium Vka peak due to it 

overlapping with the Tik[3 peak. However, it is known that vanadium diffuses at a 

similar rate to that of aluminium in titanium (Figure 4.19) [12]. FUX analysis was 

carried out at 20 tm intervals up to 200 pin either side of the coating-substrate 

interface and the grey line shown in Figure 4.50 shows the results of this analysis. 

6 

5 

4 

3 

2 

ý 

I 

0 

-250 -200 -150 -100 -50 0 50 100 150 200 250 
Distance I pm 

Figure 4.50 - Aluminium diffusion across the coating substrate interface for it heat treatment at 
1150 °C for one hour. FDX measurements are indicated by the grey line and predicted values by 

the black line. 

- 178- 



Tim Price Chapter 4- Substrate and Coating Characterisation 

If the diffusion constant of an element within another material is known, it is 

possible to predict the rate of diffusion occurring when two specimens are joined 

together and heat treated. Diffusion coefficients were obtained from Figure 4.19 for 

the heat treatment temperatures used in this study and are summarised in Table 4.12. 

Table 4.12 - 

Heat Treatment Diffusion Coefficient /m s' 
600 °C 10-22 

800 °C 10" 

1150 °C 10' 

liffusion coefficients for aluminium in titanium for a ranee of t 
temperatures 1121. 

eat treatment 

For the heat treatment temperatures chosen below 1150 °C, the diffusion coefficients 

are very small, explaining why no measurable diffusion between the substrate and 

coating is identified for such heat treatment temperatures. By assuming that the two 

specimens are semi-infinite, the diffusion profile can be calculated from the 

following equation [137]: 

C- 
C, +CZ 

- 
C, -CZ er fx 

2)22 Dt 
(Eq 4.27) 

Where C, and C2 are the minimum and maximum aluminium compositions 

respectively, x (m) is the distance from the interface, D (m2 s"1) is the diffusion 

coefficient and t (s) is the annealing time. Using equation 4.27., it is possible to 

predict the diffusion behaviour of aluminium in titanium after annealing at 1150 °C 

for one hour. This prediction is shown as the black line alongside the measured EDX 

values in Figure 4.50 and is found to closely match the experimental data. Within the 

substrate, the experimental values of aluminium content are found to fluctuate either 

side of the predicted values and this is due to the two phases present within the 

Ti6Al4V substrate being either aluminium rich or poor. 

4.9.3.2. Porosity Measurements 

Table 4.9 shows the porosity measurements for heat treated cold sprayed titanium 

samples. For heat treatments up to 800 °C, a similar level of coating porosity was 
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found compared to the non-heat treated titanium cold spray coatings. Table 4.9 

shows that for titanium coatings heat treated at 1150 °C an increase in coating 

porosity was measured. 

Comparing a titanium coating heat treated at 1150 °C (Figure 4.48(c)) with a non 

heat treated titanium coating (Figure 4.32(b)) a difference in the pore aspect ratio is 

observed; for samples heat treated at 1150 °C, the pores appear to be of a more 

spherical nature. Measurement of the pore aspect ratio was carried out by image 

analysis as described in Section 4.8.3.5. and results are shown in Figure 4.51 for a 

non-heat treated and 1150 °C heat treated titanium coating. Measurements of the 

pore aspect ratio for samples heat treated at 400 °C, 600 °C and 800 °C were found to 

be similar to a non-heat treated sample. Figure 4.51 shows that the cold sprayed 

titanium coating heat treated at 1150 °C has a greater volume fraction of pores of 

aspect ratio 0.5 or higher compared to a non-heat treated sample. 
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Figure 4.51 - Normalised pore volume fraction (fN) (calculated as the volume fraction of a 
specific volume fraction divided by the total volume fraction) as a function of pore aspect ratio 

for a titanium cold sprayed coating in the non-heat treated condition and after being heat 
treated at 1150 °C for one hour. 
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4.9.3.3. Coating Stiffness 

Table 4.9 shows the measured modulus values for the titanium coatings heat treated 

at the various temperatures. For heat treatment temperatures up to 800 °C, there is 

little change from the modulus ratio of 0.17 found for a titanium coating in the as- 

deposited state. After heat treatment at 1150 °C, the modulus ratio increases 

significantly to 0.36. Use of the Eshelby model, Figure 4.38, shows that this increase 

in modulus ratio may be due to an increase in the pore volume fraction of larger 

aspect ratio. Alternatively, it may also be due to improved bonding occurring due to 

diffusion bonding between particles, both within the coating and at the coating- 

substrate interface. 

4.9.3.4. Coating Hardness 

The average coating hardness, shown in Table 4.8, was found to increase with 

increasing heat treatment temperature. This is most likely due to increased levels of 

inter-particle bonding occurring with increasing heat treatment temperature. 

4.9.3.5. Coating Bond Strength 

It has been shown previously by EDX analysis, Figure 4.50, that diffusion has 

occurred between the Ti6A14V substrate and titanium coating at a heat treatment 

temperature of 1150 ° C. No significant diffusion was measured or predicted to have 

occurred at heat treatment temperatures of 800 °C or lower. Transverse scratch 

testing was used to assess any changes in bond strength throughout the coating. 

Figure 4.52(a) and Figure 4.52(b) show transverse scratches with applied loads of 10 

N and 70 N respectively, onto a titanium coating following heat treatment at 800 °C 

for one hour. Delamination at the coating substrate interface and cracks within the 

coating itself are found, similar to those previously shown for a non-heat treated 

sample (Figure 4.39(a) and Figure 4.39(b)). Therefore it is expected that no 

improvement in the coating bond strength results from heat treating up to 800 T. 
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Figure 4.52(c) and Figure 4.52(d) show scratches with applied loads of 10 N and 70 

N respectively for a coating heat treated at 1150 °C for one hour. For the higher load 

of 70 N (Figure 4.52(d)), there is a significant reduction in the amount of 

delamination and cracking occurring within the coating itself compared to samples 

heat treated at lower temperatures or in the as-deposited state. 
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Figure 4.52 - OM images shoN%ing ti aiis%crst scratches for titanium deposits outu aIw 
substrate and subsequently heat treated at, (a) and (b), 800 "C, and (c) and (d), 1150 "( liar one 

hour. Scratches are generated by applied loads of 10 N and 70 N as indicated by each image. 
Scratch direction is from substrate into the coating (left to right). The coating was deposited 
using helium as the primary gas at room temperature and a stagnation pressure of 29 bar. 

4.9.3.6. Fatigue Endurance Limit 

Fatigue testing was carried out on titanium cold sprayed coatings deposited onto a 

Ti6AI4V substrate with an as-received surface finish and subsequently heat treated at 

800 °C and 1 150 °C for one hour. Measured fatigue endurance limits after 10' cycles 

are shown in Table 4.10. A reduction in fatigue endurance limit is found compared to 

the non-heat treated samples (Table 4.10). A heat treated substrate was found to have 

d) 1150°C / 70N 
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a 59 % and 45 % decrease in fatigue endurance limit compared to the non-heat 

treated state after a heat treatment for one hour at 1 150 °C and 800 °C' respectively. 

Fatigue endurance limit reductions of approximately 60 % resulted when compared 

with coated samples in the heat treated and non-heat treated state. These reductions 

in fatigue endurance limit occurred despite minimal variation in the surf ice 

topography of the samples due to the heat treatment. 

4.9.3.7. Analysis of Fracture Surfaces 

Figure 4.53(a) shows an overview of the fatigue fracture surf-, 'Ice for a cold sprayed 

sample heat treated at 800 T. The fracture surface within the Ti6A14V substrate 

appears similar to those found for a non-heat treated sample (Figure 4.42). 

Delamination of the coating from the substrate was identified to occur in the initial 

and final fracture regions and shown in Figure 4.53(b) and Figure 4.53(c). 
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Figure 4.53 - SE image showing the (a) fatigue fracture surface of aI ib l4V' substrate with an 

as-received surface finish and cold sprayed titanium coating subsequenth heat treated at 800 °C 
for one hour and, (b) initial fracture point and (c) final fracture point both showing 

delamination of the coating from the substrate. The coating was deposited using helium as the 
primary gas at room temperature and a stagnation pressure of 29 bar. 

- 183 - 



Tim Price Chapter 4- Suhstrute and ('eating Chaructcri. eutinn 

Figure 4.54 is a cross-sectional image of the sane sample showing the fatigue 

fracture. Large portions of the coating still appear well bonded to the coating 

substrate. At the fatigue fracture, the coating has broken into small sections on 

failure. 

Figure 4.54 - BSE image of the cross-section at the fatigue trat-tore of a 'I ib l4\ substrate and 
the titanium cold sprayed coating and heat treated at 800 °C for one hour (Stress - 217 \1 Pa). 

The coating was deposited using helium as the primary gas at room temperature and a 
stagnation pressure of 29 bar. 

Figure 4.55(a) shows the fatigue fracture surface for a cold sprayed sample heat 

treated at 1150 °C. The fracture surface is significantly different to those shown 

previously. It is hard to identify regions of Stage I and Stage 11 crack growth. The 

fracture surface appears brittle in nature. Figure 4.55(h) shows the typical coating- 

substrate interface found throughout the sample. The coating is shown to have 

remained well bonded to the substrate. This is most likely due to diffusion bonding 

processes occurring during the heat treatment. This fact is emphasised by Figure 

4.56, a cross-sectional image of the same sample at the fatigue fracture. The BSF 

image shows grains that have formed across the coating-substrate interface due to the 

heat treatment and delamination between the coating and substrate has been 

eliminated. The reduction in fatigue endurance limit on application of the coating 

may potentially be due to the increased chance of cracks propagating from the 

coating into the substrate due to the improved bonding between the two. 
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Figure 4.55 - SE image shoeing the (a) fatigue fracture surface of aI ifr l4\ suhslratr mIh an 
as-received surface finish and cold sprayed titanium coating subsequently heat treated at 1 150 
°C for one hour and (b) throughout the sample a high degree of bonding between the substrate 

and coating was found. The coating was deposited using helium as the primary gas at room 
temperature and a stagnation pressure of 29 bar. 
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Figure 4.56 - BSE image of the cross-section at the fatigue fracture of. a 'I'i(. l4\ substrate and 
the titanium cold sprayed coating and heat treated at 11-50 "C for one hour (Stress - 192 i1Pa). 

The coating was deposited using helium as the primary gas at room temperature and a 
stagnation pressure of 29 bar. 

4.9.3.8. Residual stresses within heat treated deposits 

The amount of induced specimen bending due to coating deposition was used to 

measure the residual stresses within the coating and substrate. Results are shown in 

Table 4.11. Residual stresses within the deposits were found to reduce with 

increasing heat treatment temperature due to the stress-relieving nature of heat 

treating. 
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4.9.4. Properties of Competitor Coating - Shrouded Arc 

Sprayed Titanium Deposits 

The fatigue endurance Iimit, stiffness and induced residual stresses Within a titanium 

coating, deposited by shrouded arc spraying, were measured to allow comparison 

between coatings created by the shrouded arc and cold spraying process. The 

shrouded arc titanium coating microstructure is also assessed to aid explanation of 

findings. 

4.9.4.1. Coating Microstructure 

The shrouded arc coating microstructure is shown in Figure 4.57. The titanium 

coating produced by shrouded arc spraying has a very different coating 

microstructure to a titanium coating produced by cold spraying (Figure 4.32). 

Despite the coating being produced within an inert atmosphere, individual titanium 

particles within the shrouded arc coating are typically separated by oxides, identified 

as intermediate grey levels within the BSE images. Porosity within the coating is 

found to be apparent and is able to form evenly at the coating top surface and close 

to the substrate-coating interface. Cracking at the coating top surface was found 

along the length of the sample and an example of this is shown Figure 4.57(b). 

Cracks were typically found to be no more than a couple of 100 µm in thickness. 

Cracks were not found within the coating close to the coating-substrate interface. 
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Figure 4.57 - BSI. images of the cross-section of (lie shrouded arc (ilaniulll coating 
microstructure at (a) low magnification, (h) the coating top surface showing evidence of 

cracking occurring within the coating. 
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4.9.4.2. Coating Stiffness 

The modulus of the shrouded arc coatings was measured as 41 ± 0.9 MPa. Using a 

modulus value of 120 GPa for titanium (from the metals handbook [ 13]), it is found 

that the modulus ratio of the shrouded arc coating is found to be approximately 0.33. 

This is significantly higher than the modulus ratio measured for the cold sprayed 

titanium coatings. 

4.9.4.3. Fatigue Endurance Limit 

Table 4.10 shows that samples that were grit blasted by the industrial partner were 

observed to have a 34 % reduction in fatigue endurance limit compared to the as 

received state. This is a larger reduction compared to samples grit blasted at the 

University of Nottingham and may be due to the higher surface roughness (Table 

4.6) which gives an indication of the level of surface deformation that has occurred. 

An increase in surface deformation or surface roughness could create a greater 

number of surface stress raisers and initiation sites for cracks to develop, thus 

reducing the fatigue endurance limit. It is also noted that there are other factors 

determining the fatigue endurance limit of a sample and these are discussed in 

further detail in later sections. A further significant reduction in fatigue endurance 

limit was found on application of the shrouded arc sprayed coating. All samples 

failed before the fatigue endurance limit after 107 cycles could be measured. 

Therefore the table indicates an upper bound limit of the fatigue endurance limit for 

the shrouded arc samples of 182 MPa. 

4.9.4.4. Analysis of Fracture Surfaces 

Figure 4.58(a) shows the fatigue fracture of a shrouded arc sprayed sample. The 

substrate was found to have similar fracture features to those discussed previously 

(Figure 4.42). Evidence of the shrouded arc coating delaminating at the initial and 

final points of fracture is identified in Figure 4.58(b) and Figure 4.58(c) respectively. 
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Figure 4.58 - SE image showing the (a) fatigue fracture surface oI a l'i6; V4\' substrate with a 
grit blasted surface finish and shrouded are sprayed titanium coating and, (b) initial fracture 

point and (c) final fracture point. 

Figure 4.59(a) is a cross-sectional image of the fatigue fracture. At the fracture point, 

a large portion of the coating has been removed. Parts of the remaining coating 

exhibit cracking, some of which continues into the substrate. These cracks are shown 

at a higher magnification in Figure 4.59(b). These cracks originated at the coating 

top surface having grown from pre-existing nucleation sites. Cracks were previously 

identified within the top third of the coating cross-section surface in Figure 4.57(b), 

for samples not used for fatigue testing. On application of the tatigue load, these 

cracks would have acted as stress raisers and grown and propagated into the 

substrate, causing premature failure. 
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Figure 4.59 - BSE images of the cross section of the Fib AL 4V substrate ýs ith a grit blasted 
surface finish and the shrouded arc titanium coating close to the fatigue fracture at (a) lolý 

magnification and (b) high magnification. Cracking that runs from the coating into the 
substrate can be identified. 

4.9.4.5. Residual Stresses within Deposits 

Table 4.11 shows that residual stresses found in the shrouded arc deposits are tensile 

(as opposed to compressive stresses found in all cold spraying samples) and they are 

of higher magnitude than those measured for the cold spray coatings. This is due to 

the quenching stresses that are observed on cooling of the coating after deposition. 

4.10. Discussion 

The discussion section of this chapter is divided into two main sections. The first 

section discusses the results found for the Ti6Al4V substrate and the second section 

considers the results found for coatings experimentally tested during this study. The 

second section includes discussion on cold spray coatings, shrouded arc coatings and 

heat treated titanium cold spray coatings. 

4.10.1. Substrate Properties 

This section provides interpretation of the results previously described relating to the 

Ti6Al4V substrate and a comparison to results found by previous workers. The 

Ti6Al4V substrates were shown to have either a fine equiaxed or coarse 

microstructure in the as-received state. The Ti6Al4V alloy is used for many 

applications, predominantly aerospace, and therefore it is well characterised. The 
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mechanical properties measured in this study; hardness, stiffness, fatigue endurance 

limit, are all comparable to results from previous workers [13,14,118-120]. 

Figure 4.29(a) shows that a grain size of approximately 10 µm or less has been found 

for the Ti6A14V substrate used for fatigue testing in the non-heat treated state. Table 

4.10 shows the measured values of the fatigue endurance limit after 107 cycles of the 

Ti6A14V substrate of 633 MPa for an as-received surface finish reducing to 418 MPa 

for a grit blasted surface finish. These values are comparable to other workers 

results, such as those shown by Wagner et at. [120] in Figure 4.12 for a 10 µm grain 

size. A 20% reduction in the fatigue endurance limit was measured after grit blasting 

carried out at the University of Nottingham due to the production of surface stress 

raisers from the grit blasting process. Greater reductions in the fatigue endurance 

limit were observed following grit blasting by the industrial partner. This is due to an 

increase in the surface roughness of the samples grit blasted by the industrial partner 

as shown in Table 4.6. 

With increasing heat treatment temperature up to 800 °C, grain growth was found to 

occur. By heat treating above the a/ß transformation temperature, shown to be 

approximately 1000 °C by Figure 4.1, a significant change in the substrate 

microstructure was found. The single phase beta field is separated from the two 

phase a/ß field. By furnace cooling through the ß transition temperature, the ß 

phase transforms by nucleation and growth to leave a Widmanstätten a phase 

structure (Figure 4.31) [138]. The microstructural changes with increasing heat 

treatment give rise to a change in the mechanical properties of the Ti6Al4V 

substrate. A reduction in the substrate hardness (Table 4.8) is observed with 

increasing heat treatment temperature. 

Up to a 59% reduction in the fatigue endurance limit of the Ti6A14V substrate was 

found with increasing heat treatment temperature compared to the non-heat treated 

state (Table 4.10). The fatigue fractures of the Ti6A14V substrate heat treated at 800 

°C has a similar fatigue fracture surface to that of the non-heat treated sample. The 

1150 °C heat treated samples showed a brittle fatigue fracture surface and this is 
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potentially due to oxygen embrittlement. A large increase in the diffusion rate of 

oxygen within Ti6A14V occurs at heat treatment temperatures greater than 900 °C, as 

shown in Figure 4.19. The increase in the Young's modulus of Ti6A14V with heat 

treatment temperature is a phenomenon that occurs with titanium alloys. It occurs 

because the modulus of the Ti6A14V alloy is determined by the specific moduli of 

the phases present and their volume fractions. For the Ti6A14V alloy, the volume 

fraction and compositions of the phases present depend on the prior heat treatment 

carried out and therefore as a consequence any prior heat treatment will influence the 

modulus of the titanium alloy [12,132]. 

4.10.2. Cold Spray Coating Properties 

This section provides interpretation of the results previously described and compares 

them to results found by previous workers. 

4.10.2.1. Coating Microstructure 

For the cold spray coatings, it is possible to identify pores, voids and defects between 

individual splats that make up the thickness of the coating. These defects are most 

easily identifiable within the titanium deposits (Figure 4.32(b)). Using porosity that 

is resolvable by the SEM (Table 4.9) as a quantifiable measurement of these defects, 

it has been shown that there are a greater number of these defects apparent in the 

titanium cold sprayed deposits compared to the aluminium (Figure 4.36(a)) and 

copper cold sprayed deposits (Figure 4.36(b)). For all types of deposit there appears 

to be a greater amount of porosity at the coating top surface than that found close to 

the coating-substrate interface. This is due to the way in which cold spray coatings 

are deposited. Particles that create the initial layers of the coating will be impacted 

by further impinging particles which would lead to compaction of particles that are 

already deposited. For particles that are deposited close to the top of the coating 

surface, there are fewer impinging particles that would lead to compaction of this 

section of the coating and therefore a more porous structure is expected. 
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Of the three deposited materials, and using their respective SEM images, copper may 

be expected to show the highest level of inter-particle bonding due to the low levels 

of defects and voids found within the coating microstructure. It was found that the 

copper coatings had the lowest coating porosity of the three materials deposited. It 

should, however, be noted that there may be other defects within the cold spray 

deposit that can not be resolved by the SEM and this is discussed in greater detail in 

further sections. The hardness of the titanium coatings was found to vary with 

coating depth as shown in Figure 4.41. At the coating top surface, a much lower 

coating hardness was measured than at the coating top surface as shown in Figure 

4.32(a). A large number of pores and defects are found at the coating top surface due 

to the nature of the way in which a cold spray coating is created and this will 

influence hardness results in this portion of the coating. 

It is expected that the defects identified within the deposits would affect the level of 

bonding occurring within the cold spray deposits and the coating stiffness of the cold 

spray deposits. The next section discusses the bonding strength and mechanisms 

found within cold spray deposits. Transverse scratch test images are discussed to 

assess the amount of bonding within the coating and a blended aluminium-copper 

powder was used to show visually the amount of inter-particle bonding found within 

cold spray deposits. 

4.10.2.2. Bonding Strength and Mechanisms 

It has been argued previously [47,55,93,95] that upon impact, a shear instability 

results, which cleans the metal surfaces of oxides and leaves exposed metal surfaces 

which can be metallurgically bonded. The ability to form clean metal surfaces which 

are well bonded strongly depends upon both the conditions of impact (velocity, 

impact angle, temperature, local geometry) as well as upon the material in question 

(which will govern the nature of the shear instability and the nature of the pre- 

existing oxides upon the particle surfaces). During spray deposition of a coating, 

particles impact with a non-plane target which will be made up of particles which 

have been previously deposited. As such, each particle will experience different 

deformation conditions upon impact. Modelling of particle impact [47,52] has 
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tended to examine only impact of spheres on plane targets, and as such does not 

adequately represent conditions observed in practice. Assadi et al. [93] briefly 

consider the interaction between multiple spherical particles impacting a surface. It 

was found that previous particle impacts to a substrate do affect the shear 

instabilities generated, by further impinging particles and that the strain and 

temperature distribution at the particle-particle impact interface is inhomogeneous; 

they suggested that this would indicate that bonding may be confined to a fraction of 

the interacting surfaces. In the modelling of impact, whilst shear and temperature 

effects can easily be considered, the role of the presence of surface oxides (both on 

the substrate material and on each individual particle) in modifying interface 

interactions has not been addressed (even though its role is widely recognised) [47]. 

To visually show the inhomogeneous bonding within cold spray deposits a blended 

aluminium-copper powder was used to produce coatings and subsequently heat 

treated (Section 4.8.2.2. ). Following heat treatment, non-uniform intermetallic layers 

formed between the aluminium and copper particles form as shown by Figure 4.34. 

The reason for incomplete coverage of aluminium-copper interfaces with an 

intermetallic layer can be attributed to oxide layers on the surfaces of one or both 

original powder powders which act as a diffusion barrier. Aluminium, in particular, 

forms an oxide which is very stable and tenacious. Therefore bonding of aluminium 

and copper particles is potentially difficult, even at elevated temperature, unless this 

oxide film can be broken and intimate metal to metal contact obtained. In this respect 

the occurrence of shear instabilities on impact has a key role in breaking down oxide 

films and creating intimate metallic contact which will allow diffusion during 

elevated temperature annealing. The increase in fractional interface coverage, with 

increasing primary gas pressure, which was measured in this work (Figure 4.34) can 

be attributed to more extensive breakdown of oxide films at the higher pressure. This 

is because particle velocity increases with primary gas pressure, which in turn 

creates more extensive regions of shear instability as predicted by finite element 

modelling [93]. Thus it can be concluded that a higher particle velocity in the CGDS 

process causes a greater degree of direct metal contact between particles in the 

deposit. The phenomenon of localised regions of intermetallic layer formation, 

related to oxide breakdown, has also been observed in the context of studies on 
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diffusion bonding of aluminium and copper [135]. In their study, it was noted that an 

increase in bonding pressure increased the area over which intermetallics formed 

because of increased oxide break-up. 

The intermetallic layer development during elevated temperature annealing can be 

explained in terms of a solute diffusion controlled process. It was established by 

Manna et al. [133] and Funamizu et al. [134] that the growth kinetics follow the 

following equation: 

w= D"t (Eg4.28) 

where w is the intermetallic thickness, t is the dwell time of the heat treatment and D 

is the diffusion coefficient. D is temperature dependent and is given by: 

D= Do " exp(- 
Q 

R"T 
(Eq 4.29) 

where Do is the pre-exponential constant, Q is the activation energy of the process, R 

is the gas constant and T is the absolute temperature. Data for calculating D are given 

in Table 4.13 for molten aluminium deposited by hot dipping onto a copper substrate 

with and without prior cold work [133]. Using the values given, the intermetallic 

thicknesses estimated for the present annealing treatment are -I and 6 µm for the 

assumption of 0% and 40 % cold work respectively. These values are in reasonable 

agreement with those observed experimentally in this work, and shown in Figure 

4.35. 

Condition of Pre-exponential Activation Energy (Q) / 
copper substrate factor (D,, ) / m2 S -I kJ mol"1 

No prior 0.9 x 10, 136 9 
deformation . 
40% prior 0.4 x 10ý 116.6 

deformation 
Table 4.13 - Data used to calculate the intermetallic layer growth between aluminium and 

copper for following heat treatment. Taken from reference 11331. 

The increased intermetallic layer thickness obtained with the higher primary gas 

pressure can also be explained on the basis of the work of Manna et at. [133] in 

which growth kinetics were found to increase with increasing cold work due to 

crystal defects increasing solute diffusivity. It is well known that particles in cold 

sprayed deposits possess significant microstrain due to dislocations and other lattice 
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defects [139]. Since the degree of microstrain, i. e. defect density, is likely to increase 

with increased particle impact velocity if the primary gas pressure is increased, then 

this is expected to lead to an increase in intermetallic layer growth on annealing. 

4.10.2.3. Coating Stiffness 

In the case of thermally sprayed coatings, low modulus values have been attributed 

to porosity and microcrack formation resembling through thickness cracks within the 

coatings. Kuroda et al. [104] measured the range of pore volume fractions and, using 

an Eshelby model, the aspect ratios required to provide a satisfactory quantitative 

agreement with the measured modulus ratios were identified. However, no attempt 

was made to quantify the actual pore aspect ratios present within the deposits. The 

experimental results presented within this study indicate that in cold sprayed 

deposits, the elastic modulus is significantly reduced compared to that of the bulk 

materials. In this respect, the results confirm the findings of a number of other 

researchers [53,55,73,82]. For the present study, the Eshelby model shows that 

defects of aspect ratio significantly less than unity are necessary to account for the 

low coating modulus found within the coatings considered. The Eshelby model 

(Figure 4.38) has shown that the defect aspect ratio has a significant effect on the 

coating modulus for a given defect volume fraction. Defects with an aspect ratio of 

0.01 or lower (perpendicular to the force applied and representing through-thickness 

cracks or defects), with relatively small volume fractions present, cause a significant 

reduction in the modulus ratio of the coating material in the region of those observed 

experimentally (Table 4.9). Defects with an aspect ratio of I or higher (representing 

cracks or defects in the plane of the coating) cause only a slight change in the coating 

modulus from the original bulk value. The Eshelby model only considers defects that 

are of a single aspect ratio and that are orientated parallel to the substrate-coating 

interface (see Figure 4.11). In fact, defects of many different aspect ratios and at 

varying orientation may be expected to be found within a coating. Although the 

actual situation found within a coating is far more complex than the Eshelby model 

suggests, it does highlight the significant effect that defects resembling through- 

thickness cracks have on the coating modulus. 
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Figure 4.37(b) shows that for a pore aspect ratio of 0.2 or lower, the measured 

cumulative pore volume fraction was at most 0.05 of the total pore volume fraction 

(0.045 for titanium) measured by image analysis. It should be noted that the data 

obtained from image analysis and shown in Figure 4.37(a) and (b) takes no account 

of the pore orientation and assumes that all pores are aligned with the major axis 

perpendicular to the substrate-coating interface (the most detrimental pore 

orientation). In reality, only a proportion of the defects will be orientated in this 

manner and therefore an overestimation of the pore volume fraction for low aspect 

ratios may be expected. Therefore, when using the values from Figure 4.37(b) with 

the Eshelby model (Figure 4.38) an overestimation of the modulus reduction due to 

the pore aspect ratio may be expected. The Eshelby model (Figure 4.38), for 

titanium, predicts that for pores of an aspect ratio of 0.2 a total pore volume fraction 

of greater than 0.3 is required to give the measured modulus reduction. This value is 

far higher than the estimated pore volume fraction for the same aspect ratio 

measured by image analysis and thus it would appear that defects which can be 

resolved by SEM image analysis cannot, when coupled with an Eshelby type 

analysis, adequately explain the low modulus ratios measured experimentally. Other 

defects that cannot be resolved by metallographic preparation and SEM analysis are 

therefore suggested to be present. There are also other factors which might 

contribute to the modulus reduction and these are as follows: 

i) There are potential experimental limitations that would lead to 

reduced modulus measurements. Low modulus ratios found for 

the aluminium, copper and titanium deposits may be partly due to 

lateral shear at the coating-substrate interface during four-point 

bend testing. The calculation of the coating modulus assumes 

perfect bonding at the interface and this assumption has limited 

the validity of the experiments conducted herein; accordingly, the 

actual Young's modulus of the coatings may be higher than that 

derived from the measurements and calculation methods 

employed. As such, the poor bonding at the interface for titanium 

coatings (manifested in the interface cracking observed in Figure 

4.39(a) and (b)) may lead to reduced values of modulus being 
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reported. However, using the indentation method of modulus 

testing for a cold sprayed titanium coating [82] a modulus ratio of 

0.19 was also obtained, suggesting that interface shear was not a 

dominant effect. 

Splats that may exhibit no visible gap between them as resolved 

by SEM, may still be poorly bonded to each other. These defects 

would therefore not be quantified by the SEM analysis and thus 

these types of defect will not be accounted for by this method. 

The actual defect content within the coating may be larger than 

the measured values. These defects will be of low aspect ratio, for 

example along splat interfaces where true metal to metal contact 

has not occurred and such defects have been previously identified 

in the deposit created by a blended aluminium and copper powder 

(Figure 4.34). Transverse scratch testing observations tend to 

support this argument as they have shown evidence for the 

presence of poorly bonded particles. Cracks have been found to 

occur along particle boundaries within coatings which are most 

noticeable in the titanium deposits as seen in Figure 4.39(a) and 

(b). Furthermore, many of these cracks are orientated as through- 

thickness cracks which are predicted by the Eshelby model to 

have the greatest influence on reducing the coating modulus. 

In Section 4.9.2.2., it has been shown visually that incomplete disruption of oxide 

layers readily occurs within cold spray deposits which supports the arguments 

discussed above for a reduction in coating modulus due to inhomogeneous bonding. 

The copper cold sprayed coatings were found to have a significantly larger modulus 

ratio than the aluminium and titanium coatings sprayed in this study, see Table 4.9. 

The original sprayed microstructures (Figure 4.32 and Figure 4.36) show some 

evidence that there is porosity in the structures, with the titanium coating exhibiting 

defects which outlined individual splats, indicating that they may not be well 

bonded. Examination of the mechanical integrity of the interparticle boundaries by 

transverse scratch testing revealed that the particles in titanium were indeed more 

poorly bonded than the other two materials and that defects of much lower aspect 
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ratio do exist (Figure 4.39(a) and (b)); in contrast, it appeared from this test that the 

bonding in copper was relatively good in that no intersplat decohesion was observed 

(Figure 4.40(a) and (b)). 

Aluminium and titanium are reactive metals, and, as such, will have well-bonded 

oxide layers on the surfaces of the particles being sprayed. The micrographs of the 

titanium coating (Figure 4.32(b)) showed that this material was relatively poorly 

densified during deposition; however, both the aluminium and copper coatings 

appeared to be very well densified (Figure 4.36(a) and (b)). The copper coatings 

have the highest modulus ratio of the three coatings examined within this study. The 

oxide layer on the copper particles is much less tenacious than the aluminium and 

titanium oxide layers and this is expected to aid the bonding process between splats, 

between the coating and the substrate, and therefore, improve the coating modulus. 

Accordingly, it has been proposed by Schmidt et al. [47] that copper requires the 

lowest critical velocity for bonding, of the coatings tested, to occur for the reasons 

described above (along with the fact that copper has the highest density for the three 

coating materials considered). It has been estimated [47] that a 25 µm copper particle 

requires a critical velocity of 470 - 500 m s'' for bonding compared to greater than 

600 m s' for bonding of similarly sized aluminium and titanium particles. The lower 

critical velocity indicates that the particles are more suited to cold spray deposition, 

due to both its ability to deform to form highly dense coatings and also due to the 

ease of disruption of interparticle oxides. Due to its dense microstructure following 

spraying, it is normally necessary to etch the copper coating to reveal the inter-splat 

boundaries and highlight the amount of localised deformation occurring [86,88]. 

By comparing Table 4.4 and Table 4.9, it can be seen that McCune et at. [53] and 

Van Steenkiste et at. [55] found modulus ratios twice as large for corresponding cold 

sprayed copper and aluminium coatings than for those coatings deposited in this 

study. McCune et at. [53] indicated that the modulus ratio for their copper deposits 

was surprisingly high; whilst specific spray parameters are not reported in the paper, 

they indicate that the material was sprayed with gas at elevated temperature which 

may explain the high modulus ratio. In the case of the aluminium coatings [55], 
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heated air and larger particle sizes of size distribution +63 -106 µm were employed. 

By heating the main air supply an increase in gas velocity (and thus particle velocity) 

can be expected. Additionally, the larger particle size distribution would reduce the 

particle critical velocity for bonding to occur [47] but this effect is offset by a 

reduction in the actual particle velocity achieved in the gas stream. The use of cold 

gas in the present work may have resulted in particles achieving lower velocities on 

impact, giving rise to more regions of inhomogeneous bonding with thin oxide layers 

at a larger proportion of particle boundaries. Clearly, more work is required to 

systematically evaluate the effect of particle impact conditions on elastic modulus 

before further comparisons and conclusions may be drawn from results measured by 

other workers. 

4.10.2.4. Residual Stresses 

Residual stress measurements show low stresses generated within the titanium cold 

spray coatings and substrate. Residual stresses within the cold sprayed titanium 

coatings have been shown to be of compressive nature. The values found are 

comparable in magnitude to those found for a Ni-5wt%Al coating deposited by cold 

spraying [73]. Residual stresses of low magnitude are expected in cold spray 

coatings because there is no associated quenching stress that is associated with 

thermal spray methods. The compressive residual stresses within cold spray coatings 

are primarily due to the peening nature of the process. The compressive stresses in 

the coating lead to a prediction of a tensile residual stress in the substrate at the 

interface; however, it should be noted that this region is exposed to peening from the 

first deposited particles. This results in a compressive residual stress and moves the 

region of tensile residual stress deeper into the substrate. 

It is noted that the size of the substrate used for the beam deflection method 

employed allowed stress relaxation due to deflection in the sample. If a sample or 

component was sprayed that did not allow significant stress relaxation to occur, for 

example the cylindrical dog bone samples used for fatigue testing, then the actual 

stresses generated would be expected to be higher than those shown in Table 4.11. 
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4.10.2.5. Fatigue 

Application of cold sprayed titanium coatings has been shown to reduce the fatigue 

endurance limit by up to 15% for an as-received substrate surface finish (Table 

4.10). This is due to a modification (roughening) of the substrate surface due to 

impinging high velocity particles and tensile residual stresses within the substrate at 

the substrate-coating interface. Moreover, the cylindrical dog bone fatigue substrates 

used were axisymmetric and would not be deflected during the spray process. 

Therefore the residual stress states in these samples will be different than those 

calculated by the beam deflection process, where relaxation can occur via bending. 

Compressive residual stresses found within coatings are usually associated with 

increased fatigue endurance limits; however those found within the cold sprayed 

titanium coatings are too low to prevent fatigue crack formation, and premature 

fatigue fracture also occurred. 

Surface roughening of the substrate will increase the possible number of sites for 

cracks to nucleate. It is unknown if the cracks initiate at the substrate-coating 

interface or at the coating free-surface and at what point the coating delaminates 

from the substrate. Figure 4.44(a) and (b) show the significant effect of the fatigue 

testing on the bonding within the coating and at the interface. Near to the fracture, 

areas of the coating have de-bonded along splat boundaries and at the substrate- 

coating interface. At the shoulder of the sample, where applied stresses were lower, 

the coating shows little signs of degradation. 

The fatigue endurance limit is similar for the grit blasted and grit blasted-and- 

sprayed samples. Both show a lower fatigue endurance limit than the as-received and 

sprayed samples. This is due to the grit blasting process deforming the substrate 

surface and creating more damaging stress raisers. It is notable that the addition of 

the coating to the as-received sample results in a reduction in fatigue endurance limit 

of -96 MPa, whereas the addition of the coating to the grit blasted substrates results 

in a negligible change in the endurance limit. The stresses in the coatings and 

substrates for both substrate types are similar, differing by up to around 30 MPa 

(Table 4.11) and as such do not account for this difference. It must therefore be 
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concluded that the reduction in endurance limit for the grit blasted substrates is 

dominated by the stress raisers produced during blasting, leaving it relatively 

insensitive to any residual stresses resulting from the addition of the coating. 

4.10.3. Effect of Heat Treatment on Titanium Coating 

Properties 

The following section discusses the role of heat treatment temperature on the 

properties of the titanium cold spray coatings. Firstly, the effect that heat treatment 

temperature has on the coating microstructure and its bonding mechanisms is 

discussed. Next, the role that any microstructural changes have on the coatings 

mechanical properties, mainly the coating stiffness, residual stress and fatigue 

endurance limit of the titanium cold sprayed coating, is considered. 

4.10.3.1. Coating Microstructure and Bonding 

Mechanisms 

Heat treatment of the titanium cold spray coatings was found to affect the 

microstructural and mechanical properties of the deposits. With increasing heat 

treatment temperature there is an increase in the diffusion constants of various 

alloying elements within titanium as shown by Figure 4.19. By EDX analysis, the 

amount of aluminium that has diffused from the Ti6A14V substrate into the titanium 

coating was measured. For heat treatments carried out at 800 °C or less, no 

measurable diffusion of aluminium was observed. At a heat treatment temperature of 

1150 °C, diffusion of aluminium was able to occur, as shown by the five order of 

magnitude increase in the diffusion coefficient of aluminium within titanium shown 

in Table 4.12. The diffusion process occurring between the Ti6A14V substrate and 

titanium coating is directly linked to the increased bond strength indicated by 

transverse scratch testing as shown in Section 4.8.3.5. Transverse scratch tests 

showed minimal cracking at the coating-substrate interface for samples heat treated 

at 1150 °C (Figure 4.52(d)) compared to samples heat treated at lower temperatures 

(Figure 4.52(b)) or not heat treated at all (Figure 4.39(b)). Etched images of the 

coating microstructure after a heat treatment at 1150 °C (Figure 4.49) show 
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significant grain growth across the coating-substrate interface and it is proposed that 

this is the primary reason for improved coating bond strength. 

A similar amount of porosity was found for non-heat treated titanium coatings and 

titanium coatings heat treated up to 800 °C. For titanium coatings heat treated at 

1150 °C, an increase in the amount of porosity measured was found (Table 4.9). 

Whilst it is not possible for the absolute amount of coating porosity to increase due 

to heat treatment, it is proposed that the amount of coating porosity resolvable by 

SEM analysis has increased. This is due to coalescence and `sphericization' of the 

porosity; a feature previously observed by McCune et al. [53] and Li et at. [98] for 

heat treated copper cold spray deposits. Coalescence of pores is also known to 

readily occur when sintering powders at sufficiently high temperature [140]. In the 

sintering process, particles are pressed together and heated so that diffusion can 

readily occur at points where the particles are in contact. In the initial stages of 

sintering, the contact area between neighbouring particles will grow and necks 

between particles will form. Eventually these necks will grow sufficiently large so 

that they overlap, grain growth between the particles is able to occur and the surface 

areas of any residing pores will reduce [79]. This causes the powder to densify and 

any residual porosity remains as spherical holes by means of reducing the surface 

tension [79,140]. Sintering of titanium and its alloys is typically carried out at 

temperatures in the range of 1000 °C to 1300 °C with a holding period of up to two 

hours [14,79,141,142]. These conditions are similar to the highest heat treatment 

temperature used for this study and therefore similar mechanisms to those found 

during the sintering process may be expected to occur. For the coatings produced in 

this study it may be expected that during heat treating, pores and oxides are removed 

from areas of the coating microstructure where a high level of bonding is apparent by 

grain growth during the annealing process. The pores and oxides will eventually 

reside in areas of the coating microstructure where weaker bonding is apparent and 

the mechanisms required to remove the pores and oxides from these areas are not 

available. Evidence of coalescence of pores within titanium deposits is identified 

most clearly in deposits heat treated at 1150 °C (Figure 4.48(c)). Where coalescence 

of pores has not occurred, it is difficult to identify individual particles within the 

deposit, indicating improved bonding. For titanium deposits heat treated at 800 °C, 
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the microstructure shows some evidence of coalescence of pores (Figure 4.48(b)); 

however it is still possible for individual particles within the deposits to be identified 

as they are still surrounded by pores and defects resolvable by the SEM. Transverse 

scratch test images for a titanium coating heat treated at 800 °C (Figure 4.52(b)) 

showed significant cracking between particle boundaries, comparable in nature to the 

cracking observed within a non-heat treated sample (Figure 4.39(b)). Cracks are still 

able to readily form within deposits heat treated at 800 °C because coalescence of 

pores has not fully occurred, still leaving a significant fraction of particles within the 

coating surrounded by defects that will readily allow cracks to propagate throughout 

the coating microstructure. This is in stark contrast to a titanium coating heat treated 

at 1150 °C where minimal cracking was found to occur within the coating itself 

during transverse scratch testing (Figure 4.52(d)). It is therefore evident that heat 

treatment of the titanium coating above the ß transus temperature of approximately 

900 °C improves the bonding between individual particles. 

Table 4.8 shows that the average coating hardness increases a small amount with 

heat treatment temperature. This is a direct consequence of improved bonding within 

the coating itself, due to recrystallisation. There is only a minor variation in the 

coating hardness after heat treatments were carried out at temperatures between 600 

°C and 1150 °C. This indicates that a large proportion of the recrystallisation process 

readily occurs at a heat treatment temperature of 600 °C. The errors shown for the 

hardness results are large and highlight the fact that a large variation of the coating 

hardness was found throughout the samples. This indicates that despite heat treating 

a large variation in the bonding and number of defects within the coating may still be 

expected. 

4.10.3.2. Coating Stiffness 

A similar modulus ratio was measured for titanium coatings heat treated up to 800 °C 

compared to non-heat treated samples (Table 4.9). This is not surprising when 

considering the minor variations in the coatings microstructure and bonding between 

particles within the coatings themselves, highlighted by transverse scratch testing. 
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The modulus ratio was found to be approximately double for a titanium coating heat 

treated at 1150 °C. 

The Eshelby model (Figure 4.38) identifies pores of low aspect ratio (i. e. those 

surrounding particles and orientated as through-thickness cracks) as being highly 

detrimental to the coating modulus. Heat treating the titanium coating samples at 

1150 °C has reduced the number of pores and defects surrounding particles. By 

comparing the pore aspect ratio measured by image analysis of a titanium coating 

non-heat treated and heat treated at 1150 °C (Figure 4.51), fewer pores of small 

aspect ratio that may be resolvable by the SEM image analysis technique (Section 

4.9.2.1. ), were found within the coatings microstructure after heat treating at 1150 

°C. Figure 4.38 shows that by reducing the volume fraction of pores with low aspect 

ratio an increase in the coating modulus ratio may be expected. 

The increase in the modulus ratio after heat treating the titanium deposits at a heat 

treatment temperature of 1150 °C is expected to also be partly due to improved 

bonding at the coating-substrate interface and improved bonding within the coating 

itself as identified by transverse scratch testing in Figure 4.52(d). An improvement in 

bonding at the coating-substrate interface will prevent lateral shear from occurring 

during the four point bend modulus testing which would otherwise lead to a lower 

than actual coating modulus being measured, as discussed in Section 4.9.2.3. 

Furthermore, by improving bonding between individual particles within the coating 

itself, there are fewer defects within the coating that have zero stiffness on the 

application of a load, again leading to an increased coating modulus. 

4.10.3.3. Coating Residual Stress and Fatigue 

Endurance Limit 

The amount of beam deflection due to cold spraying was measured after deposition. 

Subsequent measurements of the amount of beam deflection were made after heat 

treatment. A reduction in the residual stresses found within the titanium coatings was 

found with increasing heat treatment temperature as shown in Table 4.11. Heat 
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treatment reduces the residual stresses measured within the samples due to relaxation 

of the sample occurring. 

The original magnitude of the compressive residual stresses for non-heat treated 

samples is sufficiently low so that any benefit in preventing fatigue crack formation 

is expected to be minimal. In fact, a 15 % reduction in the fatigue endurance limit for 

a non-coated and coated Ti6A14V substrate was found in the non-heat treated state. 

Heat treating led to a further reduction in the measured compressive residual stresses 

found within the coating and therefore it is not surprising that an even greater 

reduction in fatigue endurance limit was found due to the application of a cold spray 

coating which had been subsequently heat treated; for example up to a 37 % 

reduction in the fatigue endurance limit due to the cold sprayed coating for a sample 

heat treated at 800 °C was found. 

It is noted that the technique used to measure residual stresses within the coating 

allows for stress relaxation to occur as the beam deflects due to spraying. Therefore 

higher residual stresses may be anticipated in the fatigue samples where no stress 

relaxation is able to occur. Accordingly during heat treating, stress relaxation, and 

therefore further reduction of the measured residual stresses within the sample, 

would not occur to the same degree within the fatigue samples. Therefore if the 

compressive residual stresses remain higher within the fatigue coated samples after 

heat treating, compared to the measured values shown in Table 4.11, there must be 

other reasons for the further reductions in their fatigue endurance limits. One 

possibility is that the heat treating process improves the bonding between the coating 

and substrate by diffusion bonding processes. Therefore, it may be expected that it 

would be easier for cracks which initiate at the coating top surface, due to stress 

raisers formed because of the rough coating surface, to propagate more readily from 

the coating into the substrate and cause premature failure. 

By comparing Figure 4.53(a) with Figure 4.43(a) it is shown that fatigue samples 

heat treated at 800 °C show a similar fatigue fracture surface to non heat treated 

fatigue samples. A greater amount of coating delamination was found at the fatigue 
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fracture surface for samples heat treated at 800 °C but it is not clear if cracks were 

able to more readily propagate from the coating into the substrate. Furthermore, 

transverse scratch testing of titanium coatings heat treated at 800 °C (Figure 4.52(b)) 

appeared to show minimal improvement in bonding between the coating and 

substrate compared to a non-heat treated sample (Figure 4.39(b)). Therefore it can 

not be clearly ascertained if cracks were able to more readily propagate from the 

coating to the substrate and the fatigue failure mechanisms remains unclear for this 

case. 

Figure 4.55(b) shows the fatigue fracture surface of a titanium coating heat treated at 

1150 T. Due to the heat treatment and diffusion bonding processes it is difficult to 

identify the coating-substrate interface. It has been shown previously by transverse 

scratch testing that bonding between the substrate and coating can be expected and 

this will make it easier for cracks that initiate on the coating top surface to propagate 

from the coating into the substrate and cause premature failure. More importantly, 

the fatigue fracture surface of the samples heat treated at 1150 °C shown in Figure 

4.55(a) shows a brittle fracture surface and this is expected to be the predominant 

fracture mechanism in this case. Despite heat treatment occurring within an argon 

atmosphere it may be expected for some oxygen to be present within the furnace. 

Brittle fracture occurs due to diffusion of oxygen during the heat treatment process 

allowing oxygen embrittlement to occur. 

4.10.4. Shrouded Arc Coating Properties 

The shrouded are coating microstructure is shown in Figure 4.57. The main 

microstructural difference between the shrouded arc coatings and cold spray coatings 

is the formation of oxides between particles found within the shrouded arc coatings. 

Oxides appear to have readily formed despite the use of a shrouded inert atmosphere. 

Porosity levels appear lower than the cold spray coatings and are evenly distributed 

around the coating cross section. In comparison, cold spray coatings tend to show a 

larger amount of porosity at the coating top surface, due to a reduction in compaction 

of the coating from further impinging particles. The shrouded arc coatings showed 
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evidence of cracking in the top portion of the coating surface. Cracks occur due to 

quenching stresses. 

The shrouded arc samples had a measured modulus value of 40 GPa or 

approximately a third of the bulk modulus value. In plasma spraying, Kuroda and 

Clyne [104] show that coatings of a wide range of materials also have a modulus of 

approximately a third of the corresponding bulk value. The low modulus values 

found were attributed to the poor lateral bonding between individual splats [ 104]. 

A small tensile residual stress was found within the coating of the shrouded arc 

samples and is shown in Table 4.11. This is not unusual for thermally sprayed 

coatings and has been identified previously by other workers [73,104]. Tensile 

residual stresses form within thermally sprayed coatings because of the build up of 

quenching stresses as the coating cools on impact. 

A significantly lower fatigue endurance limit was found for the shrouded arc samples 

compared to the cold sprayed samples. Samples used for shrouded arc spraying were 

grit blasted by the industrial partner prior to spraying. The grit employed at by the 

industrial partner gave a greater substrate surface roughness to that grit blasted at the 

University of Nottingham as shown in Table 4.6. Therefore it is not surprising that 

samples grit blasted by the industrial partner had a lower fatigue endurance limit to 

those grit blasted at the University of Nottingham due to more damaging stress 

raisers at the substrate surface. In the case of the cold sprayed titanium samples, no 

further reduction in the fatigue endurance limit was found on the application of 

titanium cold sprayed coatings to a grit blasted substrate. However, at least a 56 % 

reduction in the fatigue endurance limit was found on application of a titanium 

shrouded arc coating (Table 4.10). The fatigue fracture surface of the shrouded arc 

sample, Figure 4.58, appears similar to those discussed previously for a cold sprayed 

titanium coating. It is proposed that the measured tensile residual stresses, commonly 

identified in thermally sprayed deposits, have allowed cracks to readily form and 

propagate through the coating. A cross-sectional image of the coating microstructure, 

Figure 4.57, and fatigue fracture, Figure 4.59, has shown cracks form on the coating 

top surface. On application of a fatigue load these cracks will act as initiation sites 

for further cracks to propagate and cause premature failure. 
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4.11. Conclusions 

Titanium coatings have been successfully deposited using CGDS and a range of 

mechanical properties have been evaluated. Substrate condition, process parameters 

and post-spray heat treatment have all been found to influence the mechanical 

properties of the coatings produced. To increase general understanding of the CGDS 

process copper and aluminium coatings were also produced and compared to 

titanium coatings. 

By microstructural examination, the titanium coatings appeared to be well bonded 

and of low porosity. Due to the nature of deposition, compressive residual stresses of 

low magnitude were measured for the CGDS coatings. These results were 

comparable to those found by others investigating CGDS coatings. Compressive 

residual stresses found within a coating are regarded as a favourable property, 

especially in the case of fatigue, where the compressive residual stresses may 

prevent fatigue crack nucleation. However, despite the compressive residual stress 

within the coating, a reduction in the fatigue endurance limit of a Ti6Al4V substrate 

of up to 15 % was measured when comparing coated and non-coated samples. This 

was due to induced tensile residual stresses within the substrate and the low 

magnitude of the compressive residual stresses within the coating being insufficient 

to prevent fatigue crack formation from occurring. The rough top surface of the 

coating would have also created preferential sites for fatigue cracks to propagate, 

stress-raisers, and therefore these will also reduce the fatigue endurance limit of the 

sample. This was also observed when comparing an as-received surface substrate 

condition with substrates that had been grit blasted and once again occurs due to 

stress-raisers being created at the sample surface. 

By four point bend testing, titanium CGDS coatings were found to have a 

significantly lower modulus than bulk titanium. Using the same test procedure, 

copper and aluminium CGDS coatings were also found to have lower modulus 

values than their corresponding bulk material. The low modulus values found in all 

three coating types were attributed to poor bonding found between splats within the 

CGDS coatings. An Eshelby model was used to predict that defects and pores 
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surrounding particles and orientated as through-thickness cracks are the most 
detrimental in reducing a coatings modulus. 

Transverse scratch testing was used to visually show the poor bonding between 

splats. Cracking was found to readily occur within the coating along splat 

boundaries. To investigate why poor bonding occurred at splat boundaries a method 

for characterising the bonding between splats within a CGDS coating was developed. 

CGDS coatings were produced using a blended aluminium-copper powder and 

subsequently heat treated. An intermetallic layer was observed to form at particle 

boundaries following a short annealing treatment at 400 °C. The coverage of particle 

interfaces was found to be non-uniform. This was attributed to the incomplete break- 

up of oxide films which act as diffusion barriers and provides a good indication of 

the degree of metal to metal contact in the as-sprayed deposit. By increasing particle 

velocity in the CGDS process a greater degree of direct metal contact between 

particles in the deposit was achieved. 

The effect of heat treating titanium CGDS coatings was investigated and some 

improvements in the coating mechanical properties were made. For heat treatment 

temperatures of 800 °C or below minimal variation in the coating properties was 

measured. At a heat treatment temperature of 1150 °C diffusion bonding was found 

to readily occur at the substrate-coating interface and between splats within the 

coating itself. By transverse scratch testing this was visually shown to produce a 

coating that had significantly less coating break up between splats and at the coating- 

substrate interface compared to a non-heat treated coating. However, despite an 

argon furnace being used, oxygen embrittlement of the substrate was found to be a 

detrimental effect. Oxygen embrittlement led to brittle fracture of the substrate 

during four point bend testing, used to measure the coatings modulus. 

In comparison to titanium coatings applied by a shrouded arc coating process, the 

properties of cold sprayed titanium coatings were found to be favourable. In 

particular, a significantly lower fatigue endurance limit was measured for shrouded 

arc titanium coatings and attributed to formation of tensile residual stresses within 

the coating on impact cooling. 
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Chapter 5- Overall Conclusions and Future 

Work 

This study has shown that titanium coatings may be successfully produced by the 

CGDS process. Various mechanical properties of the titanium coatings were 

evaluated to characterise the coatings produced. Of the mechanical properties 

measured of particular interest was the high coating to substrate bond strength, 

favourable compressive residual stresses within the coating, and a relatively low 

reduction in the fatigue endurance limit of the Ti6A14V substrate compared to the 

application of a titanium coating produced by an alternative coating process, 

shrouded arc spraying. 

General understanding of the CGDS coating process was furthered by depositing 

aluminium and copper coatings and assessing the coating stiffness and the level of 

bonding within the coating. A low coating modulus was found for all three coating 

types assessed and attributed to poor bonding between splats within the coating 

itself. The poor bonding within the CGDS coatings were shown visually by two 

methods; firstly, depositing a blended aluminium and copper powder and 

subsequently heat treating the produced coating. The heat treatment process allowed 

intermetallics to form between the aluminium and copper splats but this was found to 

occur only at a limited number of splat interfaces. Intermetallics would only form at 

regions where true metal to metal bonding had occurred during the deposition 

process and therefore indicated that bonding does not occur readily between splats 

within cold spray deposits. Secondly, transverse scratch testing showed that upon 

application of a load the coating was found to crack readily along splat interfaces. 

An improvement in the bonding within titanium deposits was made by heat treating, 

allowing diffusion bonding to occur between splats. However, improvements were 

only readily made at heat treatment temperatures of 1150 °C, and therefore this is not 

regarded as a particularly favourable method. 
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Particle velocities of a copper and titanium powder have been successfully measured 

by a PIV technique during deposition. Small particle sizes (typically less than 10 µm 

in diameter) were measured to have a lower particle velocity than larger particles. In 

some cases the particle velocity of these small particles was found to be sufficiently 

low that deposition would not be expected to occur. Therefore these results may be 

used in the future to optimise the size distribution of a powder size used as a 

feedstock for the CGDS process, leading to an increase in the deposition efficiency. 

Measured particle velocities were compared to the output from a model output and 

reasonable agreement between the two was found. The model was unable to predict 

the reduction in particle velocity for small particle sizes and was generally found to 

overestimate particle velocities. This may be explained by the assumptions made 

during the modelling process. Despite the limitations of model, when varying spray 

parameters, it was still able to predict similar trends to those measured by the PIV 

equipment. For these effects to be modelled successfully it is recommended that the 

use of CFD is employed to allow a model to be produced of greater accuracy to the 

one currently used. 

A key advantage of cold spraying is that it allows coatings to be deposited at room 

temperature. This allows powders to be deposited that would normally require an 

inert atmosphere during deposition to prevent the formation of unwanted oxides. If 

only small increases (- 500 °C) are made to the gas temperature, then powder 

properties that may be temperature dependent, oxide levels etc, are not expected to 

be affected due to the relatively small increase in gas temperature (remaining below 

the melting temperature of the powder) and the small time period that the powder is 

exposed to the temperature increase. If sufficient increases in gas velocity are made 

then there is the possibility for heated nitrogen gas to be employed. This is 

advantageous due to the high cost of helium gas, which as of January 2007, costs 

approximately ten times more than nitrogen. For the cold spraying process to be 

developed successfully, economically viable gases such as nitrogen or air must be 

developed. Therefore further modelling work and particle velocity measurements 

should also be made, using heated gas, to investigate their effect on particle impact 

velocity. If these results are favourable then coatings should be deposited utilising 

heated gas and their mechanical properties investigated. 
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Some techniques developed within this study could be further developed. For 

example, the methodology of investigating the bonding mechanisms within coatings 

using a blended aluminium-copper powder may also be used be used to investigate 

the level of bonding between a substrate and coating, if two dissimilar materials are 

employed and where an intermetallic layer is known to form during elevated 

temperature annealing. It is argued that initial particle impacts act to condition the 

substrate by removing pre-existing oxide layers and particles which arrive 

subsequently are then able to form a bond. It could thus be expected that oxide is not 

removed completely from the substrate surface and therefore bonding between 

substrate and depositing particles is not uniform but contains weak links. This 

methodology may also be used with other blended powders to investigation what 

variation in results is found. 

Ultimately this project has shown that titanium coatings produced by the CGDS 

process show favourable coating properties. The next stage would be to develop 

these coatings in terms of their biomedical properties. HA has been described 

previously as being particularly advantageous in promoting bone growth and fixation 

to implants. It would therefore be of particular interest to determine the feasibility 

and optimisation of using the CGDS process to produce a blended titanium / HA 

powder. The mechanical properties of the blended titanium / HA coatings may be 

compared to the pure titanium coatings produced in this study as well as their 

biocompatibility assessed. 
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Appendix I 

This appendix describes in greater detail determining the calculation of gas velocity 

whilst travelling within a de Laval nozzle and is primarily based on the text book 

"Compressible Fluid Flow" by Oosthuizen and Carscallen [58]. 

Background Knowledge 

The perfect gas law states that [58]: 

P= pRT (Al) 

The specific gas constant is determined by the specific heat with constant pressure 

and specific heat with constant volume of the gas. 

R= Cp - Cv (A2) 

Manipulation of equation Al shows that between two points of flow: 

P, P2 

P, TI P2T2 (A3) 

When this is applied between the inlet and outlet of a differentially short control 

volume: 

P P+dP 

pT (p + dpXT + dT ) 

Rearrangement gives: 

_P 
P 1+ 

pT 1+dp 1+dT C T) P 

And binomial expansion gives: 

P_P 1+dP 1_dp 1_dT 
pT pT PpT 

dPdpdT 
-0 PpT 

pAT 

dP 

(A4) 

(A5) 

(A6) 

(A7) 
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Equation A7 shows how the changes in pressure, density and temperature are 

interrelated in compressible flows. For a compressible fluid passing through a De 

Laval nozzle the flow is assumed as quasi one dimensional and isentropic. 

Quasi One Dimensional Flow 

Strictly speaking, the equation of one dimensional flow is only applicable to flow in 

a pipe of constant cross sectional area. However, the equations of one dimensional 

flow can still be used for many other situations, for example a de Laval nozzle, 

relatively accurately if the rate of change of area and the curvature are small enough 

for one component of the velocity vector to remain dominant over the other two 

components. Such flows, in which the flow area is changing but in which the flow at 

any section can be treated as one dimensional, are commonly referred to as quasi 

one-dimensional flows. 

Isentropic Processes 

An isentropic flow is a flow that is adiabatic and frictionless. Adiabatic means a 

reversible thermodynamic process that occurs without gain or loss of heat. It can 

therefore be stated that dQrev, the amount of reversible heat transfer, will be zero. 

If we consider that the small change of entropy of a fluid, dS, it is defined as: 

dS = 
dQrev 

T (A8) 

Therefore an isentropic process will also have no change in entropy, hence dS equals 

zero. As the flow is characterised as isentropic, an equation can be derived for the 

behaviour of the gas. 

Classic Thermodynamics and Steady Flow Energy Equations 

A thermodynamic system is that part of the universe that is under consideration. A 

real or imaginary boundary separates the system from the rest of the universe, which 

is referred to as the environment. A useful classification of thermodynamic systems 

is based on the nature of the boundary and the flows of matter, energy and entropy 

through it. 
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The enthalpy of a system, also known as heat content, is defined as the change in 

energy of a reaction. It is defined by the equation: 

H=U+PV 

The change in enthalpy between two states is: 

dH = dU + PdV + VdP 

(A9) 

(A 10) 

The change in internal energy, U, of a system between two states is equal to the 

difference in heat transfer into the system and work done by the system: 

dU = dQ+dW (Al1) 

The work and heat transfer of the system depend on the process used to change the 

state. As there is constant pressure between the two states, the work done by the gas 

is given as: 

dW = -PdV 

Inserting equations A11 and A12 into equation A10 gives: 

dH = dQ + VdP 

(A12) 

(A13) 

By considering equation A10 again for a constant pressure process the change in 

enthalpy between two states is in fact: 

dH = dU + PdV (A 14) 

Equation A 14 shows that the enthalpy and internal energy of a system change but the 

pressure remains constant. The change of enthalpy of a system is also equal to the 
heat transfer of a constant pressure process: 

dH = CpdT (A15) 

The steady flow energy equation is applied through a differentially short control 

volume. As flow is steady, the conservation of momentum requires that for this 

control volume the net force in direction x be equal to the rate at which momentum 
leaves the control volume in the x direction minus the rate at which it enters in the x 
direction. Gravitational forces are neglected. Therefore if a fluid enters at section 1 
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of the control volume with velocity ui and with enthalpy H, per unit mass, and 
leaves through section 2 with velocity u2 and enthalpy H2 then: 

zz 
H2 +2 =H, +2 +Q-W 

(A16) 

Assuming no work is done and therefore W is zero and applying equation A 15 to 

A16 gives: 

22 

CPT2+2=CPT, +2+Q 
(A17) 

Applying this equation to the flow through a differentially short control volume 

gives: 

CpT+ 2 +dQ=Cp(T+dT)+(u+2u)z 
(A18) 

By neglecting higher order terms, i. e. If du 2 is neglected because the length of the 

control volume, dx, is very small then equation A 18 becomes: 

Cp dT + udu = dQ (A19) 

Equation A19 indicates that in compressible flows, changes in velocity, will in 

general, include changes in temperature and that heat addition can cause velocity 

changes also. 

If the flow is adiabatic then equation A 16 gives: 

22 

CPT2 +2= CPT, +2 

And therefore equation A19 for an adiabatic flow would be: 

CP dT + udu =0 

(A20) 

(A21) 

Equation A21 shows that in adiabatic flow, an increase in velocity will be 

accompanied by a decrease in temperature. 



Tim Price Appendix I 

Entropy Considerations 

The entropy of a flow must be considered as it places limitations on which flow 

processes are physically possible and which are physically excluded. 

Combining equations A 13 and A 15 gives: 

CP dT = dQ + VdP 

Inserting equation A8 gives: 

Cp dT = TdS + VdP 

Rearranging gives: 

dS=CpdT 
TdP 

The equation of state for an ideal gas states: 

PV = nRT 

By inserting equation A25 into equation A24: 

dT dP 
dS=CpT-P 

Integrating between two points gives: 

=Cp In 
TZ 

-R In 
P2 

S2-1 
T, P, 

For an isentropic process dS equals zero and therefore: 

InTZ 
R 

In 
Pz 

T, C¢ Pº 

And therefore: 

R 
CP T2 PZ 

T, P, -ýI- T, LP, 

(A22) 

(A23) 

(A24) 

(A25) 

(A26) 

(A27) 

(A28) 

(A29) 
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The difference between the specific heats of a gas of constant pressure and constant 

volume equals the specific gas constant: 

CP-Cv =R 

Manipulation of equation A30 gives: 

CP - C, =R 

Cv =R cp CP 

1-1= R 
y Cp 

y-1 R 

y Cp 

Inserting equation A31 into A29 gives: 

(A30) 

(A31) 

y-I 
TZ 

= 
PZ r 

TI P, (A32) 

Applying the perfect gas law to the right hand side of equation A32: 

Pz Pi Pz I P2 r 
P, A P, P, 

And therefore: 

r 
PI 

_ 
P, 

Pz Pz 
and 

y-t 

__ 
Ti P) 
Tz Pz 

(A33) 

(A34) 

P 

Therefore in isentropic flows PY is a constant. 

Applying equation A27 between the inlet and exit of a differentially short volume 

gives: 

(S+dS)-S=Cpln TTT 
-Rln 

PPP 

(A35) 
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Ifs is a small quantity, ln(1+E) is to the first order equal to E. Therefore equation 

A35 gives: 

dS=Cp 
dT 
T-R 

dP 
P 

Insertion of equation A31 and manipulating gives: 

dS dT y-1 dP 

Cp TyP 

For an isentropic flow equation A36 gives: 

CpdT = 
RT dP 

(A36) 

(A37) 

(A38) 

Using the perfect gas law (equation Al) and inserting into equation A38 gives: 

CPdT = 
dP 

P (A39) 

However when considering an isentropic flow the energy equation (equation A21) 

which using equation A39 gives: 

dP+udu=0 

P (A40) 

Equation A40 is the same as would be calculated if conservation of momentum 

considerations were used. Thus by assuming isentropic flow of a gas, one of the 

conservation equations (energy or momentum) becomes redundant and it is not 

necessary to consider conservation of energy and conservation of momentum. 

Mach Number 

The Mach number is equal to the ratio of the gas velocity to the speed of sound in the 

gas. 

Ma =- 
a (A41) 

The speed of sound in a perfect gas is given by: 
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a= yR T 

Appendix I 

(A42) 

If Ma<1 the flow is said to be subsonic, if Ma>1 then the flow is said to be 

supersonic. When the speed of gas is Ma=1 then: 

u= yR T (A43) 

One Dimensional Isentropic Flow 

By definition the change in entropy remains constant in an isentropic flow. 

Equations A33 and A34 state: 

º -- rP Ti r-i 
Pi Pz Pi 

__ 
Pz L2 r Pi 

_= P, A P, P, 
and A PZ 

and 
Tz P2 

Using equation A42 it follows that: 

1 y-1 y-1 
az 

_ 
Tz z_ Pz z_ Pz zy 

al Ti PI LiJ (A44) 

Equations A44 are called the isentropic state relationships. Then by considering 

energy conservation between two points (Equation A20): 

CPT, +22= CpT2 +2 

Combining equations A44 and A20 gives: 

14 
ru 

TZ 2CPT, 

z Ti 
1+ uz 

2CPT2 

But: 

zz uu yR 
_y 

-IMaz 
2Cp2 

(A45) 

(A46) 

And therefore: 
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TZ 
-1+2 

(Y 
-1ýMal' 

Tý 1+2ýY-1)Ma2 
(A47) 

This equation applies in adiabatic flow. As the flow is regarded as isentropic, friction 

effects are negligible. Therefore using equations A47 and A43 the pressure and 
density of the gas can be found in terms of the Mach number at points one and two 

similar to the equation above for the gas temperature. 

r 

1+ Z (y 
-1)Mai 

r-l 

1+2 (y 
-1)MaZ 

P2 
A 

and 

The continuity equation gives 

1A uz 

Pz u, 

A, 
A2 PZJIul J 

Appendix 1 

[1+--(y-1)Ma; rý 

1+1(y-1)MaZ 
LI (A48) 

The above equations are, together, sufficient to determine the characteristics of one- 
dimensional isentropic flow in terms of the associated mach number of the gas. 

Stagnation Conditions 

Stagnation conditions exist isentropically when the flow is brought to rest. A large 

reservoir of gas can be considered as possessing stagnation conditions. Stagnation 

conditions are denoted with the subscript o, for example Po, To, po. 

Critical Conditions 

Critical conditions for an isentropic flow exist when the mach number equals one. 
Critical conditions are denoted by an asterisk, for example P*, T*, p*. Using 

equations A47 and A48 and setting Mae to 1, relationships for the critical conditions 

can be found: 

T* 
-2+ 

y-1 Ma2 
T y+l y+l (A49) 
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I 
a*- 2 

+y-1Ma2 
z 

a y+1 y+1 

r 
p*-2+ Y-1 Ma 2 7-1 

P y+l y+1 

p*- 2 
+y-'Ma Zrý 

p 

[r+l 

y+l 
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(A50) 

(AS 1) 

(A52) 

By then setting Ma to zero in equations A49 to A52 the relationship between the 

critical and stagnation conditions can be found: 

T* 2 
To y+l 

a*_ I2 

ao y+1 
r 

P*2 r-I 
Po Y+1 

I 
P*2 r-t 

Po Y+1 

Variable Area Flow 

(A53) 

(A54) 

(A55) 

(A56) 

To calculate the affect of a flow passing through a variable cross sectional area duct 

we assume: 

i) Isentropic flow. 

ii) Flow is one dimensional at all areas along the duct ie. cross section does 

not change rapidly with distance along the duct. 

iii) Steady flow rate. 
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A steady flow rate means that within the duct [143]: 

p(x)A(x)u(x) =m= mass flow rate = constant 

The differential form of equation A57 is: 

dp+dA+du 
=0 

pAu 

The speed of sound of a fluid is defined as: 

p2 
dP 
dp 

The isentropic energy flow, equation A40, states: 

dP+udu=0 

P 

(A57) 

(A58) 

(A59) 

Appendix I 

By eliminating dP and dp between equations A59 and A40 to obtain the following 

relationship between velocity change and area change in an isentropic duct flow 

[143]. 

du dA 1 dP 

uA Mae -1 put (A60) 

This equation shows property changes are of opposite sign for subsonic and 

supersonic flow because of the term Mae-1. There are four combinations of area 

change and Mach number summarised below. 

i) dA >0 (Increasing duct area) and Ma <I (Subsonic) 

Then du <0 (deceleration) and dp >0 (Increasing pressure) 

ii) dA >0 (Increasing duct area) and Ma >1 (Supersonic) 

Then du >0 (acceleration) and dp <0 (Decreasing pressure) 

iii) dA <0 (Decreasing duct area) and Ma <1 (Subsonic) 

Then du >0 (acceleration) and dp <0 (Decreasing pressure) 

iv) dA <0 (Decreasing duct area) and Ma >1 (Supersonic) 
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Then du <0 (deceleration) and dp >0 (Increasing pressure) 

For the case of a De Laval nozzle option ii) occurs after the gas has passed through 

the throat of the nozzle. This will cause the gas to continue acceleration as it passes 

along the nozzle. 

Area-Mach Relationships 

Fluid flow originating from a large reservoir is assumed to have stagnation 

conditions exist in the reservoir. The equations governing the flow at some arbitrary 

section, 1, is the continuity equation: 

p, u, A, =m 

And the energy equation: 

22 
u; +(y_1)a; _ (Y_1)aö 

Or 

ul 2- 
- 

2 

Y? l 
1_a1_1 

ao 

(A61) 

(A62) 

(A63) 

Also the isentropic relations apply at all points throughout the duct (equation A44): 

1 Y-1 Y-I 

aI 
_ 

TI Z_ pI 2p Zr 

Qo To Po Po 

Combining equations A63 and A44 gives: 

2 

2aä 
1 

P, 
u--- 

y-1 Pa 

2 

(A64) 

Which becomes: 
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r-ý z 

u- 
2y Po 

1- 
P, 

ý Y-1 Po Po 
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(A65) 

Substituting equation A65 into equation A61 and then using the isentropic relations 

gives: 

P' 
m=pouiAI 

Po 

i 
Y-1 2 

m= Apr 
2y Po 

1_ 
pr 

PO A 
Po Y-1 Po Po 

(A66) 

As the mass flow rate is constant across the duct, equation A66 can be used to relate 

the pressure at any point in the duct to the area. So if subscript 2 refers to any point 

along the duct then: 

I y-1 

Zr PZ r27 Po 
-(P m=PoAZ Po Y-1 Po 

1 
Po 

Dividing equation A67 by A66 gives: 

I 
r. . 

Y_1 12 

ýpr 
_ 

1- 
AZpr Po 

º A, Pz rPr 

1- 
Po 

* 

(A67) 

(A68) 

Equation A68 relates the pressures at any two sections of the duct to the areas of the 

respective sections. 

Equation A68 can be related to a point in the duct where Ma=l, i. e., the critical 

conditions. There may not actually be a point in the duct where Ma=1, but the 

conditions at such a point are convenient to use for reference purposes. Expressions 
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for the pressure and velocity at Ma=1 have been previously derived (Equations A53 

to A56). 

*2= 
2 

a2 
r+1 ý 

(A54) 

Another way of writing this is: 

2 

a* T* 2 

ao To y+1 (A69) 

Using the isentropic relations allows equation A69 to be written as: 

2 

p*2 Y-1 
Po y+l (A70) 

Substituting equation A70 into A67 gives, with rearrangement: 

y+i 

A* _m2 
2(y-1) 

, 
ý'oPo Y+1 (A71) 

The area at any point within the duct, expressed in terms of A*, can be related to the 

pressure by substituting equation A70 into equation A68. With manipulation this 

gives: 

A 
A* 

2 2(r ý) y -1 
2 

+1 

(2) 

Y Y+1) ý2 

(A72) 

Applying equations A65, A66 and A72 it is possible to generate an equation relating 

the exit throat duct area and the overall pressure ratio (Po/Po) 

I 
Y-1 11 2 
r ZY P° 

1- 
Pe 

Y-1 Po Po 

y+1 I 

(A73) 
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I 
z 

r 2r Po Pe r 
m=e e- poA Po lU'-')Po[ Po 

This can be rearranged to give: 

A, =m2 
2(r ý) 

YPoPo Y+1 

fie _ 
ýy+1) l2 

A* 2 

Y 

(A74) 

(A75) 

(A76) 

Appendix I 

Equation A73 to A76 allow the exit velocity, exit cross sectional area and the throat 

area to be found. It would also be convenient to express the variable area relations in 

terms of the mach number, Ma. Equation A62 gives: 

2zz z u, +(Y_1)a, =(y_1)ao 

Which gives: 

u, = Mao 1+ Y2:: 
-lMa; 

(A77) 

Using the energy equations and the isentropic relations gives: 

12 11 u= 1+( I Y2 11Ma2 

ao 

And 

Mae 
Po 2 

Y. 4-1 1 
2 ZýY-1ý 

y- 1Z 

+1 Y 

y+l 

(A78) 

(A79) 

Due to constant mass flow rate, equation A61, and using equations A77 to A79 it 

follows that: 
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A 

Po AoMa 

{I+(LJMa2} 

2 (A80) 
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Applying equation A80 between any two points within the duct where the mass flow 

rate must be the same we get: 

y+1 
z(y-1) 

Ma, 
Ma2 

(A81) 

Writing this equation in terms of the cross sectional area at where the critical 

conditions exist (where Ma=1) gives: 

y+i 
2(y-1) 

C12 1+Y-1 Ma2 
A* J Ma Y+1 2 (A82) 

Equation A82 is called the area-Mach number relation and shows that the Mach 

number at any location in the duct is a function of the local duct area to the sonic 

throat area. This equation also allows the throat area to be calculated for sonic flow 

to occur if all other variables are known. 

y+I 
2(y-I) 
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Appendix 2 

To convert from a volumetric size distribution to a number size distribution the 

following equation is used: 

Num = 
Vol% 

Bin Vol 
(A83) 

The number of particles measured within each bin, Num, is calculated by dividing, 

Vol%, the volume percent of particles for that bin (the original data output from the 

laser diffractometer), with, Bin Vol, the volume of a single particle of diameter equal 

to the mid-point of the bin range. The number percent of particles found for each bin 

range may then be calculated by dividing the number of particles for each bin with 

the total number of particles of all bin ranges. A summary of the volumetric size 

distribution data for the copper powder and the conversion process to a number 

distribution is shown in Table Al. 
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Bin Range / 
m 

Mid-point 
of Bin /m 

Volume of Sin 1e 
Particle / mý 

Vol. /0 Vol/0 / Volume 
of Single Particle Num% 

2.26-2.49 2.4 7.0 0.0 0.005 1.6 
2.49-2.75 2.6 9.4 0.1 0.007 2.1 
2.75-3.03 2.9 12.7 0.1 0.008 2.5 
3.03-3.34 3.2 17.0 0.2 0.010 3.2 
3.34-3.69 3.5 22.7 0.3 0.013 4.2 
3.69-4.07 3.9 30.5 0.5 0.016 5.1 
4.07-4.48 4.3 40.9 0.8 0.019 5.9 
4.48-4.94 4.7 54.8 1.1 0.021 6.6 
4.94-5.45 5.2 73.5 1.7 0.023 7.4 
5.45-6.01 5.7 98.6 2.5 0.025 8.0 
6.01-6.63 6.3 132.1 3.5 0.027 8.4 
6.63-7.31 7.0 177.2 4.7 0.027 8.4 
7.31-8.06 7.7 237.6 5.9 0.025 7.9 
8.06-8.89 8.5 318.5 7.0 0.022 7.0 
8.89-9.80 9.3 427.0 7.9 0.019 5.9 
9.80-10.81 10.3 572.5 8.4 0.015 4.7 
10.81 - 11.92 11.4 767.6 8.7 0.011 3.6 
11.92- 13.14 12.5 1029.2 8.9 0.009 2.7 
13.14 - 14.49 13.8 1379.8 8.4 0.006 1.9 
14.49- 15.98 15.2 1850.1 7.2 0.004 1.2 
15.98 - 17.62 16.8 2480.5 6.0 0.002 0.8 
17.62 - 19.42 18.5 3325.7 4.9 0.001 0.5 
19.42 - 24.42 20.4 4458.9 3.7 0.001 0.3 
24.42 - 23.62 22.5 5978.0 2.6 0.000 0.1 
23.62 - 26.04 24.8 8015.0 1.8 0.000 0.1 
26.04 - 28.72 27.4 10746.1 1.2 0.000 0.0 
28.72 - 31.67 30.2 14408.2 0.3 0.000 0.0 
31.67 - 34.92 33.3 19317.9 0.0 0.000 0.0 
34.92 - 38.50 36.7 25899.9 0.0 0.000 0.0 
Table Al- Conversion process from the volumetric size distribution, produced by the laser 

diffractometer, to a number size distribution for the spherical copper powder. 
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Appendix 3 

This section comprises of a selection of plots of the raw particle velocity data. The 

raw particle velocity data plotted within this appendix are shown in Table A2. 

Powder Gas Type Stand Off Stagnation Corresponding 
Distance Pressure Fig. Nos. 

10 bar Figure Figure 

20 3.25(a) Al 

Helium 
mm 

29 bar Figure Figure 
3.25(a) A2 

1 mm 29 bar Figure Figure 
Copper 3.27(a) A3 

+5-25 µm 10 bar Figure Figure 

20 mm 
3.25(b) A4 

Nitrogen 29 bar Figure Figure 
3.25(b) AS 

1 mm 29 bar Figure Figure 
3.27(b) A6 

10 bar Figure Figure 
Titanium li H 20 3.30(a) A7 
+5-45 µm 

um e mm 
29 bar 

J Figure Figure 
3.30(b) A8 

Table A2 - Table of process parameters that raw particle velocity data is available for and 
shown in this appendix. All measurements are made at a y-axis position of 0 mm. 
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Figure Al - Influence of particle diameter on particle velocity for the +5 -25 µm copper powder 
travelling with a helium gas flow at stagnation pressure 10 bar. Data for 500 individual particles 

was collected at a stand off distance of 20 mm and within the centre of the gas plume. 
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Figure A2 - Influence of particle diameter on particle velocity for the +5 -25 pm copper powder 
travelling with a helium gas flow at stagnation pressure 29 bar. Data for 500 individual particles 

was collected at a stand off distance of 20 mm and within the centre of the gas plume. 
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Figure A3 - Influence of particle diameter on particle velocity for the +5 -25 µm copper powder 
travelling with a helium gas flow at stagnation pressure 29 bar. Data for 500 individual particles 

was collected at a stand off distance of 1 mm and within the centre of the gas plume. 
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Figure A4 - Influence of particle diameter on particle velocity for the +5 -25 pm copper powder 
travelling with a nitrogen gas flow at stagnation pressure 10 bar. Data for 500 Individual 

particles was collected at a stand off distance of 20 mm and within the centre of the gas plume. 
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Figure AS - Influence of particle diameter on particle velocity for the +5 -25 µm copper powder 
travelling with a nitrogen gas flow at stagnation pressure 29 bar. Data for 500 individual 

particles was collected at a stand off distance of 20 mm and within the centre of the gas plume. 
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Figure A6 - Influence of particle diameter on particle velocity for the +5 -25 µm copper powder 
travelling with a nitrogen gas flow at stagnation pressure 29 bar. Data for 500 Individual 

particles was collected at a stand off distance of 1 mm and within the centre of the gas plume. 
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Figure A7 - Influence of particle diameter on particle velocity for the +5 -45 pm titanium 

powder travelling with a helium gas flow at stagnation pressure 10 bar. Data for 500 Individual 

particles was collected at a stand off distance of 20 mm and within the centre of the gas plume. 
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Figure A8 - Influence of particle diameter on particle velocity for the +5 -45 µm titanium 
powder travelling with a helium gas flow at stagnation pressure 29 bar. Data for 500 individual 

particles was collected at a stand off distance of 20 mm and within the centre of the gas plume. 
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Appendix 4 

This section explains the theory behind calculating residual stresses using X-ray 

diffractometry. Figure A9 shows a bar in tension having stress acting upon it, C, 

which produces a strain, , given by: 

sy =A= 
Lf L° 

(A84) 
L0 

Force 

i 

11111 Force 

v 

3 

Figure A9 - Bar in pure tension, with diffraction planes parallel to axis 11441. 

Where Lf and Lo and the final and original lengths of the bar. Strain is related to the 

stress by: 

Qy = EEy (A85) 

Where E is the Young's modulus of the bar. The strains in the x and z directions are 

given by: 

Ex = EZ = 
Df 

D 

D° 
(A86) 

0 

Where Dl and Do and the final and original diameters of the bar. If the bar is 

isotropic, these strains are related by the equation: 

Ex = sZ =v- 6y (A87) 
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.1 ppePh/I 1 -1 

Where v is the Poisson's ratio for the material. t_ can be measured by x-rays by 

detecting the variation in spacing between crystal lattice planes before and during a 
force is applied. It can be shown that: 

d� - d, 
ý'_ = d 

� 
(A88) 

Where d� is the spacing of the planes parallel to the bar axis under stress, and c/� is 

the spacing of the same planes in the absence of stress [ 144]. Combining equations 

A85, A87 and A88 gives: 

=-E 
d, d,, 

(A89) 
0 d0, 

Equation A89 requires the precise measurement of d, � the distance between crystal 

plane lattices when no stress is applied. For a sample with residual stresses this is not 

possible. It is not sufficient to use d� values from materials handbooks due to even a 

small variation in levels of impurities will influence the c%, parameter. 

Often analysis is required on a plane surface and not a cylindrical rod. The 

calculations described above have to be altered to apply to a plane surfäce where a 

biaxial or even triaxial stress system will often occur. No longer looking at a rod (as 

described previously), but a surface along the planes of the principal axis, x and y, as 

shown by Figure A10. It may be assumed that a state of plane stress exists, ie (7; 0, 

and that the stresses are biaxial, therefore: 

-0071, 
El =E, = -UE_ _ 

E 

az 

(A90) 

Figure A10 - Residual stresses at the surfaces of a stressed body. a, = 0. Ike stress to he 
measured is a,,, 11441. 
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If we assume at the surface of the material, where the x-ray measurement is 

considered to be made, that aZ 0 then: 

EZ =-V(Ex+Ey)=-E(a. +ay) (A91) 

Combining equations A89 and A91 gives: 

= 
(6x+Qy) (A92) 

dn do V 
d0 

Similar to equation A89, equation A92 also requires the precise measurement of do. 

It is not guaranteed that the maximum stress within the sample will lie along one of 

the principal axis. Therefore when carrying out residual stress measurements, using 

x-ray diffractometry, the sample must be examined for various b angles as shown by 

Figure A10. When a single stress in some direction along the surface, ßm, as shown 

by Figure A 10, the line OC is measured. By tilting the sample the spacings of crystal 

planes at various `P angles can be measured. In the case of the angle `P, shown in 

Figure A10, spacings of crystal planes perpendicular to line OB will be calculated. 

Elasticity theory for an isotropic solid shows that the strain along an inclined line, C. 

(Figure A 10), is [144-146]: 

sw =1EUco sin2V/-E(6x+Qy) (A93) 

Subtraction of equation A91 from A93 gives: 

sý, - sZ =E (l + u)sin 2 yr (A94) 

Equation A94 shows that the difference between two strains in a stressed specimen 

depends only on the stress acting in the plane of those strains. Expressing the strains 
in terms of plane spacings gives: 

d'" d° 
- 

d,, d° 
= 

d"d d° 
=E (1+v)sin2 V/ (A95) 

d 
,, 

Where d,,, is the plane spacing for crystal planes perpendicular to line OB in Figure 

AlO. Due to the fact that dq', d� and da are very nearly equal to one another, (d'y - d�) 

is small compared to do. Therefore, it is possible to replace d,, with d'P or d� with 

negligible error. It is therefore possible to show that [144]: 

--EI 
dw -d" (A96) Uo ý (1+u)sinZyrý dn J 
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The most commonly used method for stress determination is the sin2yr method. A 

number of XRD measurements are made at different w angles between 0 and 45 

degrees. The inter-planar spacing or 20 peak position is measured and plotted on a 

graph of d values against sin2yi. By assuming that q , =O then the gradient of the line 

produced can be used to calculate the residual stress in the specimen with knowledge 

of the elastic constants of the specimen. 

60=( 
Em 

1+u 
(A97) 

Where m is the gradient of the slope. 


