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Abstract

The growth in the use and wear of Ti-based alloy components in mining and offshore

explorations has led to a search for techniques to re-engineer such components for reuse.

The most desirable method of restoring/protecting the component surfaces is by hard-

facing to enhance longevity in service.

Laser cladding is one of the viable techniques to achieve a thick coating on such compo-

nents which involves the addition of reinforcing particulates to improve surface proper-

ties such as hardness, wear and erosion resistance amongst others. A fundamental study

and understanding of the resultant microstructure-property of the laser clad, hard-facing

composite becomes necessary.

In this study, laser cladding of Ti-6Al-4V wire with Spherotene particulate reinforcement

and laser cladding of modified pre-blend of Ti-6Al-4V and TiB2 powder were undertaken.

The resulting physical and microstructural characteristics, hardness, and performance

characteristics of laser clad composites were investigated. Samples from the as-deposited

laser clad composites were characterised using optical microscopy, scanning electron mi-

croscopy (with chemical microanalysis) and X-ray diffraction. Performance character-

istics were examined via erosion testing of the laser clad Ti-6Al-4V/Spherotene using

plain and abrasive water jetting, and tensile testing of the laser clad Ti-6Al-4V/TiB2

composite.

The results showed that a crack and pore free clad containing as high as 76±1 wt.%

Spherotene in the Ti matrix was achieved at an energy density of 150±10 J.mm−2,

275±25 mm/min traverse speed, 700 mm/min wire feed rate and 30 g/min powder feed

rate. The microstructure of the laser clad Ti-6Al-4V/Spherotene is characterised by

nano-sized precipitates of reaction products (W and TiC) uniformly distributed in a

β-Ti solid solution matrix. Matrix hardness is enhanced by the presence of the reaction

products in the Ti ranging between 410-620 kgf.mm−2. Moreover, the modification made

to the 90 wt.% Ti-6Al-4V/10 wt.% TiB2 feedstock by attaching the TiB2 to Ti-6Al-4V

allowed uniform distribution of reinforcing element in the deposited composite. The

composite microstructure on solidification is characterised by TiB eutectic needle-like

features uniformly distributed in a Ti-rich primary phase. The hardness of the composite

ranged between 440-480 kgf.mm−2. Tensile tests showed that the mean elastic modulus

of Ti-6Al-4V/TiB2 composite is 145 GPa, which is a 27% improvement when compared

to that of Ti-6Al-4V. Erosion test indicated that the Ti-6Al-4V/Spherotene composite

offered as high as 13 and 8 times resistance of that of Ti-6Al-4V when subjected to PWJ

and AWJ impacts respectively.
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Chapter 1

Introduction

Laser surface engineering is a rapidly developing research area which is capable of en-

hancing component performance in a range of applications. A variety of laser assisted

surface modification processes have evolved, these include: laser surface melting [1], laser

surface alloying [2] and laser surface cladding [3] amongst others. These approaches have

demonstrated the use of lasers to improve surface properties and laser cladding (LC)

may be considered as the most versatile of these surface modification techniques. It in-

volves consolidation of materials with desired properties fed into a laser generated melt

pool which cools to form a clad layer on a component surface as it solidifies [4]. LC offers

advantages over other surface engineering techniques, such as, minimal heat input, pre-

cise energy control to a localised region, excellent material utilisation, microstructural

control with tailored properties and a well-bonded clad layer [3, 5].

Whilst laser-clad layers can be manufactured from materials in powder, wire and sheet

strip form, the wire and sheet strip depositions have been given less attention. Wire-

based LC process may be considered economical, as material utilisation approaches

100% with a cleaner process environment. As the applications of laser-clad layers are to

protect against wear, corrosion, thermal degradation and contact deformation amongst

others [3], it is common to use ceramics as reinforcements in laser-clad layers prepared

towards wear and impact applications. Various metal matrix ceramic composite (MMC)

laser-clad layers have been developed such as Fe-based, Ni-based, Al-based and Ti-based

MMCs amongst others, principally for wear applications.

1
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However, owing to the excellent properties of Ti and its alloys, such as high strength to

weight ratio, excellent toughness and good corrosion resistance, there is an increase in

their demand and use for different industrial applications. These applications range from

aerospace to ground transport, military, marine, mining, food processing and biomedical.

Hence, there is a need to either protect the surface of new components or re-engineer the

surfaces of worn Ti-base components which can be achieved via laser surface cladding

with ceramic reinforcements. The inclusion of reinforcements helps to prolong the work-

ing lives of the engineering components.

Among the various types of ceramics, carbide-based and boron-based ceramics are pro-

posed as suitable reinforcements in Ti-based laser-clad layers for wear and impact re-

sistant applications. Carbide-based ceramics such as WC are known to possess high

hardness (1300-2200 kgf.mm−2) and excellent abrasive resistance. While the boron-

based ceramic such as TiB2 is also well known for its high stiffness and hardness (3650

kgf.mm−2). Thus, based on these properties, both ceramics are potentially good choices

of reinforcing phase.

Prior work has shown that composites of Ti-6Al-4V with carbide reinforcements pro-

duced via laser surface engineering possess improved wear resistance. However, the

resultant microstructure has been found to be dependent on the type of laser employed

and mostly commonly used are CO2 and Nd:YAG lasers, owing to the difference in their

photon energies. Moreover, most of the reported work on laser processed Ti alloy with

carbide reinforcement has employed laser melt injection technique i.e particle injection

into the surface of component. However, the application of this technique is restricted

to protect the surface of new components and not suitable for component surface repair

purposes. Hence the work in this thesis deals with laser cladding of Ti-6Al-4V with

carbide reinforcements using a diode-pumped fibre laser which is suitable for surface

modifications and component repairs. The previous work is yet to establish whether the

dissolution of the carbide reinforcement is beneficial to the properties of the composites

and the erosion resistance characterisation of these composites under high energy jet

impacts is yet to be studied. All these are covered in this work.

TiB2 and TiB have also been reported as suitable reinforcements in Ti and its alloys.

These can be in-situ synthesized via laser cladding of boron-based ceramics with Ti.

From prior work, the resultant microstructure is dependent on laser process conditions
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employed. However, composite clad layers produced have been reported without nec-

essarily having consideration for the influence of substrate dilution on the overall melt

pool composition and the resulting microstructure on cooling. Moreover, the boride

reinforced-Ti alloy composites have been either produced using a preplaced deposition

of the preblended material or using two powder feeders with a cyclone for the laser pro-

cessing. However, these deposition methods require careful control. In this work, a new

method of using modified feedstock in which an agglomerated feedstock is produced is

developed.

Hence, the overall aim of this work is to produce laser clads of carbide-based (Spherotene

WC/W2C) and boride-based (TiB2)-Ti-6Al-4V matrix composite coatings using a fibre

laser and to investigate the relationship between process parameters, microstructure

formation and selected mechanical performance characteristics.

1.1 Aim and Objectives of the research

The overall aim of this work is to investigate laser clad composites formed using Ti-

6Al-4V wire and Spherotene (WC/W2C) particles and a modified pre-blend of Ti-6Al-

4V/TiB2 powder. The following specific objectives, which are further discussed in detail

in the thesis chapters, are:

• To deposit Ti-6Al-4V wire with Spherotene (WC/W2C) powder on a Ti-6Al-4V

substrate, identify suitable processing parameter ranges and determine the in-

fluence of laser processing parameters on the physical characteristics (width and

height) of beads and the efficiency of Spherotene deposition (Chapter 4).

• To study the microstructural features of composite beads and determine the influ-

ence of Spherotene particle dissolution on the composite microstructure formed.

Also to characterise the overlap cladding of Ti-6Al-4V/Spherotene composite beads

in terms of microstructure and microhardness, and also to demonstrate the suit-

ability of the wire-powder process for the development of 3-D functionally graded

structures (Chapter 4).

• To prepare a suitable powder feedstock for one stage laser cladding process by

agglomeration of Ti-6Al-4V and TiB2 powders (Chapter 5).
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• To study the microstructural evolution of the Ti-6Al-4V/TiB2 composite bead

produced, assess the formation of ceramic phases with respect to changes in laser

processing parameters, substrate dilution and influence on composite microhard-

ness. Also to identify the microstructural changes in multilayer deposition of the

Ti-6Al-4V/TiB2 feedstock and its influence on multilayer microhardness (Chapter

5).

• In the case of Ti-6Al-4V/Spherotene, to study the erosion wear performance of the

composite clad with different reinforcement fraction when subjected to both plain

water jet and abrasive water jet erosion. Also, in the case of Ti-6Al-4V/TiB2 3-D

composite multilayers to investigate their tensile properties at room temperature.

1.2 Organisation of the Thesis

The thesis has been structured into 7 chapters with all the set objectives covered. Each

chapter starts with an introduction stating the contents of the chapter and ends with

a summary detailing the key findings. Moreover, a list of references cited in the entire

research work is provided at the end of the thesis. Also, some additional information,

which may be important to the reader, but not included in each chapters are provided

in the appendices section before the list of references. The thesis overview is as follows:

• Chapter 1 provides an introduction and the rationale to the entire research work.

• Chapter 2 details a review on materials (Ti-6Al-4V, WC, TiC and TiB2) and

different laser surface engineering with focus on laser processing of Ti-6Al-4V with

carbide and boride reinforcements. Based on the reviews, research opportunities

are identified and research objectives formulated.

• Chapter 3 provides information on experimental methods and procedures including

material characterisation, cladding and testing procedures employed to carry out

the research work.

• Chapter 4-6 present the results obtained from the experimental study with each

chapter containing the discussions of the relevant results.
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• Chapter 4 reports the results of laser clad Ti-6Al-4V reinforced with Spherotene

particles, and contains discussion on the microstructural characterisation of the

composite deposits.

• Chapter 5 reports the result of laser clad Ti-6Al-4V/TiB2 composites with dis-

cussion on the microstructural characterisation of the composite deposit and the

tensile properties of the laser clad Ti-6Al-4V/TiB2 composite walls.

• Chapter 6 provides information on the erosion performance of laser clad Ti-6Al-4V

reinforced with Spherotene particles subjected to high impact plain and abrasive

water jets.

• Chapter 7 gives a summary of the entire results in the research work. Also, areas

of future work are presented.



Chapter 2

Literature Review

This section discusses laser processing technologies and laser surface engineering with

extensive details on a variety of processing techniques and the characteristics of the

process. Materials (Ti-6Al-4V, WC and TiB2) to be used in the research work are dis-

cussed in terms of their properties, crystal structures and phase diagrams to aid the

understanding of material characterisation. Since this thesis focusses on laser based sur-

face engineering of Ti-6Al-4V with carbide and boride reinforcement, previous research

work on laser processing of Ti alloys is also explored and discussed to identify where

the present research work overlaps with previous work on cladding of Ti alloys. The

theories of liquid and solid impacts on materials with previous research work on erosive

wear testing of composite are also covered in this chapter.

2.1 Laser

Since 1960, when the first working laser was developed by Theodore Maiman [6, 7],

an annual growth of about 10-20% has been observed in laser industry. The growth is

driven by the increasing applications of laser light, a form of optical energy [8]. Over the

years, laser applications have ranged from metrology to photography, material process-

ing, medicine, communications, and electronics amongst others [8, 9]. In manufacturing,

this optical form of energy is transformed into heat energy by focussing the laser beam

using an optics arrangement to a required spot-size and profile. The interaction of the

laser energy with materials during processing, results in the structural vibration of the

6
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material. The vibration is detected as heat which could be high enough to melt the

material, hence causing the optical energy to be transformed into heat energy [8]. Laser

as a form of energy can be easily automated, thus making its use flexible for various ap-

plications. Laser applications in manufacturing may include: welding, drilling, cladding,

peening, cleaning of material surfaces, surface treatment, micromachining, bending, 3D

marking and cutting [4, 8, 10].

Laser is an acronym for Light Amplification by Stimulated Emission of Radiation, and

it is generated by exciting an active medium which can either be in the form of solid,

liquid or gas with an energy source (light, electricity, heat, etc). The excitation causes

the electrons of the active medium to move from the ground state - low energy level

(inner shell) to a higher energy level (outer shell). However, as the electrons relax and

return back to their ground state, photons are released by the electrons. The photons,

which are a form of light energy, are made to reflect with the medium between two

mirrors (one fully reflecting mirror and another partially reflecting mirror) as in the

case of a CO2 laser or between two Bragg gratings as in the case of a fibre laser. The

interaction of these photons with other excited atoms of the active medium give rise to

increase in the population of the photons. As the population of the photons increase,

a certain wavelength is reached, such that a coherent, monochromatic laser beam is

generated which passes through the partially reflected mirror or the Bragg grating.

The laser beam is then passed through an optical arrangements which would include

a collimating lens and a focussing lens amongst others for the beam to be applied for

various manufacturing processes. More information about laser evolution, its operating

principle, classifications and operational mode, industrial type of lasers, and laser beam

characteristics are well documented in the literature [3, 11] as this section does not aim

to describe these in details.

2.2 Laser Process Technologies

Direct laser deposition is a novel technique for fabrication of metallic parts and engineer-

ing of metallic surfaces. The process involves melting of additive material in the form of

either wire or powder using a focussed laser beam to deposit single beads on a substrate.

Repeated bead passes with specified overlap pitch results in an area coating, while a con-

trolled repetitive multilayer allows the fabrication of 3-dimensional (3-D) structures [5].
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Figure 2.1 gives a schematic diagram of direct metal deposition using either powder

or wire. This process has been developed and given different names which may in-

clude; direct metal deposition (DMD), direct light fabrication (DLF), laser engineered

net shaping (LENS), and laser based flexible fabrication (LBFF) [12]. The LENSTM

process was developed at Sandia Laboratories and commercialised by Optomec Design

Company in New Mexico; and DLF process was developed at Los Alamos National Lab-

oratories; all these systems work by the same solid freeform fabrication principle which

is achieved using a focussed laser beam with enough energy density to melt metallic

powder and generate a solid, three dimensional component [13]. It is also possible to

have a combined use of both wire and powder as this method has been previously used

for development of functionally graded materials[14, 15]. Figure 2.2 gives an illustration

of a DMD system with powder-wire combination.

Figure 2.1: Schematic diagram of Direct Metal Deposition using (a) powder metal
[16] (b) metallic wire [17].

2.3 Laser Surface Engineering

Laser surface engineering is a novel approach for surface modification of metals to en-

hance their performance when subjected to severe environmental and industrial con-

ditions. It involves using the concentrated energy of lasers with material interaction

to re-engineer a metallic surface. There are different approaches by which laser sur-

face engineering can be deployed, these may include; laser surface melting, laser surface

alloying, and laser surface cladding amongst others.
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Figure 2.2: Schematic diagram of DMD system with concurrently fed powder and
wire material [15].

Figure 2.3 shows different classifications of laser based surface engineering of metallic

components. Route “A1-B1-C1” corresponds to laser surface melting technique, “A2-

B1-C1” corresponds to a laser surface melting with a preplaced alloying material and

“A1-B2-C3” correspond to laser surface alloying technique. “A1-B (2 or 3)-C2” and

“A2-B1-C2” corresponds to laser surface cladding via a side-fed material system and

a preplaced material respectively and “A1-B (2 or 3)-C (4 or 5)” corresponds to laser

composite surfacing technique [1, 18, 19]. These techniques are further discussed to

understand their process features. With any of these techniques employed, resistance

against surface failure mechanisms, which may include wear, corrosion, erosion and high

temperature oxidation; may be enhanced.

2.3.1 Laser Surface Melting

Laser surface melting is a surface modification process which involves the use of sufficient

laser energy to irradiate the component surface in the presence of air, nitrogen or an

inert gas. The laser irradiation causes a thin layer of the surface to melt, followed

by a rapid solidification process within a short interaction time. This results into a
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Figure 2.3: Classification of laser surface engineering approaches [18].

thin layer of a fine and near homogenous microstructure on the component surface.

The surface hardness, corrosion, wear properties are enhanced based on the resulting

fine microstructure [1, 4]. Figure 2.4 shows the schematics for laser surface melting

processes. The surface modification process has been applied to different engineering

materials; and applications based on Ti alloys are further discussed.

Figure 2.4: Schematics of Laser Surface Melting process showing the melted region
[1].

The laser surface nitriding of Ti-6Al-4V alloy was investigated to improve the surface

properties of the alloy which may include; hardness, wear and erosion resistance, using a

CO2 laser [20]. The investigation was carried out via laser surface melting process with

the melt pool shrouded with nitrogen gas to prevent oxidation of the melt pool and also

to react with titanium to give a TiN rich layer. Figure 2.5 shows the microstructure
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of the nitrided layer on the titanium which was dendritic. The surface hardness was

reported to be 500-800 HV up to a depth of 0.5-0.8 mm. In a similar study, the Ti

nitrided layer was observed to appear as a golden colour with δ-TiN and ε-TiN phases

dominating the treated surface. Also, similar hardness results were obtained to a depth

of 400µm [21].

Figure 2.5: Dendritic microstructure of laser surface nitriding on Ti-6Al-4V alloy
with the hardness profile [20].

In another complementary study, laser surface melting of Ti-6Al-4V in the presence

of nitrogen shroud was carried out using a diode laser. The microstructure of the laser

treated layer was characterised to contain TiN dispersed in α-Ti matrix. Figure 2.6 shows

that low laser power was observed to increase the mass fraction of the TiN precipitates

in the matrix. The residual stress of the layer was reported to be compressive at a laser

power of 800 W and at all applied nitrogen gas flow rates, which is beneficial to hinder

surface fatigue failure. Moreover, improvement of pitting corrosion resistance in Hanks

solution was reported for the laser treated nitrided Ti-6Al-4V surface when compared

to the untreated alloy [22]. The wear behaviour of the surface nitrided Ti-6Al-4V alloy

was investigated using a pin-on-disc (two-body abrasive wear test using SiC abrasive

paper) and a block-on-ring dry sliding wear rigs(Specimen sliding on hardened steel).

The laser treated surface, rich in hard TiN phase, was reported to possess enhanced wear

resistance which was inversely dependent on the scanning speed of the laser treatment

as indicated by the relative wear values, which is the ratio of the wear weight loss of

Ti-6Al-4V to that of the laser surface nitrided Ti-6Al-4V, in Figure 2.7 [23].
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Figure 2.6: TiN fraction in Ti matrix and the residual stress as a function of nitrogen
gas flow rate [22].

Figure 2.7: Relative wear performance of laser surface nitrided Ti-6Al-4V (a)pin-on-
disc wear,(b)block-on-ring wear [23].

2.3.2 Laser Surface Alloying

Laser surface alloying is another surface modification technique whereby the laser beam

irradiates the component surface with a simultaneous injection of alloying elements into

the melt pool. The process can also be achieved by preplacing the alloying element on the

component surface before laser scanning. The absorbed laser energy raises the surface

temperature above the melting points of both the alloying element and the work-piece.

This results in an alloyed melt pool composition with uniform solute redistribution owing

to the thermo-capillary convection acting in the pool. On rapid cooling and solidification,

an alloyed surface is generated which possesses enhanced surface properties from refined

microstructure, solid solution strengthening, formation of metastable hard phases [2, 19].

Figure 2.8 shows the schematics of laser surface alloying process with alloying elements

injected. The application of this process for Ti alloy surface modification is further
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discussed.

Figure 2.8: Schematics of Laser Surface Alloying process by direct injection of the
alloying element [2].

The laser surface alloying technique was used to generate a carburised surface on a Ti-

6Al-4V alloy. This was achieved by preplacing graphite powder with polyvinyl alcohol

as a binder, up to a thickness of 200µm on a Ti-6Al-4V surface. The preplaced layer

was irradiated with a multipass of laser beam using both CO2 and Nd-YAG lasers [24].

A layer containing TiC precipitates was formed on the surface to some depth into the

bulk Ti-6Al-4V. The carburised depth was reported to be deeper when Nd-YAG laser

was used with 0.5 mm depth, while, 0.4 mm depth was reported as maximum when

CO2 laser was used. Figure 2.9 shows the microstructure of the top part of the alloyed

surface cross section. TiC precipitates were formed as dendrites in the surface treated

layer and the layer hardness was found to lie between 500-1050 HV.

In another study, laser surface alloying of Ti-6Al-4V with preplaced boron nitride, BN,

was carried out using a CO2 laser to improve the surface hardness of the alloy. The

surface hardness of the boronised layer was found to lie between 1500-1700 HV and a

cross sectional hardness of 700-900 HV to a depth of 0.4 mm. The surface improvement

was attributed to the formation of TiB/TiN white needles and dendritic precipitates.

This improvement was anticipated to enhance the wear and corrosion resistance, load

bearing capability/contact deformation resistance and high temperature stability of the

surface [25]. Thus, from previous works, laser surface melting and alloying are found

to enhance the surface properties of Ti-6Al-4V alloy with the component dimensions

retained.
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Figure 2.9: Ti-6Al-4V laser surface alloying using preplaced graphite powder showing
TiC dendrites [24].

2.3.3 Laser Surface Cladding

Laser cladding is another key surface engineering technique. It is a melting process which

involves the use of a laser beam to fuse an alloy addition onto a substrate. Materials with

desirable properties such as corrosion and wear resistance are chosen for the cladding

process [3]. In contrast to previously discussed laser surface engineering techniques,

laser cladding is capable of re-engineering of component surfaces with the addition of

a new material layer. This new layer of material is metallurgically bonded onto the

component surface, hence allowing production of surface coatings and fabrication of

functional components in a layered manner. More recently, the term laser cladding has

also been applied to the layer additive manufacturing technique where three dimensional,

fully dense metal components are generated from a CAD model without the use of

moulds or tools [26, 27].

The process involves controlled and localised delivery of alloying material which can

either be in the form of a powder or a wire into a laser generated melt pool on a

substrate. The material becomes molten and solidifies on the substrate on cooling.

During the process, surface melting of the substrate occurs as it absorbs laser energy

which raises its temperature above its melting point. The molten clad solidifies rapidly

with the surface melting of substrate to give a strong metallurgical bonding at their

interface [3]. Most common materials used as substrate may include; carbon-manganese

and stainless steel, titanium, aluminium, nickel and copper alloys; while the cladding

powder could be an alloy of cobalt, nickel, iron, titanium, tungsten and silicon [3]. Wear
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resistant surfaces which are strongly bonded to the substrate, with minimal heat input

and distortion may be generated via this cladding process [3]. Laser cladding with

alloying material in form of powder can be achieved in two ways namely;

• Pre-deposition (a two-stage process)

• Co-deposition (a one-stage process)

Figure 2.10: Schematics diagram of laser cladding processes (a)Pre-deposition(b)Co-
deposition [3].

Figure 2.10 gives an illustration of these stage processes. Pre-deposition is a two-stage

process which involves preparation of powder bed on substrate before the laser passes

are made to melt the bed. The melt front moves rapidly through the powder, as the laser

beam is moved over the bed until it reaches the interface. A small part of the substrate

melts to dilute the clad and should result in a strong bond between the preplaced

materials and the substrate. However, co-deposition is a one-stage process in which

powder is injected into the laser generated melt pool on the substrate either by a coaxial

or a side-feeding system [3].

2.3.4 Cladding Process Characteristics

Figure 2.11 shows a typical single clad bead cross section with its dimensional charac-

teristics. These dimensional physical characteristics are regarded as some of the outputs

which are observed in the cladding process. These outputs are being influenced by

different variable input parameters associated with the laser cladding process.
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Figure 2.11: A typical cross section of a single clad bead [10]

These input parameters include: laser power and its mode (continuous wave or pulsed),

traverse speed, spot diameter, material properties, material feed rate, feeding direction,

angle of feed, preheating and delivery gas flow rate [10]. The desired outputs which are

commonly observed include: physical characteristics (clad width, height, and dilution

or melt depth), microstructural characteristics and performance characteristics amongst

others. The influence of the laser input variables on different outputs characteristics is

further discussed.

Laser power

Laser power is an extremely important factor that provides the heat to drive the cladding

process. The power density of the laser beam is determined by the laser power and the

spot area where the laser beam is focussed. For a circular laser beam profile, as would

be used in this study, Equations (2.1) and (2.2) give expressions for power density and

interaction time respectively, and the product of these two gives energy density relation

for the process [3]. It can be noted that another important parameter to fully characterise

the laser processing is the specific point energy (Equations (2.3)) since the same energy

densities could result in having different energies delivered to the workpiece [28].

I(x,y) =
PL

π.r2b
(2.1)

τ =
2.rb
v

(2.2)
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Esp =

∫ ∫
I(x,y).τdxdy = I(x,y).τ.(π.r

2
b ) = PL.τ (2.3)

Where; I(x,y) = power density in W.mm−2, PL = laser power in W, rb = beam radius in

mm, τ = interaction time or heating time in second, s, v = traverse speed of substrate

in mm.s−1 and Esp = specific point energy in J.

Laser power density influences the geometry of the melt pool and it has a positive re-

lationship with clad height, width and melt pool depth [29–31]. The power employed

during processing must be enough to eliminate limited melting of materials, poor metal-

lurgical bonding at clad-substrate interface, and incomplete homogenisation of materials

in the melt pool [32]. The relative position of the focal plane of laser beam has a direct

influence on the processing energy density as shown in Figure 2.12. Hence, this may

alter the microstructure of deposited track, as a uniform microstructure is reported to

be achieved at under-focus position [33, 34]. Whilst using Nd:YAG laser, Dubourg and

St-Georges [35] noted that the effect of out-of focus distance (defocus) on the clad size

is less significant, but an increase in laser beam spot size promotes increasing quantity

of materials assimilated into the pool when operating powder systems.

Figure 2.12: Laser beam intensity and power distribution at;(a)under-focus, (b) focus,
(c) defocus [33].

Traverse speed
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With all other independent parameters constant, as traverse speed increases, material

delivery per unit length decreases, and this result in an inverse relationship with clad

width, melt pool depth and clad height both in powder and wire based deposition

[29, 36, 37].

Shielding and delivery gas flow rate

The carrier gas flow assists the steady delivery of powder material into the melt pool.

This also serves to locally protect the melt pool from oxidation. Gases such as argon,

Ar, helium, He, and nitrogen, N can be used for shielding and as carrier gas depending

on the process and the desired output characteristics. Ar is the most commonly used

gas because it is denser and cheaper [38]. However, carrier gas flow rate may cause a

pool surface perturbation and a negative effect on clad width and surface roughness, as

the melt pool experiences high cooling rate when the carrier gas rapidly flow over the

melt pool surface [30, 39]. The rate of carrier gas flow determines the powder particle

velocity and time spent in the laser beam before the deposition. As particle velocity

increases laser power attenuation is reduced and this promotes increased laser energy

reaching the substrate [40, 41].

Powder feed rate, wire feed rate and feeding strategy

In the cladding process, material can either be in the form of powder or wire. Moreover,

in the powder based cladding process, the powder can either be fed through a coaxial

nozzle or laterally fed through a dedicated feeding nozzle into the melt pool. The lateral

feeding nozzle can be used to feed materials specifically to leading edges, trailing edges or

centre of the melt pool. Figure 2.13 shows powder feeding mechanisms for both feeding

scenarios [42].

Material delivery and interaction with the laser beam to generate clad tracks is influential

on clad characteristics. With all other factors constant, an increase in material feed

rate, either powder or wire, promotes increase in clad height, width and may as well

improve deposition efficiency to a limit which depends on the viscosity of the melt pool

and rate of solidification [35, 36, 43]. In powder based deposition systems, greater

flexibility can be achieved in laser cladding with the use of lateral feeding nozzles to

deliver different materials into the pool for generation of compositionally graded parts

or coatings [32, 42]. A higher powder efficiency has been reported when the powder
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Figure 2.13: Coaxial (left) and lateral (right) feeding strategies [42].

is laterally and rear-fed from the side where substrate moves than being front-fed [40].

However, wire deposition can help to overcome shortcomings of powder deposition which

may include: high cost of powder, low deposition efficiency, and poor surface finish [39].

In wire based deposition, it is best to adopt front feeding strategy, by delivering the wire

at angle 45o into the leading edge of the melt pool. The wire melts by absorbing the

radiant heat as it approaches the melt pool. This delivers a bead with a better surface

quality and dimensional control [17, 39, 44].

Preheating

Preheating of materials before laser cladding can be beneficial in some cases. It depends

on the metallurgy of the materials used and how easy they are to weld. For example,

a uniform preheating of the stainless steel substrate to 527oC (800K) reduced residual

stress by 22% during steel deposition. This residual stress could lead to crack formation,

delamination, distortion and porosity [37, 45]. Preheating reduces the cooling rate during

the process. Also in some situations, the surface oxide layer of substrate metal can be

broken down by increasing preheating temperature [46]. Moreover, preheating of powder

feedstock enhances the flowability of powder into the melt pool [43], while improved

deposition efficiency is achievable by preheating wire feedstock before deposition [12].

2.4 Materials

The section discusses the materials to be used in this research work. The materials

include; a titanium alloy, tungsten carbide (WC), titanium carbide (TiC) and titanium
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(di) boride (TiB2). Their chemical characteristics, properties, crystal structure and

phase diagrams are discussed.

2.4.1 Titanium and its alloys (α, α/β, β-Ti)

Titanium alloy exists in three types which include: alpha (α), beta (β), and two phase

alpha-beta (α-β). The α-Ti phase has a hexagonal closed pack (HCP) crystal structure,

while the β-Ti phase has a body centred cubic (BCC) crystal structure. Figure 2.14

shows the crystal structure of the α-Ti and β-Ti phases. Ti-6Al-4V is a non-magnetic, α-

β phase type alloy of titanium as shown in Figure 2.15. It has a beta transus temperature

of 999±15oC. It derives strength from substitutional and interstitial alloying of elements

in solid solution in alpha and beta phases when it is in the annealed condition [47].

The composition range of Ti-6Al-4V can be found in Table 2.1. Interstitial alloying

elements increase its strength and decrease ductility, such elements may include: carbon,

hydrogen, oxygen and nitrogen.

Figure 2.14: Crystal structure of titanium (a)α-Ti phase;(b)β-Ti phase [48].

Table 2.1: Composition of Ti-6Al-4V sheet Grade 5 in wt% [49]

Element C Fe N2 O2 Al V H2 Ti

wt.% <0.08 <0.25 <0.05 <0.2 5.5-6.76 3.5-4.5 <0.015 Balance

Table 2.2 and Table 2.3 give the physical and mechanical properties of Ti-6Al-4V re-

spectively. Ti-6Al-4V is responsive to heat treatment and the amount of beta phases

can be manipulated in the alloy to increase strength [47].

Applications of Ti-6Al-4V alloy
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Figure 2.15: A pseudo-binary titanium phase diagram showing Ti-6Al-4V as α + β
alloy and non-equilibrium martensitic phase lines, Ms and Mf (s = start; f = finish)

[47].

Table 2.2: Physical properties of Ti-6Al-4V [49]

Property Typical value

Density (kg/m3) 4420
Melting point (oC) 1649±15
Specific heat (J/kg.K) 560
Volume electrical resistivity (Ω.m) 1.7
Thermal conductivity (W/m.K) 7.2
Mean thermal expansion co-efficient (oC−1) 8.6 x 10−6

β-transus temperature (oC) 999±15

Ti-6Al-4V alloy accounts for 60% of the industrial use of titanium and can be subjected

to various processing stages to yield different product forms which may include: forgings,

bar, castings, foils, sheet, plate, extrusions, tubing and fasteners [51]. Ti-6Al-4V alloy is

good for applications at room temperature and up to a temperature range of 315-400oC

and also having a good weight saving and excellent corrosion resistance when compared

to aluminium and steels [47, 51]. The alloy is widely used for aerospace applications

for both gas turbine engines and aircraft structures. Other applications of Ti alloys

may include: power generation, chemical processing, automotive, marine, oil gas and

petroleum processing, medicine and architectural structures [51, 52].
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Table 2.3: Mechanical properties of Ti-6Al-4V Grade 5 [49, 50]

Property Typical value

Tensile strength (UTS) (MPa) 950
Elongation (%) 14
Area reduction (%) 36
Elastic modulus (GPa) 114
Poisson’s ratio 0.342
Fatigue strength (MPa) 240
Fracture toughness (MPa.m0.5) 75
Shear modulus (GPa) 44
Shear strength (MPa) 550
Vickers hardness (HV) 349

2.4.2 Tungsten carbide, WC

Tungsten carbide, WC, is a refractory, transitional, metallic carbide with hexagonal

closed pack (HCP) crystal structure, and has excellent chemical and thermal stability,

high hardness excellent oxidation resistance, low coefficient of thermal expansion, and

good wettability [53]. Figure 2.16 shows the crystal structure of HCP WC where the

lattice parameters are; a = 0.2906 nm and c = 0.2837 nm [54].

Figure 2.16: Crystal structure of WC [55, 56].

2.4.2.1 Mechanical and Physical properties

Table 2.4 shows the mechanical and physical properties of WC. This material has a high

melting point, high hardness and high density. These properties promote its use as a

refractory material and as matrix reinforcement in composites.
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Table 2.4: Mechanical and Physical properties of WC [57–59]

Density
(kg.m−3)

Hardness
(HV)

Thermal coeffi-
cient of expansion
(10−6 oC−1)

Melting
point
(oC)

Tensile
strength,UTS
(MPa)

Elastic
modulus
(GPa)

15700 1300-
2200

5.2 2800-
2870

344 669-696

2.4.2.2 Thermal properties

Table 2.5 shows the thermal properties of WC. This includes specific heat capacity,

enthalpy and Gibbs free energy of formations.

Table 2.5: Thermal properties of WC [60]

Specific heat
capacity,Cp (J/kg.K) at
298K

Enthalpy of formation,
∆Hf (kJ/kg) at 298K

Gibbs free energy of for-
mation, ∆ Gf (kJ/kg)
at 298K

181.12 -193.88 -188.78

2.4.2.3 W-C phase diagram

Figure 2.17 shows the W-C phase diagram. Phases of tungsten carbide which exist

may include: WC, WC1−x and W2C. The mutual existence of all these phases can

be attributed to the solidification mechanism of the carbide during preparation. The

formation of WC and W2C as composition and temperature vary, can be seen on the

W-C phase diagram in Figure 2.17. The crystallisation of the two phases (WC and

W2C) are found to prevail under a moderate to high cooling rates (104-106 K.s−1) when

a non-isothermal analysis was employed [58]. This gives the possibility of having WC

and W2C phases co-existing as WC phase only exists on a narrow region at 50 at.% C

in the phase diagram. WC is the most preferred carbide, as it retains its stability at

temperatures up to 3049 K, while W2C is a metastable reaction product which is not

expected to be stable at temperatures below 1523 K [54, 58].

2.4.3 Titanium carbide, TiC

Titanium carbide, TiC, is a refractory ceramic material with a face centred cubic crystal

(FCC) structure, exhibiting good resistance to high temperature oxidation, corrosion and
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Figure 2.17: Phase diagram of W-C system [54].

wear [61]. Figure 2.18 shows the crystal structure of TiC which is similar to the FCC,

NaCl-type structure with the Ti and C atoms octahedrally coordinated and the lattice

constant for the cell, a = 0.4327 nm [62]. It is used as reinforcement in metals to form

cermets and cutting tools. Also, it is used for high temperature applications such as

heat exchangers and engines for oxidation and corrosion resistance purposes [61].

Figure 2.18: Crystal structure of TiC [62].
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2.4.3.1 Mechanical and Physical properties

Table 2.6 shows the mechanical and physical properties of TiC. It has a lower density,

high hardness and high melting point when compared to WC properties, which make it

a desirable material for reinforcement and high temperature applications.

Table 2.6: Mechanical and Physical properties of TiC [61, 63]

Density
(kg.m−3)

Hardness
(HV)

Thermal coeffi-
cient of expansion
(10−6 oC−1)

Melting
point (oC)

Elastic
modulus
(GPa)

4930 3200 8.5 3065 448-451

2.4.3.2 Thermal properties

Table 2.7 shows the specific heat capacity, enthalpy of formation and the Gibbs free

energy of formation for TiC.

Table 2.7: Thermal properties of TiC [64]

Specific heat
capacity,Cp (J/kg.K) at
298K

Enthalpy of formation,
∆Hf (kJ/kg) at 298K

Gibbs free energy of for-
mation, ∆Gf (kJ/kg) at
298K

560.93 -3055.09 -3021.7

2.4.3.3 Ti-C binary phase diagram

Figure 2.19 shows the Ti-C binary phase diagram with TiC phase formed with carbon

content lying between 30-50 at% [65]. This means that TiC phase exists over a wide

composition range. However, other non-stoichiometric phases can be formed in a Ti-C

system, these may include TiCx with 0.56<x<0.98 (TiC0.59, TiC0.62, TiC0.6) and Ti2C.

The Ti2C phase is considered as a stoichiometric reaction product in a Ti-C system

[61, 62, 66]. Wanjara et al. [66] reported that the percentage composition of carbon in

TiCx influences the lattice parameter of the TiC unit cell, as shown in Figure 2.20. The

figure indicates an increase in lattice parameter as the carbon content increases from

0.3-1.0.

Considering the Ti-C binary phase diagram in Figure 2.19, there are no intermediate

phases existing between the TiC and the Ti phases (α and β-Ti). Also, two eutectic and
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Figure 2.19: Ti-C binary phase diagram [65].

Figure 2.20: Room temperature lattice parameter changing as a function of carbon
content in TiCx [66].
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one peritectoid reactions exist in the phase diagram at temperatures 2776oC, 1646oC

and 920oC respectively. The atomic content of carbon in Ti must exceed 30% for TiC

phase to be formed under an equilibrium condition. It was observed that the maximum

temperature for the TiC phase to go into liquid phase is about 3065oC.

2.4.3.4 Ti-W phase diagram

Figure 2.21 shows a phase diagram for Ti-W system. In this system, the dissolution of

W into a Ti matrix results in a β-stabilised continuous isomorphous, BCC, (Ti,W) solid

solution at high temperature. On cooling, a monotectoid decomposition is expected

to occur to produce α-Ti and W phases. It was reported that Ti can be stabilised as

α-phase under equilibrium conditions when the terminal solid solution of the Ti phase

does not contain more than 0.3 at.% W. However, Ti solid solution would be β-stabilised

with W content ranging from 0-100 at.%. Also, W solid solution which contain 100 at.%

Ti is possible [65].

Figure 2.21: Ti-W binary phase diagram [65].

The combination of the two previous discussed binary phase diagrams resulted into a

Ti-W-C ternary phase diagram. This gives the different phases that could be formed

when these three elements interplay under equilibrium conditions. Figure 2.22 shows the
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liquidus projection of the ternary phase diagram for the Ti-W-C system. Intermediate

phases reported to be formed in the Ti-W-C system are TiC, WC, W2C, WC1−x and

Ti solid solutions. It was reported that there is a great possibility of having a complete

miscibility of TiC and WC1−x phases at temperatures greater than 2530oC, and the

melting point of the resulting solid solution is about 3130oC. Also, the solubility of TiC

and WCss was reported to be dependent on temperature.

Figure 2.22: Liquidus projection of the Ti-W-C ternary phase diagram [65].

2.4.4 Titanium (di) boride, TiB2

Titanium diboride, TiB2, is another important refractory material, with a hexagonal

closed pack (HCP) crystal structure. It is characterised by a high melting point (3225oC),

low specific weight, high hardness, high strength to density ratio, good wear resistance,

excellent thermal and chemical stability, and superior electrical and thermal conductivi-

ties [61, 67]. It has found use in nuclear industry, as well as in the production of impact

resistant armour, cutting tools, wear resistant coatings, and electrodes among many

others [68]. Figure 2.23 shows the crystal structure of TiB2. It is a hexagonal AlB2-type

structure with trigonal prism formed by the titanium atoms and boron atoms fill the

space between Ti atoms. The lattice parameter for the TiB2 hexagonal structure are a

= 0.3028 nm and c = 0.3228 nm [61].The lattice parameters of a TiB2 single crystal is

reported to vary with temperature as shown in Figure 2.24 [68].
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Figure 2.23: Crystal structure of TiB2 [61].

Figure 2.24: Change in lattice parameters of TiB2 single crystal as a function of
temperature [68].

2.4.4.1 Mechanical and Physical properties

Table 2.8 shows the mechanical and physical properties of TiB2. It has a slightly lower

density, higher hardness and melting point when compared to TiC.

Table 2.8: Mechanical and physical properties of TiB2 [61, 68]

Density
(kg.m−3)

Hardness
(HV)

Thermal coeffi-
cient of expansion
(10−6 oC−1)

Melting
point
(oC)

Compressive
strength,
(MPa)

Elastic
modulus
(GPa)

4520 3650 6.4-9.2 3225 1800 565

2.4.4.2 Thermal properties

Table 2.9 shows the thermal properties of TiB2 in terms of specific heat capacity, en-

thalpy and Gibbs free energy of formation. Figure 2.25 shows that the specific heat
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capacity of TiB2 increases with increase in temperature [68].

Table 2.9: Thermal properties of TiB2 [60, 64]

Specific heat
capacity,Cp (J/kg.K) at
298K

Enthalpy of
formation,∆Hf (kJ/kg)
at 298K

Gibbs free energy of
formation,∆Gf (kJ/kg)
at 298K

640.29 -4647.48 -4589.93

Figure 2.25: Change in specific heat capacity of TiB2 as a function of change in
temperature [68].

2.4.4.3 Ti-B binary phase diagram

In the Ti-B binary phase diagram (Figure 2.26), there exist 3 phases of the Ti boride,

these may include: TiB, Ti3B4 and TiB2. TiB2 is found to exist over a wide composition

range, while other boride phases exist over a narrow range. Thus, with the diffusion of

boron atoms, TiB2 may be transformed into Ti3B4 or TiB phase. TiB2 has found

application in nuclear industry, military (impact resistant armours), foundry (lining of

crucibles), and machining (cutting tools) [61]. TiB whiskers are most chemically stable

in Ti alloy which helps to overcome the limitations of poor wear resistance, low specific

strength, at elevated temperature, and low specific fatigue resistance [69, 70]. It was

reported that higher stiffness comparable to high strength steel with minimal residual

stress was observed for Ti/TiB MMCs due to thermodynamic and mechanical stability

of TiB whiskers in Ti matrices. The chemical stability of TiB can be supported by the
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Ti-B binary phase diagram in Figure 2.26, where it can be seen that there is no other

formation of an intermediate phase between the TiB and the α or β Ti phase [70].

Figure 2.26: Titanium Boron phase diagram [71].

2.5 Laser Cladding of Titanium Alloys

Having reviewed the surface engineering techniques made by laser processing and mate-

rials, this section further discusses laser cladding applications to improve surface prop-

erties of Ti alloys as this research work focuses on laser cladding of Ti-6Al-4V. Previous

work is as well reviewed to highlight the significance of the laser processing technique

to improved surface properties and also to identity new research opportunities.

The laser processes which result in the formation of modified metallic surfaces have

been discussed earlier in Section 2.3. These laser-based, surface modification processes

include: laser surface melting, laser surface alloying by injection of alloying elements or

reinforcing particles, and laser cladding. However, for repair purpose and 3-dimensional

component manufacture, laser cladding is considered as the most suitable laser process-

ing technique. This technique is favourable for surface modification of titanium alloy

for coatings and structural purposes. Though, pure titanium has excellent toughness,

corrosion resistance, and high strength to weight ratio, it possesses poor tribological

properties which has been associated with its high c/a lattice dimensional ratio as a

hexagonal closed pack (HCP) metal [72]. This has prompted researchers to improve Ti
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alloy wear properties with ceramic reinforcements by employing surface engineering ap-

proaches such as laser melt injection/surface alloying or laser cladding. Also, improved

stiffness of Ti alloys can be achieved by production of fibre-reinforced Ti MMC with

comparable strength to steels which could make it more useful for specific applications

[73]. Since, this research work looks at enhancing the properties of Ti-6Al-4V with car-

bide and boride reinforcements using laser cladding, previous works on this subject are

further reviewed.

2.5.1 Laser processing of Ti alloys with carbides

Research work has been conducted in the area of laser processing of Ti alloys with

various carbides to produce a coating on metallic substrates. Ayers [74] studied the

wear behaviour of aluminium- and titanium alloy surfaces that were subjected to the

laser melt injection process with TiC and WC particles. The process was conducted by

having a laser beam focused to a spot diameter of 3 mm with the injection of carbide

particles into the shallow melt pool. The size range of carbide particles used was between

40-150 µm. Helium gas was used as powder carrier gas as well as the shielding gas during

the process. Laser multi-passes were carried out with an overlap pitch of 1 mm to treat a

wider surface area. The treated surfaces were reported to have possessed between 15-65%

embedded carbide volume fractions with a uniform distribution within the melt. Figure

2.27 shows the microstructure of Ti-6Al-4V embedded with TiC particles. The shape of

the TiC angular particles were observed to be preserved with their edges rounding due

to surface melting. The surface melting provided the Ti melt with sufficient carbon to

allow the formation of TiC dendrites. Surfaces are prone to cracking during processing

when large volume fraction of TiC, as high as 60%, is used. Cracks were observed on

the TiC particles in the overlapped region of the treated Ti-6Al-4V surface.

However, a crack-free Ti-6Al-4V modified surface was achieved with a WC volume frac-

tion up to 37% [74]. On solidification, the overlap regions are characterised by alloyed

Ti-W carbide precipitates. A slightly higher concentration of WC particles was observed

in the overlap regions, as these zones experience particle injection twice.

Table 2.10 shows the result of a dry sand rubber wheel (DSRW) wear test conducted

on surface treated Ti-6Al-4V. The wear improvement ratios were found to be between 7

and 13, which justifies the presence of the embedded carbide particles in the Ti-6Al-4V
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Figure 2.27: (a) Ti-6Al-4V injected with TiC particles; (b) TiC dendrites formed
during solidification [74].

Table 2.10: Dry sand rubber wheel wear results for Ti-6Al-4V alloy with different
volume fractions of TiC and WC particles [74]

Alloy Carbide
type

Mean carbide size
(µm

Carbide
volume
(vol.%)

Wear vol-
ume (mm3)

Normalised
wear rate

Ti-6Al-4V WC 125 26 8.2 8
Ti-6Al-4V WC 125 34 6.3 11
Ti-6Al-4V TiC 150 45 9.3 7
Ti-6Al-4V TiC 50 59 5.2 13
Ti-6Al-4V - - - 67 1

surface. The result showed that WC is more effective than TiC in abrasion wear, but due

to carbide dissolution and cracks, higher volume content of WC in Ti-6Al-4V was not

used. The result shows that abrasion resistance of Ti-6Al-4V surface can be improved

by injection of carbides. It can be deduced that a smaller reinforcement size with higher

volume fraction in the Ti matrix favours the significant enhancement of the composite

layer wear resistance.

In another development, Folkes and Shibata [75] conducted laser cladding experiments

with a pre-blended mixture of Ti-6Al-4V with various weight percentages of different

carbide powders using a 5 kW CO2 laser on a Ti-6Al-4V substrate. With a constant laser

power of 2.5 kW, optimum traverse speed was observed to be 300 mm/min and powder

feed rate was found to be between 45-120 g/min for a beam diameter between 3-3.5 mm.

The carbide powders included; Cr3C2, Mo2C and WC, and they were selected based on

cost, thermodynamic and property considerations. The particle size of Ti-6Al-4V used

was <210 µm, Cr3C2 and WC had <44 m particle size, while Mo2C had particle sizes

between 80-100 µm. Pre-blended powder mixtures containing 10 and 20 wt% Cr3C2

resulted in a β-Ti + TiC clad microstructure. A 10 and 20 wt% Mo2C resulted into an
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(α+β)-Ti + TiC microstructure and β-Ti + TiC structure respectively. Moreover, a 10

and 20 wt% WC resulted in a α-Ti +TiC clad microstructure with the presence of the

original WC particles in the pre-blended powder. The Ti phase was not β-stabilised since

the W content of the clad did not exceed 22.5 wt%. In all the cases, TiC precipitates

were reported apart from the original carbides embedded. It had either a dendritic or

feathery morphology depending on the carbide content.

Figure 2.28 shows change in clad hardness with increase in temperature. The WC rein-

forced clad had the highest hardness and the hardness decreases with increasing temper-

ature. However, amongst other clads, WC reinforced clad maintains high hardness at

high temperature (600oC). The researchers suggested that for industrial application of

laser surface cladding on Ti alloys, a β-Ti + TiC clad matrix is preferred as the matrix

would not be too hard [75].

Figure 2.28: Change in hardness as temperature increases with Ti-6Al-4V/WC clad
showing retained hardness at elevated temperature [75].

Vreeling et al. [76] studied the strengthening of Ti-6Al-4V surface with WC particles

by laser melt injection process which was conducted using a 2 kW Nd:YAG laser. The

influence of processing parameters was determined on dimensions and microstructure of

Ti-6Al-4V laser treated layer. A defocussed laser beam spot size of 3.6 mm was used

and spherical WC particles with size 80 µm, were injected into the laser generated melt

pool on the Ti-6Al-4V substrate. Optimised parameters reported were 79 W.mm−2

power density, 8.3 mm.s−1 traverse speed, and 0.125 g.s−1 powder feed rate. Maximum

track width reported is 1.8 mm, maximum depth of 0.7 mm and WC volume fraction
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was 0.25-0.30. It was reported that α-Ti, β-Ti, WC, W2C, W and TiC were present in

the microstructure. Figure 2.29 shows an SEM image of microstructure. A thick TiC

reaction layer is observed around the WC particles and it is reported that the thickness

of the layer is dependent on the laser processing parameters and the location in the

melt pool. Increasing power and slower traverse speed result in a thicker reaction zone

formation around WC particles in the melt especially in the top region of composite

layer [76].

Figure 2.29: (a)BSE image showing WC distribution in Ti matrix with dark TiC and
W solid solution precipitates;(b)reaction layer around a WC particle [76].

The Ti-6Al-4V/WC surface was subjected to wear using a pin-on-disk setup in an oil

bath at room temperature. Table 2.11 shows a significant improvement in the wear per-

formance of the WC embedded surface when compared to untreated Ti-6Al-4V. Specific

wear rates of 0.5 x 10−6 mm3/Nm and 269 x 10−6 mm3/Nm were reported for Ti-WC

MMC layer and Ti-6Al-4V alloy respectively with a constant applied contact stress of

20 MPa [76].

Table 2.11: Specific wear rate of Ti-6Al-4V laser treated layer and pin in pin-on-disk
wear test [76]

Sample Contact stress (MPa) k1 k2 f a
Ti-6Al-4V 20 189 269 0.21

Ti-6Al-4V remelted 20 40 240 0.18
WC/Ti-6Al-4V layer 20 0.13 0.5 0.11
WC/Ti-6Al-4V layer 100 0.08 0.05 0.12

Where; k1 = specific wear rate of pin (10−6 mm3/Nm), k2 = specific wear rate of sample

(10−6 mm3/Nm), f a = average value of friction coefficient
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In another study, Zhang et al. [77] conducted laser cladding experiments with different

mixtures of a pre-blended Ti and WC powders which have three different atomic per-

centage compositions of Ti-2WC, Ti-WC and 2Ti-WC. Clad layers were prepared on

a CP Ti plates and characterisation of the track appearance and microstructure was

carried out. A CO2 laser was used and an optimum cladding condition was reported as

3 mm beam diameter, 1-1.2 kW laser power, 6-8 mm.s−1 traverse speed and an overlap

of 60% [77]. Phases identified and reported were α-Ti, (W-Ti)C1−x and TixW1−x, W2C

and W, besides the embedded WC particles. It was reported that decarburisation of WC

led to the formation of TiC and the solid solution of W [77]. Dark contrast TiC den-

drites and bright contrast herringbone structure of Ti/W solid solutions were observed

in the microstructure. The heat affected zone was found to possess a α-Ti martensitic

structure (needle like structure).

In another study similar to Vreeling et al. [76], a graded metal matrix composites layer

of WC/Ti-6Al-4V was formed by laser melt injection process using a CO2 laser [78]. The

laser beam used was focussed on the Ti-6Al-4V surface to give a spot diameter of 3 mm.

Power density of 241-425 W.mm−2, traverse speed 0.2-1 m.min−1, and powder feed rate

60-150 mg.s−1 were employed in the study. Monocrystalline WC powder of size range 60-

100 µm was used and injected into the melt pool on the surface of Ti-6Al-4V behind the

laser beam to reduce WC particle-laser interaction and WC dissolution in the melt pool.

It was reported that using monocrystalline WC may reduce the intergranular cracking

in WC particles. Also, WC was considered as a desirable reinforcement ceramic for

Ti-6Al-4V due to their similar coefficients of thermal expansion values, this is expected

to decrease the residual stress in graded metal matrix composite of WC/Ti-6Al-4V [78].

Maximum depth and width reported were 2.3 mm and 0.75 mm respectively. Observed

phases reported were TiC, W2C, (Ti,W)C1−x, W, WC and α-Ti. Figure 2.30 shows the

TiC precipitates formed in the Ti melt, these were found to possess either a block or

dendritic morphology.

The (Ti, W)C1−x phase was considered as a TiC solid solution in the microstructure as

some of the TiC precipitates are rich in W. Two types of reaction layers were identified

and reported, these include; a cellular reaction layer and an irregular reaction layer

(Figure 2.31). Microhardness data reported for the graded Ti MMC were 540 HV for

the top region, 420 HV at the bottom and 365 HV for the Ti-6Al-4V substrate, and it was

reported that the change in hardness was gradual from top down into the substrate. The
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Figure 2.30: SEM images showing types of TiC morphology in Ti MMC
(a)blocky,(b)dendritic [78].

matrix hardness decreased as process traverse speed was increased which was attributed

to a decrease in the formation of reaction products [78].

Figure 2.31: BSE images showing types of reaction layer around WC particles
(a)cellular;(b)irregular [78].

Having considered monocrystalline WC particles as suitable reinforcing particles for

Ti-6Al-4V, a further study was conducted to determine the fracture behaviour of the

WC/Ti-6Al-4V composite layer produced by laser melt injection process. The composite

layer was subjected to tensile loading in a SEM to observe the crack initiation and

propagation as fracture occurs while loading. Two modes of crack nucleation were

identified and reported, these include WC particle cracking and decohesion of WC/W2C

interface as shown in Figure 2.32 [79]. The crack initiation in the WC particle was

reported to have occurred at 0.35% strain, while WC/W2C decohesion occurred at a

strain of 0.44%.

More so, another study was conducted on the microstructure evolution of WC/Ti-6Al-

4V composite layer produced via laser melt injection (LMI) and vacuum arc melting

(VAM) processes [80]. This was done to determine the effect of cooling conditions
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Figure 2.32: BSE images showing crack nucleation in WC/Ti-6Al-4V MMC (a)WC
cracking;(b)WC/W2C interface decohesion [79].

on the interfacial reaction between monocrystalline WC and Ti melt. As previously

noted that particle/matrix bond and reaction products in the matrix are factors that

determine the fracture strength of the MMC [79], thus, it is thought that the interfacial

reaction between WC and Ti which is sensitive to cooling rate should be examined.

The LMI process for the preparation of WC/Ti-6Al-4V composite layer was conducted

as discussed in [78], while the VAM process was carried out on a vacuum arc melting

furnace with a current of 180 A. The WC powder was preplaced as a thin layer on

Ti-6Al-4V surface with a re-melt Ti-6Al-4V ingot placed on the WC thin layer before

an arc was applied. The WC/Ti-6Al-4V composite prepared was allowed to cool in the

furnace, after removing the arc source.

A thermodynamic analysis of the possible chemical reactions between liquid Ti and WC

was evaluated and reported. Figure 2.33 shows Gibbs free energy changes with respect

to temperature for the likely chemical reaction between Ti and WC. It is reported

that due to the high affinity of Ti for C, TiC is easily formed, which promotes the

decomposition of WC to W2C. Furthermore, due to the instability of W2C in liquid Ti,

it further decomposes to W. This makes reaction path 1 to be a combination of reaction

paths 2 and 3. However, it is shown that the decomposition of W2C is impossible at

temperature above 2364 K. Thus, decomposition of WC to W2C is likely to occur at

high temperatures, while further decomposition of W2C to W is more feasible to occur

as temperature drops to lower values.

The microstructure observation for Ti MMC produced via LMI was similar to the ones

presented in Figure 2.31. It is reported that the WC particle surface acted as preferential
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Figure 2.33: Free energy change with respect to temperature for reaction between Ti
and WC [80].

sites for TiC nucleation, and this made numerous TiC nuclei grow on the surface at high

rate similar to the rate of solidification in the melt pool. Thus, the formation of this

TiC layer was reported to have prevented the diffusion of W into the Ti melt [80].

Figure 2.34: SEM/BSE images of WC/Ti-6Al-4V composite microstructure obtained
from VAM showing intense dissolution of WC due to the absence of the TiC layer [80].

However, the microstructure of the interfacial reaction obtained from VAM was different

from that of LMI due to lower cooling rate during the process. Figure 2.34 shows that

WC dissolution and interfacial reaction were reported to be intensive; TiC grains were

fully grown to have a blocky morphology, no eutectic structure was formed in the matrix

and a thick mixture layer of W2C and TiC was formed around the WC particles. This

occurred as a result of having a sustained active melt pool for longer time in VAM than

in LMI [80].
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In summary, the review of work in the area of laser processing of Ti alloy with carbides

showed that the resultant microstructure is dependent on the type of laser used. Phases

commonly reported as reaction products after laser processing of Ti alloy with WC are

TiC, W and W2C. These in-situ synthesized products significantly improve the matrix

properties. However, the Ti matrix microstructure is either reported as α-Ti [75, 77, 78]

or α+β-Ti [76], which may be attributed to the degree of WC dissolution in the Ti

melt. Folkes and Shibata [75] reports that laser processing of Ti-6Al-4V with Cr3C2

using a CO2 laser results in a β-Ti matrix microstructure, however with WC, α-Ti

microstructure is obtained. This α-Ti microstructure is observed to be common to all

Ti alloys with WC composite layers processed with a CO2 laser [77, 78]. Though both W

and Cr are beta stabilisers of Ti, the difference in the resulting microstructures can be

attributed to the difference in the laser absorptivity of these two carbides. The carbides

of Cr possess a higher laser absorption coefficient than that of W, when irradiated by a

CO2 laser (wavelength, 10.6 µm) [81]. This allows higher dissolution of Cr3C2 in the Ti

melt during processing than with WC. Thus with a higher amount of dissolution, the Ti

melt has the tendency to be beta stabilised. It is expected that the laser absorptivity

of WC on irradiation with a Nd:YAG laser (wavelength, 1.06 µm) becomes higher.

It would be noted that the energy of photons generated in the Nd:YAG laser with

wavelength of 1.06 µm is greater than the energy of the photons generated in the CO2

laser. Thus, the absorption behaviour of the WC when exposed to lower wavelength

laser beam can possibly be attributed to the higher energy of the laser photons. With

this higher laser absorptivity, WC dissolution increases with higher tendency to stabilise

Ti matrix as a beta phase. However, the Ti matrix in a laser melt injection, LMI

process remains as α+β-Ti phase when processed with a Nd:YAG laser [76]. In this

LMI process, the laser beam-WC particle interaction is intended to be minimised, which

reduced the WC dissolution that is capable of full stabilisation of the Ti matrix as a

beta phase. Additionally, in another similar process with a CO2 laser used, a α-Ti

matrix microstructure is obtained [78]. It has been noted that a beta stabilised Ti

matrix is preferred for any Ti metal matrix composite (MMC), as β-Ti matrix is more

ductile than α-Ti [70, 75, 82]. Hence, this current study will examine the dissolution

of WC in the Ti melt when processed with a Ytterbium-doped fibre laser (wavelength,

1.07 µm), the concentration of W retained in the Ti melt on solidification and the

overall microstructural evolution of the composite formed on cooling. All these are yet

to be investigated and are considered important in determining the overall properties
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of the composite formed. Moreover, in wear, a higher volume fraction of particulate

reinforcement with smaller particle size results in a higher erosion/abrasion resistance

[74, 83]. This indicates that WC dissolution in the Ti matrix to reduce the reinforcement

size range is beneficial for wear applications of the composite layer.

2.5.2 Laser processing of Ti alloy with borides

Various research work has been conducted on the production of Ti alloys with TiB/TiB2

reinforcement for surface modification purposes via laser processes. A study of the

microstructural evolution of laser clad TiB-Ti composite on Ti-6Al-4V substrate was

conducted with three microstructure morphologies identified [84]. A 2-kW Nd:YAG

laser was used with a defocused laser beam to get a 2.5 mm spot diameter. The laser

power and traverse speed used for the deposition process were 1200 W and 500 mm/min

respectively. The Ti powder of particle size range 40-90 µm and TiB2 powder (10-

40 µm particle size) were used, these powders were delivered into the melt pool with

65 vol.% Ti/ 35 vol.% TiB2 composition using a powder feeder and a cyclone. The

deposit microstructure revealed fine needles, plates and coarse needles of TiB precipitates

following the deposition as seen in Figure 2.35. The fine TiB needles were observed to

possess an aspect ratio of 75, while the TiB plates have an aspect ratio which lies between

3 and 15, and the coarse TiB needles have aspect ratio of 17. It was reported that the

TiB whiskers and coarse plates have cores filled with Ti atoms. The Ti atoms filling the

TiB cores allows for a good blend of hardness, fracture toughness and wear resistance

of the plates themselves [84].

Figure 2.35: (a)Microstructure showing TiB fine needles, plates and coarse nee-
dles;(b)a TiB coarse needle showing an inner core filled with Ti [84].
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In another study, a TiB/Ti-6Al-4V MMC layer was formed on a Ti-6Al-4V substrate

by laser cladding of pre-blended TiB2/Ti powder using a Nd:YAG laser [85]. It was

reported that the dissolution of TiB2 particles can be regarded as a reactive decompo-

sition process. This was observed when high laser power and slower scanning speeds

are used in the experiment. Figure 2.36 shows two different microstructures that could

be obtained by variation of laser power and scanning speed. Figure 2.36(a) shows the

distribution of the primary TiB plates formed through the decomposition of the melted

TiB2 particles achieved by slower cooling due to preheating. The sample is deposited

with a laser power of 1000 W, 200 mm/min traverse speed, and a preheating temperature

of 300oC. A dendritic microstructure was reported for samples deposited with the same

processing variable without preheating. Figure 2.36(b) shows eutectic microstructure

with TiB particles distributed in the Ti matrix. The sample is deposited with higher

laser power of 1400 W, and same traverse speed of 200 mm/min. This indicates that

the TiB/Ti microstructure is sensitive to laser processing conditions as expected.

Figure 2.36: Optical micrographic view of TiB in Ti alloy matrix (a)primary TiB
plates;(b)eutectic TiB particles [72, 85].

The hardness and Young modulus values for TiB needles observed in the microstructure

were measured using a nanoindentation technique and reported as 30.7±1.1 GPa and

519±30 GPa respectively. The microhardness of the Ti matrix with the fine, eutectic

TiB precipitates was reported as 7.5 GPa (765 HV) for a TiB volume fraction of about

30%. (NB Hardness of Ti-6Al-4V = 1.2 GPa).

The wear performance of the Ti MMC coating was related to the microstructures formed

due to the variation of the laser processing variables. An excellent wear performance

was observed for the two different types of microstructure with the TiB eutectics having

the lowest material loss as illustrated in Figure 2.37. The Ti MMC was reported to
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have a relative wear resistance of about 1500 when compared to Ti-6Al-4V substrate,

indicative of an outstanding wear performance [85].

Figure 2.37: Sliding wear performance of TiB/TiB2/Ti-6Al-4V MMC coating with
different microstructure [72].

Having considered powder metallurgy routes for production of Ti alloy reinforced with

TiB whiskers as time consuming and economically unattractive, a laser engineered net

shaping (LENS) process was used to deposit pre-alloyed Ti-6Al-4V and elemental boron

powders on a Ti-6Al-4V substrate [13]. The observation of the microstructure showed

that TiB precipitates with an acicular (needle-like) morphology were uniformly dispersed

in the α/β duplex structure of the Ti matrix. The bright contrast is the α-Ti phase,

while the grey constrast is the β-Ti phase. The length of the TiB precipitates ranges

from 1-5 µm.

Figure 2.38 shows the microstructures of the as deposited Ti MMC and heat treated

specimens. It was reported that coarsening of the TiB precipitates was limited due to

low solubility of boron in α/β which indicates that, the composite is thermodynamically

stable at elevated temperatures. A comparison with LENS deposited Ti-6Al-4V showed

that the microstructure of the Ti-6Al-4V is refined by the presence of boron, which

resulted in large α-Ti precipitates instead of Widmanstatten lath-like structure of α-β

Ti alloy [13]. In another development, LENS process was also used for the deposition

of pre-blended Ti/B powder into a laser generated melt pool on Ti-6Al-4V substrate

by Nd:YAG laser to produce nanoscale TiB precipitates in a Ti MMC [86]. Acicular

(needle-like) TiB precipitates with length and width ranges of 0.5-5 µm and 30-50 nm

respectively, were observed in the microstructure [86]. The nanoscaled TiB precipitates
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Figure 2.38: BSE images of (a)LENS deposited Ti-6Al-4V-TiB composite;(b)Heat
treated specimen at 700oC;(c)Heat treated specimen at 1100oC;(d)SEM image of LENS

deposited Ti-6Al-4V alloy [13].

were uniformly distributed in the α-Ti solid solution (ss) as observed in a bright field

TEM image (Figure 2.39).

Figure 2.39: A bright field TEM image of nanoscaled TiB needles in α-Ti matrix
[86].

It was reported that rapid solidification rates (100-1000 K/s) inherent in laser processes

are responsible for the fine scale of TiB produced and dispersed in the matrix. It was

also stressed that there may be a possibility of having a supersaturation of B in α-Ti,

and upon secondary reheating, well refined nanoscaled TiB precipitates are formed in

the matrix.
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In an attempt to enhance the surface hardness of a Ti/TiB MMC produced via reaction

sintering of Ti-Fe-Mo-TiB2 powder, laser surface hardening was conducted which caused

a considerable increase in the surface volume fraction of TiB whiskers using a CO2 laser

system [73]. Figure 2.40 shows that as input laser energy increases the visual obser-

vation of microstructure shows increase in TiB whiskers with a corresponding increase

in hardness from around 513 HV for untreated Ti MMC to a value of 1055 HV with

a TiB volume fraction of ∼67%. Furthermore, the hardness of the untreated Ti MMC

was reported to be around 513 HV, however, laser hardening treatment enhanced the

hardness, as shown in Figure 2.40.

Figure 2.40: Increasing surface volume of TiB whiskers as laser energy input increases
with increase in corresponding hardness [73].

In attempt to understand the effect of varying processing speed on microstructure and

properties, long rod-like TiB precipitates were formed and dispersed in a grey dendritic

Ti matrix [87]. This was developed by laser scanning of a preplaced powder mixture

of Ti and B on a Ti-6Al-4V substrate using a CO2 laser. Figure 2.41 shows the TiB

precipitates formed as speed changes, which implied that in the study, increasing scan-

ning speed favours the emergence of TiB precipitates. The TiB whiskers were reported

to have been formed by accelerated nucleation due to rapid cooling. However, highest

hardness and lowest material wear loss was reported for coatings produced using lowest

scanning speed [87].

A surface coating of TiB dispersed in a Ti matrix was developed by laser cladding of

Ti/2 wt.% B alloy powders (50-100 µm) using a diode laser on a Ti-6Al-4V substrate

[88]. Primary, elongated rod-like TiB precipitates were observed in the microstructure

with coarsening when higher laser power was applied, as shown in Figure 2.42. With a

TiB volume fraction of about 10%, mean hardness of the Ti matrix was reported to lie
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Figure 2.41: Micrographs of TiB/Ti coating formed with a traverse speed(a)2
mm/s;(b)Ti matrix EDS result;(c)5 mm/s;(d)8 mm/s [87].

between 290-500 HV measured via the nanoindentation technique, Youngs modulus of

the composite were reported to vary between 159-165 GPa.

Figure 2.42: (a)Primary elongated TiB precipitates in Ti matrix;(b)Coarsened TiB
due to applied higher laser power [88].

In a recent study, laser cladding of a preplaced mixture of powders Ti(90 wt%), B4C(6

wt%) and Al(4 wt%) with 4% polyvinyl alcohol on Ti-6Al-4V substrate was conducted

using a CO2 gas laser. It was aimed to have Ti MMC with a dual reinforcement from in-

situ TiB and TiC. Figure 2.43 shows the microstructure observed, where coarse primary

cellular dendrites were identified as solid solution of α-Ti, needle shaped whiskers as

TiB precipitates, and equiaxed particles as TiC precipitates [103]. A dry, pin-on-disc,

sliding wear was conducted as well, and friction coefficient value range of 0.073-0.117 and

0.123-0.437 were observed for the coating and Ti-6Al-4V respectively [89]. This showed

an excellent wear performance of the coating with respect to Ti-6Al-4V substrate.
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Figure 2.43: SEM images of microstructure with the identification of C1:coarse cel-
lular Ti dendrite; C2:needle shaped TiB whisker; and C3:equiaxed TiC precipitates

[89].

In summary, the review of work on laser processing of Ti alloys with elemental boron or

boride compounds shows that the resultant microstructure is dependent laser processing

variables (laser power, traverse speed, powder feed rate amongst others). The most

widely reported reaction product from the laser processing is TiB. This reaction product,

TiB is the most preferred phase amongst other phases such as TiB2 and Ti3B4, owing

to the thermodynamic stability of its microstructure at high temperature [13, 90, 91].

Though TiB is the most desirable, deposit microstructure characterised by TiB, TiB2

and Ti3B4 phases have also been reported [85], which could have resulted from having

a high fraction of the boride compound and favourable cooling conditions. Different

types of deposit microstructure have been reported such as eutectic TiB, primary TiB

plates, and TiB coarsening and dendritic structure with TiB interdendrites [84, 85,

87–89]. Though laser processing is a technique that may produce a non-equilibrium

microstructure, some of the studies on deposit microstructure seemed not to match

the information that can be obtained from the Ti-B phase diagram. Having a boron

concentration less than the eutectic concentration (2.1 wt.% - Figure 2.26) would not

have produced a eutectic TiB dominated microstructure with primary TiB plates under

the equilibrium condition as reported by [88]. Also, the authors have not considered

the influence of substrate dissolution with the melt pool composition on the resulting

microstructure on cooling. Moreover, owing to the difference in the boride and the Ti

alloy particle sizes, different researchers have employed preplaced deposition of the pre-

blended material before laser scanning (two-stage process) [89]. Others have used two

powder feeders connected to a cyclone to deliver the powders into the melt pool under

low pressure of the carrier gas [84, 85]. However, for commercial deposition purposes,

where higher deposition rate is desirable at low manufacturing cost, preplaced deposition

and perhaps the use of two powder feeders and cyclone may not be appropriate. Hence,
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a new method of delivering a feedstock of multiple compositions into the melt pool,

which is commercially viable, needs to be developed.

2.6 Erosive wear testing

The section discusses the theory and mechanics of liquid and solid impacts on solid

surfaces with the associated modes of failures. Previous studies on the resistance of

composite materials to erosion wear when subjected to plain water and abrasive water

jets are as well reviewed. The understanding of this study is essential for the discussion

of the erosion performance of the Ti-6Al-4V/Spherotene composites detailed in chapter

6.

2.6.1 Theory and mechanics of liquid impact

Historically, the cavitation damage due to liquid impact on steam turbines motivated

researches into the aspect of liquid impact erosion of solid materials [92]. When water

is highly pressurised and discharged through a small orifice, a high velocity jet is pro-

duced such that if the compressibility of the water and other forms of energy losses are

neglected, the pressure head is proportional to the square of the jet velocity as presented

by Bernoullis equation (2.4) [83, 93].

Ph =
1

2
ρov

2
o (2.4)

Where, Ph = pressure head, (Pa), ρ o = density of water (998 kg.m−3) at normal

temperature and pressure and vo = jet velocity at orifice exit.

Leu et al. [94] explained that as the jet exits the orifice with a high velocity, discreti-

sation of the continuous jet into droplet occurs due the aerodynamic interaction of the

jet with the surrounding air. The flowing jet is classified into three regions namely:

initial, main and final region. The main region of the jet is most effective for material

removal, characterised by concentrated packets of accelerated water droplets. Moreover,

the atomisation of the water jet into droplet would occur at a critical standoff distance

(SODc) of 175 times the orifice exit diameter of the jet approximately [93]. Field [92]
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reported that as the water droplets collide with a solid target, they behave in a com-

pressible manner, thus generating a high pressure, generally regarded as water-hammer

pressure. This hammer pressure is responsible for most of the damages observed as a

result of liquid impact on surfaces. Figure 2.44 shows the initial stage of water droplet

impact on a solid target. The high pressure impact, which can be evaluated using equa-

tion (2.5), causes the contact area between the impacting droplet and the solid to expand

supersonically.

Pw = csρovo (2.5)

cs = co + kvo (2.6)

Where, Pw = water hammer pressure, (Pa), and cs = shock velocity in the water droplet,

which can be determined by equation (2.6), co = the acoustic velocity in water at normal

temperature and pressure (1480 m.s−1) and k is a constant with a value of 2 for water

jet in a velocity range up to 1000 m.s−1 [92]..

Figure 2.44: Initial stage of the impact between a water drop and a solid target with
the contact edge moving faster than the shock velocity in the liquid and liquid behind

the shock envelope and target are subjected to high pressure [92].

2.6.1.1 Modes of Failure of solid materials under water droplet impacts

Adler [95] reviewed the mode of failure in solids when subjected to water droplets and

reported that four primary failure modes may be responsible for damage initiation and

subsequent material removal. These modes are:

• Direct deformation
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• Stress wave propagation

• Lateral outflow jetting

• Hydraulic penetration

It was noted that the mechanical response of material determines which of the loading

conditions of failure modes would predominate the material erosion. Brittle materials

are reported to have an elastic-brittle response, and non-brittle materials response in a

plastic manner of ductile material.

It is reported that the action of water droplet impacting a brittle material would result

in the development of cracks provided the droplet impact exceeds the fracture threshold

of the material. The fracture would occur as a result of high tensile stresses which had

developed in the neighbourhood of the liquid/solid impact region owing to the stress

wave propagation. Thus, direct deformation mode may not be accountable for fracture

in brittle materials. The stress wave interaction with micro-surface cracks, asperities

and other microstructural features which act as stress raisers would result in fracture

initiation and propagation in materials [95]. It is further discussed that locally damaged

regions can act as erosion pit nucleation sites and owing to lateral outflow jetting and

hydraulic penetration, tunnelling process becomes inevitable. Moreover, in metals, the

damage mechanism is due to plastic deformation, as the internal stress induced in the

material exceeds its fracture strength.

2.6.1.2 Modes of Failure of solid materials under solid particle impacts

Abrasive particles are injected into the high velocity water jet stream to enhance the

erosion of solid materials subjected to jet impacts. Ruff and Wiederhorn [96] reviewed

the research works in the area of erosion by solid particle impact and reported that the

impact of solid particles on ductile materials result in the formation of impact craters

with an observation of the displaced crater material flowing in the direction of the

particle incidence until the material fractured at high accumulated strains. It is further

reported that the surface deformation experienced by impact of solid particle on ductile

materials is dependent on the particle shape morphology, as spherical particles could

result a ploughing deformation, while angular abrasive particles could result in cutting
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deformation. Karelin et al. [97] gave illustrations in Figure 2.45 to explain the mechanism

of material damage and removal.

Figure 2.45: Mechanism of material removal by solid particle impact [97].

It is evident that erosion by solid particle impact on solid materials is dependent on

particle shape and orientation at contact, particle velocity, attack angle,“a”, particle

material properties, concentration of abrasive particles in a liquid flow, and particle size

distribution [96, 97].

In the case of solid particle impact on ceramics, material removal has been described to be

a brittle process of chipping which is assumed to have resulted from a plastic deformation

process. The fracture morphology in ceramic materials during solid particle impact is

dependent on the particle shape morphology (spherical or angular). The impact of

spherical particles on ceramics material results in the formation of cone-shaped cracks,

also known as Hertzian cracks. These cracks are initiated from the pre-existing flaws

which lie outside the area of contact between the particle and the ceramic surface and it is

an elastic process. Hertzian cracks are known to form over a wide range of impact loads,

and as contact force exceeds a threshold level which is dependent on the hardness of the

ceramic material, plastic deformation occurs beneath the impacting particle. The plastic

deformation results in the formation of the second set of cracks, also known as radial

cracks, which are observed to be normal to the impacted surface. The impact of angular

particles on ceramic surface results in the direct formation of radial cracks which would

occur when the surface is impacted using high velocity spherical particles. The threshold

particle velocity that determines the transition between the hertzian cracks and the
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radial crack formation is reported to be dependent on the hardness, fracture toughness

and surface structure of the target ceramic material. Angular particle impact results in

formation of radial cracks perpendicular to the target surface, which is responsible for

strength degradation and lateral cracks parallel to the surface, which is responsible for

the erosive wear by chip formation [96]. Figure 2.46 shows the schematic illustration of

the material removal by abrasive impact on ductile and brittle materials. The maximum

erosion rate is observed at lower angles for ductile material while maximum erosion is

observed at 90o for brittle materials. However, Ruff and Wiederhorn [96] reported in

their review that ceramic materials may also experience ductile-to-brittle transitions in

their mode of erosion, and this is dependent on the particle size of the abrasives employed.

Small abrasive particle size has the tendency to cause a ductile erosion mechanism of the

ceramic target while larger size abrasive would result in a brittle fracture mechanism.

Thus, subsurface plastic deformation occurred at the impact site of solid particle/ce-

ramics target, which result in residual stress which developed lateral crack formation

and surface chipping.

Figure 2.46: Schematic representation of material removal on impingement angles for
ductile and brittle materials [96, 98].

Therefore, the combination of the effect of both liquid and solid particle impact on

composite material can be derived from the integral contribution of impacts on ductile

and ceramic materials.
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2.6.2 Resistance of composite materials to solid and liquid impact ero-

sion

Previous studies have revealed the potential of particle-reinforced composites as effective

abrasion resistant materials. The degradation of material surface by fluids is classified

into liquid droplet erosion and cavitation erosion. Both classifications are similar in terms

of their erosion mechanism caused by shock associated with liquid jet impingement or

collapsing bubbles. The liquid impact erosion is often experienced in steam turbine and

aircraft, while cavitation erosion is often experienced in pumps and hydraulic turbines

[83, 99]. However, Mann and Arya [99] reported that the damage experienced by materi-

als under the action of liquid jet impact is close to reality, however, many investigations

have been made on cavitation/droplet erosion of different materials subjected to water

jet impact.

Yarrapareddy and Kovacevic [100] subjected nano-particles reinforced surface NiWC

coatings to slurry erosion by exposing their surfaces to high velocity garnet abrasive-

waterjet impacts. The Ni based coating was achieved via laser-based direct metal depo-

sition. After erosion test, it is reported that having nano-sized WC particles to reinforce

the composite matrix (Ni binder) apart from the micro-sized WC particles strongly im-

prove the erosion resistance of the composite coating. Shipway and Gupta [83] studied

the erosion behaviour of sintered and thermally sprayed WC-Co composite as well as

Ti-6Al-4V as a control specimen subjected to plain water jet impacts. It was reported

that the sintered materials exhibited an incubation period where damage was not expe-

rienced, while no incubation period was identified for the thermally sprayed composites

and the titanium alloy. Sintered WC-Co with the smallest carbide particles and the

highest carbide fraction exhibited the highest erosion resistance and it was concluded

that during the incubation period, damage initiation and removal of the Co binder phase

occurred which led to further hydraulic penetration and removal of the carbides. Pugsley

and Allen [101] investigated the slurry erosion of ultrafine WC-Co sintered composite

subjected to silica abrasive-waterjet impacts, and they observed an increased erosion

resistance as WC grain size decreases with three times resistant performance when com-

pared to the conventional material. It was also reported that there is a transition from

brittle to ductile mode of erosion as grain size reduces and as the average distance be-

tween the embedded particles is reduced to retard the preferential erosion of the binder



Chapter 2. Literature Review 54

phase. In a similar work, Wentzel and Allen [102] subjected cemented WC with different

binder phases (Co, Ni and Cr) to erosion-corrosion testing by employing a silica-water

slurry. Erosion rate was observed to decrease with increasing composite hardness and

maximum erosion rate was observed at an impact angle of 75o. The corrosion resis-

tance of the composite are maintained and dependent on the corrosion behaviour of the

binder phase employed. They further identified binder removal followed by subsequent

WC grain detachment as the mechanism of erosion.

In another study, Lathabai and Pender [103] evaluated the erosion behaviour of alumina-

based composite by subjecting it to silicon carbide abrasive-slurry jet, observed that

material removal mechanism is dominated by chipping of lateral cracks caused by impact

of erodent particles, grain boundary cracking, grain pull out and plastic deformation

caused by repeated sliding and impact of the particles. In a recent study, Castberg et al.

[104] investigated the dependence of Co-WC and CoNiCr-WC erosion performance on

WC grain size, WC distribution and binder composition by subjecting the materials

to silica abrasive water jet impacts. It was reported that 80% reduction in grain size

reduced the erosion level to 30-50% in Co-WC composite at a jet angle of 90o. Reduction

of erosion rate was observed for the CoNiCr-WC composite due to the increased binder

hardness. Erosion rate was found to reduce by 15-20% when jet angle was reduced from

90o to 60o, as a stronger hammering effect is expected at 90o and it was concluded that

lower carbide size and lower impingement velocity changed the erosion behaviour from

brittle to a more ductile mode. In another development, Gant and Gee [105] studied the

structure-property relationships of WC-Co based composite subjected to silica abrasive

liquid jet erosion. The erosion volume loss for the composite was observed to have

an inverse log-linear relationship with the composite hardness. Thus erosion decreases

with increasing hardness. With abrasive jet at 45o inclination to the composite surface,

erosion behaviour was dominated by fracture, re-embedment of larger WC grains with

planar facet, micro-cracking and slips in larger WC grains. Also, preferential binder

denudation and subsequent WC pull-out is prominent. With jet at 90o, greatest degree

of fracture and wear is experienced by edge chipping, transgranular fracture, spalling of

large grains, and attrition fracture. It was reported that the ductile erosion is dominated

by plastic deformation and fracture of the binder and volume loss is proportional to the

square root of the average distance between the embedded ceramic particles in the

composite. Momber and Kovacevic [106] explained that failure of multiphase brittle
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materials subjected to high energy water jet impacts is based on micro-crack growth

owing to the applied hydrostatic pressure. It was reported that particle/matrix interfaces

are the preferred locations for crack growth and the embedded particles in composite

materials acts as crack arresters due to absorption of higher amount of the fracture

energy. Thus, the enhanced erosion performance of composite materials is based on this

fundamental principle when compared to the erosion of the base material subjected to

the same condition of high energy liquid jet.

The extensive studies carried out by different authors on the erosion performance of

mostly WC-Co and Ni based composites prepared either by sintering, plasma arc spray-

ing or thermal spraying have demonstrated the benefits of composites for combating

liquid impact erosion wear. The review of the works from these authors showed that

erosion mechanism experienced by composite subjected to plain high velocity water jet

impact ranged from damage initiation, preferential denudation of the binder, and sub-

sequent removal of WC particles due to further hydraulic penetration [83]. Erosion

mechanisms of composites subjected to high velocity abrasive water jet impact expe-

rienced a great deal of wear by edge chipping of ceramics, attrition fracture, ceramic

pull-out, spalling and plastic deformation [102, 103, 105]. The reduction of erosion wear

was found to be favoured by small WC grain size, reduced mean free path between

embedded ceramics, reinforcement of the composite matrix by nano-sized particles and

high hardness of the composite [100, 104, 105]. Furthermore, maximum erosion volume

loss in composites was achieved by having the abrasive water jet impinging the com-

posite surface at 90o [104, 105]. However, laser based deposition processes are capable

of producing hard-facing composites directly on engineering components. These clad

composites have received limited attention by researchers in the area of their erosion

performance characterisation under high energy jet impacts. More so, the character-

isation of Ti-6Al-4V/Spherotene composite subjected to high energy PWJ and AWJ

impacts is yet to be investigated.

In this study, Ti-6Al-4V/Spherotene composites prepared via laser cladding will be

subjected to high velocity plain and abrasive waterjet impacts to determine their erosion

wear performance with wrought Ti-6Al-4V as a control specimen. Previous studies have

concentrated on the erosion performance of WC composite with Co and Ni as binder,

however, the study is carried out to elucidate the potentials of Ti-6Al-4V/Spherotene
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composites in combating liquid impact erosion wear. as it would be subjected to when

cladded on pipes and collars to be used for mining and oil exploration purposes.

2.7 Summary of the literature

The literature review presented can be consolidated into the below key findings:

• A 60% of titanium production is made for Ti-6Al-4V. It is widely used for dif-

ferent industrial applications from aerospace, automotive, chemical, oil and gas

exploration, petrochemical to marine applications amongst others.

• Ti-6Al-4V has a good specific strength, excellent corrosion resistance and is suit-

able for applications between room temperature and a maximum temperature

range of 315-400oC in the presence of air, but it is rarely used for application

where wear of any kind is of great concern.

• Different approaches to laser surface engineering have been deployed to improve

the surface properties of Ti-6Al-4V. Surface nitriding of the alloy by laser surface

melting was found to improve its hardness, wear and erosion resistance properties.

Carburisation of the alloy surface by laser surface alloying was observed to improve

its surface properties.

• Laser surface alloying which involved refractory powder injection into the laser melt

and is otherwise known as laser melt injection (LMI) process has been examined

to improve the surface properties of Ti-6Al-4V. Several refractory carbide powders

have been used as reinforcement in Ti-6Al-4V with more emphasis on the usage

of tungsten carbide and titanium carbide.

• Tungsten carbide is a refractory, metallic carbide. It has an excellent chemical and

thermal stability, high hardness, excellent oxidation resistance, low coefficient of

thermal expansion, and good wettability. It exists in three phases, WC, WC1−x

and W2C. WC is the most stable phase even at temperature as high as 3049 K

before decarburisation of this phase can occur.

• Titanium carbide is also a refractory ceramic carbide which exhibits good resis-

tance to high temperature oxidation, corrosion and wear. The carbide exists as

TiC phase over a wide composition range.
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• The laser processing of Ti-6Al-4V alloy with various carbides has been shown to

yield a common reaction product TiC phase in the melt, as the melt is enriched

by C due to surface melting of the carbide particles. The original carbide particles

are as well retained in the melt. The retained particles become smaller in size

due to surface melting and possess either rounded edges (as in the case of TiC

particles) or a reaction layer (as in the case of WC particles). Two different types

of reaction layer have been identified and they include: a TiC cellular reaction

layer in which TiC layer is formed around the WC particles in the melt, and an

irregular reaction layer in which the WC particles have a continuously dissolved

edges with TiC formed in the creeks randomly around the particles.

• The injection of WC particles with uniform distribution in laser melt injection

processing of Ti-6Al-4V has shown to significantly increase wear resistance when

compared to monolithic Ti-6Al-4V. This was confirmed by results from a dry sand

rubber wheel wear test and a sliding pin-on-disk wear test. Also, among differ-

ent carbide particles used in a laser processing of Ti-6Al-4V alloy, WC particles

reinforced clads retain high hardness (425 HV) at elevated temperature (600oC).

• Titanium diboride, TiB2, is another important refractory material which is used

for surface improvement of Ti-6Al-4V. It has a high melting point (3225oC), low

specific weight, high hardness, high strength to density ratio, good wear resistance

and excellent thermal and chemical stability.

• Ti-6Al-4V/TiB2 composites have been found promising to improve the surface

properties of Ti-6Al-4V for a diverse range of industrial applications (automotive,

aerospace, nuclear, etc). The most preferred phase sought for is TiB phase which

resulted from the TiB2 reaction with the Ti melt. The TiB phase is preferred to be

in the form of whiskers reinforcing the Ti matrix as they have good load bearing

capacity due to their increased surface area for active reinforcement.

• Laser processing of Ti-6Al-4V with TiB2 powder particles has been found to be

favourable, as it rapidly promotes the formation and growth of TiB whiskers in

the Ti melt which is the preferred microstructure. Thus, laser processing promotes

TiB whisker formation due to the rapid solidification and cooling characteristics

of the process, and also reduces steps involved in solid state reaction fabrication

of Ti-6Al-4V/TiB2 composite.
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• The development of TiB whiskers in the Ti alloy matrix after laser processing

of Ti-6Al-4V/TiB2 powders enhances the hardness, elastic and wear properties

when compared to Ti-6Al-4V. The variation of the laser processing parameters

has revealed that TiB plates or eutectics are either or both formed. TiB eutectic

enriched microstructure are said to have the most excellent wear performance.

2.7.1 Research opportunities from literature

Rapid solidification processes such as laser surface engineering of Ti-6Al-4V have been

noted to significantly improve the alloy surface properties such as hardness, wear and

corrosion resistance. Laser melt injection processing of Ti-6Al-4V with WC particles

has been mostly examined, and has shown promising improvement of Ti-6Al-4V com-

posite hardness and wear resistant properties. More so, the formation of TiB whisker to

reinforce Ti alloy matrix using laser processing of Ti-6Al-4V/TiB2 powders have been

found promising for improved Ti alloy surface properties. However, the following re-

search opportunities have been identified based on the knowledge gap in the reviewed

literature:

• Research on laser cladding of Ti-6Al-4V with WC particles is limited, and laser

melt injection processing of this alloy cannot be used to accomplish the regenera-

tion of worn Ti-based engineering components. Thus, laser cladding which is one

of the key laser surface engineering techniques needs to be explored for Ti-6Al-4V

with WC particles. This would allow the regeneration of worn surfaces, compo-

nent repair, 3-dimensional component building and functionally graded component

fabrication.

• Titanium alloys are known to be costly, but possess excellent properties that make

them desirable for various industrial applications (oil exploration, aerospace, au-

tomotive, chemical processing, etc). Thus, from the manufacturing point of view,

the use of Ti-6Al-4V powder in laser processing with WC powder particles is dis-

advantageous. Hence, the use of Ti-6Al-4V wire instead will be more economical

as utilisation of the costly material feedstock would approach 100%. The laser

cladding of Ti-6Al-4V alloy wire with WC particles is yet to be investigated.
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• In the microstructural evolution of the laser melt injection processing of Ti-6Al-4V

alloy and WC particles, the Ti melt is reported to be enriched with W and C atoms

as surface melting of the particles occur resulting in the formation of W and TiC

as reaction layer product. The influence of the laser processing parameters on the

thickness of reaction layer have been reported, but the influence of laser processing

on WC dissolution and how this influence the resulting microstructure is yet to be

investigated. This is important as it determines the stabilization of the Ti melt as

either α- or β-phase and hence the overall properties of the clad layer.

• Improved hardness and sliding/dry sand abrasion wear resistance of the Ti-6Al-

4V/WC composite layer have been reported. However, with the use of Ti-6Al-

4V in oil and gas exploration, petrochemical and chemical processing, where ero-

sion/abrasion wear damage is prominent, it would be preferred to study the erosive

wear performance of Ti-6Al-4V/WC composite. This is yet to be explored. This

performance evaluation is essential as it provides information on resistance of the

composite to fluidic media accelerated against its surface and the influence of the

embedded WC particles and phases formed in the composite matrix on resistance

may be identified.

• The promising nature of laser processing for the formation of TiB whiskers in laser

Ti-6Al-4V/TiB2 composites has been highlighted. It has been observed that the

TiB2 powder material is mostly supplied in micron sizes that make the powder

unsuitable as feedstock in laser processing. Additional steps for feeding the stock

have been reported such as the use of cyclone before feeding into melt pool or the

feedstock used in a preplaced form. Thus, there is need for modification of Ti-6Al-

4V/TiB2 feedstock to eliminate additional steps and also to enhance uniformity in

the TiB whisker distribution in the composite. This makes the delivering of the

feedstock of multiple compositions to be commercially viable.

• Limited results have been reported on the improved hardness and elastic properties

of bulk Ti-6Al-4V/TiB2/TiB composite produced via laser processing. Those re-

ported were obtained using a nanoindentation technique, but the influence of laser

processing parameters on the hardness and elastic properties of the bulk laser clad

composite are yet to be reported. These can be compared to values obtained from

Ti-6Al-4V/TiB composite produced via solid state reaction processes to display

the versatility of laser processing to the composite production.
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2.8 Research hypotheses

Having explored the laser processing of Ti-6Al-4V with WC and TiB2, the following

research hypotheses are proposed:

• The use of Ti-6Al-4V in the form of wire and the WC as powder to produce

clads may be better than using a pre-blended powder of these materials in laser

processing.

• The use of a modified pre-blended feedstock of Ti-6Al-4V and TiB2 powders which

can be coaxially or laterally fed into the melt pool may be better than using a

preplaced deposition of pre-mixed powders .

2.9 Research objectives

Having identified the various research opportunities in the literature on laser processing

of Ti-6Al-4V alloy with WC and TiB2 powder particles, the objectives of this research

work are set out to address the gaps. Firstly, the research work will focus on laser

cladding of Ti-6Al-4V in wire form with Spherotene (WC/W2C) particles on a Ti-

6Al-4V alloy substrate and secondly on the laser cladding of modified Ti-6Al-4V/TiB2

powder feedstock on a Ti-6Al-4V substrate as well to achieve dense composite deposits

which are crack and pore free and well bonded to the substrate. Thus, the following

objectives set for this research work are:

• To deposit Ti-6Al-4V wire with Spherotene (WC/W2C) powder on a Ti-6Al-4V

substrate, identify suitable processing parameter ranges and determine the in-

fluence of laser processing parameters on the physical characteristics (width and

height) of beads and the efficiency of Spherotene deposition (Chapter 4).

• To study the microstructural features of composite beads and determine the influ-

ence Spherotene particle dissolution on the composite microstructure formed. Also

to characterise the overlap cladding of Ti-6Al-4V/Spherotene composite beads in

terms of microstructure and microhardness, and also to demonstrate the suitabil-

ity of the wire-powder process for the development of 3-D functionally graded

structures (Chapter 4).
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• To prepare a suitable powder feedstock for one stage laser cladding process by

agglomeration of Ti-6Al-4V and TiB2 powders (Chapter 5).

• To study the microstructural evolution of the Ti-6Al-4V/TiB2 composite bead

produce, assess the formation of ceramic phases with respect to changes in laser

processing parameters, substrate dilution and influence on composite microhard-

ness. Also to identify the microstructural changes in multilayer deposition of the

Ti-6Al-4V/TiB2 feedstock and influence on multilayer microhardness (Chapter 5).

• In the case of Ti-6Al-4V/Spherotene, to study the erosion wear performance of the

composite clad with different reinforcement fraction when subjected to both plain

water jet and abrasive water jet erosion. Also, in the case of Ti-6Al-4V/TiB2 3-D

composite multilayers to investigate their tensile properties at room temperature.



Chapter 3

Experimental Procedures

This chapter describes the experimental arrangement used for the laser cladding and

the characterisation techniques used for the feedstock materials and deposits obtained

from cladding. It contains particle size analysis of feedstock powders used and their

microstructural characterisation, fibre laser deposition setup, bead characteristics mea-

surements, sample preparation for microstructural examination and description of scan-

ning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and X-ray

Diffraction (XRD) techniques used for both powder and deposit characterisation. Pro-

cedures for microhardness test, erosion test and tensile test are also reported.

3.1 Materials

The materials involved in this study are 1.2 mm diameter, Ti-6Al-4V wire supplied

by VBC Group (Loughborough, UK), Spherotene powder produced by Technogenia

Company (France) and supplied by Laser Cladding Technology Limited, Sheffield, UK,

Ti-6Al-4V powder supplied by Crucible Research, USA, TiB2 powder supplied by Sigma

Aldrich Chemical Company, UK and rectangular Ti-6Al-4V coupons with dimensions

180 mm x 100 mm x 5 mm. Microstructural and particle size analyses were further

conducted on the as-received powders.

62
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3.1.1 Microstructure and Phase analysis

The powders to be employed in this study need to be characterised to identify phases

present in the feedstock. Moreover, the Spherotene powder was known to consist of

carbides of tungsten, thus it was important to carry out microstructural examination

and phase analysis to identify which of the carbide phases are present in the powder.

SEM analysis was conducted on the powder samples both in secondary electron (SE) and

back scattered electron (BSE) mode to observe the surface morphology of the powder

particles. XRD analysis was employed to obtain the phase composition of the powders.

3.1.2 Particle size analysis

The Spherotene powder was supplied with a particle size range between 40-160 µm as

stated by the manufacturer, Ti-6Al-4V powder size was quoted as -100+325 mesh by

the supplier and TiB2 powder was said to be <10 µm by the supplier. A Mastersizer

S particle size analyser (Malvern Instruments Limited, UK) was employed to determine

the powder particle size distribution.

Figure 3.1: Particle size measurements by laser light diffraction [107].

The machine works on the principle of laser diffraction to measure the sizes of the

particles. As laser light strikes the powder particles suspended in a dispersant, their

particle sizes are measured by the angular variation of the scattered laser beam intensity

(Figure 3.1). Distilled water was used as the dispersant and the powder was added to the
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circulating water under a continuous agitation to maintain a uniform dispersion of the

particles in the medium. An obscuration level of the mixture to laser beam exposure

was maintained between 20-22 % before the analysis of the particle distribution was

made. A monomodal analysis mode with a Standard-Wet presentation was selected

since it was expected to be a good model for the size distribution present in the powder

based on the information from the supplier. The volume mean diameter of the powder

was observed to be ∼138 µm, 108 µm and 10 µm for Spherotene, Ti-6Al-4V and TiB2

powders respectively.

3.2 Fibre laser deposition setup

Cladding experiments were conducted using a 2-kW, Ytterbium-doped, continuous wave

(CW), fibre laser (IPG Photonics). The laser machine operates at a wavelength of

1070 nm, with a beam-optics delivery system (125 mm collimating lens and a 200 mm

focusing lens) and a coupled Precitec YC 50 cladding head. The delivered laser beam

has a Gaussian profile with a spot circular diameter of ∼1 mm at focus when a 600

µm diameter beam delivery fibre is employed to convey the laser beam to the cladding

head. It is commonplace to operate the laser system out of focus, which provides a wider

circular spot to accommodate the materials to be fed into the melt pool generated by

the laser beam on the substrate. At a defocus distance of 20 mm, a 3.1 mm circular,

spot diameter was obtained as measured by PRIMES Focus Monitor. Figure 3.2 shows

typical beam profiles and intensities at focus and at 20 mm out-of-focus for the maximum

laser power. Appendix A.1 gives information about the calibration of the 2-kW fibre

laser which was carried out by Dr. W.J. Suder from Welding Engineering and Laser

Processing Centre, Cranfield University, United Kingdom.

For all the cladding experiments, the beam was defocused to give 3.1 mm diameter spot.

The laser system was mounted on a 4-axis CNC table to achieve a relative motion of

the work-piece with respect to the stationary laser beam. The laser head arrangement is

mounted on the z-axis and kept stationary while a traverse movement of the substrate

was achieved in the x and y-axes directions.

The Ti-6Al-4V wire was delivered through a side-fed guide nozzle and the Spherotene

powder was simultaneously delivered through another side-fed nozzle into the melt pool.
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Figure 3.2: Typical laser beam profiles and intensities at (a)focus; (b)20 mm out-of-
focus [28].

Moreover, the same setup configuration without the guide nozzle for wire delivery was

employed for the laser cladding of the pre-blended TiB2/Ti-6Al-4V powder. Figure 3.3

shows a typical setup of the side fed deposition experiments. The wire was fed into the

leading edge of the laser-generated melt pool using a standard wire feeder mechanism

(Redman Controls and Electronic Limited, England). The wire feeder has a knob and a

digital display for the wire delivery rate control. The wire feeder was calibrated by taking

series of measurements of wire length delivered within a certain period of time. A rear

feeding nozzle with an exit circular diameter of ∼4 mm was used to deliver the powder

during the experiments for the hybrid deposition of Ti-6Al-4V wire and Spherotene

powder to generate Ti metal matrix composite (Ti MMC). The powder delivery was

achieved by using a Model 1264 powder feeder (Praxair Surface Technologies) which has

a powder chamber that was pressurised by argon, Ar, as a carrier gas. The powder feeder

was calibrated for different powder feed rates according to changes in the revolutions

per minutes (rpm) of the motor speed that spins an edge-perforated disk in the feeder

while the powder chamber is pressurised with a constant gas flow rate of 10 L/min.

The powder calibration was undertaken by weighing series of powder delivered within a

certain period of time.

Prior to deposition experiments, the Ti-6Al-4V substrates were grit-blasted in a Guyson

grit blast system using alumina garnet powder to improve laser absorptivity of the plate

surface. The surfaces to be exposed to the laser were also degreased using acetone

((CH3)2CO) to eliminate surface contaminants. The rectangular substrate coupon is

then mounted on the work table of the CNC system. In order to avoid atmospheric

contamination and also for safety reasons, the deposition work area is isolated from the
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Figure 3.3: Side-fed hybrid materials-laser deposition experimental setup.

laboratory room using a flexible plastic chamber. The chamber is purged with an Ar gas

at a constant gas flow rate of 30 L/min for about 10 minutes to create an inert isolated

environment prior to the deposition to prevent deposit oxidation. The shielding gas was

left to purge the chamber continuously throughout the deposition period. The cladding

of the pre-blended TiB2/Ti-6Al-4V powder was carried out using the rear- fed nozzle to

deliver the powder into the laser generated melt pool without using the Ti-6Al-4V wire

feed stock.

3.2.1 Laser cladding of Ti-6Al-4V wire

The laser cladding experiment of Ti-6Al-4V wire only was carried out using the setup as

described in Section 3.2 with only wire delivered into the melt pool. In this experiment,

the inter-relationship of the three major processing parameters is examined for the wire
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deposition. The processing parameters include; laser power, traverse speed and wire

feed rate. The experiment was conducted to determine the following:

• The range of processing parameters required to achieve consistent and stable de-

position of the wire. Consistency and stability would be assessed by visual exami-

nation of deposition process and beads after deposition. This gives information on

the range of each of the process parameters that could interact to give a suitable

deposit with no defects such as waviness and dropleting.

• The influence of the processing parameters on bead characteristics and to obtain

the optimised processing conditions required to achieve maximum bead height and

width. These were investigated by measurements and statistical analysis. Results

would help to evaluate the processing time required for either surface coating

(maximum bead width) or additive manufacture of structures (maximum bead

height).

Moreover, this experiment would give an insight to the processing parameters suitable

for the hybrid deposition of both Ti-6Al-4V wire and Spherotene powder to be discussed

in Section 3.2.2. After trial depositions, the following ranges of process parameters were

selected for the optimisation of the wire deposition process:

• Laser power: 1400 - 1800 W

• Traverse speed: 200 - 400 mm/min

• Wire feed rate: 700 - 800 mm/min

The length of each bead was 80 mm with a pitch of 10 mm from the centre of one

bead to another. A steady deposition state was reached after the Ti-6Al-4V substrate

has traverse for about 30 mm based on observation. A 1-minute waiting time was al-

lowed before the next bead deposition was made to allow for substrate cooling. An L-18

Taguchi orthogonal, fractional factorial experimental design was employed to obtain sin-

gle bead characteristics data from the Ti-6Al-4V wire deposits. Eighteen single beads

were obtained from this experiment as these are enough to give statistical significance

of the influence of the process parameters. Nine different treatment combinations were

employed with a single repetition of each treatment. The geometrical characteristics
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(clad height and width) were measured using a Talysurf CLI 1000 surface profiler. Mea-

surements were obtained from three different locations along each track. This was done

to ascertain the repeatability of measurements of the bead geometrical characteristics

as processing parameters change.

3.2.2 Laser cladding of Ti-6Al-4V wire and Spherotene powder

The cladding experiment was carried out as described in Section 3.2. The wire and

powder were simultaneously fed into the melt pool as shown in Figure 3.4. This was

done to achieve the graded structure of Ti composite matrix with uniform distribution

of Spherotene particles (Ti MMC) to enhance hardness, wear resistance, contact defor-

mation resistance thermal properties, and structural stiffness amongst other properties.

The processing parameters interacted were the same as those used in wire deposition

experiments and Spherotene powder feed rate in addition to the other parameters. The

experiments were performed to establish the following:

• The range of processing parameters required to achieve consistent and stable hy-

brid deposition of wire and powder.

• The influence of the processing parameters on bead characteristics and to obtain

near optimised processing conditions.

• The influence of processing parameters on reinforcement weight fraction in the

deposited beads and to determine the optimum processing parameter to achieve

the highest reinforcement weight content in bead.

Trial experiments were set out using the following list of processing parameters:

• Laser power: 1200 - 1400 - 1600 - 1800 W

• Traverse speed: 100 - 200 - 300 - 400 mm/min

• Wire feed rate: 500 - 600 - 700 - 800 mm/min

• Powder feed rate: 10 - 20 - 30 - 40 g/min
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Figure 3.4: Schematics of the Ti-6Al-4V wire and Spherotene powder deposition.

Four levels of processing parameters were selected to have a wide range of process factor

combinations from which consistent deposition of the hybrid materials can be achieved.

An L-16 orthogonal array of the four (4) process factors was generated to give sixteen

treatments, as presented in Appendix A.1. The deposition was made according to the

serial arrangement of treatment in the table. The process was observed to be unstable

for some of the single tracks deposited which resulted in an inconsistent deposition.

Inconsistent deposition for some of the treatment combinations was validated after some

repeated trials. After the trial deposition, a range of processing parameters that gave

consistent deposition was obtained. Other parameter values deselected were prone to

give droplet deposition and other deposition defects. These are documented in Chapter 4

of this report. The following processing parameters were selected to optimise the hybrid

deposition of the Ti-6Al-4V wire and Spherotene powder:

• Laser power: 1400 - 1800 W

• Traverse speed: 200 - 400 mm/min

• Wire feed rate: 700 - 800 mm/min



Chapter 3. Experimental Procedures 70

• Powder feed rate: 10 - 30 g/min

The length of each bead was 80 mm with a pitch of 10 mm from the centre of one

bead to another. There are four process factors with three (3) levels each. An L-

27 orthogonal array was generated from these factors. The array was an L-9 type,

as shown in Appendix A.2 with three replications. A total number of 27 tracks were

deposited on a grit blasted substrate. The experiment was carried out by randomly

selecting the treatment combinations. This allows a fair comparison of the deposition

process as to whether the process is repeatable. The deposition of the two materials

was stable yielding consistent single tracks. Furthermore, all the replicates deposited

randomly were found to yield regular deposits which may signify reproducibility with the

selected processing parameters. Similarly, measurements of physical characteristics of

each Ti-6Al-4V/Spherotene beads were undertaken as reported for Ti-6Al-4V wire only.

After the experiments, bead characteristics (bead height and width) were measured and

statistical analysis undertaken to achieve the experimental objectives.

3.2.3 Laser cladding of pre-blended TiB2/Ti-6Al-4V powder

The cladding experiments were conducted using the side fed material delivery system

described in Section 3.2. The powder blend was delivered into the melt pool via the rear

powder feeding nozzle. The processing parameters varied were laser power and traverse

speed, and the objectives of the study were to investigate the influence of cladding

parameters on physical characteristics of beads, microstructure, hardness and tensile

properties. The following processing parameters were employed:

• Laser power: 1400 1600 1800 W

• Traverse speed: 200 300 400 mm/min

• Powder feed rate: 10 g/min

Also, each length of travel in both forward and backward directions was 80 mm. The

depositions were made on a rectangular Ti-6Al-4V substrate with 180 mm x 100 mm x

5 mm dimensions. A steady state was reached at about 30 mm after the deposition has

started. Prior to the main experiment, preliminary deposit trials were carried out to
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assess the feasibility of the cladding process. Side fed material delivery was attempted,

but cladding was not possible with the pre-blended feedstock of Ti-6Al-4V/TiB2 powder.

This led to the deposition trial with a coaxial feeder nozzle and the following processing

parameters were used:

• Laser power: 600 800 1000 W

• Traverse speed: 400 500 600 mm/min

• Powder feed rate: 20 g/min (constant)

• Step up height: 0.5 mm (constant)

The TiB2 powder used was relatively fine, while the coarse Ti-6Al-4V powder was used to

serve as a carrier for the fine TiB2 powder. The preliminary experiment and microstruc-

tural analysis of the powder blend documented in Chapter 5, necessitated modification

of the feedstock as the TiB2 powder in the mixture became separated in the powder

feeder during cladding experiment. The small scale of the TiB2 powder size when com-

pared to Ti-6Al-4V powder is attributed to the powder segregation. This resulted in

little or no trace of TiB/TiB2 phase and non-uniform distribution of TiB2 particles in

the microstructure of the deposited beads. Thus, a modified TiB2/Ti-6Al-4V blend is

required before setting out the main experiments to overcome the shortcoming. In order

to provide a solution to the shortcoming, it was thought that a means of attaching the

fine TiB2 powder on the coarse Ti-6Al-4V particles is essential and should be provided.

3.2.3.1 TiB2/Ti-6Al-4V powder mixture preparation prior deposition

The powder pre-blending for Ti-6Al-4V and TiB2 was carried out to achieve a mixture

volume ratio of 9:1 respectively. It was anticipated that about 20% volume fraction of

TiB reinforcement in Ti-6Al-4V matrix would be developed provided there is a complete

decomposition of TiB2 particles when subjected to laser processing.

The means of attaching the fine TiB2 particles on the Ti-6Al-4V particles was exper-

imented by spraying an aerosol of 2.7 volume% poly vinyl alcohol (PVA) solution on

a pre-blended mixture of the powder. Having wet the powder with the PVA solution,

it was thoroughly mixed to achieve particle agglomeration devoid of big clusters of the

mixed powder. The following measurements were taken during the mixing process:
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• Weight of TiB2/Ti-6Al-4V (1:9) powder: 267.2 g

• Weight of PVA solution used : 5.2 g

• Weight of green mixture (powder + PVA): 272.4 g

• Weight of dry mixture: 271.1 g

The ratio of the mixed powder to the PVA solution was about 50:1. The powder mixture

produced was fed into the laser generated melt pool using a side feeding system.

3.3 Design of experiment and Statistical analysis

The design of experiments is a systematic way of carrying out experimental work such

that a justifiable conclusion can be reached based on the experimental objectives set

out prior to the experiments. This gives a unique pattern by which the processing

parameters (also called process factors) can be combined such that the influence of each

process factor on the output(s) (otherwise called response(s)) can be independently or

dependently examined and analysed. It has been previously observed that there is

partial or no interaction among the process factors in laser cladding [19, 36], thus a

direct influence of the factors on the responses may only be examined and analysed.

This characteristic has led to the selection of the Taguchi experimental design for the

entire laser cladding experiments in this study.

3.3.1 Taguchi experimental design

Taguchi experimental design is a fractional factorial design with a lean, less expensive

and faster approach to experimentation. It gives possible combinations of process factors

with a small number of experimental runs to obtain useful observations from the process.

The design method is useful and adequate when interactions of the process factors are

considered unimportant. It is suitable for processes with multiple process factors each

having large range of values (called levels) interacting [108]. A set of orthogonal arrays

(OAs) of factor level combinations are presented in tables which can be followed to

conduct experiments. It is possible to have repetition of each level combination trials to

validate the quality of the responses.



Chapter 3. Experimental Procedures 73

In this study, the laser processing of Ti-6Al-4V with Spherotene and TiB2 powders,

the process factors are either 3 factors with 3 levels or 4 factors with 4 levels. Also, 4

process factors with 3 levels were used in the deposition experiment of Ti-6Al-4V wire

and Spherotene powder. For example, Table 3.1 presents an L-9 Taguchi orthogonal

combination design for 3 factors with 3 levels combination. A single repetition of each

treatment, gives an L-18 OAs design. The columns of the table are assigned to each of

the process factors while the numbers in each column represents the levels with 1 for the

lowest value and 3 for the highest value of the factor under consideration in the column.

Table 3.1: An L-9 orthogonal array with treatment combinations for process factors
(A,B,C)

Process factors
Trials A B C

T-1 1 1 1
T-2 1 2 2
T-3 1 3 3
T-4 2 1 2
T-5 2 2 3
T-6 2 3 1
T-7 3 1 3
T-8 3 2 1
T-9 3 3 2

Considering a process factor such as laser power with value range 1400-1800 W, and three

factor levels can be obtained as 1400, 1600 and 1800 W. Thus, if column A stands for

laser power, the numbers in the column A which are 1, 2 and 3 would represent the levels

1400, 1600, 1800 W respectively. Other process factors are assigned to each column as

done for laser power. Thus, the table is assigned with process parameter combinations

required, where, T-1,.......T-n (with n = 9) are the treatment combinations for the design

of the experiments. This particular array was used for the experimental deposition of

Ti-6Al-4V wire only and TiB2/Ti-Al-4V powder blend. An L-16 array was used for the

initial trial experiment for Ti-6Al-4V wire and Spherotene powder and an L-27 array

was used for the optimisation of the hybrid deposition (Appendices A.3 and A.4).
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3.3.2 Statistical analysis

Data obtained from the experiments were analysed using Analysis of Variance (ANOVA)

and presented in a tabular form. This analysis allows statistical conclusions to be made

on the results obtained from the experiments. From the analysis, the significance of each

of the factors on a particular response is made known, and their percentage contributions

were determined. Having obtained and conducted ANOVA of the bead characteristics

measurements, a full detail of the influence of each process factor is determined on the

outputs (bead height, width, and Spherotene weight fraction in beads). A two-way

ANOVA was employed for the analysis in this study since there is more than one factor

with more than two levels. More information on the elements of ANOVA can be found

in the literature [108].

3.4 Bead characteristics measurements

The widths and heights of beads deposited were measured using a Talysurf CLI 1000

surface profiler (Taylor Hobson Precision Limited, UK) in non-contact mode (laser inter-

ferometry). Measurements were taken at three positions along each track in the steady

state region (within 30 - 60 mm middle section of the bead) to determine mean height

and width for each bead.

In order to determine the Spherotene weight fraction in the composite beads deposited,

two - 10 mm lengths of the hybrid deposited tracks were cut off using Electrical Discharge

Machine (EDM). These samples were measured with a scale having a sensitivity of 0.0001

g. This was done to determine the mean Spherotene weight fraction of the bead. The

weight values of the Ti-6Al-4V substrate were calculated from the substrate volume

and density value (4420 kg/m3 see Table 2.2). The weight of the track deposited was

obtained by the subtraction of the substrate weight from the weight of the samples. The

weight of deposited wire per unit length of track is obtained by weight of wire delivered

per minute divided by the traverse speed of the deposition system. Therefore, the weight

fraction of Spherotene in the track per unit length is the subtraction of wire weight from

the track weight per unit length. The analysis was based on the assumption of having

100% wire deposition efficiency.
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Two samples of 10 mm length each were prepared using Wire Electro-Discharge Ma-

chining (WEDM) from each single track deposited on substrate. These samples were

weighed to an accuracy of ±0.0001 g. The weight values of the substrate were calculated

from the substrate volume and density value of Ti-6Al-4V. The weight of the 10 mm

track deposited was obtained by the subtraction of the substrate weight from the overall

weight of the samples. These two weight values for each track were averaged and taken

as the mean weight of track over a length of 10 mm. Thus, the track weight per unit

length is the average value divide by ten. Further analysis was undertaken to determine

the weight of Ti-6Al-4V wire used during deposition. The weight of deposited wire per

unit length of track is obtained by weight of wire delivered per minute divided by the

traverse speed of the deposition system. Therefore, the weight of Spherotene in track

per unit length, WSpherotene, is the subtraction of wire weight from the track weight

per unit length and is mathematically expressed in equation (3.1-3.3). The ratio of the

Spherotene weight in track to the track weight is the reinforcement weight fraction in

track. This analysis is done with an assumption of having 100% consistent deposition

of Ti-6Al-4V wire with no consideration of loss.

WSpherotene = Wbeadonsubstrate −WSubstrate −WT i−6Al−4V wiredeposited (3.1)

WSubstrate = ρ.VSubstrate.g (3.2)

WT i−6Al−4V wiredeposited =
ρ.Vwiredeposited.g

V
(3.3)

Where; ρ = density of Ti-6Al-4V (kg/m3), Vsubstrate = volume of the Ti-6Al-4V sub-

strate (m3), Vwire = volumetric flow rate of Ti-6Al-4V wire fed (m3/s), V = traverse

speed of deposition process (m/s), g = acceleration due to gravity (9.81 m/s2)

3.5 Overlap cladding of Ti-6Al-4V/Spherotene composite

Having successfully completed the analysis of the physical characteristics of the single

track beads with optimum process parameters obtained which gives a high Spherotene

weight fraction in beads, Ti-6Al-4V/Spherotene overlap area cladding experiments were

conducted on the Ti-6Al-4V substrate using the laser cladding setup for wire and powder

described in Section 3.2. Table 3.2 gives the 3 sets of optimised laser processing param-

eters used for the area claddings. These parameters are capable of achieving above 65%
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wt Spherotene in the Ti composite matrix based on the analysis made on the single

beads.

Table 3.2: Laser processing parameter set for overlap deposition

Set Laser power
(W)

Traverse
speed
(mm/min)

Wire
feed rate
(mm/min)

Powder
feed rate
(g/min)

Spherotene
fraction
(wt.%)

A 1800 300 700 30 76±1
B 1600 200 750 30 74±2
C 1400 400 800 30 68±2

Figure 3.5 shows the deposition strategy used for the overlap area cladding. The deposi-

tion of single tracks was overlapped in a discontinuous pattern to give the area cladding.

All single tracks have their start and finish ends on the same side with an overlap pitch

of 0.6W for successive tracks, where W is the track width and T1, T2, T3, are the single

tracks overlapped in succession. Ten single tracks were deposited in this overlap manner

for each of the parameter set.

Figure 3.5: Deposition strategy for area clad layer.

3.6 Multilayer wall cladding of TiB2/Ti-6Al-4V composite

Having being able to deposit the powder blend with the deposits containing a signifi-

cant presence of TiB whiskers and little trace of un-fully melted TiB2 particles in the

composite matrix, multilayer cladding experiment was carried out with the feedstock

to build walls. The side fed system was used and a continuous deposition strategy was
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adopted as shown in Figure 3.6. At the corners where the traverse direction changes, the

susbtrate is momentarily stationary, and more materials are fed in to the melt pool and

also, more laser-material interaction is experienced. The walls were built in preparation

for tensile test pieces to determine the elastic properties of the laser clad composite. A

length of 130 mm was selected and sufficient to obtain the test piece with consideration

of the acceleration and deceleration at both ends of the wall.

Figure 3.6: Continuous build strategy for multilayer wall cladding.

3.7 Microstructural characterisation techniques

The characterisation of the feedstock powders and the deposited beads were conducted

using X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy disper-

sive X-ray spectroscopy (EDX) techniques for phase identification and phase elemental

compositions. It is necessary to have an understanding of the principles of these tech-

niques.

X-ray Diffraction (XRD)

This technique is used to reveal crystallographic information about materials. Figure 3.7

shows typical schematics of X-ray diffraction. It has an electromagnetic radiation source

which emits X-rays with short wavelength. X-rays are produced by having a high voltage

across a cathode (an electron source) and an anode (a target material). As electrons are

emitted from the cathode and are accelerated to strike the anode, X-rays are emitted

from the target material (anode) [109]. When the X-rays are made to strike a crystalline

specimen, the X-ray beam is scattered which is known as diffraction. The scattering of

the beam occurs based on the atom arrangement in the crystal of the specimen. The

diffracted beam is collected by an X-ray detector and analysed to give crystallographic
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information of the sample. A general rule known as Braggs law (equation 3.4) is obeyed

in X-ray diffraction [109].

Figure 3.7: A schematics of X-ray diffraction [110].

nλ = 2.d.sinθ (3.4)

Figure 3.8 shows the X-ray diffraction by a crystal which obeys the Braggs law. The

X-ray wavelength, λ, is related to the distance, d, between the scattering centres of atom

layers P1 and P2. Also, both incident X-ray beam and the diffracted beam are coplanar

with angle between them measured as 2θ. Thus, in a powder diffraction method used in

material characterisation in this research work, the X-ray wavelength is fixed while the

2θ is varied.

Figure 3.8: A typical X-ray diffraction by a crystal.
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Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX)

Scanning Electron Microscope (SEM) is a versatile tool for microstructural investigation

with wide applications in material research, material development, failure analysis, and

quality control [111]. SEM has an electron beam source which is a heated tungsten

cathode. The electron beam is communicated in a vacuum created by a diffusion or tur-

bomolecular pump and the beam is focussed on to the specimen surface by a magnetic

lens arrangements. The focussed electron beam has an accelerating voltage which lies

between 1000-50,000 V and a current of 10−8-10−7 A. As the primary focussed electron

beam strikes the specimen surface, electrons and other radiation is emitted from the

near surface. This can be used to form images and for chemical analysis of the mi-

crostructural features of the surface. The emitted electrons are received by an electron

detector. The received electron signal is amplified such that an image of the surface is

displayed on the screen with adjustment made to image brightness and contrast. These

emitted signals give information about surface topography, material contrast, crystal

orientation contrast, material composition and elemental distribution depending on the

depth from which the signal is being emitted. The most common of the signals may

include, Secondary Electron (SE), Back Scattered Electron (BSE) and X-ray signals.

• Secondary Electron (SE) signal: This is formed by the electrons on the specimen

surface at a depth less than 10 nm, as the primary electron bombardment occurs.

It is dependent on the energy of the primary electron and the angle of tilt between

the focussed beam and the specimen surface. It gives information about surface

topography and material composition among others.

• Back Scattered Electron (BSE) signal: This is formed by elastic scattering events

at a depth of ∼1 µm below the specimen surface. A wide spectrum of emitted

electron energies is obtained which is dependent on the energy of the incident

focused electron beam, surface tilt of specimen with the beam, number of electron

in outer shell of atoms of the specimen material. Elements with low atomic number

releases few back scattered electrons and more energy is lost, resulting in dark

contrast; while having a bright contrast in micrograph display on screen. BSE

signal yields information about the topography, material contrast and composition.

X-rays are excited by the focused beam at a depth of 0.2-2 µm (Figure ??) and are

diffracted as radiation with a distinct line spectrum. The line spectrum is analysed
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by energy dispersive spectrometry with a multichannel analyser in most cases. The

analyser separates the line spectrum for different elements which is easy for higher atomic

number elements, but elements with atomic number less than 11 cannot be effectively

analysed due to background noise and superimposition of wavelengths. However, the

quantification of the elemental compositions of specimen may be quite accurate for heavy

elements with a relative error of ∼10% [111].

3.8 Sample preparation for microstructural studies and

materials testing

The 10 mm length samples were mounted in a conductive resin in preparation for mi-

crostructural examination. The mounted samples were ground using wet SiC papers

with grit range of P240-P4000, and polished using diamond paste on polishing cloth

and paraffin to a 1 µm Ra finish. These samples were examined using scanning elec-

tron microscopy (SEM). The top curve surfaces of another 10 mm length of overlapped

beads were ground and polished to give a flat surface which is wide enough for X-ray

Diffraction experiments.

3.8.1 Scanning Electron Microscopy

A Philips XL 30 Scanning Electron Microscope (SEM) operated at 20 kV was employed

to investigate powder morphology and microstructural features in the composite bead

deposited. Secondary electron (SE) and back scattered electron (BSE) signals were

utilised to form images. Phase identification was analysed based on contrast level of

the phases present in the BSE micrographs, while SE images gives information about

morphology. Energy Dispersive X-ray (EDX) spectroscopy incorporated with the SEM

was used for phase identification and also to make a semi-quantification of the elemental

composition of phases.

3.8.2 X-Ray Diffraction

A Siemens D500-1 X-ray diffraction machine was employed to investigate both powder

and deposited beads. The machine was set at 40 kV and 25 mA to generate a Cu K(α)
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radiation (wavelength, λ = 0.15406 nm). A 2θ scan range of 30-90o was used in the

study. A step-scan mode with a step size ∆ (2θ) = 0.05o and 4 s counting time per data

point was employed. Phase identification was carried out by matching the diffracted

peaks in the experimental scan spectrum with the phase patterns in the International

Centre Diffraction Database (ICDD) to identify the corresponding peaks diffracted.

3.8.3 Tensile test piece

Tensile test pieces were obtained from the multilayer wall builds produced as described

in Section 3.6. The samples were prepared according to BS EN 10002-1:2001. The

surface of the tensile samples was mill-finished to eliminate the surface ripples due to

peaks and troughs on as-deposited samples. Figure 3.9 shows the schematic of the test

piece samples with dimensions.

Figure 3.9: Schematic of the tensile test piece (BS EN 10002-1:2001).

3.9 Microhardness assessments

Microhardness tests were conducted using a Breuher Microhardness Tester. A load of

300 gf was applied for a loading time of 15 s to create each indent. Indentations were

made at a distance of 254 µm apart from the top of the clad cross section down into the

substrate with the avoidance of indents on the embedded Spherotene particles. Also,

microhardness profiles across the overlap area cladding cross section were obtained to

determine the influence of processing on hardness of the composite matrix. Similar tests

were conducted with a 127 µm interval indent spacing on TiB2/Ti-6Al-4V bead cross

sections.
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3.10 Tensile test setup

Tensile tests were performed using the InstronTM tensile testing machine as shown in

Figure 3.10. The samples were mounted and subjected to tensile loading at an extension

speed of 1 mm/min. An extensometer was clamped on the 30 mm gauge length of the

test piece to measure the elongation of the specimen as the tensile stress increases. The

test pieces were loaded until fracture occurs.

Figure 3.10: Tensile test setup.

3.11 Erosion test setup for abrasive and plain waterjet im-

pacts

In order to evaluate the erosion performance of the laser clad Ti-6Al-4V/Spherotene, a

method for establishing abrasion/erosion using both plain waterjet (PWJ) and abrasive

waterjet (AWJ) impacts was implemented. This approach is good for quick characteri-

sation of composite coatings and can as well be related to slurry pipeline applications.

A series of single track treatments were made on the Ti-6Al-4V/Spherotene composites

layer surface with various combinations of water jetting parameters. For a comparison

purpose, the single-track erosion trials were also conducted on wrought Ti-6Al-4V. An

Ormond 5-axis AWJ machining system which is equipped with a KMT Streamline SL-

V100D ultra-high pressure intensifier pump was employed for the experimental trials.

The cutting head is made up of a Rotec 100 tungsten carbide round-jet focusing tube
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(1mm in bore diameter and 76 mm in length). The experimental runs were firstly car-

ried out by subjecting the Ti-6Al-4V/Spherotene composite surfaces to PWJ impacts,

as well as wrought Ti-6Al-4V, to identify the most resistive composite layer among oth-

ers and the erosion rate of composites when compared to a wrought Ti alloy. The best

performing Ti-6Al-4V/Spherotene composite during PWJ erosion was selected for the

AWJ experimental trials to investigate its erosion performance under AWJ conditions.

Australian GMA garnet abrasive mesh 80 with size range of 150-300 µm with 7.5-8 Mohs

(1160-1570 kgf.mm−2) was used in the AWJ machining. Due to the lack of prior infor-

mation on AWJ cutting of Ti-6Al-4V/Spherotene composite, the selection of processing

parameters was based on established knowledge on AWJ cutting of Ti-6Al-4V.

Table 3.3: Process parameters for PWJ and AWJ erosion test of both Ti-6Al-4V and
laser clad Ti-6Al-4V/Spherotene composites

PWJ runs

Head pressure (MPa) 275, 345
Traverse speed (mm/min) 20, 50, 100

SOD (mm) 3
Impingement angle, (o) 90

AWJ runs

Set 1 Set 2

Head pressure (MPa) 207 138
Abrasive feed rate (g/s) 0.39 0.39, 0.92
Impingement angle (o) 90 90
Standoff distance (mm) 3, 10 3

Traverse speed (mm/min) 50, 100, 200, 500, 1000 50, 100, 200, 500, 1000

Figure 3.11 shows the laser clad Ti-6Al-4V/Spherotene composite on Ti-6Al-4V sub-

strate with illustrations of the AWJ cutting strategy. A series of single tracks were

machined from the ground surfaces of Ti-6Al-4V/Spherotene composites using all com-

binations of process parameters shown in Table 3.3. The length of traverse path was 18

mm; and the spacing between each track was 3 mm.

3.11.1 Determination of erosion rate

All PWJ and AWJ-treated tracks were scanned using a Talysurf CLI1000 profilometer

with a laser displacement sensor which has a resolution of 1 µm. Only the centre section

of each track (with a length of 6 mm) was used for the profilometry study as sections

near the jet start point and jet end point were not uniform in terms of their erosion



Chapter 3. Experimental Procedures 84

Figure 3.11: Ground surfaces of laser-deposited Ti-6Al-4V/Spherotene composite
with illustrations of AWJ cutting strategy.

removal depth due to acceleration and deceleration during stage traverse. The mean

profile of the cross-section of each track obtained was used to calculate the material

volume removal rate. The mean profile was determined by the average of 30 scans (P1

to P30 as shown in Figure 3.12) with a spacing of 200 µm. The surface roughness Ra

along the bottom of each track was also measured with a sampling length of 3 mm and

a cut-off length of 0.8 µm.

Figure 3.12: A schematic of the 3D scan of the AWJ-treated slot obtained by a laser
profilometer and the mean profile of its cross-section.

The erosion performance was evaluated by the material volume removal rate (MRR)

which can be estimated by the following equation (3.5).

MRR = Ac.Vj (3.5)
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Where; Ac = the area of cross-section of the mean profile, (mm2) and Vj = the jet

traverse speed, (mm/min). The surface roughness of the ground surfaces before water

jet treatment was measured to be 3 µm Ra.



Chapter 4

Laser cladding of

Ti-6Al-4V/Spherotene composites

This chapter discusses the laser cladding of Ti-6Al-4V/Spherotene in the form of wire/pow-

der deposition. The single bead deposition of the Ti-6Al-4V wire and Ti-6Al-4V wire/-

Spherotene powder are discussed based on the effect of the processing parameters on the

bead characteristics. The bead characteristics to be investigated are bead height, width,

percentage weight of Spherotene in composite bead and melt depth. The processing pa-

rameters considered here are laser power, traverse speed, wire feed rate and powder feed

rate. These process factors are chosen amongst others to determine their main effects

on the deposits characteristics. Other process factors such as laser spot size, gas flow

rate, etc, are not varied during the laser process. The characterisation of the powders

is discussed in terms of their particle size, particle morphology and phase composition.

The microstructure and microhardness of the deposits are examined to determine vari-

ations with processing parameters. Furthermore, overlap and multilayer deposition of

the hybrid Ti-6Al-4V wire and Spherotene powder with a development of a functionally

graded cylinder as a demonstrator are discussed. In summary, an understanding of the

influence of the processing parameters on the deposit characteristics, microstructure and

microhardness is obtained and presented.

86



Chapter 4. Laser cladding of Ti-6Al-4V/Spherotene composites 87

4.1 Bead deposition of Ti-6Al-4V and Ti-6Al-4V/Spherotene

composite

This section reports the laser deposition of Ti-6Al-4V and Ti-6Al-4V/Spherotene com-

posite to determine the influence of the processing parameters on bead characteristics.

Firstly, the Ti-6Al-4V deposition was made to calibrate the laser deposition system for

cladding optimisation. This experiment gives an insight into the range of processing pa-

rameters to be employed for the hybrid deposition of the Ti-6Al-4V wire and Spherotene

powder.

The Ti-6Al-4V cladding experiment is conducted as discussed in Section 3.2.1 and the

hybrid deposition of the Ti-6Al-4V wire and Spherotene powder, as discussed in Section

3.2.2. These experiments are conducted according to a DoE methodology. A Taguchi

DoE method, which is a form of fractional factorial design, is chosen, as it yields reliable

results with fewer experimental runs compared to full factorial design method. It is

important to note that there are limited or no interactions among the process factors in

laser cladding [19, 36].

The process factors and levels employed for a consistent Ti-6Al-4V deposition are:

• Laser power: 1400-1600-1800 W

• Traverse speed: 200-300-400 mm/min

• Wire feed rate: 700-750-800 mm/min

• Focal position: 212 mm (20 mm out of beam focus)

• Beam diameter: 3.1 mm

Figure 4.1 shows the Ti-6Al-4V deposits on plate. The deposition is consistent based

on the suitable process condition employed.

Having successfully deposited Ti-6Al-4V wire on plate, the laser cladding of Ti-6Al-

4V/Spherotene is investigated. The characteristics of the single beads deposited, and

the influence of processing parameters on the weight composition of Spherotene in beads

is determined and optimised. In this study, two sets of experiments are conducted to

achieve a hybrid deposition of the Ti-6Al-4V wire and Spherotene powder with the
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Figure 4.1: Ti-6Al-4V bead on plate showing a consistent deposition.

purpose of maximising reinforcement fraction. The first experiment is conducted to

determine the processing parameters to achieve a consistent cladding operation. The

second experiment seeks to maximise the Spherotene weight fraction in track.

Figure 4.2 shows some of the single tracks obtained from the first experiment. Unstable

deposition occurred when there is a transfer of Ti-6Al-4V wire in droplet form into the

melt pool. This happens as the wire tip is melted before reaching the leading edge of the

melt pool. The globule droplet of the wire tip causes inconsistency during the process.

Figure 4.2: Single track deposits showing the development of stable processing con-
ditions.

The first experiment shows that wire feed rates between 500-600 mm/min may not be

suitable for the deposition process, as inconsistency is prevalent. A traverse speed of

100 mm/min is also found to be unsuitable for a consistent deposit. The study also

reveals that a lower laser power (1200 W and below) may be considered less suitable

to give a stable deposition. For Ti-6Al-4V deposition, a laser power of 1200 W is not

even suitable for consistent deposition of Ti-6Al-4V wire only. Thus, having Spherotene

powder stream attenuating the laser beam before arriving at the melt pool, reduces the

laser power reaching the substrate.
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The second experiment was conducted based on the observations from the first exper-

iment. The effects of the main process factors on track characteristics (height, width)

and Spherotene weight fraction in the deposited track are investigated.

The process factors and levels employed for a consistent Ti-6Al-4V/Spherotene deposi-

tion are:

• Laser power: 1400-1600-1800 W

• Traverse speed: 200-300-400 mm/min

• Wire feed rate: 700-750-800 mm/min

• Powder feed rate: 10-20-30 g/min

Figure 4.3 shows selected Ti-6Al-4V/Spherotene deposits on plate. The deposition is

consistent based on the suitable process condition employed.

Figure 4.3: Ti-6Al-4V/Spherotene beads on plate showing a stable deposition.

A comparison of results can be made of the influence of process factors on bead char-

acteristics for both Ti-6Al-4V and Ti-6Al-4V/Spherotene deposition. This gives an

understanding of the effect of the processing parameters on the bead characteristics and

deposition rate. The bead characteristics (height and width) allow an estimation of

the processing time required for area cladding and additive structure deposition. The

mean bead heights and widths values with standard errors obtained from the deposition

measurements are presented in Appendices B.1 and B.2.



Chapter 4. Laser cladding of Ti-6Al-4V/Spherotene composites 90

4.1.1 Effect of the process factors on bead height and width

The influence of the process factors on the deposit height is analysed using ANOVA as

shown in Table 4.1.

Table 4.1: Analysis of variance for deposit height of (a) Ti-6Al-4V wire; (b) Ti-6Al-
4V/Spherotene beads

(a)

Source DOF SS MS F S’ P(%)

Laser Power (LP) 2 0.083 0.042 63.914 0.082 7.27

Traverse Speed (TS) 2 1.014 0.507 776.913 1.013 89.71

Wire Feed Rate (WFR) 2 0.024 0.012 18.552 0.023 2.03

Error 11 0.007 0.001 1.000 0.011 0.98

Total 17 1.129 - - - 100

(b)

Source DOF SS MS F S’ P(%)

Laser Power (LP) 2 0.049 0.024 30.427 0.047 1.07

Traverse Speed (TS) 2 3.494 1.747 2173.390 3.492 78.66

Wire Feed Rate (WFR) 2 0.122 0.061 75.702 0.120 2.07

Powder Feed Rate (PFR) 2 0.761 0.380 473.173 0.759 17.10

Error 18 0.014 0.001 1.000 0.021 0.47

Total 26 4.440 - - - 100

The variance ratio, F-value from the tables (Appendix B.3) at a significance level of 0.01

for F.01 (2, 11) = 7.2057 and F.01 (2, 18) = 6.0129 (99% confidence) for Table 4.1 (a) and

(b) respectively. From the ANOVA tables (Table 4.1), all the process factors have their

computed F-values greater than the limiting value obtained from the F-tables for both

Ti-6Al-4V and Ti-6Al-4V/Spherotene depositions. Thus, all process parameters are

considered statistically significant within the 99% confidence level as factors influencing

the deposit height. The traverse speed is the most significant factor influencing the

deposit height in both cases.

Figure 4.4 shows the main effects plot of the process factors against the deposit height.

The plot shows that a linear and inverse trend exists between traverse speed and height.

Combining the ANOVA results and the main effects plots, increasing laser power and

traverse speed are capable of reducing the deposit height with traverse speed as most

influential. The percentage contribution, P-value column (Table 4.1) s hows that traverse

speed contributes 90% and 79% to change in deposit height of Ti-6Al-4V and Ti-6Al-

4V/Spherotene deposits respectively. Increasing material delivery rate is observed to
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Figure 4.4: Main effects plot for deposit height of (a)Ti-6Al-4V wire; (b)Ti-6Al-
4V/Spherotene.

increase deposit height with powder feed rate (17.1% contribution) as the most influential

for Ti-6Al-4V/Spherotene deposition.

Equation (4.1) and (4.2) give the linear regression models that predict the heights as a

function of the process factors for Ti-6Al-4V and Ti-6Al-4V/Spherotene deposits respec-

tively. The positive and negative signs indicate the influence of the factors on the clad

heights. The coefficient of determination, R2, which is the variability in the data as well

as measure of degree of fit for Equation (4.1) and (4.2) are 0.97 and 0.96 respectively.

Height,H(mm) = 1.95 − 0.000413LP − 0.00287TS + 0.000883WFR (4.1)

Height,H(mm) = 1.69−0.000256LP −0.00433TS+0.00164WFR+0.0203PFR (4.2)
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Where; LP = Laser Power (W), TS = Traverse Speed (mm/min), WFR = Wire Feed

Rate (mm/min), and PFR = Powder Feed Rate (g/min).

Similarly, the influence of process factors on deposit width is analysed as presented for

deposit height. Table 4.2 presents the ANOVA result for the influence of the process

factors on the deposit width.

Table 4.2: Analysis of variance for the deposit width of (a)Ti-6Al-4V wire;(b)Ti-6Al-
4V/Spherotene beads

(a)

Source DOF SS MS F S’ P(%)

Laser Power (LP) 2 4.197 2.098 315.862 4.184 82.88

Traverse Speed (TS) 2 0.746 0.373 56.172 0.733 14.52

Wire Feed Rate (WFR) 2 0.031 0.016 2.359 0.018 0.36

Error 11 0.073 0.007 1.000 0.013 2.24

Total 17 5.048 - - - 100

(b)

Source DOF SS MS F S’ P(%)

Laser Power (LP) 2 3.344 1.672 216.634 3.328 67.91

Traverse Speed (TS) 2 0.789 0.394 51.089 0.773 15.77

Wire Feed Rate (WFR) 2 0.208 0.104 13.499 0.193 3.94

Powder Feed Rate (PFR) 2 0.422 0.211 27.315 0.406 8.29

Error 18 0.139 0.008 1.000 0.201 4.09

Total 26 4.901 - - - 100

At a significance level of 0.01, F.01 (2,11) = 7.2057 and F.01 (2,18) = 6.0129 for Table

4.2 (a) and (b) respectively. Within the range of process factor levels used in the

experiment, laser power, traverse speed and powder feed rate are statistically significant

for both Ti-6Al-4V and Ti-6Al-4V/Spherotene deposit width. Their computed F-values

are greater than the limiting value obtained from the F-table. The F-value for wire

feed rate was lower than the limiting F-value and is considered statistically insignificant

for Ti-6Al-4V deposit width. However, WFR is statistically significant with a lowest

P-value contribution of 3.94% for Ti-6Al-4V/Spherotene deposit width. In all, laser

power is the most significant factor with the highest percentage contribution. Figure 4.5

shows the dependencies of deposit width on the process factors. A positive linear trend

exists between laser power and width, and a negative linear trend for traverse speed and

powder feed rate with width.

Combining the ANOVA results and the main effect plots, in both cases, increasing

laser power is capable of increasing deposit width, while increasing traverse speed and
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Figure 4.5: Main effects plots for deposit width of (a) Ti-6Al-4V wire; (b) Ti-6Al-
4V/Spherotene.

powder feed rate decrease deposit width. Wire feed rate has no particular trend and can

be considered as an invariant factor. The percentage contribution, P-value, which shows

that the influence of laser power to increase deposit width are 83% and 68% for Ti-6Al-4V

and Ti-6Al-4V/Spherotene deposits respectively. Traverse speed was the most influential

factor contributing to the reduction of the deposit width with P-values of 14.5% and 16%

for Ti-6Al-4V and Ti-6Al-4V/Spherotene deposits respectively. Equation (4.3) and (4.4)

give the linear regression models that predict the widths as a function of the process

factors for Ti-6Al-4V and Ti-6Al-4V/Spherotene deposits respectively. The coefficient

of determination, R2, for Equation (4.3) and (4.4) are 0.97 and 0.90 respectively.

Width,W (mm) = 0.00295LP − 0.00243TS + 0.000683WFR− 0.253 (4.3)
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Width,W (mm) = 1.41 + 0.00214LP − 0.002TS − 0.000174WFR− 0.0153PFR (4.4)

4.1.2 Effect of process factors on Spherotene weight fraction in com-

posite bead

This section examines the composition of the deposited tracks as described in Section

3.4. The influence of the process factors on the weight fraction of Spherotene in com-

posite bead is studied. The average values of the Spherotene wt.% for the process

conditions employed are presented in Appendix B.4. Table 4.3 presents the ANOVA

result for the dependence of Spherotene fraction in track on the process factors used in

the experimental process.

Table 4.3: Analysis of variance for Spherotene (%wt) fraction in composite track

Source DOF SS MS F S’ P(%)

Laser Power (LP) 2 68.601 34.300 23.351 65.663 3.79

Traverse Speed (TS) 2 56.554 28.277 19.251 53.616 3.10

Wire Feed Rate (WFR) 2 36.005 18.003 12.256 33.067 1.91

Powder Feed Rate (PFR) 2 1543.147 771.574 525.277 1540.210 88.99

Error 18 26.440 1469.000 1.000 38.191 2.21

Total 26 1730.747 - - - 100

At a significance level of 0.01, the F-value for F.01 (2,18) = 6.0129 from the F-table.

The computed F-values for each factor have a greater value than the limiting value from

the table with wire feed rate having the least F-value of 12.256. All the factors are

considered significant on the content of Spherotene in the deposited track. The P-value

of the factors shows that powder feed rate is the most significant with P-value of 88.99%.

Others are significant in this order: laser power (3.8%), traverse speed (3.1%) and wire

feed rate (1.9%).

Figure 4.6 shows the main effect plot for the Spherotene content in track. The trend of

dependencies between the process factors and the response (Spherotene weight fraction)

are examined.

The main effects plot shows as expected that a linear increase in Spherotene fraction in

deposited tracks is dependent on increasing laser power and powder feed rate. There is

an inverse linear trend between Spherotene fraction and the two other factors (Traverse

speed and Wire feed rate). The powder feed rate with the largest gradient is the most
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Figure 4.6: Main effects plot for Spherotene weight fraction (%wt) in track.

influencing factor that promote increase in fraction of Spherotene in track. This com-

plements 88.99% P-value contribution of PFR obtained from the ANOVA (Table 4.3).

Equation (4.5) gives the linear regression model that predicts the Spherotene fraction

in wt. % as a function of the process factors for Ti-6Al-4V/Spherotene deposit. The

coefficient of determination, R2, for Equation (4.5) is 0.95.

Spherotene, (wt.%) = 56.2 + 0.00975LP − 0.0174TS − 0.0263WFR+ 0.911PFR (4.5)

Figure 4.7 shows the Spherotene content in the deposited composite beads in terms of

volume fraction which is equivalent of the Spherotene weight fraction (% wt). For all

composite beads, the Spherotene weight fraction lies between (49 - 77)% wt with an

equivalent volume fraction range of (22 - 49)% vol. Thus, the volume fraction of the

Ti-6Al-4V wire deposited to form the composite bead would lie between (55 - 78)% vol.

The Spherotene capture efficiency which is the ratio of the Spherotene weight fraction as-

similated into the melt pool to the weight of Spherotene powder exposed to the melt pool

lies between (27 - 57)%. Figure 4.8 shows the main effect plot for mean Spherotene cap-

ture efficiency. The capture efficiency increases with increasing laser power, decreasing

traverse speed (increasing heat input) and decreasing powder feed rate. This indicates

that a higher fraction of the powder fed at lower powder feed rate during cladding is

caught up in the melt pool than employing higher feed rates.
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Figure 4.7: Variation of the Spherotene content in composite beads in volume fraction
(%vol).

Figure 4.8: Main effects plot for Spherotene capture efficiency during the cladding
process.
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4.2 Energy density requirement for maximum deposit phys-

ical characteristics

This section determines the energy density requirement to achieve the maximum key

physical characteristics of the deposit such as height, width and percentage composition

of Spherotene in Ti-6Al-4V/Spherotene beads. Energy density combines the primary

processing parameters which include: the laser power, the traverse speed and the laser

beam spot diameter to give a unified value. It is important to note that different values of

the primary processing parameters can be computed to achieve the same energy density

value whose relation is expressed in equation (4.6). For example, with a laser power of

1800 W applied, a process traverse speed of 200 mm/min, and a circular spot diameter

of 3 mm, the average energy density is 229 J.mm−2. Moreover, the same energy density

can be obtained when a laser power of 1350 W and a traverse speed of 150 mm/min

with a common spot diameter of 3 mm are employed. Specific point energy may be

more appropriate to use rather than using energy density which can be obtained using

different combination of process parameter values. However, energy density value is

often required to describe laser deposits.

E =
PL

(π.D2/4)
.
D

V
(4.6)

Where; E = energy density (J.mm−2), PL = laser power (W), D = laser spot diameter

(mm) and V = traverse speed (mm/s).

4.2.1 Deposit height

Figure 4.9(a) shows the contour plot of the mean height as laser power and traverse

speed interact for Ti-6Al-4V deposit. A clear trend is seen in the plot as laser power

and traverse speed decrease, clad height increases. The triangular portion at the bottom

left corner shows the highest height bounded by laser power (1400-1550 W) and traverse

speed (200-220 mm/min). Figure 4.9(b) shows that the clad with highest height values

lie between 1550±10 W laser power and 755±5 mm/min wire feed rate. Figure 4.9(c)

shows the contour plot of mean height as energy density and the wire feed rate interact.

A definite trend is not observed due to the different unified parameters making up the
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energy density. Moreover, data from a full factorial experiment may improve this result.

However, a patch is identified in the plot for highest clad.

Figure 4.9: Contour plots of Ti-6Al-4V deposit height variation for (a)laser power vs
traverse speed;(b)laser power vs wire feed rate;(c)energy density vs wire feed rate.

The portion labelled A (Figure 4.9(c)) has the highest values of clad height obtained in

the experiment. This implies that energy density required to achieve the maximum clad

height (1.4 mm) within the range of process parameters used is 175±5 J.mm−2.

Figure 4.10(a) shows that Ti-6Al-4V/Spherotene deposit height increases as traverse

speed decreases at a relatively constant laser power. The maximum height range is

bounded by laser power (1550-1760 W) and traverse speed (205±5 mm/min). Figure

4.10(b) shows that the composite bead height increases as both energy density and

powder feed rate increase. The maximum height is found to be obtained when the

powder feed rate is 29±1 g/min. Figure 4.10(c) shows that the composite bead height

increases as energy density increases while the wire feed rate is relatively constant. A

maximum height greater than 2.2 mm can be obtained when energy density is 200±10

J.mm−2, and a wire feed rate of 750±5 mm/min is used. Thus, to obtain maximum Ti-

6Al-4V deposit height of 1.4±1 mm, the energy density requirement is 175±5 J.mm−2.
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Figure 4.10: Contour plots of Ti-6Al-4V/Spherotene deposit height variation for (a)
laser power vs traverse speed; (b) energy density vs powder feed rate; (c) energy density

vs wire feed rate.

This corresponds to a laser power of 1550±10 W, traverse speed of 210±10 mm/min,

3.1 mm laser beam spot diameter with a wire feed rate of 755±5 mm/min. Also, to

achieve a maximum Ti-6Al-4V/Spherotene deposit height of 2±0.2 mm, the required

energy density is 200±10 J.mm−2. The corresponding processing parameters are laser

power (1650±50 W), traverse speed (205±5 mm/min), wire feed rate (750±5 mm/min)

and powder feed rate (30 g/min).

4.2.2 Deposit width

Figure 4.11(a) shows a contour plot of the Ti-6Al-4V deposit width as laser power

and traverse speed interact. A good trend is observed as clad width increases with

significant increase in laser power and decrease in traverse speed. The maximum value

of clad width 5±0.5 mm is bounded by laser power, 1680-1800 W and traverse speed,

200-300 mm/min. The least value of clad width (3.6 mm) is obtained at a traverse speed

higher than 300 mm/min and lower laser power not greater than 1420 W. Figure 4.11(b)

shows the interrelationship between the traverse speed and wire feed rate. The maximum
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clad width is obtained at 210±10 mm/min traverse speed and 790±10 mm/min wire feed

rate. The lowest clad width value was observed with a wire feed rate of 760±10 mm/min

which is the value range where maximum Ti-6Al-4V deposit height is obtained (Figure

4.9(b)). Figure 4.11(c) shows the response of the clad width to the energy density. The

clad width increases as energy density increases. The plot shows that maximum clad

width (5±0.5 mm) is situated at the top right hand corner and requires 210±10 J.mm−2

energy density.

Figure 4.11: Contour plots of Ti-6Al-4V deposit width variation for (a) laser power
vs traverse speed; (b) traverse speed vs wire feed rate; (c) energy density vs wire feed

rate.

Figure 4.12(a) shows the two maximum width zones at the top left and right corners of

the plot for Ti-6Al-4V/Spherotene deposit as laser power and traverse speed interact.

The left corner is bounded laser power of 1700-1800 W and traverse speed of 205±5

mm/min and top right corner is a small region bounded by laser power of 1800 W and

traverse speed of 400 mm/min. Figure 4.12(b) also shows two maximum width zones

relating to energy density and powder feed rate interplay. The first zone is bounded by

powder feed rate of 10 g/min and energy density of 110±5 J.mm−2, while the second zone

is bounded by powder feed rate of 20±2 g/min and energy density of 215±5 J.mm−2.
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However, the latter zone is bigger than the previous. Moreover, the results are not

trendy, which makes it a bit difficult to make conclusions; data from a full factorial

experiment may improve the results.

Figure 4.12: Contour plots of Ti-6Al-4V/Spherotene deposit width variation for (a)
laser power vs traverse speed; (b) energy density vs powder feed rate; (c) energy density

vs wire feed rate.

Figure 4.12(c) shows the contour plot of the bead mean width as energy density and wire

feed rate change. At the top right hand corner of the plot, maximum width of 4.25±0.2

mm is bounded by energy density 210-220 J.mm−2 and wire feed rate of 795±5 mm/min.

Thus, the Ti-6Al-4V deposit maximum width of 5±0.5 mm can be obtained with energy

density value of 210±10 J.mm−2. This amounts to the combination of 1800 W laser

power, 210±10 mm/min traverse speed, laser beam spot of 3.1 mm, with a wire feed

rate of 790±10 mm/min. Also, to obtain maximum Ti-6Al-4V/Spherotene deposit width

of 4.25 mm, the energy density requirement is 215±5 J.mm−2. The energy requirement

for maximum width of composite bead is similar to that obtained for maximum Ti-6Al-

4V deposit width. The corresponding processing parameters are laser power of 1750±50

W, traverse speed 205±5 mm/min, wire feed rate 795±5 mm/min and powder feed rate

20±2 g/min.
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4.2.3 Spherotene weight fraction in the composite deposit

Figure 4.13(a) shows that maximum Spherotene content zone occurs at a laser power

of 1800 W and traverse speed of 250-300 mm/min as laser power and traverse speed

interact. The central region has the greatest percentage of Ti-6Al-4V composition as

Spherotene weight fraction falls below 55% wt. The Ti-6Al-4V composition in bead

reduces as laser power and traverse speed increase above or decrease below 1550±50

W and 300±40 mm/min respectively. Figure 4.13(b) shows that the Spherotene wt.%

in bead increases as the powder feed rate increases, while energy density is relatively

constant. The maximum Spherotene content zone lies at energy density of 150±10

J.mm−2 and powder feed rate of 29±1 g/min. Figure 4.13(c) shows that the highest

Spherotene weight fraction of 75% in a composite bead can be obtained with an energy

density of 150±5 J.mm−2 and wire feed rate of 700 mm/min.

Figure 4.13: Contour plots of Spherotene weight fraction in the composite deposit
for (a)laser power vs traverse speed;(b)energy density vs powder feed rate;(c)energy

density vs wire feed rate.

Hence, to obtain a maximum Spherotene weight fraction of 75% of the bead, the re-

quired energy density is 150±10 J.mm−2. The corresponding processing parameters are

laser power of 1800 W, traverse speed 275±25 mm/min, wire feed rate 700 mm/min and

powder feed rate 30 g/min. Table 4.4 summarises the process parameters required for
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maximum physical characteristics of Ti-6Al-4V and composite deposits. It is important

to state that beads with maximum height are desirable for building up structures in addi-

tive manufacturing, as deposition of components can be achieved within a shorter period

of time. However, for area surface cladding on a workpiece, beads with a maximum wider

width and low height are desired, which enables each bead to possess a greater contact

angle that can eliminate lack of fusion defects of the clad with the substrate.

Table 4.4: Optimum process parameters for maximum bead characteristics (a)Ti-6Al-
4V; (b)Ti-6Al-4V/Spherotene

(a)

Bead char-
acteristics

Laser power
(W)

Traverse
speed
(mm/min)

Wire
feed rate
(mm/min)

Energy
density
(J.mm−2)

Max.
height (1.4
mm)

1550±10 210±10 755±5 175±5

Max. width
(5.2 mm)

1800 210±10 790±10 210±10

(b)

Bead char-
acteristics

Laser power
(W)

Traverse
speed
(mm/min)

Wire
feed rate
(mm/min)

Powder
feed rate
(g/min)

Energy
density
(J.mm−2)

Max.
height (2.2
mm)

1650±50 205±5 750±5 30 200±10

Max. width
(4.3 mm)

1750±50 205±5 795±5 20 215±5

Max.
Spherotene
fraction (75
wt%)

1800 275±25 700 30 150±10

The predictive models for the Ti-6Al-4V/Spherotene physical characteristics can be

presented in a matrix form as show:
H(mm)

W (mm)

Spherotene(%wt)

Ti− 6Al − 4V (%vol)

 =


1.69

1.41

56.2

74.2

+
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(−2.56x10−4) (−4.33x10−3) 1.64x10−3 2.03x10−2

2.14x10−3 (−2x10−3) (−1.74x10−4) (−1.53x10−2)

9.75x10−3 (−1.74x10−2) (−2.63x10−2) 9.11x10−1

(−1.18x10−2) 1.90x10−2 2.9x10−2 (−9.03x10−1)




LP (W )

TS(mm/min)

WFR(mm/min)

PFR(g/min)


This 4x4 matrix may be executed as a program on an integrated cladding system that

controls the laser power, traverse speed of cladding, and rate of feedstock delivery re-

quirements for generation of functionally graded parts or area cladding. The system

can further use the output response (bead height, width and material composition) as

feedback to the control system.

The percentage contribution of error in all the analysis is low. This error contribution

ranges between 0.47-4.09 % which is considered acceptable. A higher error in measure-

ment is noticed in the analysis of the deposit width. This is attributed to the Talysurf

profiler exiting scanning range at periphery regions between the clad and the substrate,

as illustrated in Figure 4.14. This occurs when the contact angle between the clad and

the substrate is about 90o, however, measurement becomes more accurate when clad

contact angle is greater than 100o.

Figure 4.14: Schematic of the sharp clad-substrate region where the profiler exits
scanning range.

4.3 Successful cladding protocol for Ti-6Al-4V wire/Spherotene

powder

The laser cladding process is sensitive to the alignment of the feed material with the

melt pool, and the process variables to achieve a stable and consistent deposit. Before
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the start of the deposition process, the wire is aligned with the leading edge of the melt

pool. The powder feed nozzle is also aligned to deliver the powder into the centre of the

melt pool. When the wire becomes aligned with the melt pool centre, it melts before

reaching the melt pool. This results in droplet formation on the substrate rather than

a consistent deposit as illustrated by a schematic configuration shown in Figure 4.15

This droplet effect can also occur when the process traverse speed is too slow relative

to the wire feed rate. Thus, there must be a balance in the relative speeds to achieve a

consistent deposition.

Figure 4.15: Feedstock alignment with the laser generated melt pool with Ti-6Al-4V
wire positioned at (a)leading edge of the melt pool; (b)centre of the melt pool resulting

in droplet formation.

The maximum catchment of Spherotene powder is achieved by having a higher fraction of

the powder exposed to the melt pool. This is accomplished by aligning the powder nozzle

exit with the centre of the melt pool. Therefore, with proper alignment of materials with

the melt pool, good catchment is realised and stable process is achieved. Before the

deposition of Ti-6Al-4V wire and Spherotene powder, a stable and consistent process is

aimed. The systematic steps to achieve consistency as the process starts are:

• Laser power is first switched on

• Wire feeder is switched on to deliver the Ti-6Al-4V wire only to the leading edge

of the melt pool and allow to run consistently for 2-3 sec

• Thereafter, powder feeder is switched on to deliver the Spherotene powder into

the melt pool.
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Figure 4.16: Single tracks deposited with the same parameter combination
(a)Deposited with both powder and wire fed at the same time, (b)Deposited with

wire firstly fed followed by powder injection.

It is important to follow the order, as this promotes stability in the process at the initial

start. Figure 4.16 shows single tracks deposited with the same process parameters.

Different visual results are observed when the same process factor combination is used.

Figure 4.16(a) shows a deposited track with a rough surface obtained when both the

powder and the wire are fed at the same time into the melt pool. The deposition is

not stable, as wire droplet occurs during deposition. Figure 4.16(b) shows a deposited

track of a better surface quality with wire firstly fed into the melt pool before powder

delivery. With a smooth deposition of the wire only at the beginning, the substrate and

the wire would have been preheated, and this helps the make the deposition to remain

stable even with the injection of the Spherotene powder.

4.4 Characterisation of Spherotene powder and Ti-6Al-

4V/Spherotene composite

This section reports the characterisation of Spherotene powders in terms of their particle

size, particle morphology, and phase composition. The deposits are characterised using

X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM) with Energy Dis-

persive X-ray Spectroscopy for phase identification and microstructural features. The

microstructural observations of composite are related to the laser processing. Deposit

hardness is reported with respect to the processing parameters employed and the changes

in the microstructure.
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4.4.1 Spherotene, tungsten carbide powder

The particle size analysis of the Spherotene powder and its phase composition are con-

ducted as described in Section 3.1.2 and 3.8.2 respectively. The powder has a size dis-

tribution range of 40-160 µm as quoted by the supplier. Figure 4.17 shows the particle

size analysis obtained by laser diffractometry. The particle size ranges from 40-270 µm.

The cumulative volume curve shows that 10% of the powder has size below 91 µm (d10)

and above 186 µm (d90). The d50, mass median diameter size of the supplied powder is

136 µm. This means 50% of the powder has size greater than this value and 50% of the

powder has a size less than 136 µm. The volume mean diameter of the powder is 138 µm

in the as received condition. Figure 4.18 shows the SEM image of the powder particle

surface morphology. The particles are predominantly spherical, with some asymmetric

shaped and few satellite particles. Grain boundaries/surface cracks are observed on the

powder surface at higher magnification. This is suggested to be due to rapid cooling

during powder production. Figure 4.19 shows the Spherotene particle cross section at

both low and high magnification. Tangled needles are observed which is consistent with

the description of the Spherotene particle microstructure as the powder is produced by

a patented cold crucible process [112]. This process is a form of non-conventional gas

atomisation. The dark areas in the particle cross section are likely to be WC and the

bright areas W2C due to different mean atomic numbers.

Figure 4.20 shows the XRD pattern of the Spherotene powder obtained with the phases

identified and labelled for a scan over a 2θ range of 30-90o. The peaks in the spectrum are

compared with the standard patterns in the International Centre Diffraction Database

(ICDD) for varying combinations of tungsten, W and carbon, C. The diffracted peaks

match patterns of WC (ICDD no: 01-073-0471) and W2C (ICDD no: 00-035-0776).

The powder pattern with the matching phases can be found in Appendix B.1. The

crystallographic information about the phases identified (ICDD files) can be found in

Appendices B.2 and B.3.

The phase, W2C, HCP (101) has the strongest single reflection at 2θ = 39.6o in the

spectrum. This suggests that W2C could be the dominant phase on the surface layer

of the as-received Spherotene powder. However, peaks matching tungsten carbide, WC,

HCP, are found at 31.5o, 35.6o, 48o, 64o, 66o, 73o, and 84o.
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Figure 4.17: Particle size distribution of as received Spherotene powder with cumu-
lative volume % curve showing that the 50th percentile as mean size of 136 µm.

Figure 4.18: Spherical surface morphology of Spherotene in the as received condition.
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Figure 4.19: BSE images of the Spherotene powder cross section showing the tangled
needles.

Figure 4.20: XRD spectrum for Spherotene with W2C and WC identified.

The mean density of the Spherotene was measured to be 16.257±0.007 g/cm3 using

AccuPyc 1330, gas pyncometer, to determine the volume ratio of WC to W2C in the

powder. Having the density of WC as 15.7 g/cm3 [57] and density of W2C as 17.1 g/cm3

(Appendix B.3), and using the linear rule of mixture (RoM) (equation 4.7), a 0.6:0.4

volume ratio of WC to W2C is obtained.

ρSpherotene = ρ1.x+ ρ2.(1 − x) (4.7)
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Where, x = volume fraction of WC, ρ1 = density of WC, ρ2 = density of W2C and

ρSpherotene = mean density of Spherotene measured.

4.4.2 Microstructure of Ti-6Al-4V/Spherotene deposits

4.4.2.1 Composite bead characteristics

Figure 4.21 shows micrographs of the bead cross sections prepared as described in Section

3.8. The energy density analysis reported in Section 4.2.1 shows that the composite bead

with maximum height of 2±0.2 mm corresponds to Figure 4.21(d). The lowest of the

bead cross section is Figure 4.21(i). The composite bead with maximum width of 4 mm

corresponds to Figure 4.21(g) and (i). These beads with maximum width are deposited

using a high laser power of 1800 W which had a significant influence on bead width.

Based on previous analysis on Spherotene content in Section 4.2.3, the cross section of

the bead in Figure 4.21(h) has the highest. The Spherotene/Ti-6Al-4V bead composition

weight ratio is determined as 76:24. The micrograph of the bead cross section in Figure

4.21(d) shows an appreciable amount of Spherotene particles retained and the bead

composition ratio is 74:26. Its composition is relatively similar to the bead (Figure

4.21(h)) determined to possess the highest amount of Spherotene. All the beads are

metallurgically bonded to the Ti-6Al-4V substrate with minimal melt depth with no

cracks or delamination observed. The melt depth would be analysed in a later section

to determine its size range and the influence of the processing condition on the depth

range.

In all the bead cross section, there is a relatively uniform distribution of particles in the

composite matrix even when lower laser power (1400 W) is employed. Fewer particles

are observed in bead cross sections (Figure 4.21(a), (e), and (i)) owing to a low powder

flow rate (10 g/min) employed.

4.4.2.2 Reinforcement distribution and size variation in composite bead

The bead cross section with the maximum reinforcement wt.% is selected for a mi-

crostructural examination using the SEM. Figure 4.22 shows that there is a fairly uni-

form distribution of the powder particles in the melt. Some of the particles are found
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to have pores, but the composite matrix is pore-free.

Figure 4.22: BSE-SEM image of the Ti-6Al-4V/Spherotene bead (a)Bead deposited
with composition 76 wt% reinforcement/24 wt% Ti-6Al-4V (b)magnified box section

in (a).

Figure 4.23 shows the particle size distribution of the embedded Spherotene particles

in the clad section shown in Figure 4.22 using the ImageJ software. Similar analysis

for clad cross sections in Figure 4.21 can be found in Appendix B.4. In reality, it

is difficult to measure the particle size in the composite bead using the particle cross

sections. Therefore, it is assumed that majority of the spherical particles seen in the

micrograph are half-sectioned to assess their sizes. The surface area of the Spherotene

particles is measured with an assumption that the each particles have a circular cross

section. The diameter of the spherical particle is determined from the surface area

measured and plotted against their frequencies in the histogram chart. It is observed

that the modal size of the Spherotene particle population in the clad is 80-100 µm. The

median diameter size (50%) of the Spherotene particles embedded is 63 µm. The highest

Spherotene particle size diameter observed in the clad cross section is 160 µm.
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Figure 4.23: Particle size distribution of the Spherotene particles embedded in the
clad (Figure 4.22).

The highest value of reinforcement particle size diameter in clad is far lower than the

largest particle size of 270 µm obtained from laser diffractometry (Figure 4.17). This calls

for concern and necessitated the Spherotene particle size to be revisited and evaluated

with the imaging software. Figure 4.24 shows particle size distribution of the as-received

Spherotene powder using the ImageJ software. The size range of the powder particles

measured lies between 40-200 µm. The median size (50%) of the as-received powder

particles is 97 µm, based on the imaging analysis. The result obtained from the imaging

analysis is in close agreement with the particle size range quoted by the powder supplier.

Comparing the ImageJ analysis of as-received powder and the embedded particles in

the clad, the frequency of the Spherotene particles less than 40, 60, and 80 µm sizes

is greatly increased after laser processing. The frequency of the sizes less than 40 µm

is insignificant in the as-received powder, while after processing, 25% of the retained

particles is of size less than 40 µm.

Figure 4.25 shows that the mean particle size of Spherotene has greatly reduced after

processing as observed for beads presented in Figure 4.21 (a-i) when compared to the
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Figure 4.24: Particle size distribution of the as-received Spherotene powder using
ImageJ (Figure 4.16).

Figure 4.25: Variation in the Spherotene particle mean size in beads labelled (a-i) in
Figure 4.19.
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particle size distribution of the as-received powder. This is expected since the as-received

Spherotene particles suffer surface melting during their interaction with the laser beam

during processing. This results in a decrease in the observed particle size.

4.4.2.3 Phases present in Ti-6Al-4V/Spherotene composite bead

The XRD spectra of all the beads shown in Figure 4.21 are similar with the same

phases identified. Figure 4.26 shows the XRD spectrum obtained for bead characterised

to possess the highest weight composition of Spherotene (Figure 4.21(h)). The phase

identification is made by comparing the diffraction peaks with the phase patterns in the

ICDD database. The matching phases with their pattern file number include:

• W2C (ICDD No: 00-0356-0776),

• WC (ICDD No: 01-073-0471),

• TiC (ICDD No: 01-073-0472),

• W (ICDD No: 00-004-0806) and

• β -Ti (ICDD No: 00-044-1288)

The spectrum with the matching phase patterns is presented in Appendix B.5. Also the

XRD scans for other beads can be found in Appendix B.6. The first two phases (WC and

W2C) mentioned correspond to the phases identified in the Spherotene powder supplied.

Thus, the ICDD file for the identified TiC, W and β-Ti are presented in Appendices

B.7 - B.9. Broad based peaks are observed and a strong reflection at 2θ ≈ 39o which

concides with W2C and β -Ti phase patterns. The mechanism of phase formation will

be discussed in a later subsection.

4.4.2.4 Microstructural features of Ti-6Al-4V/Spherotene beads

Having determined the phases present in the composite beads by XRD, SEM is employed

to identify the phases in the slighty etched composite micrograph. Figure 4.27 shows

the magnified region around two Spherotene particles in the composite matrix having

different reaction zones. Figure 4.27 (a) shows a particle with a uniform reaction layer,
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Figure 4.26: XRD spectrum for the composite bead with phases identified.

while Figure 4.27(b) shows a mixed reaction layer around the Spherotene particle. The

regular reaction layer around the reinforcement particle is observed to be 2±0.2 µm

thick. Many of the Spherotene particles found around the bead periphery possess the

regular and circular reaction layer. The particles located in the central region of the

bead are characterised by the mixed reaction layer. The proportion of the particles

possessing either of the reaction layer can be put at 50:50. Based on the mean atomic

number, the darkest phase observed in the back scattered electron (BSE) mode is the

least dense phase. The phase precipitate with the brightest contrast is the most dense.

Thus, TiC phase is identified as the regions with darkest contrast in the micrographs.

The TiC precipitates form the reaction layer around the Spherotene particles (Figure

4.27(a)). In Figure 4.27(b), the TiC phase is precipitated and locked in the fragments

of the particles which are dissolving into the melt solution. The composite matrix is

characterised by a grey contrast identified as the β-Ti phase.

The Spherotene particles have been characterised as a polycrystalliine powder with WC

and W2C phases. Thus, the particles in the melt are expected to retain these phases.

White equiaxed dendritic structures with TiC precipitates locked in the tiny pockets of

the structure are observed in the composite matrix. These flowery like, white precipitates



Chapter 4. Laser cladding of Ti-6Al-4V/Spherotene composites 117

Figure 4.27: BSE-SEM images of etched sample with the reaction zone around the
Spherotene particles in the matrix showing (a)a regular and circular TiC reaction layer;

(b)a mixed reaction layer.
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are identified as W solid solution, Wss, according to the XRD result (Figure 4.26). This

phase appears to have evolved out of the Tiss as the melt rapidly cools.

Figure 4.28 shows a magnified view of the composite microstructure at a higher contrast

level. A circular casing/layer, brighter than the core part of the Spherotene particle,

is observed around the particles. This brighter casing is identified as W2C, which is

expected to be denser than WC. The thickness of the W2C band observed is 3±0.2 µm

and this may increase as WC decarburisation occurs. The flowery, equiaxed dendritic

structure is observed to be of the same brightness as the circular W2C band around the

Spherotene particle.

Figure 4.28: High contrast BSE-SEM image of etched sample showing the circular
bright band of W2C.

Figure 4.29 shows an EDX linescan across two adjacent particles. The variation of

elemental compositions across the line scan complements the phases identified. As the

scan passed from the core part of the Spherotene particle A, the scan observed for W

is intense with no trace of other elements. As the scan reaches the TiC layer around

the particle edge, the intensity of Ti, Al, and V become strong with Ti having the

strongest reflection. The intensity of W is negligible in the TiC reaction layer region.

As the scan continues into the composite matrix region identified as Tiss phase, the Ti
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intensity drops with an increase in intensities of Al, V and W. As the line scan crosses the

continuously dissolved reaction layer around the small particle in the micrograph, there

are series of fluctuations of high and low peaks of Ti and W. When the scan line crosses

the edge of the Spherotene particle B, the intensity of Ti increase again indicating the

TiC precipitate layer. The scanning ends in the particle B and only the intensity of W

appears strongly. Figure 4.30 shows an elemental linescan across a Spherotene particle

in the matrix at a higher contrast level. An attempted is made towards identifying W2C

and WC phases distinctively using the EDX linescan. The W2C phase is observed in

the micrograph based on the contrast level, but the two phases cannot be differentiated

by the EDX linescan.

Figure 4.31 shows Wss precipitates observed as flower-like, equiaxed structure with dark

TiC phases locked in between the arms of W precipitates. An elemental area map

over the feature shows that the white precipitates are W-rich as indicated by the green

colour which traces the white region. The red colour traces region rich in Ti in the area

analysed. Ti-rich regions are observed to be areas between the W-rich zones and areas

outside the two-phase feature. The distribution of the two-phase feature is observed to

be homogenous and are mutually present in regions where TiC precipitates are formed.

Figure 4.32 shows an EDX map used to observe the elemental distribution of vanadium,

V in the microstructure after deposition. It is observed that the Spherotene particle

edges, the Wss phase and the TiC phases can be distinctly identified from the β -Ti

phase. The area map thus confirm the V-rich regions as the background contrast which

is the Tiss phase.

Employing the EDX area quantitative analysis, the W at.% present in the β-Ti phase

region is obtained. Figure 4.33 shows a magnified region of the left, central and right

sections of the micrograph in Figure 4.22(a). Area elemental compositions of the β-Ti

regions in the micrographs are obtained and presented in Table 4.5. The at % values

obtained from the area EDX analysis shows that the elemental composition of the Ti,

Al, V and W are uniform irrespective of the region in the clad. The standard deviation

of the results is less than 1 at. % for all the elements analysed with a standard error

value in all cases less than 0.4. The mean atomic value of Ti is 75.4 at.% and that of Al,

V and W are 12.6 at.%, 4 at% and 8 at.% respectively. From the area EDX analysis,
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Figure 4.31: BSE-SEM images of flower-like equiaxed dendrites formed from β (Ti,
W) decomposition, obtained from; (a) right side; (b) elemental map of a section in (a),

Red colour Ti; Green W; (c) central region; (d) left side; of the composite.

Figure 4.32: Elemental distribution of vanadium in the MMC stabilising β -Ti
phase(Red colour - Vanadium).
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the elemental composition of the β -Ti phase is obtained. The analysis shows that the

Ti solid solution possesses less than 10 at.% of tungsten, W.

Figure 4.33: BSE-SEM micrographs of etched sample showing the composite mi-
crostructure with EDX area sections in boxes (a) left; (b) central and (c) right section

of Figure 4.22(a).

4.4.3 Effect of the process factors on the W (at.%) in the β -Ti phase

Elemental composition of the β -Ti phase in 6 different locations in the clad cross

sections are obtained with their mean values determined. The table of results for the

mean values of W (at.%) in the Tiss can be found in Appendix B.5. Figure 4.34 shows

the main effect plot for the influence of the laser power, traverse speed and powder

feed rate on the composition of tunsgten, W (at.%) retained in the β -Ti phase before

solidification occurs.
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Table 4.5: Elemental composition (at.%) of boxed sections in Figure 4.33

Clad region Ti (at.%) Al (at.%) V (at.%) W (at.%)

Left A 75.12 13.02 4.14 7.71
Left B 75.47 12.53 3.92 8.08
Central C 74.02 12.45 4.08 9.45
Central D 75.13 12.84 3.95 8.09
Right E 76.41 12.61 4.01 6.97
Right F 76.21 11.97 3.89 7.94

Mean (at.%) 75.39 12.57 4.00 8.04
Standard Deviation 0.86 0.36 0.10 0.81
Standard Error 0.35 0.15 0.04 0.33

Figure 4.34: Main effects plot for W (at.%) in β-Ti phase.

Increasing laser power and traverse speed favour the reduction in the W (at.%) composi-

tion in the β-Ti phase of the Ti-6Al-4V/Spherotene composite beads. Increasing powder

feed rate favours more retention of the dissolved W in the Ti solid solution. Laser power

is the most significant processing variable with a strong, inverse trend observed. A 9

at.% W is retained when 1400 W laser power is employed and decreases to 8 at.% at

1800 W. However, it is noted that the composite bead deposited possessing 76 wt% of

Spherotene (Figure 4.21 (h)) has (7.5-8) at.% W retained in its β -Ti phase. This is

the lowest amount of W content retention obtained in the laser cladding process for the

Ti-6Al-4V wire and Spherotene powder deposits.

4.4.4 Clad/Substrate Interface

Figure 4.35 shows the clad/substrate interface with an appreciable melt pool depth

for a proper metallurgical bond between the clad and the substrate. No cracking or
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porosity is observed at the interface even in the presence of Spherotene particles around

the clad/substrate region. An EDX line scan across from the clad into the substrate

confirms a step in elemental variation across the interface.

The melt pool depth and the heat affected zone in the substrate thereafter, were exam-

ined using optical microscopy and are discussed in the next subsection.

4.4.4.1 Melt Pool Depth (MPD) and Heat Affected Zone (HAZ)

Figure 4.36 shows the optical image of the clad possessing Spherotene/Ti-6Al-4V (76:24)wt%

composition with melt pool depth and the HAZ labelled. The depth of the fusion zone

and the HAZ were measured using a Nikkon optical microscope after etching the samples

with Krolls reagent. Measurements of the melt depth and HAZ depth into the substrate

are presented in a table which can be found in the Appendix B.6.

Figure 4.37 shows the main effect plots for the influence of the laser power and traverse

speed on the MPD and HAZ. The effect plot shows that both MPD and HAZ are

positively dependent on laser power and inversely dependent on traverse speed. However,

increasing laser power significantly increases the MPD with 200 µm and 440 µm when

laser power of 1400 W and 1800 W respectively are employed. Increasing traverse speed

significantly decreases the HAZ with a 1.8 mm HAZ depth measured when 200 mm/min

traverse speed is employed which reduced to 1.2 mm for 400 mm/min.

Figure 4.38 shows the main effect plot of mean MPD against powder feed rate and wire

feed rate. It is observed that increasing powder feed rate causes an increase in MPD,

while MPD inversely depends on wire feed rate.

4.4.5 Overlap cladding of Ti-6Al-4V/Spherotene composite layer

With the successful cladding of the single beads of Ti-6Al-4V wire and Spherotene to give

beads with high volume fraction of reinforcement in the Ti matrix, the near optimum

process parameters are identified and presented in Table 3.2. These sets of parameters

are used for the overlap cladding with an overlap pitch of 60% as described in Section

3.5. Figure 4.39 shows micrographs of the overlap cross sections. All of them possess

a relatively uniform distribution of the reinforcement particles with peak-trough top
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Figure 4.36: Optical image of the etched sample characterised by 76 wt%
Spherotene/24 wt% Ti-6Al-4V having melt pool depth of 517 µm and HAZ maximum
depth of 1.4 mm. Process Parameters: 1800 W, 300 mm/min TS, 700mm/min WFR,

30 g/min PFR.

surface profile. However, the overlap region for the clad layer deposited with 1400 W

laser power is less populated with the reinforcement particles. With the 60% overlap

pitch, lack of fusion defects are observed at the clad/substrate interfacial region for the

clad layers deposited with laser powers of 1400 W and 1600 W, while no inter-run pore

is observed for overlap clad deposited using parameter set C. This indicates that 1800

W laser power with the 60% overlap pitch is adequate for the dense coating as inter-run

pores and other lack of fusion defects are not observed at the clad substrate interface.

In Figure 4.39 (c), a few cracks are observed to propagate from the top surface of the

clad layer to a depth of 0.8±0.2 mm. The cracks emanate from the embedded particles

that are close to the top surface of the clad layer. However, the cracks are expected

to be eliminated with the peak-trough surface profile by the post deposition surface

finish, such as grinding and polishing. The presence of cracks suggests that maximum

reinforcement content in the laser clad Ti composite matrix may not exceed 75 wt.%,

hence, the coating is susceptible to cracking. For the clad layers deposited with laser

powers of 1.4 kW, 1.6 kW, and 1.8 kW, after machining, clad layer thickness of 1 mm,

2.3 mm, and 1.3 mm respectively, are achieved.
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Figure 4.37: Main effect plot for (a) melt pool depth (MPD) and (b) heat affected
zone (HAZ).

Figure 4.38: Influence of material delivery on melt pool depth.
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Figure 4.39: SEM images of the overlap cross sections deposited with parameter; (a)
Set C; (b) Set B; (c) Set A Process parameters as stated in Table 3 2.

4.5 Microhardness of the Ti-6Al-4V/Spherotene compos-

ite

Figure 4.40 shows the variation of hardness across the bead cross section measured as

described is Section 3.9. The zero position lies on the bead/substrate interface. The

single beads subjected to microhardness test are the ones which had over 65 wt %

Spherotene content with their cross sections shown in Figure 4.21(c),(d) and(h). The

hardness of composite matrix lies between 410-620 HV0.3 for all the single beads. The

mean hardness of the composite matrix is observed to be 543 HV0.3, 507 HV0.3, and 455

HV0.3 for beads tagged A, B and C respectively. The fusion zones in the melt pool have

hardness value range which lies between 420-550 HV0.3. The re-crystallised regions of

the substrate in the HAZ have hardness value range which lies between 350-370 HV0.3.
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This is slightly higher than the unaffected region of the substrate with mean hardness

of 350±1 HV0.3.

Figure 4.40: Microhardness variations across the single beads possessing over 65 wt
% Spherotene fraction.

Figure 4.41 shows a hardness indent in region near the embedded Spherotene particle.

The hardness value at this point is 652 HV0.3. The increased hardness in the near

particle region in the clad matrix is due to localised diffusion and microstructure modi-

fication around the particles which is associated with TiC precipitates. The ratio of the

composite matrix mean hardness to the embedded Spherotene particle hardness is ∼1:5.

Figure 4.42 shows the microhardness variation across the overlap clad layers presented in

Figure 4.39. Each hardness point is obtained from the mean of data from three positions

at 0.5 mm intervals in the central region of the layer with the avoidance of the embedded

particles. The result shows that the clad layer prepared with a laser power of 1800 W

exhibits high hardness and the hardness decreases with decrease in laser power. The

lowest mean hardness in the clad layers are 670±48 HV0.3, 510±16 HV0.3, and 470±38

HV0.3 for layer deposited with laser power of 1800 W, 1600 W and 1400 W respectively.
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Figure 4.41: Increased hardness of the localised region around the embedded
Spherotene particles.

Figure 4.42: Microhardness variation across the overlap cross sections in Figure 4.39.
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Moreover, the hardness measured in the overlap region is higher with standard errors of

87-99 than in the clad central region for deposits. This is not noticeable in the hardness

result obtained for 1400 W deposited clad layer. Mean hardness value as high as 1020±90

HV0.3 and 860±99 HV0.3 were obtained in the overlap regions of clad layers deposited

with laser power of 1800 W and 1600 W respectively.

4.6 3-D cylindrical structure using Ti-6Al-4V wire and

Spherotene powder

This section discusses the deposition of a 3-D functionally graded (FG) cylindrical struc-

ture to demonstrate the capability of the powder blown and wire fed composite laser

cladding process. Having optimised the deposition of Ti-6Al-4V wire and the cladding

of the wire with Spherotene powder, the additive fabrication of a component part was

attempted to explore the integration of a metal matrix composite (MMC) structure into

a metallic structural component. Such integration via additive manufacturing allows

functional MMC parts to be built on a selected area of a whole component for thermal

management, wear and contact deformation resistance or improved stiffness purposes

amongst other. The flexibility of the process allows component manufacture or repair

and also eliminate problems associated with joining of functional MMC parts with metal-

lic parts. The capability of the process would as well improve component part/assembly

designs [113].

Several attempts were made to have a component with Ti MMC integrated into a Ti-6Al-

4V matrix, with an objective of manufacturing the part with consistency and stability

of the deposition process. Figure 4.43 shows a 70 mm high, FG cylindrical structure

which signifies the success of the trials made. The cylinder is continuously built. The

inner diameter (ID) of the cylinder is 66±1 mm, while the outer diameter (OD) is 74±1

mm.

The processing parameters were interacted to achieve a good consistency in the depo-

sition process. After some initial trials, the parameters used to achieve consistency in

the process, which is divided into two parts based on section deposited are presented in

Table 4.6.
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Figure 4.43: A functionally graded Ti-6Al-4V/Spherotene cylinder.

Table 4.6: Process parameters for each section of the functionally deposited cylinder

Process parameters Ti-6Al-4V section Ti-6Al-4V/Spherotene section

Laser power (W) 1000-1600 1400

Traverse speed (deg/min) 323 (200 mm/min) 323 (200mm/min)

Wire feed rate (mm/min) 800 800

Powder feed rate (g/min) - 10, 20

Step in Z-axis (mm) 1.2 1.4

4.6.1 Ti-6Al-4V section

The deposition of the cylinder is started by the deposition of Ti-6Al-4V wire with a

laser power of 1600 W, traverse speed 323 deg/min (200 mm/min linear speed), and

800 mm/min wire feed rate. The parameter values used are obtained from the analysis

carried out for maximum bead height in Section 4.2.1. The deposition of a single bead

with this parameter gives a bead with 1.4±0.1 mm height (Equation 4.1). Owing to

previous layer re-melting which flattens the top surface of the previous bead layer, the

step in Z-axis is fixed at 1.2 mm. This indicates that the height of the previous layer is

reduced by 0.2±0.025 mm. This is determined based on the several attempts made to

achieve a consistent and stable deposition operation. This process parameter is essential

to achieve a stable deposition as wire dripping or droplet formation occurred during the

trial attempts when there is large discrepancy in the height between the wire tip and

the previous layer. The laser power employed as the height increases is ramped down
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at defined height stages. This is done in an attempt to keep the thermal mass in the

built up relatively constant to maintain the wire tip-previously deposited layer distance.

Thus, the laser power is ramped down in a stepwise manner of 100 W reductions each

time after an additional 5-layer deposition has been made. This is done as there is a

considerable amount of heat in the built which would keep the deposition in a stable

condition. A consistent deposition is still achieved even as the laser power is reduced to

1000 W.

4.6.2 Ti-6Al-4V/Spherotene section

The deposition of Ti MMC is integrated into the deposition by ramping up the laser

power to 1400 W, as the Spherotene powder is injected into the melt pool. The laser

power is maintained at 1400 W throughout the deposition of this section. The height of

the composite deposited with this parameter gives 1.8±0.1 mm, but a step in Z-axis of

1.4 mm gives a consistent deposit, which means the composite bead height is decreased

by 0.4±0.1 mm due to re-melting. On stopping the powder injection, the laser power is

stepped down to 1300 W, as wire deposition alone continues. The laser power is further

ramped down until it is 1000 W. Figure 4.44 gives an illustration of stepwise ramping

of laser power as the functionally graded cylinder height increases.

Figure 4.44: Schematic illustration for stepwise laser power ramping as built height
increases.
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The laser power used for the deposition lies between 1000-1600W, unlike area cladding

which requires higher power (1800 W) to achieve a better flow of beads on the substrate

to limit inter-run porosity. A traverse speed of 200 mm/min is used which is equivalent

to 323 deg/min of rotation as the built part rotates about the laser beam axis. Wire feed

rate used is 800 mm/min with a Spherotene PFR of 10 and 20 g/min. The increment in

Z-axis (step up height) which determines the height for the next layer is to be deposited

is important. Based on experimentation, the chosen step up heights compensated for the

previous layer re-melting. After deposition, two distinctive boundaries are observed. The

bounded regions are the Ti MMC regions that have been developed with the cylinder.

This FG cylinder could be used as plain bearing for industrial shafts where higher

stiffness and wear may be of great concern. The development of this FG cylinder has

demonstrated that functionally graded structures can be incorporated into design of

parts by laser cladding. A new design freedom is feasible with this process as it eliminates

assembly and joining processes.

4.7 Discussion

In this study, the experimental observations can be explained by evaluating the cladding

process as the materials are fed into the melt pool. Hence, this discussion concentrates

on melting/molten transfer of Ti-6Al-4V wire and surface melting of Spherotene particles

during laser irradiation. The purpose of producing Ti-6Al-4V/Spherotene composite on

Ti alloy substrate via laser cladding is to improve its wear/erosion resistance while in

service. The enhanced wear resistance of the graded composite structure is dependent

on some factors. These factors may include: a uniform distribution of the reinforcement,

high fraction of the reinforcement in the composite matrix and composite devoid of cracks

and pores and high matrix hardness amongst others [83, 105]. Thus, in this study, in

order to produce a composite layer capable of improving wear/erosion resistance, the

investigation of the physical characteristics of deposit becomes essential. Moreover,

the microstructure and hardness of the laser clad composite are important factors for

discussion.



Chapter 4. Laser cladding of Ti-6Al-4V/Spherotene composites 136

4.7.1 Melting of Ti-6Al-4V wire and dissolution of Spherotene parti-

cles

The advantage of feeding the Ti-6Al-4V wire and Spherotene powder independently is to

gain control over the resulting composite composition. As the Ti-6Al-4V wire approaches

the leading edge of the melt pool, it becomes preheated by the heat radiation from the

melt pool and its interaction with the laser beam. The preheating allows the melting

temperature of the wire to be attained within a short period of time when irradiated

with the laser beam. On reaching the melt pool leading edge as shown in Figure 4.45,

the wire is irradiated by the laser beam, and appreciable laser energy is absorbed to

raise its temperature to its melting point. This allows the wire tip to melt and flow into

the melt pool thus increasing the volume of the pool. The volume of the melt pool is

dependent on the wire feed rate (700-800 mm/min) employed in the study. More so, the

higher the laser power (1400-1800 W) employed, the less viscous the melt pool solution

would be, such that a rigorous liquid convection is envisaged. With a fluidic melt pool

achieved, the injection of the Spherotene particles into the pool to form a composite

becomes possible.

As the Spherotene powder stream exits the feeder nozzle, the particles experience irra-

diation as the stream enters into the laser beam zone. The distance travelled by the

particles and the time spent under the laser irradiation is dependent on their spatial

positions in the divergent powder stream from the nozzle. When the Spherotene parti-

cles are irradiated, it is envisaged that the particles will absorb about 82% of the laser

energy, since the particles are predominantly characterised as WC [81]. The absorption

of the laser energy raises the surface temperature of the particles. The temperature

attained by particle entering into the laser beam zone such as in point A (Figure 4.45)

before it reaches the melt pool surface at point B is dependent on several factors. These

factors include: flight time between point A and B, laser power intensity, particle size,

and particle material properties [41, 114].

With the laser system configuration in Figure 4.45, the majority of the Spherotene

particles may be irradiated and it is envisaged that each particle surface temperature

may be raised to about 3000oC [41]. Provided the attained temperature is greater than

the melting temperature of WC (2870oC) for a sufficient time, thus the particle surface

may begin to melt. However, due to the short laser-material interaction time before
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Figure 4.45: Schematic of the laser beam-materials interaction process with wire
delivered to the leading edge of the melt pool and powder delivered across the melt

pool surface.

particles reach the melt pool and higher melting point of Spherotene, the majority of

the particles may only experience preheating rather than having a fully molten surface

layer on them. Also, there is a possibility that some particles would not be irradiated or

melt before entering the melt pool. Thus, these particles will only experience dissolution

into the melt pool.

Figure 4.46: Schematic of the Spherotene particle melting before entering into the
melt pool.

Figure 4.46 shows the schematic of the molten layer around the particle on reaching
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point B. Owing to high thermal conductivity of WC (84 W/m/K), it is anticipated that

the thickness of the molten layer on the Spherotene particle in the irradiated region may

rapidly increase as heat is conducted into the bulk part of the particle. Hence, some of

the particles irradiated by the laser beam may approach the melt pool surface with a

thin molten layer on their irradiated region.

As the particles plunge into the Ti molten pool, a Ti liquid with an equivalent weight

to that of the particles is displaced and each particle would begin to dissolve into the

molten liquid as illustrated in Figure 4.47. Thus, owing to the flow convection in the melt

pool, W and C solutes in the near particle surface regions are redistributed to uniformly

enrich the melt pool with W and C. Hence, the dissolution of the Spherotene particles

and diffusion of W and C are possibly enhanced by the extent of melt convection,

temperature and time. The dissolution of the particles may continue before solidification

occurs, provided there is a rapid diffusion of the W and C solutes farther away from the

near particle surfaces, as a state of equilibrium at the particle/liquid interface must be

maintained.

Figure 4.47: Schematic of the Spherotene dissolution in the melt pool.

The particle size reduction can thus be attributed to the dissolution of the particles and

diffusion of the W and C solutes into the Ti melt. Figure 4.23 shows the analysis of the

reinforcement size in one of the composite samples using imaging software. The sample is

characterised by 76 wt% Spherotene/ 24 wt% Ti-6Al-4V (Figure 4.21h). The reinforce-

ment size in the composite sample is measured to range between 10-160 µm, while the

as-received powder has a particle size range of 20-200 µm (Figure 4.24). Comparing the

cumulative frequency curve of the reinforcement sizes in the composite sample to that
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of the as-received Spherotene particles, a 46% reinforcement size reduction is evaluated

at 25th percentile position, while a 25% size reduction is obtained at 75th percentile

position. This indicates that particles with smaller sizes are significantly affected by the

dissolution mechanism in the melt pool. Moreover, it is clearly shown in Figure 4.23 as

the frequency of reinforcement size, ranging from 20-40 µm becomes more apparent after

processing. This size range is insignificant in the as-received Spherotene powder. The

rapid dissolution of the smaller particles is encouraged by their higher surface area to

volume ratios [115, 116]. In addition, Zeng et al. [117] observed that effective absorption

of laser energy decreases with increasing particle size. Hence, smaller Spherotene parti-

cles readily absorb the laser energy such that their surface temperature is rapidly raised

above its melting point. This allows a significant proportion of the solid particle, if not

the whole, to melt and difusse into the Ti-rich molten pool. Though, particle surface

melting occurs during irradiation, having the main reinforcement size reduced is quite

beneficial to the overall performance of the composite. Previous works have shown that

the wear/erosion resistance of particle reinforced composites is improved when the size

of the reinforcement is reduced [74, 83, 101, 104, 118]. Therefore, owing to the particle

dissolution which results to reinforcement size reduction, a significant enhancement of

the erosion resistance of the Ti-6Al-4V/Spherotene composite is envisaged. More so, a

uniform distribution of the Spherotene particles is observed in the bead cross section

as shown in Figure 4.22. The homogenous distribution of the reinforcement particles is

attributed to the stirring effects caused by the Maragoni flow convection in the melt pool

[38, 119]. The flow convection had assisted the particles to be transported to different

location in the melt pool before solidification occurs to freeze them in position upon

solidification.

4.7.2 Composite microstructure on cooling

In this study, all composite samples possess similar phases. These phases include: WC,

W2, W, TiC and β-Ti. This indicates that irrespective of the laser parameters employed,

the phases present in the composite formed are the same. A 0.6:0.4 volume ratio of WC

to W2 characterises the Spherotene powder in its as-received form as shown in Figure

4.20. The laser irradiation of the Spherotene particles during processing results in surface

melting and dissolution/diffusion of W and C solutes in the molten Ti pool as disscussed

in Section 4.7.1. This enriches the Ti melt with W and C, thus encourages the formation
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of W and TiC as reaction products on rapid cooling and solidification. However, the

rapid heating, cooling and solidification characteristics of laser processing favour the

formation of metastable and non-equilibrium phases [19]. In light of this, phases formed,

apart from the WC and W2C present in the Spherotene particles, are considered as solid

solutions. However, the study of the microstructure formed on cooling can be explained

in two ways. These are: the study of the reinforcement-matrix interface and the study

of the matrix microstructure.

4.7.2.1 Reinforcement-matrix interface

Considering the reinforcement particle interface with the Ti matrix, Figure 4.48 shows a

schematic of the two types of reaction layer observed around the reinforcement particles

in the composite on cooling. A mixed reaction layer is mostly observed around particles

located in the central region of the composite bead cross section. This mixed layer is

characterised by simultaneous precipitation of the TiC and W/W2C solid solutions in an

alternating manner. This observation is attributed to further dissolution of the particles

apart from the surface melting that occurred before the particles plunged into the Ti

melt. The centrally located particles experience more intense heating which encourages

their rapid dissolution into the melt.

Figure 4.48: A schematic of the reaction layers around the main reinforcement par-
ticles in the composite.

As the particles further dissolve into the melt, TiC solid solution is formed which is

immiscible with W solid solution. And the W solid solution nucleates on the Spherotene
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particle to form a net-like structure around the particle with TiC precipitates in the net

pockets. This mixed layer is similar to the reaction layer formed around WC particles

in a Ti-6Al-4V/WC composite prepared via vacuum arc melting process [80]. However,

two circular layers are observed around particles mostly located at the regions farther

away from the centre to the periphery. As the molten layer around the particles are

stripped off as they plunge into the melt, there remains a thin molten layer around the

particles which is rich in both W and C solutes. Since the particles are not experiencing

intense heating that can result in a further dissolution of the particles in a rapid manner,

the C solute locally reacts with the Ti melt to form the TiC layer. As C depletion to the

interface between the molten layer and the Ti melt occurs, the molten layer is reduced to

W/W2C solid solution. This serves as an intermediate layer between the reinforcement

and the TiC layer.

4.7.2.2 Matrix microstructure

In order to explain the matrix microstructure, there is a need for the determination of

the overall composition of the melt pool. This is evaluated by determining the amount

of the particle dissolution, volume of substrate dilution and the volume of Ti-6Al-4V

wire deposited. For the purpose of this analysis, sample deposited with the highest

Spherotene composition is chosen. The volume fraction of the Spherotene that dissolved

is estimated using equation (4.8). It is assumed that 90% of the Spherotene particles

present in the composite would have experienced a minimum of 18.5% size reduction

owing to surface melting. This amounts to 45.8 vol.% Spherotene dissolution in the Ti

melt during processing.

V olumefractionofdissolvedSpherotene = 1 −
(
d90
D90

)3

(4.8)

Where;d90 = reinforcement particle size in composite at 90th position (106 µm) (Figure

4.23), and D90 = as-received Spherotene particle size at 90th position (130 µm) (Figure

4.24).

The analysis of the composite sample to determine the overall melt pool composition is

presented in Table 4.7.
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Table 4.7: Analysis of the composite sample to evaluate the overall melt pool com-
position

Mass of deposited Ti-6Al-4V (g) 1.167 x 10−2

Mass of deposited Spherotene (g) 4 x 10−2

Volume of deposited Spherotene (cm3), (density
= 16.257 g/cm3)

2.46 x 10−3

Volume of dissolved Spherotene (cm3) (Dissolu-
tion fraction = 0.458)

1.13 x 10−3

Mass of dissolved Spherotene (g) 1.83 x 10−2

Dissolved Ti-6Al-4V substrate, cm3 (g) 1.655 x 10−3 (7.315 x 10−3)

Total mass of Ti-6Al-4V (g) 1.898 x 10−2

Mass of Ti (90% Ti-6Al-4V) (g) 1.709 x 10−2

Mass of W in dissolved Spherotene (g) (95.5 wt%
Spherotene)

1.75 x 10−2

Mass of C in dissolved Spherotene (g) (4.5 wt%
Spherotene)

8.0 x 10−4

With Spherotene composition of 60 vol.% WC and 40 vol.% W2C, the equivalent mass

ratio of WC to W2C is 0.44:0.56. This results in an equivalent composition of 95.5

wt.% W/4.5 wt.% C, knowing that the molar mass of WC is 195.85 g with 93.87 wt.%

W/6.13 wt.% C; and the molar mass of W2C is 379.69 g with 96.84 wt.% W/3.16 wt.%

C. Hence, from Table 4.7, the probable overall composition of the molten part of the

melt pool is 48.3 wt.% Ti / 49.4 wt.% W / 2.3 wt.% C. Figure 4.49 shows the plot of the

overall melt pool composition on the liquidus projection of the Ti-W-C ternary phase

diagram, neglecting Al and V content. This probable composition lies in the lower region

of the phase diagram, and the temperature of the melt pool composition is suggested to

be between 2200-2300oC. Based on the ternary phase diagram, the solidification of the

liquid melt pool is likely to follow eutectic reaction path, e5, (equation 4.9) as the melt

temperature decreases to 1646oC [65].

L = β(Ti,W ) + (Ti,W )C1−x(1646.5oC, eutectic, e5) (4.9)

However, owing to a higher reactivity of Ti with C and low solubility of C in solid Ti

(about 0.28 wt.%) [120, 121], the weight ratio of Ti to C which is 95.5 wt%Ti / 4.5

wt.% C is plotted on the binary Ti-C phase diagram as shown in Figure 4.50. As the

melt pool solution cools down to about 2270±20oC, point A is reached on the liquidus

line, and primary TiC begins to form in the molten solution as schematically shown in

Figure 4.51. These primary TiC precipitates are evident in the composite microstructure
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Figure 4.49: A plot of the probable overall melt pool composition on the liquidus
projection of the Ti-W-C ternary phase diagram.

with either near circular or blocky morphology. As the melt pool temperature decreases

further, the primary TiC begins to grow, and the melt pool composition begins to vary

along the liquidus line from point A to the eutectic point CE.

It is noteworthy that W has a higher solubility in β-Ti at higher temperature since both

have some similar crystallographic features such as BCC structure [65]. This allows

W to remain in the melt pool solution while primary TiC crystallizes out of the pool

solution. As the melt pool solution approaches the eutectic composition, near-complete

depletion of C is envisaged which makes the solution to be more of Ti-W solution.

As the melt pool temperature drops to the eutectic temperature (1646.5oC), the liquid

phase transforms into two solid solution phases as expressed in equation (4.10) . Hence,

eutectic TiC is formed, as it is evident in the composite microstructure as elongated and

fine precipitates illustrated in Figure 4.51. Meanwhile, at eutectic point, W still remain

in the Ti, and the concentration of Ti is as well reduced owing to TiC formation. Using,

inverse lever rule, the solid composition is 41 wt.% TiC/59 wt.% β-Ti. Moreover, at
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Figure 4.50: A plot of the Ti-C melt pool composition (4.5 wt.% C/ 95.5 wt.% Ti)
on the Ti-C phase diagram.

Figure 4.51: A schematic of the melt pool composition at temperature below 2150oC
with the formation of primary TiC precipitates.
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the eutectic temperature, the Ti-W solution solidifes to form a continuous isomorphous

BCC solid solution, β(Ti,W).

L = β(Ti,W ) + TiC(1646.5oC, eutectic) (4.10)

Hence the composition of the β(Ti,W) solid solution becomes 62.4 wt.% W / 37.6 wt.%

Ti which is plotted on the Ti-W binary phase diagram as shown in Figure 4.52.

Figure 4.52: A plot of the β(Ti,W) solid solution of 62.4 wt% W/ 37.6 wt% Ti on
the Ti-W phase diagram.

As the β(Ti,W) solid solution cools down to 1250oC, a monotectoid decomposition occurs

and it is expected that the solution transforms to α-Ti and W solid solutions. However,

in this study, owing to rapid cooling typical of laser processing, the Ti solution remains

beta stabilised as W solute is retained in the Ti . Hence, the solid solution transforms to

β -Ti and W solid solutions and primary W solid solution begins to nucleate at temper-

ature 1250oC. The primary W precipitates are evident in the composite microstructure

with a blocky morphology in the near region where TiC precipitates are present. As

temperature decreases to about 740±20oC, eutectic W precipitates emerges in the Ti

solid solution as illustrated in Figure 4.53. The eutectic W precipitates are observed to
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have a leaf-like equiaxed structure with TiC interdendrites. Hence, assuming solidifica-

tion follows phase diagram, the expected structure is a small fraction of primary TiC,

primary W, eutectic TiC and W in a β(Ti,W) matrix.

Figure 4.53: Schematic of the composite matrix with equiaxed W solid solution
precipitates emerging from the β(Ti,W) solid solution.

In the study, the atomic percent composition of W in the Ti solid solution is measured

using EDX to range between 7.5-9%. This W composition range is sufficient to favour

the stabilisation of the Ti solid solution as a beta phase [75], as solubility of W in α-Ti

is 0.3 at.% maximum [65]. However, it would be noted that the neglected vanadium

content in the analysis can as well contribute to the beta stabilisation of the Ti matrix.

The effect of the aluminium as an alpha Ti stabiliser is not dominating as the matrix

is beta stabilised. This suggests that irrespective of the laser processing parameters

employed, the W content in the binder phase may not exceed 10 at.%. Hence with

7.5-9 at.% W in Ti corresponding to 22-25 wt.% W, the probably overall melt pool solid

solution composition on solidification is 19 wt.% TiC/ (26-29) wt.% W /(52-55)wt.% β -

Ti. Having the Ti matrix β-stabilised is beneficial since it is more ductile when compared

to the α-Ti phase [70, 82]. It is aniticipated that the ductile β -Ti matrix would prevent

brittle failure of the composite with ceramic solid solution phases uniformly dispersed

in it.
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4.7.3 Composite deposit characteristics

The characteristics of the deposits can be best explained by the heat input (ratio of

laser power to traverse speed) and deposited material per unit length (ratio of WFR or

PFR to traverse speed). Figure 4.4 shows that the composite deposit height is inversely

dependent on traverse speed which is the most influencing processing variable. Material

delivery rate, most especially powder feed rate PFR, has a positive influence on deposit

height. Table 4.1(b) gives the percentage contribution of traverse speed and PFR as

79% and 17% respectively. This shows the significance of these two parameters to the

deposit height in the wire/powder cladding process. Increasing material delivery rate

or decreasing traverse speed (Increasing delivered material per unit length) is expected

to increase material volume available in the melt pool to promote an increased deposit

height [37, 122].

Figure 4.5 shows that the deposit width increases with increasing laser power, LP, which

is the most significant variable. Increasing traverse speed and PFR result in a decreased

deposit width [29, 122]. Increasing laser power allows for the substrate melting beyond

the laser beam size as the temperature of the melt pool edges increases above the melting

point. However, as traverse speed increases, the melt pool convection is more promoted

than heat conduction [123]. This is due to shorter interaction time, which reduces the

rate of heat conduction to the melt pool periphery capable of widening the pool. The

increased flow of powder into the melt pool increases laser beam attenuation and energy

absorption by the reinforcement particles. This prevents the widening of the melt pool,

thus resulting in a narrower deposit width. The increasing heat input per unit length is

majorly responsible for the increasing clad width

Figure 4.6 shows as expected that the increasing Spherotene content is dependent on

the increasing PFR. Increasing laser power slightly increases the Spherotene content,

while an increasing traverse speed slightly decrease the Spherotene content. In all the

characteristics, wire feed rate is less significant as a processing variable. This indicates

that the influence of the change in Ti-6Al-4V volume delivered into the melt pool is

low on achieving increased Spherotene content. Once a consistent deposition of the wire

feedstock is achieved, the injection and assimilation of the Spherotene reinforcement into

the melt pool is promoted by having a less viscous pool which is promoted by increasing
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laser power [124]. Thus, increasing both heat input and powder delivered per unit length

encourage increase in Spherotene content.

Table 4.4 shows the summary of the processing parameters with their equivalent energy

density requirement to achieve maximum deposit physical characteristics. The energy

density required to achieve a maximum Spherotene content (76% wt) in the Ti composite

matrix is 148 J.mm−2 which falls within the range obtained 140-160 J.mm−2. This

energy density range is the lowest obtained among all other physical characteristics

(deposit width and height). In both Ti-6Al-4V wire and the composite cladding, energy

requirement to achieve a maximum deposit width is always greater than that of deposit

height. This is expected as higher energy is required to increase the melt region on

the substrate beyond the laser beam diameter. This higher energy may be achieved by

increasing the laser power or decreasing the traverse speed of the cladding process. Also,

to achieve a higher reinforcement content, the ratio of the wire volume to the powder

volume delivered needs to be reduced.

4.7.4 Deposition stability

Figure 4.16 shows that the injection of both powder and wire into the melt pool at the

same time may result in an unstable deposition. The unstable deposition is attributed

to a strong attenuation of the laser beam as powder flows across the melt pool surface.

The blown Spherotene powder absorbs a large amount of the laser energy. This results

in a less energy at the melt pool available to melt the wire. The wire then struggles to

melt and get deposited. The melt pool is more viscous and solidifies quicker. A blob

is formed at the wire tip which would stay longer in the melt zone until the energy

available is enough to cause melting as illustrated in Figure 4.54 [125].

With the delivery of wire into the melt pool edge before powder injection, the process

starts with full laser energy available in the melt pool region. This makes the wire

deposition adopt a stable condition. Thus, as the powder is injected into the less viscous

and voluminous melt pool, deposition remains consistent because there is heat input

already into the track region and it has started with good stability. Also, the temperature

of the wire tip close to the melt pool would have been raised close to the melting point

of Ti-6Al-4V. This would aid its molten transfer into the pool.
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Figure 4.54: Schematic illustration for the formation of wire blob and instability in
the deposition.

4.7.5 Melt pool and Heat affected zone depth

In Figure 4.37, laser power and traverse speed are the two most significant factors that

influence the depth of melt pool and the maximum depth of substrate recrystallisation

(HAZ) [30, 37]. These two process factors dictates the heat convection in the melt pool

and the heat conduction into the substrate which recrystallises the substrate material

in the near region around the melt pool [123]. The effect plot shows that both MPD

and HAZ are positively dependent on laser power and inversely dependent on traverse

speed which complements other works [29–31]. Laser power significance indicates that

the thermo-capillary flow and heat convection in the melt pool increase with increasing

laser energy. This causes the substrate solid region nearby the melt pool region to further

melt thus increasing the melt pool width and depth. The extension of the liquid/solid

interface region into the substrate is aided by the convective melt pool solution. This is

in agreement with the explanation for the increase in the melt pool size by Mazumder

[123] and Shah et al. [124]. Increasing traverse speed significantly decreases the HAZ.

This indicates that most of the heat energy is retained in the pool for convection while

less thermal energy is conducted away into the substrate as traverse speed increases [126].

More so, as the powder feed rate increases, it can be suggested that the impinging energy

of the flow jet from the powder feeder nozzle increases. This may have caused an increase

in depth of the active melt pool resulting in increasing MPD [30]. Another explanation

for the deeper MPD as powder feed rate increases may have been that there is an
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increase in the amount of heat energy retained in the melt pool during cladding. Since,

ceramic particles have relatively high laser absorptivity, and with increasing amount of

the particles assimilated into the melt pool, the heat content of the melt pool is expected

to be higher. Thus, this causes the region at the molten liquid/solid substrate interface

to go into the melt pool solution, resulting in an increase in the melt pool depth.

4.7.6 Microhardness of Ti-6Al-4V/Spherotene

The clad composite matrix hardness is enhanced by the uniform distribution of the TiC

and W solid solution precipitates in the β-Ti solid solution. In Figure 4.40, the reduction

of the hardness in the fusion zone may be attributed to dilution of the clad region

content with substrate material. The localised metallurgical change due to rapid heating

and cooling is responsible for increased hardness over that of the measured Ti-6Al-4V

substrate which is similar in values found in the literature (349 HV - Table 2.3) [127].

Thus, the ratio of the composite matrix mean hardness to the embedded Spherotene

particle hardness is ∼1:5. This makes the matrix tougher and with good wetting of the

Spherotene particles in the matrix, good wear resistance is anticipated. The variation

of the hardness value at each level as denoted by the error bars is attributed to the

anisotropic nature of the composite matrix. Also, there is a possibility of having unseen

Spherotene particles situated beneath the composite matrix locations where hardness

data were obtained which might resulted in high hardness value. Localised diffusion in

the nearby region around embedded Spherotene particles may have contributed to the

hardness variation. This observation is attributed to the Spherotene particles densely

populating the overlap regions of the clad layer deposited with 1600 W and 1800 W laser

power, as observed in the SEM images of the cross sections (Figure 4.39). However, the

overlap regions in the 1400 W deposited clad layer was less populated by Spherotene

particles, which made the hardness values of the overlap region to be less different

from the middle region of each single beads forming the clad layer. Having higher

hardness values in the overlap regions, the surface of the composite layer would possess

a functionally properties grading feature, such that there would be a periodic variation

of hardness across the composite layer. It would be noted that the hardness values

obtained for the composite layer processed with laser power of 1400 W, is lower than

the other layers, these lower values can be attributed to the results obtained in Figure

4.34 which shows that β-Ti phase is more stable as W at% content increases which is
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promoted when lower laser power is used for processing. Thus, the composite matrix

is ductile as it is rich in the β-Ti stabilised phase, which resulted into lower hardness

value.

4.8 Conclusions

The successful hybrid laser cladding of Ti-6Al-4V wire and Spherotene powder for area

cladding and functional graded structure has been reported using a fibre laser. The

independent feeding of the materials into the melt pool helps to control the composite

composition. A crack- and pore-free clad containing as high as 76±1 wt.% reinforcement

in the Ti matrix is achieved via the process with an energy density of 150±10 J.mm−2.

The reinforcement dissolution upon laser irradiation seemed to be more significant for

small size particles. The resulting microstructure showed that the composite is char-

acterised by WC, W2C, W, TiC and β-Ti solid solutions. Two types of reinforcement

interface are identified which are a mixed and a regular/circular reaction layers. TiC

precipitates are in blocky, near circular and fine eutectic morphologies, while the W

solid solution precipitates are either blocky or equiaxed. TiC and W solid solutions

are uniformly distributed in the composite matrix. A 7.5-9 at% W is retained in the

Ti solution on solidification. This helps to stabilise the Ti as a beta phase, which is

considered desirable for the composite to retain its ductility. Increasing laser power is

observed to decrease the concentration of W retained in the Ti, as cooling rate is lowered

to favour the nucleation of W solid solution. The uniform dispersion of the TiC and W

solid solutions in the β-Ti matrix phase has significantly improved its hardness which

ranged between 410-620 HV0.3. A ratio of composite matrix hardness to the embed-

ded reinforcement particles is obtained to be 1:5. It is envisaged that the composite

formed will possess good wear and contact deformation properties. To demonstrate the

design freedom capability of additive manufacturing process, a functionally graded 3-D

cylinder was built. This showed that component manufacture and repairs with selective

application of functionally graded material is possible with cladding process, which may

not have been achievable via traditional manufacturing route.



Chapter 5

Laser cladding of Ti-6Al-4V/TiB2

composites

This chapter examines the characteristics of the feedstock powders, and the laser cladding

of pre-blended Ti-6Al-4V/TiB2 powder. The characterisation of the powders is dis-

cussed in terms of their particle size, particle morphology and their phase composition

for Ti-6Al-4V and TiB2 blended powders. The physical characteristics, microstructural

observations, reinforcement distribution and hardness of the deposits are reported with

respect to the influence of key processing variables. Ti-6Al-4V/TiB2 composite walls are

subjected to tensile tests to determine its elastic properties and mode of failure under

external tensile load. Fractured surfaces are examined using SEM to study the mode

and mechanism of composite failure.

5.1 Ti-6Al-4V powder

The powder used here, Ti-6Al-4V was supplied by Crucible Research, USA. The particle

size analysis, obtained by laser diffractometry, revealed that the particle size ranges from

30-300 µm, as shown in Figure 5.1 The cumulative volume curve revealed that 10% of

the powder is below 56 µm (d10) and above 171 µm (d90). The d50, median diameter

size of the supplied powder is 100 µm. The volume mean diameter of the powder is 108

µm in the as received condition. Figure 5.2 shows the SEM image of the powder particle

152
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morphology. The particles are predominantly near spherical, with some asymmetric

shaped and satellite particles, typical of powder produced by gas atomisation.

Figure 5.1: Ti-6Al-4V particle size with mean distribution size of 108 µm.

Figure 5.2: Ti-6Al-4V powder showing near spherical morphology typical of gas atom-
ised powders.

Figure 5.3 shows the XRD pattern of the as received powder. The peaks in the spectrum

are found to match the pattern of α-Ti (HCP) phase with ICDD no: 00-044-1294. The

powder pattern with the matching α-Ti phase can be found in the Appendix C.1. The

crystallographic information about the phase present is given in Appendix C.2. Ti-6Al-

4V is known as an α − β Ti alloy [47], however, only α-Ti phase was observed in the
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XRD scan with an intense reflection at 2θ ≈ 40.5o which corresponds to α-Ti (101);

and no presence of β-Ti phase found in the spectrum of the as-received powder whose

reflections were expected to have occurred at positions denoted by dotted lines in Figure

5.3.

Figure 5.3: XRD pattern of Ti-6Al-4V powder with only α-Ti phase identified.

5.2 Titanium diboride powder

The TiB2 powder was supplied by Sigma Aldrich Chemical Company, UK. The powder

particle size was quoted as <10 µm by the supplier. The particle size analysis, obtained

by laser diffractometry, revealed that the actual particle size ranges from 150 µm, as

shown in Figure 5.4. The cumulative volume curve revealed that 10% of the powder

is below 5 µm (d10) and above 17 µm (d90). The d50, median diameter size of the

supplied powder is 9 µm. The volume mean diameter of the powder is 10 µm in the

as received condition while the surface area mean diameter is 8 µm. Figure 5.5 shows

the SEM image of the powder particle morphology. The particles are not only angular,
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but possess plate morphology, which suggests that the powder was possibly produced

by comminution of larger TiB2 particles to powder.

Figure 5.4: TiB2 particle size analysis with mean particle size of 10 µm.

Figure 5.5: TiB2 powder showing angular and plate morphology.

The XRD scan made over 2θ range of 30-90o shows that the powder is made up of the

TiB2 phase as shown in Figure 5.6. The peaks are found to match the pattern of TiB2
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phase with ICDD no: 01-085-2083. The strongest reflection of the TiB2, HCP (101) is

observed at 2θ = 44.5o. The spectrum with the matching pattern of TiB2 is provided

in Appendix C.3, and the crystallographic information about the matched TiB2 pattern

can be found in Appendix C.4.

Figure 5.6: Powder XRD pattern with TiB2 phase identified, lines for TiB do not
match any peak.

5.3 TiB2/Ti-6Al-4V powder blend

A blend of the TiB2 and Ti-6Al-4V with a weight ratio of 1:6 was mixed using a powder

mixer for 1.5 hours. The powder size analysis was also made which showed a bimodal

curve as presented Figure 5.7. The powder analysis reflects the ratio of the two powders

pre-blended. The low peak representing TiB2 has a 1.5 peak volume% and the high

peak representing Ti-6Al-4V has a 9 peak volume%. The volume ratio is similar to the

weight ratio of 1:6 pre-blended, since the densities of the two powders are relatively

similar (4420 kg/m3, Ti-6Al-4V and 4520 kg/m3, TiB2). This also confirms a uniform

blend of the two powders under the mixing conditions, as a small quantity used for the

powder size analysis was a representative sample of the blend.
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Figure 5.7: TiB2/Ti-6Al-4V particle size analysis showing the bimodal curve.

5.4 Preliminary cladding trials

Cladding trials were conducted for the pre-blended TiB2/Ti-6Al-4V powders to assess

the feasibility of making deposits with the pre-blended powder. The use of the side fed

material system (Figure 3.3) for the Ti-6Al-4V/TiB2 blend proved impossible to develop

a steady and evenly distributed feed. This blend did not consistently feed into the laser

generated melt pool. This resulted in poor, irregular and inconsistent deposits. Thus, a

coaxial feeding system was employed to address this problem. The following processing

parameters were used:

• Laser power: 600 800 1000 W

• Traverse speed: 400 500 600 mm/min

• Powder feed rate: 20 g/min (constant)

• Focal position: 192 mm (at beam focus)

• Beam diameter: 1 mm
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• Step up height: 0.5 mm (constant)

During this trial with the coaxial feeding nozzle, consistent powder flow was observed

which made deposition possible. Each wall was made by ten layers of single beads with

varying parameter combinations which can be found in Appendix C.1.

5.4.1 Characterisation of the Ti-6Al-4V/TiB2 trial deposits

Figure 5.8 shows the optical micrographs of the Ti-6Al-4V/TiB2 walls obtained from

the trial experiment. Though deposition was possible, clads are of a poor quality. The

deposits are characterised by poor interlayer bonding between individual layers, poor

bonding at the clad/substrate interface, delamination from substrate and poor side wall

surface finish.

Figure 5.8: Optical micrographs of the Ti-6Al-4V/TiB2 trial deposits showing im-
provement of the interlayer bonding as laser power increases and wall height increases

as traverse speed increases.
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Microstructural observations were undertaken on the polished cross section using SEM.

All clads were characterised by non-uniform distribution of the TiB2 particles, partially

melted Ti-6Al-4V particles and pores. The TiB2 powder was observed to leave the

powder jet as it separates from the powder stream flowing to the melt pool. Figure 5.9

shows the SEM/BSE images of the laser clad deposited with laser power of 1000 W and

traverse speed of 500 mm/min. In the SEM examination of the clad, the partially melted

Ti-6Al-4V and clusters of TiB2 particles are mostly present at the clad periphery. In

Figure 5.9(d), partially dissolved edges of TiB2 particles can be observed. The edges of

the angular TiB2 particles begin to grow out into the composite matrix as two contrast

levels are observed.

Figure 5.9: BSE images of the Ti-6Al-4V/TiB2 trial clad deposited with laser power
of 1000 W, traverse speed of 500mm/min and 20 g/min powder feed rate showing

partially melted Ti-6Al-4V and TiB2 particle clusters.

The observations suggest that the laser power may not be sufficient to completely melt

the Ti-6Al-4V powders and incorporate the TiB2 particles. Pores are observed in the

micrograph due to incomplete melting and gas entrapment. The issue of material feeding
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method and the pre-blended feedstock significantly affect the distribution of the TiB2

particles in the deposits. Thus, there is a need for improvement of the feedstock or

feeding process to make it suitable for the available powder feeding system to deliver it

consistently during the cladding process.

5.4.2 Modified feedstock TiB2 particle satellites on Ti-6Al-4V powder

particles

Having reported the microstructure of the trial deposits, a modification of the pre-

blended Ti-6Al-4V/TiB2 powder feedstock was required. The feedstock modification

made was to attach the TiB2 particles to the Ti-6Al-4V particle feedstock which has

been described in Section 3.2.3.1. Figure 5.10 shows the pre-blended powder with a 1:9

mass ratio of TiB2 to Ti-6Al-4V mixed with a 2.7 volume% PVA solution as binder, then

dried. The fine TiB2 particles are found to adhere to the surface of the spherical Ti-6Al-

4V powder particles under the influence of the adhesive. It was anticipated that this

modification would resolve the issue of having an uneven distribution of TiB2 particles

in the powder stream flowing into the melt pool. It was also expected that there would

be more uniform distribution of TiB2 particles in the melt pool. Thus, with the proper

selection of laser processing parameters, especially energy density, more uniform and

complete dissolution of TiB2 is to be expected.

Figure 5.10: SE-SEM image of the Ti-6Al-4V particles with TiB2 particle satellites
(a) low magnification (b) high magnification.
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Figure 5.11 shows the XRD spectrum of the modified feedstock shown in Figure 5.10.

The experimental scan was conducted over a 2θ range of 10-90o. Two phases are iden-

tified in the spectrum. These are α-Ti and TiB2 phases. The diffraction peaks of these

phases are similar to the ones discussed in Section 5.1 and 5.2. A small peak was found

at 2θ position of 20o which is suggested to indicate the presence of PVA in the powder

as Yang and Wu [128] reported that PVA exhibits a semi-crystalline structure whose

diffracted peaks can be found at low 2θ positions of 20o and 40o.

Figure 5.11: XRD spectrum for the modified feedstock TiB2/Ti-6Al-4V pre-blend
powder.

5.5 Cladding of the modified TiB2/Ti-6Al-4V feedstock

This section discusses the laser cladding characteristics of the pre-blended and modified

powder. The influence of the processing parameters on the geometrical characteristics

of deposits are investigated.

5.5.1 Physical characteristics of laser clad TiB2/Ti-6Al-4V feedstock

The cladding process was conducted using a side-fed material delivery system (Section

3.2.3) as the powder flow was observed to be consistent. The modification made to the

feedstock had facilitated the delivery of the powder into the laser generated melt pool
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using a side fed configuration. Single beads were deposited using a constant powder

feed rate of 10±1 g/min. Based on the analysis of the outcome from the preliminary

experiment discussed in Section 5.4, a laser power less than 1000 W was not adequate

enough for cladding the pre-blended powder. In this experimental work, a laser power

range of 1400 - 1800 W was used. The process factors with levels considered are as

follows:

• Laser power: 1400 1600 1800 W

• Traverse speed: 200 300 400 mm/min

• Powder feed rate: 10 g/min (constant)

• Focal position: 212 mm (20 mm out of beam focus)

• Beam diameter: 3.1 mm

The deposition length of each track was 80 mm and the pitch between track centres was

10 mm. An L - 9 orthogonal array was designed for the experiment which takes into

account the variable process factors (laser power and traverse speed) at three levels. This

is a fractional factorial experimental design aimed at limiting the number of experimental

runs while obtaining reliable results. The table for the process factor combination used

can be found in Appendix C.2.

The objective of the section is to determine the main effect of the process factors on the

bead height, width, melt pool depth and understanding the resulting microstructure

The width and height of each single track were measured using Talysurf CLI 1000 pro-

filer, and measurements were taken at three different locations along each track. The

measurements can be found in Appendix C.3.

5.5.2 Effect of process factors on TiB2/Ti-6Al-4V deposit height and

width

Figure 5.12 shows the main effect of the process factors on TiB2/Ti-6Al-4V bead height.

The bead height was found to be strongly dependent on traverse speed, similar to that

observed in Section 4.1.1. An inverse relationship was observed between the mean height
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and traverse speed with the highest mean bead height of 1.15 mm when the process speed

was 200 mm/min and 0.6 mm height for 400 mm/min process speed.

Figure 5.12: Main effect plot for mean height for deposited TiB2/Ti-6Al-4V powder
showing positive dependence of bead height on laser power and inverse dependence on

traverse speed.

Considering the effect of laser power between the lowest and highest level on the bead

height, a positive relationship was observed between laser power and bead height. The

mean height observed at laser power of 1800 W was 1.05 mm while at 1400 W, mean

height was 0.8 mm.

Figure 5.13 shows the main effect of the process parameters on the TiB2/Ti-6Al-4V bead

width. As expected, a strong and positive relationship was observed between laser power

and bead width. The lowest laser power used (1400 W) resulted in a mean bead width

of 3.9 mm and the highest laser power used in the experiment (1800 W) yielded mean

bead width of 4.7 mm. The bead width was also observed to be inversely dependent on

the traverse speed. Mean bead widths of 4.8 mm and 4.1 mm were measured when 200

mm/min and 400 mm/min traverse speeds were employed respectively.

Figure 5.14(a) shows a contour plot which combines the effect of laser power and traverse

speed on the deposit height. The arrow in the figure indicates the direction of increasing

height as laser power increases and traverse speed decreases. Within the process levels

used in the experimental design, the processing parameters that would give the maximum

bead height were determined by parameters associated with the top left side of the graph.

The maximum height of the bead was greater than 1.4 mm. From the contour plots,

the traverse speed required to deposit beads with a maximum height ranged between

200-230 mm/min and laser power required ranged between 1760-1800 W. Based on the
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Figure 5.13: Main effect plot for mean width for deposited TiB2/Ti-6Al-4V powder.

experimental work, a maximum bead height of 1.7 mm was achieved when laser power

of 1800 W and traverse speed of 200 mm/min were employed (Appendix C.3), and the

energy density required is 222 J.mm−2 using equation 4.6.

Figure 5.14: Combined effect of laser power and traverse speed on TiB2/Ti-6Al-4V
deposit (a) height; (b) width.

Figure 5.14(b) shows a contour plot which combines the influence of both laser power

and traverse speed on the deposit width. The plot shows that the width increases from

the bottom right hand corner to the top left hand corner, as the traverse speed decreases

and laser power employed increases. The maximum bead width can be obtained using

process parameters which are in the range of 1650-1800 W and 200-210 mm/min for laser

power and traverse speed respectively. The maximum bead width observed was 5.4 mm

(Appendix C.3), obtained for bead deposited with laser power of 1800 W and traverse

speed of 200 mm/min. This has a similar energy density requirement as obtained for

deposit height. This process parameter value falls within the value range for maximum

deposit width to be obtained.
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The minimum bead width obtained from the experiment was 3.95 mm (Appendix C.3)

and the corresponding process parameters value used were 1400 W laser power and 400

mm/min traverse speed. This results in a corresponding energy density value of 86

J.mm−2, with a beam diameter of 3.1 mm. This can be plotted in the bottom right

hand corner of the contour plot. Thus, the contour plot is a useful tool to predict the

physical characteristics of the beads obtained within the process parameter levels used

in the laser cladding experiment. The main effect plot (Figure 5.13) and the contour

plot (Figure 5.14(b)) are complementary.

5.5.3 Effect of process factors on bead substrate dilution

Figure 5.15 shows the schematic of bead on plate showing the region of the substrate

which melts to dilute the bead composition. The analysis to determine the dilution

percentage of the substrate with the bead content is conducted for the lowest and the

highest laser power levels employed. The dilution percentage is calculated using Equa-

tion (5.1) [10]. Table 5.1 presents the results obtained as dilution varies with traverse

speed.

Figure 5.15: Schematic of bead on plate showing the region of the substrate which
dilutes the clad composition.

Dilution(%) = 100(
As

As +Ac
) (5.1)

The result shows that bead-substrate dilution % increases significantly as traverse speed

increases. A substantial reduction in dilution is also observed at higher laser power

(1800 W) and higher traverse speed (400 mm/min) when compared to the lowest laser

power level (1400 W). It may have been more appropriate to determine the change in

the remelting area or the penetration depth (ratio of As to Ac) rather than the study
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Table 5.1: Substrate dilution percentage showing a significant increase in dilution
with increasing traverse speed

Laser power 1400 W 1800W

Traverse speed Bead - substrate dilution

200 mm/min 14% 15%
300 mm/min 24% 21%
400 mm/min 33% 23%

of dilution. Since, the rate at which the clad area increases with decreasing traverse

speed is greater than the increase in the melted substrate area, the dilution percentage,

calculated using equation (5.1), will decrease with decreasing traverse speed.

5.6 Microstructure of TiB2/Ti-6Al-4V composite beads

5.6.1 Composite bead cross section characteristics

Figure 5.16 shows the TiB2/Ti-6Al-4V composite bead cross sections, which have been

polished and examined using SEM. All the composite beads are observed to be metal-

lurgically bonded to the Ti-6Al-4V substrate with an appreciable substrate melt depth

of 230-360 µm. Based on the process parameters employed in this study, no cracks or

delamination are observed in samples deposited. A few pores are observed on some

of the clad cross sections near the clad-substrate interface. A few partially melted Ti-

6Al-4V particles can be observed in the micrographs in Figure 5.16. These are seen

as dark features which are mostly observed in the clad periphery regions. Based on

visual observation, the presence of the partially melted Ti-6Al-4V particles was found

to decrease with increasing traverse speed for beads deposited with laser power of 1400

W and partially for 1600 W and not for 1800 W.

5.6.2 Phases present in TiB2/Ti-6Al-4V composite beads

Having observed that the beads deposited with high traverse speeds (400 mm/min and

above) possess fewer partially melted particles, overlapping tracks corresponding to the

single beads shown in Figure 5.16 (c), (f) and (i) were prepared for XRD examination.

Figure 5.17 shows XRD patterns for the beads deposited using laser power of 1400 W,

1600 W and 1800 W with a constant traverse speed of 400 mm/min and a constant
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powder feed rate of 10 g/min. The patterns were similar and the same phases were

identified with the exception of the bead deposited with laser power of 1400 W which

had a trace of TiB2 phase remaining from the primary feedstock. The phases were

identified by comparing the diffraction peaks in each spectrum with the phase patterns

in the ICDD database.

Figure 5.17: XRD spectra for TiB2/Ti-6Al-4V clad layer deposited using a range of
laser powers, a traverse speed of 400 mm/min, and a powder feed rate of 10 g/min

showing the disappearance of TiB2 phase as laser power increases.

The matching phases with their pattern file number include:

• α-Ti (ICDD no: 00-044-1294),

• TiB2 (ICDD no: 01-085-2083), and

• TiB (ICDD no:01-073-2148)

The spectra with the matching phase patterns are presented in Appendix C.5. The first

two phases mentioned correspond to the phases identified in the primary feedstock as

discussed in Section 5.4.2. Thus, the ICDD file for the identified TiB is presented in

Appendix C.6.
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5.6.3 Microstructural features of the TiB2/Ti-6Al-4V composite

Figure 5.18 shows the cross sections of beads slightly etched with Krolls reagent whose

phases are presented in Section 5.6.2. In the cross sections, the observed pores are

located along the fusion line. Partially melted Ti-6Al-4V particles are seen mostly near

the top of the bead cross section down towards the middle section of the sample. A clear

fusion line is also observed with the expectation of a good metallurgical bond between

the bead and the substrate. The contact angle between the clad and the substrate is

observed to be greater than 100o in all cases. An angle of 150±2o was measured for

bead cross section in Figure 5.18(a). This indicates that all the beads presented are

suitable for multipass overlap cladding which would result in no inter-run porosity with

the proper selection of overlap pitch. Moreover, the micrographs confirm that bead-

substrate dilution is reduced as laser power increases to complement result presented in

Section 5.5.3.

Figure 5.19 shows magnified images of the box section of the bead cross sections of Figure

5.18 showing a Ti rich primary phase (dark contrast) and a eutectic like region of needles

and matrix in between the dendrites. The dendritic Ti-rich phase is more apparent in

Figure 5.19(b) than in (d) or (f). The TiB reinforcements, which are commonly seen as

white needles in the micrograph, are randomly oriented. The TiB needles are of varying

lengths and a very narrow width. In Figure 5.19(d), the longest TiB needle observed

in the micrograph of bead deposited with a laser power of 1600 W is 30 µm, while 40

µm is measured in Figure 5.19(f) for bead deposited with 1800 W laser power. This

may indicate that the length of the in-situ synthesized TiB reinforcement is positively

dependent on the laser power employed to process the feedstock.

In Figure 5.19(f), the TiB precipitates are well distributed in the Ti phase, while eu-

tectic TiB reinforcements which are oriented in the same direction is prevalent in the

Ti-rich interdendritic region in Figure 5.19(b). This is a good indication of a strong

mixing activity which must have taken place when higher laser power is employed for

the cladding process. The higher magnification SEM images (secondary electron) of

Figure 5.20 show the presence of what could be partially dissolved TiB2 particles and

micro pores throughout the bead cross sections irrespective of the laser power used. In

the XRD scan, low intensity peaks of TiB2 phase are identified for the bead processed
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Figure 5.18: SE-SEM image of the cross section of single beads showing partially
melted Ti-6Al-4V particles around the clad periphery and pores close to the fusion
line. Process parameters: Traverse speed = 400 mm/min, Powder feed rate = 10

g/min; Laser power = (a) 1400 W (b) 1600 W and (c) 1800W.

at 1400 W. This may suggest that the presence of partially dissolved TiB2 particles de-

creases with increasing laser power. However, there remains a remnant of the unreacted

particles when processed with a high laser power such as 1800 W, as seen in Figure

5.20(c). In Figure 5.20(d), the dark grey TiB2 particle is observed to have a light grey

edge with growth of TiB needles around the edge. This indicates that as TiB2 particles

are dissolving into the Ti melt, its boron atoms react with Ti to form TiB reinforcements

on cooling.

Micro pores with white halo edges, which are either circular or elliptical in cross sec-

tion, are observed in the micrographs. In Figure 5.20(d), a near circular micro pore is

measured to have a 1 µm diameter size.
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Figure 5.19: SE-SEM images of etched samples with the middle section of bead cross
sections showing a uniform and random distribution of TiB reinforcement in (a)&(b)
higher magnification of box in Figure 5.18(a), (c)&(d) higher magnification of box in

Figure 5.18(b) and (e)&(f) higher magnification of box in Figure 5.18(c).
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Figure 5.20: SE-SEM images of etched samples showing the presence of TiB2 particles
and pores in all bead cross sections.

Figure 5.21 shows the micrograph of the top region of the TiB2/Ti-6Al-4V composite

beads. Partially dissolved Ti-6Al-4V and TiB2 particles are mostly observed in the re-

gion. The cross section of the embedded Ti-6Al-4V is characterised by what could be

acicular or martensitic α-Ti structure. In Figure 5.21(b), radial growth of TiB needles

is observed to cluster around the partially melted Ti-6Al-4V particle. These TiB pre-

cipitates grow from the Ti-6Al-4V particle surface. The TiB clusters had resulted from

the TiB2 powder attached onto the Ti-6Al-4V particles. The TiB2 particles attached

to the Ti-6Al-4V particle have been preserved even after it has been blown through

the powder feeding system. Upon laser irradiation, the TiB2 particles dissolved making

region around the Ti-6Al-4V particle boron-rich and reacting with Ti melt to form TiB

clusters as observed.

Figure 5.22 shows the micrographs of the clad/substrate region of the composite beads.

A clear clad/substrate interface is observed at the fusion boundary. Large pores with

a variety of morphologies in cross section are observed in the micrographs which are
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Figure 5.21: SE-SEM images of etched samples with the top region of the composite
bead showing partially dissolved Ti-6Al-4V and TiB2 particles with TiB precipitate

clusters.

located close to the clad/substrate interface. In Figure 5.22(a), a hemispherical recess

is observed with a near circular edge. This pore is not a through hole and the recess

indicates a Ti-6Al-4V pull-out. However, in Figure 5.22(b) and (c), the observed pores

are deep which is suggested to be associated with incomplete fill or gas entrapment.

Figure 5.22: SE-SEM images of etched samples with the clad/substrate regions of the
composite showing large pores and a clear fusion boundary line at the clad/substrate

interface.

The SEM images (secondary electron) of these lightly etched TiB2/Ti-6Al-4V composite

samples show that the majority of the TiB2 particles dissolve in the melt. The dissolution

of TiB2 results in the formation of TiB precipitates in the form of needles on cooling.

Depending on the process parameters employed, a Ti-rich dendritic or a eutectic-like

TiB dispersed in Ti matrix structure is formed. The TiB reinforcements are uniformly

and randomly distributed in a Ti matrix characterized as α-Ti phase. Increasing laser

power is observed to produce TiB reinforcement with a longer length. Though partially
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dissolved TiB2 and Ti-6Al-4V particles are evident in all samples, XRD results show

that by employing a higher laser power, partially dissolved particles may be reduced. A

clear clad/substrate interface, a few large pores at the fusion line and micro pores are

observed in the micrographs. The adherence of the TiB2 powder onto the surface of the

Ti-6Al-4V particles was sufficient to survive powder feeding. This promotes a uniform

distribution of the reinforcing element (TiB2 particles/TiB whiskers) in the melt pool

when compared to the microstructure of the preliminary cladding experiment discussed

in Section 5.4.1.

5.7 Microhardness of the TiB2/Ti-6Al-4V composite beads

Figure 5.23 shows the variation of hardness across the bead cross sections shown in Figure

5.16. The Vickers hardness test was conducted using a load of 300 gf and a loading time

of 15 s with indent spacing of 127 µm from the clad top region down into the substrate.

At each level of indent, three hardness values were obtained along lines 254 µm apart.

The zero position on each graph is on the fusion boundary between the clad and the

substrate. Results show that the top region of the beads had a higher mean hardness

value which ranged between 490-590 HV0.3 when compared to the central region of the

beads which had relatively uniform hardness values. The high hardness in the top region

is directly attributed to the presence of partially dissolved TiB2 particles observed in

the clad periphery. Though the hardness of this top region is not as high as the TiB2

(3650 HV - Table 2.8), the existence of these partially dissolved TiB2 particles influences

the hardness values obtained in this top region of the beads. It is also observed that

hardness value at the top region decreases with increasing laser power. A mean hardness

of 590±49 HV0.3 is observed when 1400 W laser power is employed, while 490±14 HV0.3

for 1800 W at a common traverse speed of 200 mm/min. The hardness results also show

that a homogenous TiB2/Ti-6Al-4V composite is formed when processing is conducted at

higher traverse speeds (400 mm/min). The hardness across all beads deposited using 400

mm/min traverse speed ranges from 440-480 HV0.3 with a standard error less than 15.

The consistency in hardness values of the beads deposited at 400 mm/min is attributed

to the reduced presence of partially dissolved particles in the beads. There is a drop in

hardness values when the indents are made in the heat affected zone (HAZ) below the

fusion line. The substrate hardness is consistent with the value quoted for Ti-6Al-4V
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(349 HV - Table 2.3). A hardness enhancement of 30% is achieved with the 10 wt. %

TiB2 reinforcement in Ti-6Al-4V.

5.8 Multilayer cladding of TiB2/Ti-6Al-4V powder

Figure 5.24 shows the multilayer wall built using a continuous build strategy as described

in Section 3.6 with the TiB2/Ti-6Al-4V feedstock. The traverse speed and powder feed

rate for the wall was kept constant throughout the deposition process at 200, 400 or 600

mm/min and 10 g/min respectively.

Table 5.2 shows the process parameters employed for building the composite walls. A

laser power of 1800 W is employed at the initial start of the wall building while the speed

is kept constant throughout. This allows for metallurgical bonding to develop between

the first bead and the substrate. After the 4th layer, the laser power is reduced to 1600

W to avoid the flattening of the previous layer. A multilayer of single laser pass is made

to ensure that wall built is sufficiently high to cut out tensile test piece with dimensions

shown in Figure 3.9. In Figure 5.24, there is height discrepancy at both ends which is

associated with the acceleration and deceleration of the CNC table. The discrepancy

is attributed to re-melting of the previous layer which becomes prominent at the ends.

The control of laser power during deposition is expected to eliminate this shortcoming.

The walls are cut off the Ti-6Al-4V substrate, and milled to a flat thin wall of 4 mm

width. Tensile tests specimens are cut out of the flat thin walls using WireEDM.

Table 5.2: Process parameters employed for wall building

Layers Laser power (W) Traverse speed (mm/min) Step height in Z (mm)

1st - 4th 1800 200 1
5th - 7th 1600 400 0.6
8th - nth 1500 600 0.4

5.8.1 TiB2/Ti-6Al-4V composite wall in cross section

Figure 5.25 shows the etched optical micrographs of the multilayer walls with the in-

dividual layer bands clearly seen. The difference in the number of layers required to

achieve the same height is accounted for by different step height in z-axis employed

during cladding (Table 5.2). The individual layers are metallurgically bonded to one
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Figure 5.24: Multilayer wall built from side-fed TiB2/Ti-6Al-4V feedstock using a
traverse speed of 200 mm/min.

another. However, pores are observed predominantly in the interlayer band regions in

all the deposited walls. No crack or delamination is observed in all the multilayer walls

deposited based on the process parameters employed. As expected, the width of the

deposited walls decreases with increasing traverse speed.

Figure 5.25: Etched optical micrographs of multilayer walls built with clearly observed
individual layer bands which are marked by white dashed lines.
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5.8.2 Microstructure of the interlayer region of the multilayer wall

Figure 5.26 shows the etched optical micrographs of an interlayer region of a TiB2/Ti-

6Al-4V composite wall. The interlayer region is situated between the second and the

third layer of wall deposited with a constant traverse speed of 200 mm/min. A common

laser power of 1800 W is employed to deposit both the second and the third layer. Thus,

the top region of the second layer has experienced reheating and remelts for the third

layer to be metallurgically bonded to it. The re-melting of the second layer results in

the observed layer bands. Pores and partially melted Ti-6Al-4V particles are observed

in the interlayer band regions. These are also previously observed in the single bead

characterisation reported in Section 5.6.3.

At higher magnification, the microstructure of interlayer region is characterised by both

primary and eutectic TiB precipitates dispersed in the α-Ti matrix as shown in Figure

5.26(b). Regions farther away from the layer band are characterised by predominantly

eutectic TiB needles uniformly and randomly distributed in the Ti matrix as shown in

Figure 5.26(a) and (c). Hence, the TiB2/Ti-6Al-4V composite walls are made up of

eutectic TiB uniformly dispersed in a Ti matrix with thin interlayer bands possessing

both primary and eutectic TiB precipitates owing to re-melting and re-solidification of

the surface of the previous layer.

5.8.3 Microhardness of TiB2/Ti-6Al-4V composite wall

Figure 5.27 shows the microhardness profile along the centre line of the TiB2/Ti-6Al-4V

composite wall in cross section. The Vickers hardness test was conducted using a load

of 300gf and a loading time of 15 s with indent spacing of 0.5 mm from the first clad

layer to the ninth layer. The mean hardness of the central region of each layer and

the interlayer regions are 461±4 HV and 440±5 HV respectively. The hardness of the

interlayer region is lower than the central region of each layer. This can be attributed

to the microstructural change that occurred in the region as a result of re-melting and

re-solidification. The overall wall hardness is 451±4 HV. The hardness values measured

falls within the limits of 440-480 HV measured in the central region of single beads as

shown in Figure 5.23.
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Figure 5.27: Microhardness profile along the centre line of the TiB2/Ti-6Al-4V com-
posite wall built at 200 mm/min traverse speed.

5.9 Tensile properties of the laser clad Ti-6Al-4V/TiB2

composite

This section details the results obtained from the tensile test conducted on the Ti-

6Al-4V/TiB2 composite specimens. As, the integrity of the composite for structural

applications would be based on its elastic properties, thus this section discusses the ten-

sile test conducted on samples and the results obtained in terms of their tensile strength,

elongation and modulus of elasticity. The SEM fractograph of the fractured test piece

surfaces are analysed and discussed. This allows the performance of components built
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in this way to be tested.

5.9.1 Tensile properties

Figure 5.28 shows the TiB2/Ti-6Al-4V composite test specimens. These specimens are

prepared by building walls as discussed in Section 5.8. Samples with dimensions reported

in Section 3.8.3 are cut using WireEDM. The test is conducted according to BS EN

10002-1:2001 with the test setup described in Section 3.10.

Figure 5.28: Tensile test specimens from the Ti-6Al-4V/TiB2 composite wall built.
Specimens A, B and C are built at a traverse speed of 200 mm/min and a powder feed

rate of 10 g/min

Three samples labelled A, B and C are prepared from walls built with a common traverse

speed of 200 mm/min and a powder feed rate of 10 g/min. These three samples are

subjected to tensile pull at the rate of 1 mm/min to ensure the repeatability of their

tensile properties. The specimens are loaded at room temperature until fracture occurred

and the extensiometer was used to record strain in the samples before failure. Owing

to a rapid failure of composite materials, the elongation of the samples is effectively

measured over a strain of 0.3-0.4%, and thereafter, the extensiometer is dismounted.

Figure 5.29 shows the stress-strain curve for the three samples. Samples A, B and C have

an elastic modulus of 142 GPa, 148 GPa and 135 GPa respectively. These values are

evaluated in the region where reliable elongation data is available via the extensiometer.

It should be noted that the maximum tensile strength before failure of the samples A, B

and C are 905 MPa, 984 MPa and 523 MPa respectively. The maximum tensile strength

exhibited by samples A and B are relatively close while that of sample C is lower. Figure

5.30 shows the fractured tensile test specimens. Samples A and B fractured within the

gauge length which made the tensile results obtained for these samples valid. However,
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Figure 5.29: Tensile stress-strain curve for the laser clad TiB2/Ti-6Al-4V composite
specimens A, B and C built at a common traverse speed of 200 mm/min and a powder

feed rate of 10 g/min.

sample C failed at the beginning of the transition radius region, and its result may not

be considered as a true representation of the composite properties. Hence, the tensile

result obtained from the sample A and B shows that the mean elastic modulus for the

laser clad TiB2/Ti-6Al-4V composite is evaluated as 145 GPa and the mean ultimate

strength is 945 MPa. Furthermore, the fractured surfaces would be examined in order

to understand the behaviour of the composite under the influence of an external load.

Figure 5.30: Fractured composite tensile test pieces.
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5.9.2 Fractographs of TiB2/Ti-6Al-4V Composites

Figure 5.31 shows the SEM images of the fracture surfaces of the Ti-6Al-4V/TiB2 tensile

specimens. Figure 5.31(a) and (b) are the mating fracture surfaces of sample A with

identical features in the white boxes. Figure 5.31(c) and (d) are the fracture surfaces for

sample B and C respectively. The surfaces exhibit a brittle fracture as there is no sign

of visible plastic deformation and the fracture surfaces are normal to the direction of the

tensile loads. Sites of partially melted Ti-6Al-4V particles are observed on the fractured

surfaces. The partially melted Ti-6Al-4V particles or their pull-out regions are observed

to be arranged along the same line and in a repetitive pattern of regular interval. This

particle arrangement is attributed to the presence of partially melted Ti-6Al-4V particles

which are mostly arranged at the clad periphery as discussed in Section 5.6.3. This

resulted in the repetitive particle arrangement observed in the micrographs. Cleavage

features are observed on the fracture surface as cracks are initiated and propagated

across the fracture plane.

Figure 5.31: SE images of the fractured tensile test piece surfaces of the laser clad
TiB2/Ti-6Al-4V composite.

Figure 5.32 shows the microscopic features of the fracture surface of specimen A (Figure

5.31a). Micro cracks are suggested to have developed at the particle-matrix interface,



Chapter 5. Laser cladding of Ti-6Al-4V/TiB2 composites 184

as the localised stress exceeds the interfacial strength between the composite matrix

and the Ti-6Al-4V particles. The micro cracks are interlinked by fracture paths as

clearly observed in Figure 5.32(a) and (b). The microscopic features of the fracture

surfaces show that the TiB needle reinforcements grow radially from the boron source.

Radial arrangements of TiB reinforcements are observed which have grown from TiB2

particles. The reinforcements must have grown out in all directions around each TiB2

particle until they are all interlinked in the composite matrix forming a tight network.

Upon the subjection of the composite to tensile load, cracks are envisaged to have

nucleated from the points where the reinforcements had grown. As the crack initiates at

this microscopic level, the crack propagation has the tendency to follow the directions

of TiB reinforcements which are normal to the tensile load. The fracture paths which

followed the radial directions of the TiB reinforcements are observed in Figure 5.32(c)

and (d). Owing to the tight network of randomly oriented TiB reinforcements, the

fracture paths, which follow the TiB growth directions, are intercepted by another set of

radial TiB reinforcements. This causes steps to be formed on the fracture surface instead

of having an entirely flat fracture surface. It can be suggested that having a radial growth

of the TiB reinforcements which are interwoven to form a tight TiB network is preferred.

An excellent load transfer among the TiB reinforcements is envisaged in the composite

matrix.

Figure 5.33 shows the fractured surface profile of the TiB2/Ti-6Al-4V composite sub-

jected to tensile test. TiB reinforcements are randomly oriented in the α-Ti matrix

with sub-surface cracks observed below the fractured surface in the micrographs. The

cracks propagate along the interface between the TiB reinforcement and the composite

matrix as shown in Figure 5.33(a). A crack is also seen to cut across the TiB needle

as well, which may be attributed to an effective load transfer from Ti matrix to the

TiB reinforcement. More so, cracks are seen to develop in the composite matrix as it is

subjected to tensile load.

5.10 Discussion

In this study, the experimental observations can be explained by considering the cladding

process as a series of events. The first event occurs during the period of laser irradiation

as the composite TiB2/Ti-6Al-4V particles exit the powder nozzle into the melt pool.
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Figure 5.32: SEM images of the microscopic features of the TiB2/Ti-6Al-4V fracture
surface of specimen A (Figure 5.31a).

Figure 5.33: SE micrographs of the fractured surface profile of the TiB2/Ti-6Al-4V
composite specimen A (Figure 5.31a).
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The second event is the formation of the microstructure as the melt pool solidifies

and cools in solid state. Hence, the discussion on observations focuses on melting and

dissolution of the feedstock and microstructure formation on cooling. The influence of

the process parameters on microstructural observations and bead physical characteristics

with microhardness is also discussed.

5.10.1 Dissolution/melting of Ti-6Al-4V and TiB2 particles

It is evident that the trajectory of powder particles through the laser beam before reach-

ing the melt pool results in energy attenuation [129]. The attenuated energy is either

absorbed or reflected by the particles upon irradiation with the laser beam. The energy

absorptivity of the particle is dependent on the laser wavelength, nature of particle ma-

terial and particle surface geometry amongst others [81]. Non-oxide ceramic materials

have the ability to absorb (78-82)% and Ti, 77% of the laser energy, when irradiated

with a 1.06 µm wavelength, laser beam [81]. This operating wavelength is similar to that

of the fibre laser (1.07 µm) used in this experimental study. Hence, the TiB2/Ti-6Al-4V

feedstock absorbs a reasonably high proportion of the laser energy, as the particles travel

through the laser beam into the melt pool.

Figure 5.34 shows a schematic diagram of the laser beam-particle interaction as the

particle approaches the melt pool. As the feedstock exits the powder nozzle, a particle

at the central region of the powder stream enters the laser beam zone at point A.

As this particle travels through the beam, laser energy is absorbed at a skin layer of

the order of 10 nm [81]. As heat is generated within the particle structure, the particle

temperature begins to rise. Figure 5.35 shows the schematic of process that occurs as

the TiB2/Ti-6Al-4V particle travels through the laser beam from point A to point B.

As heat is generated on the surface layer of the particle exposed to the laser beam,

heat is rapidly conducted away into the particle solid structure. Owing to TiB2’s higher

absorptivity, the particles attached onto the Ti-6Al-4V surface assist in more laser energy

absorption and heat is conducted through to the Ti-6Al-4V particle. The rapid heat

conduction encourages the maintenance of a uniform temperature within the particles.

As a TiB2/Ti-6Al-4V particle enters the laser beam at point A and begins to approach

the melt pool, the temperature of the particle system increases simultaneously.
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Figure 5.34: Schematic of the laser beam-particle interaction before particle reaches
the melt pool.

Figure 5.35: Schematic of the process occurring as the TiB2/Ti-6Al-4V particle travel
through laser beam.
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The temperature attained by the particle is dependent on the distance travelled from

point A to point B before entering into the melt pool, the particle speed, laser power

density, radiated particle area and particle material properties [41, 114]. Equation (5.2)

gives an expression of particle temperature, T, subjected to laser irradiation.

T = To +
I(x,y)ηApd

mpcpvp
(5.2)

Where, To = initial temperature of the particle, I(x,y) = laser power density, η = laser

absorptivity of the particle material, Ap = the effective particle area irradiated, d =

distance travelled by the particle in the laser beam, mp = mass of the particle, cp =

specific heat capacity of the particle material, and vp = the projected particle speed.

Thus, the smaller the angle between the central axes of the laser beam and the pow-

der stream, the longer the distance travelled by the particles in the laser beam. This

encourages uniform particle temperature distribution over the melt pool [114]. The par-

ticle velocity is dependent on the carrier gas flow rate and the nozzle exit diameter [46].

Hence, in this study, with a 4 mm exit nozzle diameter, and a 10 L/min carrier gas flow

rate, the particle speed is estimated to be about 1 m/s. With this speed and owing to the

attached TiB2 particles, the temperature of the particle system may reach a maximum

of 3000oC before entering the melt pool at point B [41]. However, as the temperature of

the particle system increases beyond 1650±10oC, the Ti-6Al-4V particles begin to melt.

As the Ti-6Al-4V surface becomes molten, the TiB2 particle on its surface enters the

Ti liquid. With an increasing negative surface tension-temperature gradient and lower

viscosity of the molten Ti, the TiB2 particle begins to sink into the Ti melt. As the

TiB2 particle sinks, the liquid Ti wets the particle surface and this causes the particle to

begin to dissolve in the Ti melt. Thus, each particle approaching the melt pool in form

of droplet is independently enriched with elemental boron. However, the dissolution of

the TiB2 continues in the melt pool provided it is not yet completed before the particle

system reaches the melt pool as schematically shown in Figure 5.36. As the particle

system enters the melt pool, the energy absorbed by the particle is transferred into the

melt pool [129, 130]. It is assumed that the temperature of the melt pool may approach

3000oC [41]. Thus, according to the Ti-B phase diagram, as the TiB2 dissolves in the Ti

melt at this temperature, it maintains a state of equilibrium at its solid/liquid interface

with boron concentration of 55 at.%.
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Figure 5.36: Schematic of TiB2 dissolution in the Ti melt showing boron diffusion
with 55 at.% B maintained at the solid/liquid interface.

It can be suggested that the rate of boron diffusion, possibly enhanced by convection,

into the Ti melt governs the dissolution of TiB2, which is dependent on temperature and

time. As boron solute diffuses farther away from the TiB2 interface and are redistributed

in the melt pool, owing to the flow convection, the boron concentration at the interface

begins to fall below 55 at.%. Thus, in order to keep up with the state of equilibrium at

the solid/liquid interface, the TiB2 particle further dissolves to maintain the required

boron concentration. This causes the particle size to be smaller as the distance from

the centre of the particle, A, to the interface at B, reduce to AB’. It is envisaged that

the dissolution will continue. However, as the temperature decreases from 3000oC over

a period of time, the boron concentration required to maintain a state of equilibrium

at the TiB2/melt interface also decreases. Therefore, the dissolution is dependent on

temperature, time and extent of melt convection.

The entry of TiB2/Ti-6Al-4V particles into the melt pool at its periphery may result

in reduced laser-particle interaction before entering the pool, since the particle may not

have travelled through the laser beam. This results in reduced particle dissolution at the

periphery. However, the TiB2 particles attached on the Ti-6Al-4V particle surface start

to dissolve on reaching the melt pool. These particles prevent the wetting of Ti-6Al-4V

particle with the liquid Ti in the melt pool. The TiB2 particles absorb heat from the melt
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pool, but do not conduct enough heat to completely melt the Ti-6Al-4V particle. Rather,

the TiB2 particles locally dissolve into the melt, as boron diffuses farther away from the

TiB2 particle interface. Thus, the partially melted Ti-6Al-4V particle surface serves as

a suitable site for TiB to nucleate and grow. This explains the reason for clustered TiB

whiskers observed around partially melted Ti-6Al-4V particles as shown in Figure 5.21.

These are predominantly observed at the bead periphery as the particles are conveyed

to the region by the Maragoni flow convection before solidification occurs [38]. However,

in order to study the reason for partially melted Ti-6Al-4V particles, Ti-6Al-4V powder

only can be deposited. The partially melted Ti-6Al-4V may be attributed to particles

which have settled on the melt pool surface and sank below the pool surface owing to

gravity.

5.10.2 Microstructure formation on cooling

The microstructure of the laser clad composites is dependent on the melt pool chemistry

and cooling rate (temperature gradient and solidification velocity). The dissolution of

the feedstock delivered into the melt pool with a corresponding homogenisation of the

chemical constituents determines the formation of the resultant reaction products. Thus,

in order to explain the final microstructure of the composite, there is a need to consider

the overall composition of the melt pool.

In this study, the feedstock comprises of 10 wt.% TiB2 powder and 90 wt.% Ti-6Al-4V

powder. With an assumption that these absolute proportions were steadily delivered

into the melt pool are fully dissolved and considering the effect of substrate dilution, the

likely overall melt pool composition is computed. The bead deposited with a laser power

of 1800 W, 400 mm/min traverse speed and 10 g/min powder feed rate, is chosen for the

purpose of analysis. The substrate dilution effect on the overall melt pool composition

is 23% as presented in Table 5.1. The clad cross sectional area, Ac, is measured as 2.198

mm2 and the substrate melt area, As, is 0.656 mm2.

The density of Ti-6Al-4V and TiB2 powders was measured, using helium pycnometer,

as 4.439±0.003 g/cm3 and 4.441±0.003 g/cm3 respectively. The density of wrought Ti-

6Al-4V substrate was taken as 4.42 g/cm3. The analysis shows that the likely overall

melt pool composition is 7.71 wt.% TiB2/92.29 wt.% Ti-6Al-4V. Since a 90 wt.% Ti is
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present in Ti-6Al-4V and TiB2 comprises 68.88 wt.% Ti and 31.12 wt.% B, the likely

overall melt pool composition is 2.6 wt.% B/97.4 wt.% Ti as summarised in Table 5.3.

Table 5.3: Analysis of the bead to determine the probable overall melt pool elemental
composition

Element Clad Substrate Total wt.%

Volume (cm3) 2.198 x 10−3 6.56 x 10−4 - -
Mass (g) 9.756 x 10−3 2.9 x 10−3 - -

Ti-6Al-4V (g) 8.78 x 10−3 2.9 x 10−3 1.168 x 10−2 92.29
TiB2 (g) 9.76 x 10−4 - 9.76 x 10−4 7.71

Ti (g) 88.4 97.36 wt.% Ti
B (g) 2.4 2.64 wt.% B

The analysis shows that the probable melt composition is close to the eutectic. Figure

5.37 shows the estimated melt pool composition on the Ti-B phase diagram with Al and

V content neglected. On rapid cooling, typical of laser processing, as the temperature

of the melt pool liquid decreases to about 1570oC, point A, located on the liquidus line,

is reached. At this position, the primary TiB phase is expected to start nucleating from

the liquid solution according to equation (5.3). As TiB nucleates and freezes in the melt,

the composition and temperature of the liquid melt moves along the liquidus line from

point A to point CE , the eutectic point.

L = L+ TiB(1570oC, 2.6wt%B) (5.3)

L = β − Ti+ TiB(1540 ± 10oC, eutectic) (5.4)

On further cooling to 1540oC (eutectic temperature, point B), the precipitation of the

eutectic TiB prevails in the solidified Ti matrix as the liquid freezes and transforms into

the two phases, according to equation (5.4).

Hence, assuming solidification follows the phase diagram, the expected structure is a

small fraction of primary TiB in a (β-Ti + TiB) eutectic matrix. As temperature de-

creases further to beta transus temperature (884±2oC) at position C, β-Ti is transformed

to α-Ti. The precipitation of Ti3B4 and TiB2 would not have been possible due to the

rapid cooling and low solubility of boron in Ti [131, 132]. This explains the reason for

the presence of the eutectic TiB reinforcement only in the microstructure, apart from the

presence of partially dissolved particles. The primary TiB may not have been observed
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as there is not enough time for its precipitation in a non-equilibrium laser processing

technique [85], hence eutectic TiB precipitates prevail in the specimens produced.

Figure 5.37: A plot showing estimated melt pool composition (2.6 wt.% B) on the
Ti-B phase diagram.

It is noteworthy that TiB nucleation to complete formation occurs within a short tem-

perature range. The TiB nucleation starts at 1570oC (point A) and complete formation

of precipitates is expected to occur on the eutectic line at 1540±10oC (point B) [133].

Hence, the temperature difference is 30±10oC, and the rate of heat dissipation, deter-

mines the time taken for the temperature to drop from point A to B.

However, with increased dilution of the melt pool by the substrate material, the boron

concentration is further reduced in the overall composition. Such as 1400 W laser power

deposited sample having 33% dilution (Table 5.1), it is suggested that its melt pool

composition may lie on the eutectic point or in the hypoeutectic region. This suggestion

seems to be valid, as its microstructure is characterised by Ti-rich dendrites with fine

eutectic in interdendritic regions (Figure 5.19(b)). In theory, having the overall melt

pool composition on the eutectic point, the liquid solution cools rapidly to the eutectic

temperature and transforms into the two solid phases (β-Ti and TiB) as illustrated in

Figure 5.38 [133]. Thus, it may be suggested that the microstructure on cooling for melt
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Figure 5.38: Schematic of microstructure on cooling of a melt pool with eutectic
composition as the liquid transforms to β-Ti and eutectic TiB.

pool, whose boron concentration is less than or equal to that of the eutectic point (2.1

wt.% B), would be characterised by Ti-rich dendrites and eutectic TiB interdendrites.

The presence of boron in the Ti melt acts as an α-stabiliser which caused the beta

transus temperature to be raised by about 60oC [131, 134] when compared to that of

Ti-6Al-4V (999±15) [49].

The microstructure of the multilayer wall is characterised by eutectic TiB plates/nee-

dles uniformly and randomly dispersed the α-Ti matrix within each layer. Owing to

reheating, the interlayer regions of the wall are characterised by a mixture of primary

and eutectic TiB precipitates dispersed in the Ti matrix as shown in Figure 5.26. These

observations can be explained by the melt pool composition and the thermal history

experienced during the wall deposition. Since, the effect of dilution with substrate is

limited in each layer making the wall apart from the first layer, the likely overall melt

pool composition is expected to be 10 wt.% TiB/ 90 wt.% Ti-6Al-4V. This composition

corresponds to 3.5 wt.% B concentration in 96.5 wt.% Ti liquid solution, assuming all

the feedstock delivered into the melt pool is fully molten. This melt pool composition

lies in the hypereutectic region when plotted on the Ti-B phase diagram. Thus, on cool-

ing to the liquidus line, primary TiB may likely form in the liquid, provided the cooling

rate is less rapid. However, eutectic TiB precipitates are predominantly observed in

the central region of each individual layer, indicative of rapid cooling. Owing to the

partial remelting of the previous layer, the interlayer band is formed between the layers.
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The preheating of the previous layer helps to reduce cooling rate, thus allowing the

nucleation of the primary phase before the remaining molten liquid transforms into the

eutectic phases [38, 135, 136]. Hence, plate-like primary TiB precipitates are formed in

the interlayer regions before the molten liquid is transformed into eutectic TiB precipi-

tates and α-Ti phase, as the region slowly cools to the eutectic temperature (1540oC).

Figure 5.39 shows a schematic of the composite wall microstructure with the eutectic

structure sandwiched with a thin interlayer structure characterised by a mixture of pri-

mary and eutectic TiB. The liquid composition and temperature variation, as the melt

pool composition moves along the liquidus line from point A to CE , determine the char-

acteristics of the microstructure formed on cooling. Since the melt pool composition is

in the hypereutectic region, it is highly possible for primary TiB to be formed on slower

cooling as composition changes from point A to CE . This is observed in the interlayer

region. However, with the same melt pool composition on rapid cooling, eutectic TiB

dominates the microstructure as observed in the regions farther away from the interlayer

into each deposited layer.

Figure 5.39: A schematic of the TiB2/Ti-6Al-4V composite wall showing the mi-
crostructure of the interlayer and the deposited layers with the melt pool composition

of 3.5 wt% B in the hypereutectic region.
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5.10.3 Process parameter effects

Figure 5.12 shows that traverse speed strongly influences the reduction of deposit height.

This is directly attributed to the expected decrease in volume of feedstock delivered per

unit length and catchment into the melt pool with increasing traverse speed. Moreover,

the melt pool size decreases with increasing traverse speed, due to a corresponding

shorter laser-substrate interaction time. However, increasing laser power promotes the

increase of melt pool size which corresponds to an increase in deposit width as shown

in Figure 5.13 [17, 126]. The effect of process traverse speed on substrate dilution is

significant as shown in Table 5.1. Increasing traverse speed causes the dilution of the

bead composition with the substrate to increase. This is attributed to a reduction of the

material delivered per unit length to form bead. Thus, the process approaches a welding

process with no filler material. This made the substrate to be exposed to more laser

energy, which promotes its melting to dilute the overall melt pool composition [30]. The

reduced presence of partially melted particles observed in Figure 5.16 is attributed to

the reduced volume of the feedstock delivered per unit length as traverse speed increases.

This encourages a complete dissolution of the partially molten particles delivered into

the melt pool irradiated by the laser beam. Thus, a completely molten feedstock in

melt pool may be realised when higher heat input per unit length (higher laser power

and lower traverse speed) and lower powder feed rate are employed independently or

simultaneously.

In Figure 5.17, XRD results establish that all samples possess α-Ti and TiB phases,

with minor peaks of TiB2 phase observed for deposit prepared with lower laser power

(1400 W). Both α-Ti and TiB2 are the same as the starting phases in the pre-blended

feedstock as shown in Figure 5.11. In all the composites, the majority of the TiB2

particles, attached onto the Ti-6Al-4V particles, are dissolved during laser irradiation.

The dissolution of the TiB2 makes the Ti melt to be boron-rich, thus, encouraging

the formation of TiB phase upon rapid cooling and solidification [86, 87]. Though, the

intensity of TiB peak at 2θ value of 29o increases with increasing laser power, it cannot be

fully established that the volume of the in-situ synthesized TiB in the composite increases

as processing laser power increases. As determined from the relative intensity peak

height ratios of α-Ti (2θ = 40o):TiB (2θ = 29o), ratios of 22.8, 20.1 and 12.4 are obtained
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for the employed laser power of 1400 W, 1600 W and 1800 W respectively. These ratios

may suggest that the in-situ synthesized TiB increases as laser power employed increases.

Moreover, the influence of laser power becomes evident on the microstructure of the

deposit shown in Figure 5.19. In all, TiB precipitates are uniformly distributed in the

dark α-Ti composite matrix. During laser irradiation, the dissolved feedstock is diluted

with the molten substrate with an even distribution of elements in the melt pool by the

flow convection [124, 137]. With a lower laser power (1400W) at 400 mm/min traverse

speed, the dilution increases, resulting in a lower boron concentration in the overall melt

pool composition. The lowered boron concentration promotes the formation of eutectic

TiB clusters in the interdendritic regions of the primary Ti-rich phase on cooling. This

is more evident in the microstructure of deposit prepared using a laser power of 1400

W (Figure 5.19(b)) when compared to other deposits with a higher laser power. Hence,

it will be logical to conclude that increased dilution of the melt pool by the substrate

lowers boron concentration, and on cooling, the volume fraction of TiB reinforcement

synthesized is reduced. This complements the XRD results, which show a higher relative

intensity peak height ratio of α-Ti:TiB for deposits prepared using 1400 W when com-

pared to those of 1800 W. It is desirable to uniformly disperse the TiB reinforcement in

the Ti matrix without clustering to maximize the interfacial area between the reinforce-

ment and the matrix. Thus, keeping the overall melt pool boron concentration above

2.1 wt.% (eutectic point concentration) will encourage uniform TiB distribution, with

no clustering in the Ti interdendritic region on solidification. Moreover, the length of

some of the TiB reinforcements observed to be longer as laser power employed increases

is attributed to lower cooling rate.

With a higher heat input, which is a ratio of laser power and traverse speed, employed

[38], the melt pool experiences a vigorous Maragoni flow. The increased flow convection

promotes a wider melt pool size, as the higher temperature liquid flows to the melt

pool periphery causing further dissolution [123, 124, 138]. With a larger melt pool,

temperature gradient and solidification are reduced [126], hence cooling rate is lowered.

Thus, slower cooling is achieved by increasing laser power encourages the growth of

longer TiB reinforcement before the melt pool solidifies.
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5.10.4 Composite hardness

The high hardness values reported for the top regions of composite single beads is directly

attributed to the partially dissolved reinforcement particles mostly present at the bead

periphery. These remnant particles are transported by the flow characteristics of the melt

pool. The composite bead microstructure is more homogeneous as processing traverse

speed increases. This effect is observed in all the hardness profiles for the composite

bead processed with the traverse speed of 400 mm/min (Figure 5.23). The hardness

values are relatively consistent from the top region through to the fusion depth with

hardness value of 460±20 HV0.3. Effectively, the presence of the partially dissolved

TiB2 particles becomes less apparent, as material delivered per unit length into the melt

pool decreases and laser power increases (heat input increases). This promotes a uniform

microstructure in the samples.

In the case of the composite multilayer wall, the mean hardness of the central region

of each layer is consistent with those measured for single beads. However, the wall

interlayer hardness is lower (440±5 HV) than the central layer hardness (461±4 HV),

which is attributed to the microstructural change due to re-melting in the region. The

interlayer region is characterised by a coarsened TiB precipitates distributed in the Ti

matrix as well as the finer scale solidified TiB.

Generally, a hardness enhancement of 30% is achieved with 12-15 wt% TiB reinforce-

ment in Ti-6Al-4V. This enhancement is significant which makes laser processing of the

TiB2/Ti-6Al-4V feedstock to be potentially useful for surface engineering of Ti alloys

against wear, corrosion and surface contact deformation. The composite will be good

for structural applications where strength to weight ratio is of great significance.

5.10.5 Elastic properties of TiB2/Ti-6Al-4V composite

The tensile result obtained from the sample A and B showed that the mean elastic

modulus for the laser clad TiB2/Ti-6Al-4V composite may be evaluated as 145 GPa.

This is an increase of 27% over the elastic modulus of Ti-6Al-4V (Table 2.3) and the

composite ultimate strength is 945 MPa. These values are similar to result presented for

20%TiB/Ti-6Al-4V composite with randomly oriented TiB whiskers produced using a
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powder metallurgy route [139]. The composite was reported to possess a Youngs modu-

lus of 153 GPa when compared to 109 GPa for unreinforced Ti-6Al-4V and the ductility

of the composite was 0.1% [139]. Comparing the laser clad composite, previously charac-

terised by 12-15 wt% TiB in Ti-6Al-4V, to the 20%TiB/Ti-6Al-4V composite prepared

via powder metallurgy, the elastic modulus of the laser clad composite is suggested to

be slightly lower owing to the difference in the reinforcement fraction in the composite

matrix and the composite characteristics.

The examination of the fractured surfaces shows the influence of inclusions such as the

partially melted Ti-6Al-4V and TiB2 particles on crack initiation and propagation in

the composite. Fracture surfaces are known to be created by the absorption of strain

energy to initiate crack which propagate to give two separate new surfaces [140]. Hence,

the presence of partially melted Ti-6Al-4V particles, which cause internal discontinuities

in the composite microstructure, allows localised stress to be developed at the interface

between the particles and the composite matrix owing to differential strain experienced

by the composite matrix and the Ti-6Al-4V particles. It is envisaged that micro cracks

will develop at the particle-matrix interface, as the localised stress exceeds the interfacial

strength between the composite matrix and the Ti-6Al-4V particles. The micro cracks

are then interlinked by fracture paths as clearly observed in Figure 5.32 (a) and (b). At

higher magnification, the TiB reinforcements are observed in the fractured surfaces to

grow radially from the TiB2 source, and these have grown into a tight network. This

network of TiB reinforcement is envisaged to improve the isotropy of the composite, as

the matrix is reinforced in all directions. However, the boron-rich region from which the

TiB grew is suggested to have acted as a stress raiser in the composite. As the composite

is subjected to tensile load, cracks are suggested to have nucleated at the boron rich

region and the cracks propagate in the growth direction of TiB reinforcements, normal

to the direction of the applied load. These fracture paths which followed the radial

directions of the TiB whiskers are observed in Figure 5.32(c) and (d). The fracture steps

observed in the micrographs have been reported as one of the characteristics of a brittle

fracture [140, 141].

It can be suggested that the composite matrix with randomly oriented TiB reinforcement

network would possess isotropic properties with the absence of the partially melted Ti-

6Al-4V particles [139]. Figure 5.40 shows a schematic illustration of TiB reinforcement

orientation in the composite matrix with respect to the external loading. The orientation
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plane of the reinforcement to direction of tensile loading is significant, as the TiB are

more effective as reinforcing fibres when the growth direction of reinforcement are in

the same axial plane with the tensile load, such that there is angle of 0o between the

direction of whisker growth and load. Ma et al. [90] reported an appreciable improvement

in the mechanical properties of TiB whisker reinforced Ti-1100 alloy at 923K with the

reinforcements oriented almost parallel to the load direction.

Figure 5.40: Schematic of TiB whisker orientation with respect to (a) axial loading;
(b) circumferential loading and (c) randomised loading.

As the angle between the orientation plane of the TiB whisker growth direction and

the load tends to 90o, the load transfer effectiveness of the TiB whiskers is reduced.

This makes the composite vulnerable to failure as preferred fracture paths propagate

through the reinforcement-matrix interface. However, real applications require engi-

neering components which possess isotropic mechanical properties. Therefore, having

the reinforcements randomly oriented is desirable to improve the composite properties

in all directions as shown in Figure 5.40 (c). The mechanism of load transfer can thus be

evaluated as the summation of the components of the internal resistance of each whisker

in the direction of external load.

Figure 5.41 shows a schematic of TiB whiskers subjected the circumferential and axial

loading with an assumption that the whiskers are hollow as previously observed by

Kooi et al. [84] and a strong metallurgical bonding exists at the interface between the

composite matrix and the whiskers. Having a whisker subjected to a circumferential load
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experiences twice the stress such as a whisker would have experienced when subjected

to an axial load. This is suggested to have been responsible for the fracture paths that

followed the TiB whisker growth directions when the whiskers are normal to the axis of

the external load (Figure 5.32(c) and (d)).

Figure 5.41: Schematic of the TiB whisker as a hollow cylinder subjected to circum-
ferential and axial loading.

Gorsse and Miracle [139] reported that having clusters of TiB precipitates would result

in a premature crack initiation and propagation through the composite produced via

powder metallurgy. However, in this study, the modification of the feedstock before

laser processing has helped to overcome the shortcomings of powder metallurgy route

for production of TiB whisker reinforced composite. The average elastic modulus of

TiB whiskers, estimated using the Halpin-Tsai equations, has been reported as 482 GPa

[139], and using rule of mixture (RoM) to predict the elastic modulus of the laser clad

composite should result in 185 GPa for 12 vol% TiB/88 vol% Ti-6Al-4V composite (14

wt% TiB/86 wt% Ti). However, the experimental value is 145 GPa which is lower than

the estimated value by 20% due to the presence of the partially melted Ti-6Al-4V parti-

cles in the composite. Hence, process optimisation to eliminate the presence of partially

melted particles in the microstructure with the fine TiB whiskers by further increas-

ing heat input applied per unit length is necessary to further improve the composite

mechanical properties.

Thus, the Ti-6Al-4V particle/matrix interfaces and the boron-rich region have been ob-

served as sites of crack nucleation. Cracks are observed to propagate by interconnection
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of the cracks at the interfaces between the Ti-6Al-4V particles and the composite ma-

trix. The TiB whiskers in a form of tight network has been found promising, as fracture

paths are intercepted which resulted in formation of fracture facets steps instead of a

flat fracture surface. The tight network of TiB whiskers in the composite matrix is

anticipated to promote isotropy of the composite properties. The load transfer effective-

ness of the TiB whiskers is high when the growth orientation is in the same axial plane

with the applied load. However, as the growth orientation becomes perpendicular to the

loading axis, the load transfer effectiveness becomes low and composite becomes more

susceptible to fracture.

5.11 Conclusions

Laser processing of pre-blended TiB2/Ti-6Al-4V feedstock has been successfully carried

out and reported. The agglomeration of TiB2 particles on Ti-6Al-4V powder promotes

steady delivery and uniform distribution of reinforcing phase in the melt pool. Higher

heat input per unit length (higher laser power and lower traverse speed) and lower

material delivered per unit length are observed to favour complete dissolution of the

feedstock delivered into the melt pool. The Maragoni flow convection is responsible for

partially dissolved remnant particles transported to deposit periphery. XRD identified

TiB and α-Ti as dominant phases in all deposit and TiB2 was as well identified in sample

produced using lower laser power. SEM confirms the formation of TiB precipitates as

eutectic needle-like features in a Ti-rich primary phase microstructures. The composite

matrix is characterised by α-Ti phase which is promoted owing to the presence of boron.

Lower dilution of the melt pool composition with the Ti-6Al-4V substrate reduces the

chance of the formation of dendritic Ti microstructure with TiB reinforcement clusters in

the interdendritic region. An eutectic microstructure is most desirable and is promoted

when the boron concentration in the overall melt pool composition exceeds 2.1 wt.%

(eutectic concentration). The formation of an equilibrium-like microstructure is observed

at the interlayer region of the multilayer walls deposited. This is attributed to preheating

of the previously deposited layer which reduces cooling rate such that the region is

characterised by a mixture of both primary and eutectic TiB in Ti matrix. However, the

primary TiB has a little significant reinforcement effect. In all, a significant hardness

improvement of about 30% is observed in the composites with a TiB reinforcement
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fraction of 12-15 wt.%. More so, employing higher laser power slows cooling and longer

TiB precipitates are formed which are uniformly distributed to maximize the area of

interface between the TiB reinforcement and the Ti matrix.

The formation of TiB reinforcements in Ti matrix when TiB2/Ti-6Al-4V is laser pro-

cessed has contributed to the improvement of Ti-6Al-4V mechanical properties. An

elastic modulus of 145 GPa is observed for composite characterised by 12-15 wt% TiB

in Ti-6Al-4V, which is a 27% increment when compared to monolithic Ti-6Al-4V. Radial

growth of TiB reinforcements observed in the composite matrix is encouraging as the

composite may possess isotropic properties. Though the fracture surface showed brittle

characteristics, typical of composites, the formation of a tight network of TiB reinforce-

ments as they grow radially in the composite is advantageous. This helps to intercept

the propagation of cracks in the composite when subjected to tensile load. However,

process optimisation is required to improve the quality of the laser clad composite such

that partially melted Ti-6Al-4V particles are eliminated.



Chapter 6

Performance Characterisation

In this chapter, the performance of the laser clad composites are reported. Erosion

tests are carried out on the Ti-6Al-4V/Spherotene composite by subjecting it to both

plain water and abrasive water jet impacts. The erosion rates of the composite are

reported and compared to those of bulk Ti-6Al-4V subjected to the same test conditions.

Microstructural examination is conducted on eroded composite surface to study the

mechanism of failure under water jet impacts.

6.1 Erosion performance of composite layers under plain

water and abrasive water jets

The erosion tests were conducted on the Ti-6Al-4V/Spherotene composite coatings pre-

pared on Ti-6Al-4V substrates using the optimised process parameters required to ob-

tain high reinforcement fraction, as presented in Section 4.4.5. Table 6.1 details the laser

processs conditions to produced the clad layers and their Spherotene contents. The com-

posite layers were ground to flat surfaces and subjected to plain water and abrasive water

jet (PWJ and AWJ) impacts as described in Section 3.11. The erosion rate under PWJ

and AWJ impacts and the microstructural features of the eroded surfaces are reported.

203
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Table 6.1: Clad layer characteristics subjected to waterjetting

Set Laser power
(W)

Traverse
speed
(mm/min)

Wire
feed rate
(mm/min)

Powder
feed rate
(g/min)

Spherotene
fraction
(wt.%)

A 1800 300 700 30 76±1
B 1600 200 750 30 74±2
C 1400 400 800 30 68±2

6.1.1 Erosion performance of Ti-6Al-4V/Spherotene composites under

PWJ impacts

Figure 6.1(a) and (b) show the erosion rate of Ti-6Al-4V and Ti-6Al-4V/Spherotene

composites subjected to PWJ impacts at pressures of 275 MPa and 345 MPa. The

erosion rate is measured as jet traverse speed changes from 20-100 mm/min. Slower

traverse speed indicates longer exposure time for jet-material surface interaction. It can

be seen that for all materials, the erosion rate increases with the decreasing traverse

speed of the jet. As the jet traverse speed increases (the exposure time decreases),

the differences between the erosion rates of Ti-6Al-4V and composite layers become

insignificant at a lower pressure. It is evident that the composite prepared using laser

process parameter set A - a laser power of 1800 W, 300 mm/min traverse speed, 700

mm/min wire feed rate, and 30 g/min powder feed rate (Table 6.1) exhibits the best

erosion resistance as the erosion rate is minimised for both pressures and all traverse

speeds. Also, it can be seen that the differences in erosion rates of the Ti-6Al-4V and

the composite decrease as the traverse speed increases.

Figure 6.1(c) and (d) show the ratio of erosion rate of Ti-6Al-4V to the composites at

different PWJ conditions. The erosion rate of Ti-6Al-4V and Ti-6Al-4V/Spherotene

composites prepared using process parameter set A-C (Table 6.1) are represented as EO

, EA, EB, and EC respectively. As seen, the composite processed using parameter set A

gave the maximum ratio of 13 and 11.6 at the jet pressure of 275 MPa and 345 MPa,

respectively at a typical jet traverse speed of 20 mm/min. Thus, the ratio of the erosion

rate for the composite layer is sensitive to the fraction of reinforcement in the composite.

Figure 6.2 compares the mean profiles of the PWJ eroded cross-sections on the bulk

Ti-6Al-4V and the composites. The response of these materials under PWJ impacts

can be clearly observed. Although material loss from the composites is much less than

that from Ti-6Al-4V, there is a noticeable material removal from all composites. It
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should also be noted that the erosion depths on the Ti-6Al-4V within the waterjetting

conditions are ≤300 µm. However, the erosion depths on the composite are not more

than 50 µm. It is expected that plain water jet with head pressure greater than 345

MPa is required to achieve a through cutting of a bulk Ti-6Al-4V with thickness higher

than 300 µm. Also, there would be a consequential increase in material loss from the

composite should it be exposed to jets of higher head pressure .

Figure 6.3 shows the micrographs of the PWJ impact damage on the composite surface

prepared with process parameter set A. At lower pressure (275 MPa), the erosion mech-

anism is characterised by erosion pits and tunnelling on both the embedded Spherotene

particle surfaces and the composite matrix. The interfacial layer between the particles

and the composite matrix is significantly eroded with formation of channels around the

Spherotene particle (Figure 6.3(a) and (b)). However, at higher pressure (345 MPa), the

erosion became more aggressive as the eroded surface is characterised by particle surface

fracture, cracks in the interfacial region between particle and matrix, deep cavities and

pits. The particles are exposed to erosion as the interfacial layer, which is characterised

by TiC and W solid solutions, around them are eroded away. It is anticipated that at a

higher pressure or higher exposure time of the impinging jet on the composite surface,

Spherotene pull-out from the matrix is inevitable.

6.1.2 Erosion performance of Ti-6Al-4V/Spherotene composite under

AWJ impacts

After the PWJ erosion experiments, the Ti-6Al-4V/Spherotene composite prepared us-

ing the process parameter set A (Table 6.1) has been considered as the most robust

erosion-resistant materials under PWJ impingement. Thus, AWJ erosion trials are car-

ried out on this composite as well as Ti-6Al-4V in order to investigate its potential as

erosion resistant coating to be subjected to slurry and abrasive environmental condi-

tions. Figure 6.4(a) compares the erosion rates of Ti-6Al-4V and the composite under

AWJ impingement at different pressures. More prominent differences in erosion rates

of the two materials are observed at the higher pressure. The normalised erosion rate,

which is the ratio of erosion rate of Ti-6Al-4V to that of the Ti-6Al-4V/Spherotene

composite, is shown in Figure 6.4(b). The maximum ratio is ∼8, resulting from AWJ

machining at pressure of 207 MPa and traverse speed of 200 mm/min. Both Figure 6.4
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Figure 6.2: Comparison of the mean kerf profiles on Ti6Al4V and
Ti6Al4V/Spherotene composites resulting from PWJ impacts at SOD = 3 mm, Vj

= 20 mm/min, and (a) Ph = 275 MPa; and (b) Ph = 345 MPa.
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(a) and (b) suggest that the composite performance under abrasive erosion is influenced

by the machining parameter due to the diverse responses of the composite and virgin

Ti-6Al-4V under AWJ impingement.

Figure 6.4(c) shows the erosion rate of Ti-6Al-4V and the composite under AWJ impacts

at different standoff distances, while the normalised erosion rate is shown in Figure

6.4(d). Again, the graphs suggest that there is an optimal jet traverse speed (i.e. 200

mm/min) which results in the most significant difference in erosion rate between the

composite and Ti-6Al-4V. Figure 6.4(d) indicates that a lower standoff distance lead to

a higher normalised erosion rate. Figure 6.4(e) compares the erosion rate of Ti-6Al-4V

and the composite during AWJ exposure using different abrasive flow rates. Similarly,

the erosion rate of Ti-6Al-4V reached a maximum value at the traverse speed of 100

mm/min and 0.92 g/s AFR, resulting in the highest normalised erosion rate (Figure

6.4(f)). The lower abrasive flow rate (0.39 g/s) generally lead to greater differences in

erosion rate between the two investigated materials.

It should be noted that the erosion rate of the composite coating was less influenced by

the investigated AWJ parameters than that of the Ti-6Al-4V. Hence, a high normalised

erosion rate is observed to be associated with high erosion rates of the virgin Ti-6Al-4V.

Figure 6.5 shows the micrographs of the damage associated with the AWJ on the Ti-

6Al-4V/Spherotene composite possessing the highest reinforcement fraction of 76 wt%.

The erosion mechanism of the composite surface is characterised by lateral cracks on the

reinforcement particles, reinforcement pull-out, and ploughing of the composite matrix.

Upon impact by the AWJ, fractures/cracks are observed on the particles as shown in

Figure 6.5(a) and (b). This indicates a brittle response of the reinforcement when impacts

by the abrasive garnets. Large craters are also observed which depict the locations of

embedded reinforcement before pull-out occurred. Small craters are observed on the

eroded surface of the composite matrix with crater material displaced as a result of the

ploughing effect by the action of the AWJ. This indicates that, though the Ti matrix is

reinforced by in-situ synthesized TiC and W solid solutions, the composite matrix still

possesses its ductile characteristics. This allows plastic deformation and ploughing of

the composite matrix to be evident in the micrograph.



Chapter 6. Performance Characterisation 210

Figure 6.4: Erosion rates and ratios of Ti-6Al-4V and Ti-6Al-4V/Spherotene com-
posite for varying pressure head, standoff distance, and abrasive feed rate.
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Thus, the Ti-6Al-4V/Spherotene composite possesses significantly enhanced erosion re-

sistant characteristics when compared to the Ti-6Al-4V. It is envisaged that this com-

posite coating will be wear resistant in slurry environment, and will help to save frequent

replacement cost of industrial components. In comparison to Ti-6Al-4V erosion resis-

tance, a maximum composite erosion resistance of 13 is observed when 275 MPa head

pressure, 20 mm/min jet traverse speed, and 3 mm stand-off distance are employed.

Under AWJ test conditions, a maximum erosion resistance of 8 is observed when abra-

sives are accelerated with fluid against the composite surface at 207 MPa pressure head,

0.39 g/s abrasive feed rate, 200 mm/min jet traverse speed and a stand-off distance of

3 mm employed. The erosion resistances offered by the coating are significant and this

performance is dependent on the Spherotene fraction of the laser clad coating. The coat-

ing with the highest Spherotene fraction (76±1 wt.%) (Section 4.4.2.1) has the highest

resistance to erosion. This shows that the embedded reinforcement particles coupled

with the increased hardness of the Ti composite matrix has contributed to the coating

performance.

6.2 Discussion

Having subjected the laser clad composites to performance test, the response of the

composites can be explained based on their material characteristics and the test char-

acteristics employed. Hence, the discussion focuses on the resistance offered by the

Ti-6Al-4V/Spherotene composite against high velocity plain and abrasive waterjet.

6.2.1 Erosion performance of Ti-6Al-4V/Spherotene under PWJ im-

pacts

The erosion damage experienced by the Ti-6Al-4V/Spherotene composites under PWJ

impacts have resulted from direct deformation, stress wave propagation, lateral outflow

jets, and hydraulic penetration [95]. As the high velocity PWJ exit from the nozzle, the

jet is atomised into water droplets due to its aerodynamic interaction with surrounding

air [94]. Field [92] explained that the water droplets behave in an incompressible manner

and on impact with the solid surface result in a high pressure known as water-hammer
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pressure which can be derived from equation (6.1- 6.3).

Ph =
1

2
ρov

2
o (6.1)

Pw = 0.78csρovo (6.2)

cs = co + 0.78kvo (6.3)

Where, Ph = head pressure, (Pa), ρ o = density of water (998 kg.m−3) at normal

temperature and pressure, vo = jet velocity at orifice exit, Pw = water hammer pressure,

(Pa), and cs = shock velocity in the water droplet, co = the acoustic velocity in water

at normal temperature and pressure (1480 m.s−1), k is a constant with a value of 2 for

water jet in a velocity range up to 1000 m.s−1 and the jet velocity coefficient at nozzle

exit due to viscosity and turbulence is taken as 0.78 [93].

Figure 6.6: Schematic of water droplet erosion on the Ti-6Al-4V/Spherotene com-
posite with multiple droplet impacts.

Hence, erosion damage caused by this water hammer pressure is dependent on the mate-

rial response. As for Ti-6Al-4V/Spherotene composites, the Spherotene reinforcements

are expected to possess an elastic-brittle response, while the β-Ti matrix phase is ex-

pected to respond plastically as a ductile material. However, the matrix is characterised

by TiC and W solid solution precipitates uniformly dispersed in the β-stabilised Ti

phase. The impacts of water droplets on the composite surface result in the formation
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of erosion pits as shown in Figure 6.6. The coalescence of the erosion pits results in the

formation of channels and multiple droplet impacts result in formation of deep cavities

on the composite surface as observed in Figure 6.3. Thus, the channels and cavities are

developed by the lateral outflow jets and hydraulic penetration of the water droplets.

The interfacial layer between the Spherotene reinforcement and the matrix is observed

to be severely affected by pitting and tunnelling actions of the jet. This is attributed

to poor solubility and bonding strength between a WC/W2C TiC ceramic system [142]

which allows the TiC reaction layer at the interface to be preferentially eroded by lateral

outflow jetting. The removal of the TiC interlayer between the composite matrix and

the Spherotene reinforcement is envisaged to encourage the subsequent removal of the

Spherotene particles [106]. Fractures observed on the reinforcement particle surfaces

have been associated with the interaction of the stress wave and lateral outflow jetting

with surface asperities and micro-cracks on the surface [95].

However, comparing the composite to the virgin Ti-6Al-4V, the composite matrix signif-

icantly contributes to the enhanced erosion resistance of the composite, due to the nano-

scale TiC and W solid solution precipitates which reinforce the β-Ti phase [100, 104].

These in-situ synthesized precipitates increase the matrix hardness, thus improving its

resistance to impact erosion [105]. Though, all the composites have a significant erosion

performance compared to the virgin Ti-6Al-4V, it is worthy to note that composite set

A, which had the highest Spherotene composition, has the best erosion resistance. This

is followed by composite set B; while composite set C had the least erosion resistance

both at water hammer pressures of 1.52 GPa and 1.8 GPa resulting from the applied

pressure heads of 275 MPa and 345 MPa respectively. This complements the significance

of high reinforcement particle fraction in composite matrix to better erosion resistance

reported by Shipway and Gupta [83]. The overall performance of the composite to

wrought Ti-6Al-4V under PWJ is significant due to the embedded Spherotene particles

and the reaction products uniformly distributed in the β-Ti matrix.

6.2.2 Erosion performance of Ti-6Al-4V/Spherotene under AWJ im-

pacts

When subjected to AWJ impacts, the erosion of the Ti-6Al-4V/Spherotene composite

increased due to the simultaneous action of the high energy water droplet and accelerated
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garnet particles. Since, the abrasive particles entrained in the high energy jet travel at

a slower speed of 0.7 of water droplet speed [143], it is anticipated that the erosion

of the surface will be in two stages as illiustrated in Figure 6.7. Firstly, the water

droplet impacts would result in pitting and formation of deep cavities on the composite

surface, while the abrasive particle impacts lastly erode the surface. This seems to be

the valid sequence, as ploughing of the composite matrix is observed in Figure 6.5. The

ploughing is indicative of the action of a spherical particle impact on a ductile material

[96]. Small craters are observed with crater materials displaced in the direction of the

particle incidence [97]. The displaced material is envisaged to fracture at high strain.

Despite, the uniform distribution of TiC and W reaction products in the β-Ti phase,

the composite matrix exhibits a ductile characteristic even at regions near the embedded

Spherotene reinforcement. The direct impact of the accelerated abrasive garnet on the

reinforcements results in lateral cracks which are observed on the particle surfaces. This

is similar to results presented by Lathabai and Pender [103] and Gant and Gee [105]. In

theory, since the abrasive particles employed have spherical morphology, the impact of

the abrasive on the reinforcement particles would first result in Hertzian cracks followed

by radial cracks, provided that the contact force at impact exceeds a particular threshold

value which is material property dependent. The radial cracks formed are responsible

for strength degradation, and these cracks propagate to the Spherotene particle surface

as lateral cracks which are responsible for chip formation and erosion loss [96].

As earlier observed that PWJ impacts cause pitting and cavities on the composite with

preferential removal of the particle/matrix interface, the same phenomenon occurs dur-

ing the AWJ impacts. Material removal becomes more aggressive as abrasive particles

knock out the reinforcement particles with limited metallurgical bond to the composite

matrix. The removal of the reinforcement particle by the knock-out actions of the abra-

sive particles is responsible for the particle pull out indicated by large craters observed

in Figure 6.5(c) and (d).

In Figure 6.4, there is a significant material loss in the bulk Ti-6Al-4V when compared to

the composite, as the water head pressure increases. This is attributed to the resistance

offered by the embedded Spherotene particles and the reaction products reinforcing the

composite matrix. Moreover, the erosion loss of the wrought Ti-6Al-4V becomes fairly

similar, while that of the composite slightly increase, as the stand-off distance increases.

This results in the composite to have a higher resistance at 3 mm SOD compared to
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Figure 6.7: Schematic of erosion stages by the impacts of water droplets and abrasive
garnets on the Ti-6Al-4V/Spherotene composite.

when it is 10 mm. The increase in composite material loss at a higher stand-off distance

is attributed to the increased effectiveness of the water droplets and increased potential

energy of the abrasive particles in the main region of the flowing jet as explained by

Leu et al. [94]. The 3 mm SOD is considered to be in the initial region of the water jet,

where the jet is a continuous flow stream which has not been fully discretized into more

energetic water droplets. However, at 10 mm SOD, the flowing stream is suggested to

have been fully atomised into packets of accelerated droplets which results in a higher

water hammer pressure on impact, thus causing increased erosion loss of the composite.
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The performance of the composite is also significant under the AWJ impacts and the

dominating erosion mechanisms are composite matrix ploughing, particle fracture and

lateral cracks resulting into chipping.

6.3 Conclusions

The properties of Ti-6Al-4V have been significantly improved for wear and structural

applications by laser cladding the Ti alloy with particulate reinforcements. Ti-6Al-

4V/Spherotene composite has displayed an enhanced erosion resistance under both PWJ

and AWJ impacts when compared to virgin Ti-6Al-4V. The composite offered erosion

resistance as high as 13 and 8 times than bulk Ti-6Al-4V when subjected to high ve-

locity PWJ and AWJ impacts respectively. The composite suffered erosion loss under

the action of PWJ by formation of erosion pits, tunnel and deep cavities especially

around the reinforcement/matrix interface, while ploughing of the composite matrix,

lateral cracking and chipping of embedded particles, and pull-out characterise the ero-

sion mechanism of the composite under AWJ impact. The overall performance of the

Ti-6Al-4V/Spherotene composite is attributed to the embedded Spherotene particles

and the uniformly distributed nano-sized reaction products (TiC and W) reinforcing the

ductile β-Ti composite matrix.



Chapter 7

Conclusions

The aim of this research was to study the laser cladding of Ti-6Al-4V reinforced with

carbide and boride particulates to improve material properties. As described in chapter

1, the objectives were to obtain a range of suitable process parameters required for the

deposition of Ti-6Al-4V wire with a high Spherotene (WC/W2C) reinforcement frac-

tion, assess the deposition of Ti-6Al-4V/TiB2 powder and develop a modified feedstock

suitable for a one-stage cladding process, carry out microstructural characterisation of

deposits and investigate resulting performance characteristics.

The aim and objectives of this study have been successfully achieved and results obtained

have been documented in the previous chapters. Thus, this final chapter contains the

conclusions of the study on laser clad Ti-6Al-4V/Spherotene composite (chapter 4), laser

clad Ti-6Al-4V/TiB2 composite (chapter 5) and performance characterisation of deposits

reported in chapter 6. Moreover, recommendations are highlighted for the future work

that may be conducted based on this study to further the state of the art.

The wire/powder deposition approach for the production of composite coating on sub-

strate for wear applications is advantageous when compare to the use of a pre-blended

powder of Ti-6Al-4V and WC in laser processing. It is more economical to use Ti-6Al-

4V in the form of wire, as this gives a better material utilisation which is nearly 100%.

There is also a better recovery of Spherotene powder which can be recycled and re-use

without having to think about the separation of the recovered powder if a pre-blended

powder had been used. Also, the resulting composition of the composite microstructure

218
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can be better controlled by feeding the reinforcement powder and the matrix material

independently.

The agglomeration approach which allows a fine powder particles to be attached to the

surface of a bigger particle is beneficial and further allows powders of different particle

size ranges to be processed through cost effective and flexible one-stage laser cladding

process. Using this agglomerated powder, a uniform distribution of the reacting elements

is promoted in the melt pool, even when the thermo-capillary convection of the melt

pool is not strong enough to create an even redistribution of solutes in the pool, which

may be an issue when a pre-blended powder without agglomeration is used. The process

also becomes more flexible when compared to preplaced deposition process, as cladding

conforming to any geometry can be achieved with using the one stage co-deposition

process.

In the overall, the benefit-cost ratio of the approaches is anticipated to be higher than

other conventional approaches over a short period of time.

7.1 Laser clad Ti-6Al-4V/Spherotene composites

7.1.1 Laser Processing

In this study, it was found that consistent, pore- and crack-free composite deposits of

Ti-6Al-4V wire (1.2 mm diameter) and Spherotene powder are achieved using a fibre

laser under the conditions of 1400-1800 W laser power, 200-400 mm/min traverse speed,

700-800 mm/min wire feed rate and 10-30 g/min powder feed rate.

The best clad layer, containing as high as 76±1 wt.% reinforcement in the Ti matrix,

is achieved via the laser process with an energy density of 150±10 J.mm−2, 275±25

mm/min traverse speed, 700 mm/min wire feed rate and 30 g/min powder feed rate.

Moreover, the design freedoms of laser cladding, which is also an additive manufacturing

process, is demonstrated with a functionally graded 3-D cylinder built. This showed that

component manufacture and repairs with selective application of functionally graded

material is possible with cladding process, which may not have been achievable via

traditional manufacturing route.
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7.1.2 Microstructure

It is evident that all the laser clad Ti-6Al-4V/Spherotene samples obtained from the

range of laser processing conditions employed possess similar phases as confirmed by

the XRD traces. Phases identified are WC, W2C, W, TiC and β-Ti. The dissolution of

Spherotene particles enriches the Ti melt with W and C to produce TiC and W in the

composite microstructure. These phases serve as reinforcement in the Ti matrix with

TiC having a higher hardness (3200 kgf.mm−2) when compared to carbides of tungsten.

Within the range of laser processing conditions employed, a 7.5-9 at% W is retained in

the Ti solid solution on solidification. This concentration is sufficient to stabilise the Ti

as a beta phase and could be considered advantageous as composite matrix may retain

its ductility. Increasing laser power is found to decrease the concentration of W retained

in the Ti.

Two types of Spherotene particle-matrix interface are identified, these are a mixed and

a regular/circular reaction layers. The in-situ synthesized TiC are in blocky, near cir-

cular or fine eutectic morphologies, while the W solid precipitates are either blocky or

equiaxed. Equiaxed W precipitates with TiC in their interdendritic regions are predom-

inantly featured in the Ti matrix.

The composite matrix hardness is found to range between 410-620 kgf.mm−2 and the

ratio of composite matrix hardness to the encapsulated Spherotene particles is about

1:5. The uniform dispersion of the TiC and W in the β-Ti matrix phase has increased

the matrix hardness (where the matrix is polyphase W + β-Ti + TiC).

7.1.3 Erosion Behaviour

Ti-6Al-4V/Spherotene composites have displayed an enhanced erosion resistance under

both PWJ and AWJ impacts when compared to monolithic Ti-6Al-4V. The best clad

layer containing as high as 76±1 wt.% reinforcement exhibited erosion resistance as

high as 13 and 8 times that of Ti-6Al-4V when subjected to high velocity PWJ and

AWJ impacts respectively. The composite coating suffered erosion loss under the action

of PWJ by formation of erosion pits, tunnel and deep cavities especially around the

Spherotene particle/matrix interface. The ploughing of the composite matrix, lateral
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cracking and chipping of embedded Spherotene particles, and pull-out characterise the

erosion mechanism of the composite under AWJ impacts.

The overall performance of the Ti-6Al-4V/Spherotene composite coatings is attributed

to the embedded Spherotene particles and the distributed reaction products (TiC and

W) reinforcing the ductile β-Ti composite matrix.

7.2 Laser clad Ti-6Al-4V/TiB2 composites

7.2.1 Powder Feedstock

A new method has been developed to prepare a suitable feedstock from different powders

for a one-stage laser cladding process. This is demonstrated by agglomerating fine

powder of TiB2 (10 µm, mean size) on Ti-6Al-4V powder (108 µm, mean size) using an

aerosol of a binder solution containing 27 vol.% PVA in water. With suitable choice of

original powders and this agglomeration method, it is possible to produce a feedstock

suitable for laser cladding process.

7.2.2 Laser Processing

In this study, having modified the feedstock by agglomerating a fine TiB2 powder on

Ti-6Al-4V powder, consistent and crack-free composite deposits of 90 wt.% Ti-6Al-4V/

10 wt.% TiB2 are achieved using a fibre laser with processing conditions in the range of

1400-1800 W laser power, 200-400 mm/min traverse speed and 10 g/min powder feed

rate. Higher laser powers and higher traverse speed are observed to favour complete

dissolution of the feedstock delivered into the melt pool to reduce or eliminate the

presence of partially melted particles. In all deposited samples, within the processing

range, partially dissolved remnant particles are found mostly in the clad periphery which

could have been transported by the Maragoni flow convection in the melt pool. A

significant increase in substrate dilution is observed with increasing traverse speed, while

increasing laser power is found to reduce dilution.
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7.2.3 Microstructure

As confirmed by the XRD results, all samples of the composite deposits with varying

laser power and a common speed of 400 mm/min possess TiB and α-Ti phases, while

TiB2 is only identified in sample produced using a lower laser power (1400 W). SEM

interrogation confirms the formation of TiB precipitates as eutectic needle-like features

in a Ti-rich primary phase microstructure. The composite matrix is characterised by

α-Ti phase which is promoted owing to the presence of boron.

Besides the eutectic TiB phase, primary TiB phase is observed in the interlayer regions

of composite multilayer wall deposited.

For all samples deposited within the processing conditions, the composite hardness range

between 440-480 kgf.mm−2 which is about 30% significant improvement when compared

to monolithic Ti-6Al-4V with a TiB reinforcement fraction of 12-15 wt.% in Ti matrix.

7.2.4 Tensile Behaviour

The elastic modulus of the composite characterised by 14wt% TiB/86 wt.% Ti is found to

be 145 GPa when compared to 114 GPa for monolithic Ti-6Al-4V. Though the fracture

surface showed brittle characteristics, typical of composite materials, the formation of a

network of TiB reinforcements as they solidify in the composite is advantageous. This

helps to intercept the propagation of cracks in the composite when subjected to tensile

load. However, process optimisation is further required to improve the quality and

properties of the laser clad composite such that partially melted Ti-6Al-4V particles

and pores are eliminated.

7.3 Future Work

Having successfully carried out the laser cladding of Ti-6Al-4V/Spherotene and Ti-6Al-

4V/TiB2 to prepare wear resistant coating, the following suggested research opportuni-

ties can be further pursued. These include:

• Laser cladding of Ti-6Al-4V/Spherotene could be carried out within the suitable

processing range obtained in this work to check whether beads with a reinforcement
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fraction higher than 76±1 % wt. can be achieved without significant defects such

as, cracks, pores and delamination.

• The erosive wear performance of this coating with higher reinforcement fractions

could be compared to check whether there is any significant improvement in its

performance compared to the results presented in this study.

• The development of functionally graded parts can be further undertaken with

more mechanical testing (destructive or non-destructive) to establish the integrity

of graded parts produced.

• The inclusion of particulates or whisker reinforcement in Ti-6Al-4V may reduce

its corrosion performance, hence a study of the corrosion performance of the Ti-

6Al-4V composite coating and untreated Ti-6Al-4V could be investigated.

• The validity of the modification process employed by attaching the fine TiB2 on

Ti-6Al-4V can be verified by using other material systems. Also, this method can

be used to develop new materials with tailored properties for specific applications.

• Moreover, post deposition processing/treatment can be studied with their effect

on the properties of composite parts produced. This will allow composites with

excellent properties to be developed with little or no defects, such that they can

be integrated into a range of materials to be heavily used in the industries.

• In the future, functionally graded MMCs will be more used in ground transport

and aerospace applications, however, the challenges of incomplete homogenisation

of microstructure and anisotropy of their mechanical properties must be overcome.
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Experimental Procedures

Table A.1: An L-16 Taguchi Orthogonal Array of process parameters
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Figure A.1: Calibration of the 2-kW Fibre laser at the University of Nottingham.
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Table A.2: An L-9 Taguchi Orthogonal array for 4 process factors with 3 levels each

Table A.3: An L 16 orthogonal array for initial hybrid material deposition experiment
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Table A.4: An L 27 orthogonal array for optimisation of the hybrid deposition
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Ti-6Al-4V/Spherotene composites

Table B.1: Mean and Standard error of Ti-6Al-4V bead heights and widths

228
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Table B.2: Mean and Standard Error of Ti-6Al-4V/Spherotene bead heights and
widths
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Table B.3: A F-Table to determine the statistical significance of the process the
factors
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Table B.4: Means and Standard Errors of Spherotene fraction in Ti-6Al-
4V/Spherotene beads
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Figure B.2: ICDD Pattern information for WC.
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Figure B.3: ICDD Pattern information for W2C.
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Figure B.4: Analysis of the embedded Spherotene particle size in beads.
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Figure B.6: XRD spectrum for Ti-6Al-4V/Spherotene composites.
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Figure B.7: ICDD file for TiC phase.
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Figure B.8: ICDD file for W phase.
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Figure B.9: ICDD file for β-Ti phase.
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Table B.5: Mean value of W (at%) in β-Ti with standard error

Table B.6: Heat Affected Zone depth and Melt pool depth into the substrate



Appendix C

Ti-6Al-4V/TiB2 composites

Table C.1: An L-9 orthogonal arrays for preliminary TiB2/Ti-6Al-4V deposition trials

Table C.2: An L-9 orthogonal arrays for main cladding experiment of the modified
TiB2/Ti-6Al-4V

242



Appendix C. Laser cladding of Ti-6Al-4V/TiB2 composites 243

F
ig
u
r
e
C
.1
:

IC
D

D
p

at
te

rn
o
f
α

T
i

p
h

a
se

m
a
tc

h
in

g
th

e
ex

p
er

im
en

ta
l

X
R

D
p

ea
k
s

fo
r

th
e

p
ow

d
er

.



Appendix C. Laser cladding of Ti-6Al-4V/TiB2 composites 244

Figure C.2: ICDD pattern file for αTi phase.

Table C.3: Means and Standard errors Ti-6Al-4V/TiB2 bead height and width
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Figure C.4: ICDD Pattern information for TiB2.
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Figure C.5: ICDD Pattern information for TiB2.
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Figure C.6: ICDD Pattern information for TiB.
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