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ABSTRACT

Titanium alloys are widely used in aerospace industry due to their low density and high
toughness to mass ratios. However, the wear resistance of the titanium alloys is poor and
requires surface treatment for the effective usage. One of the methods to improve the
surface properties is to nitride the surface forming the nitride rich compounds in the
surface region. Titanium nitrides provide the hard surfaces and improve the tribological
properties of the surface. The gas assisted laser nitriding of the titanium alloy surface is
desirable, since it involves with fast processing, precision of operation, and low cost.
TiN PVD coating of the surface of the nitrided layer reduces the surface roughness and
further improves the surface properties through forming a hard envelope at the surface.
Consequently, laser gas assisted nitriding of Ti-6Al-4V alloy is carried out. The nitrided
surfaces are TiN PVD coated in the coating unit. The melt depth layer is predicted using
the analytical formulation. The maximum coating thickness achieved is in the order of 2
pm and maximum nitrided depth layer is 80 um. It is found that the laser gas assisted
nitriding provides a uniform thickness of the treated layer below the surface. The
nitrided layer is free from the cracks and other defects such as porous and cavities. The
TiN coating at the surface modifies the surface roughness and the elastic modulus of the
nitrided layer. In this case, surface roughness reduces slightly and elastic modulus of the
treated layer increases. The predictions of the melt layer depth agree with the

experimental data.
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CHAPTER -1
Introduction

1.1 Historical Background

Titanium was introduced as an element 200 years ago. In the late 1940’s
the mechanical and physical properties, along with the alloying characteristics
of titanium were identified. Since then, its commercial importance started [1].
The metal titanium is considered to be the ninth most abundant element on
earth’s surface, and it comes in fourth after aluminum, iron and magnesium in
terms of structural metal profusion. It is a silvery-grey metal with high melting
point and a relatively low density, about 60% less than steels [2]; Table- 1.1

gives some of the physical properties of titanium.

Name  Atomic Atomic Atomic Density Boiling Melting
Of element Symbol  Number Weight (g/cm3) point (°C) Point (°C)
Titanium Ti 22 47.90 4.5 3130 1812

Table- 1.1 Physical Properties of titanium [3]

1.2 Properties and Uses of Titanium Alloys

Besides the high toughness to mass ratio of titanium alloys, they have
excellent resistance to corrosion. This is due to the presence of a protective
strongly adherent titanium oxide film on the surface. This film is usually

transparent and titanium has the ability of healing and reproducing this film
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instantly in any environment with a presence of oxygen and moisture. Titanium
alloys are considered to be very stable and can be attacked by few substances
mostly hydrofluoric acid. They are unique in their ability to handle specific
chemicals such as chlorine, chlorine chemicals, and chlorides [2]. Also, titanium
alloys are biocompatible and they are non toxic and resistant to body fluids
corrosion. Such properties made titanium alloys suitable to be used in body
implants, such as hip and knee prostheses, bone plates, screws and nails for

fractures, pacemaker housing and heart valves[1].

The combination of high strength to weight ratio and the ability to
operate at elevated temperatures made titanium alloys attractive to be used in
aerospace and aircraft industry. They are widely used in the components of the
jet engines, such as the compressor rings, ducts and shrouds, and in the airplane
structural components, such fuselage frames, engine mounts, control mechanism
parts, sheets and fasteners for the outer body construction [1]. Commercially
pure titanium is more commonly used than its alloys for corrosion resistance
especially when there is no requirement for high strength [2]. Titanium alloys
are suitable for chemical processing industries, oil and refining plants. They are
mostly used for storage tanks, columns, and heat exchangers where high
corrosion resistance to chemicals is required [1]. Some other applications of

titanium alloys found in automotive industry, structural and consumer goods [1].



As the titanium industry was growing quickly, the alloying development
progressed rapidly. Titanium exists in two crystallographic forms. The
commercially pure (un alloyed) titanium at room temperature has a hexagonal
close-packed (hep) crystal structure and referred to as a (alpha) phase [1]. Once
the temperature reaches up to 833°C, the crystal structure transforms into body-
centered cubic (bcc) structure, which is known as 3 (beta) phase [1], Figure- 1.1
shows the difference between (hcp) and (bcc) structures. The basis for the
development of the wide range of alloys and properties is by manipulating these
crystallographic variations through alloying additions and thermo mechanical
processing [1]. In general, titanium alloys can be classified as a alloys, 3 alloys,
or a+f alloys. Alpha alloys contain o stabilizing elements, such as aluminum
and tin, which inhibit the change in the phase transformation temperature or
increasing it. These alloys have better creep resistance than [ alloys, and
preferred to be used in high temperature applications. They are characterized by
adequate strength, toughness and weldability, but poorer forgeability than 3
alloys. Also, o alloys cannot be heat-treated to increase its strength; they are
usually used in their annealed or recrystallized condition in order to eliminate
the residual stress caused by working. An example of a alloys is Ti-5A1-2.5Sn
[1]. Beta alloys contain transition elements such as vanadium, niobium and
molybdenum. These elements lead to decreasing the temperature of o to 3

phase transition, and hence assist the development of the B bece phase. These
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alloys have excellent forgeability, hadrenability, and responds easily to heat
treatment. Ti-10V-2Fe-3Al is an example of B alloys [1]. Table-1.2 lists the
common alloying elements and their stabilizing effect. Alpha + Beta alloys
contain compositions which support a mixture of o and 3 phases. These alloys
may contain from 10 to 50 % of Bphase at room temperature. Ti-6Al1-4V is
considered to be the most common a+f alloy. Heat treatment can be used to
control the properties of these alloys; it is used to adjust the amounts and types
of B phase present. Alpha + Beta alloys generally have good formability; except

for Ti-6Al-4V in particular has poor formability [1].

(b)
Figure- 1.1 The difference between bece (a) and hep (b) crystal structures [4].
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Alloying element Symbol  Range (wt %) Effect on structure

Aluminum Al 2-7 a-stabilizer
Tin Sn 2-6 o-stabilizer
Vanadium \Y 2-20 B-stabilizer
Molybdenum Mo 2-20 [B-stabilizer
Chromium Cr 2-12 B-stabilizer
Copper C 2-6 B-stabilizer
Zirconium Zr 2-8 oandf strengthening

Table- 1.2 Common alloying elements and their stabilizing effect [3]

1.3 Surface Engineering of Titanium Alloys

Besides the great physical properties such as high strength to weight ratio
and excellent resistance to corrosion and temperature, titanium and its alloys
have poor tribological properties such as poor abrasive wear resistance, poor
fretting behavior and high coefficient of friction [3]. Surface engineering of
titanium and its alloys through heat treatment, coating and thermochemical
treatments were found to enhance their poor tribological properties. As a
fundamental metallurgical process of materials, heat treatment of titanium and
its alloys can be achieved through plasma and laser surface treatments, and ion
implantation [3]. The high heating and cooling rates of these treatments aim to
change the microstructure of the surface layer without changing its chemistry.
However, in most cases, the thermal hardening of the surface is not effective
due to the nature of titanium alloys not being submissive to case hardening
methods without changing the its surface composition. Various types of coatings

can be used on titanium such as chemical conversion coatings, plating, sprayed
5



coatings and physical vapor deposition (PVD). The term PVD is a combination
of processes including evaporation, ion plating and several forms or sputtering
to deposit alloys, metals or compounds on a large variety of substrates. The
coating of tool material substrate by reactive sputtering or ion plating of TiN is
considered to be the most successful engineering application. Thermochemical
treatments are considered to be quite effective because they tend to change the
chemistry of the surface layer. Oxidation, carburizing and nitriding are the most
popular thermochemical treatments used [3]. An oxide film is result of oxygen
in solution of a-Ti alloy. Moreover, during oxidation, this film becomes tougher
and thicker, which gives an extra protection against corrosion [3].
Unfortunately, this process cannot improve the wear resistance significantly
because the formed oxide layer is usually brittle and can be easily damaged.
Carburizing of titanium and its alloys can be performed in a non-oxidizing
environment; the carburized TiC layer creates a wear resistance surface for
titanium and its alloys [3]. Nitriding of titanium alloys have been used
effectively for protection against wear, since nitrogen is highly soluble in a-Ti
alloys, it significantly strengthens the surface layer. Nitriding forms a compound
layer of TiN on the top with a hardness reaching up to 3000 HV and Ti,N

beneath with a hardness reaching 1500 HV [3].

Plasma nitriding, ion nitriding, gas nitriding, and laser nitriding are the
major types of nitriding being used. Conventional plasma nitriding treatment
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occupies the low-energy end-spectrum, and has an advantage of controlling the
phase formation and the nitrided layer depth. It usually avoids oxidation and
requires short nitriding time periods. PVD and ion nitriding are considered to be
the two major plasma processes developed for titanium nitriding synthesis [3].
The main disadvantage of plasma nitriding is reducing the fatigue strength, but
reducing the processing temperature can solve problem. The high-energy end-
spectrum is occupied by the ion beam nitriding process. Nitrogen and Argon ion
beams are used on the exposed treated surface, where the nitrogen attacks the
surface of the specimen leading to desorption and sputtering of impurities atoms
[3]. Gas nitriding can easily form a harder layer on the surface of the materials;
that’s why 1is it considered to be a promising method for engineering
applications. It is independent of the sample geometry and does not require
special equipments, but it requires long time for nitriding and high temperatures.
Laser nitriding forms hard titanium nitride layer by melting the surface using a
focused laser beam and feeding the nitrogen through a nozzle into the melt pool.
The potential of generating excellent metallurgical bond between the substrate

and the hardened surface makes laser nitriding an attractive process.

The Laser gas assisted nitriding provides low processing cost and short
operation time with high end product quality. The nitrided layer thickness
depends on the laser power setting, laser scanning speed, irradiated beam

diameter at the surface, and the nitrogen gas pressure. Although increasing laser



power intensity while reducing laser scanning speed enhances the melt depth
thickness, evaporation of the surface becomes unavoidable. Consequently, a
care must be taken when selecting the nitriding parameters. However, additional
coating the laser nitrided surface with hard film, such as PVD TiN, on the
surface provides gradual changes of mechanical properties such as hardness and
elastic modulus in addition to protecting the surface from severe corrosion

attack.

1.4 Project Objective and Thesis Outline

The laser gas assisted nitrided surface has high surface roughness and it is
vulnerable to the crevice corrosion when exposed to electrolytic solutions. PVD
TiN coating may reduce the surface roughness of initially laser nitride surfaces
while improving surface properties, such as corrosion resistance. Consequently,
the objective of the present study is to investigate metallurgical and
morphological changes in the region subjected to laser gas assisted nitriding and
TiN coating at the nitriding surface. For this purpose, laser gas assisted nitriding
of Ti-6Al-4V was carried out. The resulting nitrided surfaces were coated with
TiN wusing the PVD coating facility. The microstrucutal changes and
morphology in the laser-irradiated area were examined using SEM, EDS and
XRD. The mathematical model was introduced to formulate the melt layer
thickness in the surface region of the workpiece. Moreover, three-point bending

tests were carried out to determine the elastic modulus of the laser nitrided and
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TiN coated regions at the workpiece surface

The thesis consists of six chapters. The first chapter presents general
introduction of titanium alloys and their surface engineering methods. The
second chapter reports the literature review of previous work related to laser gas
assisted nitriding of Ti-6Al-4V alloy. In chapter three, the experimental part is
presented and list of the equipment used in preparing the workpieces and
performing the associated experiments are included. The mathematical model to
formulate the melt layer thickness in the surface region of the irradiated
workpiece is introduced in chapter four and the appendix. The results and
discussions are discussed in details in chapter five. Finally, conclusion and

future works are presented in the last chapter.



CHAPTER -2

Literature Survey

2.1 Introduction

In this chapter, the studies which were carried out by various
researchers in the laser gas assisted nitriding of Ti-6Al1-4V alloy and the
findings were taken into consideration. The associated studies of the
nitriding process parameters and their impact on the laser nitride
characteristics are presented. Furthermore, the wear and chemical
resistance improvement of the laser gas assisted nitride Ti-6Al-4V is
included. Other studies relevant to the nitriding process in the atmosphere
environment are also presented. The published literature and
advancements in the laser assisted nitriding of the Ti-6Al1-4V alloy are

categorized under the relevant sub headings.

2.2 The Effect of the Laser Nitriding Process

Parameters

The effect of the laser nitriding parameters on the microstructures,
mircocracks and microhardness of laser nitrided Ti-6Al-4V was

investigated by Abboud et al [5]. The laser nitriding of the samples was
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performed using CO2 laser with a shielding device to supply nitrogen gas
and prevent oxidation. When changing the laser scanning speed, it was
found that the size of the nitride layer decreased by increasing the
scanning speed. Moreover, slower laser speeds resulted in a slight
increase in the microhardness of the surface. By diluting the nitrogen in
the nitriding process with argon, it was found that the samples produced
contained no TiN dendrites and had lower microhardness when they are
compared with the samples nitrided in pure nitrogen. The difference in
nitrogen gas flow rated during the nitriding process resulted in reducing
the availability of nitrogen for dissolution in the melt at lower nitrogen
gas flow rates. In conclusion, it was found that at slow scanning speeds
and relatively high nitrogen flow rates lead to high surface hardness up to
0.8 mm of depth, moreover, cracks intensity can be significantly
decreased by mixing argon with nitrogen, but the surface microhardness
will be decreased. In general, increasing the scanning speeds will lead to
decreasing the crack intensity and the thickness of the nitride layer

formed.

The mixing technology of laser and heated Nitrogen on the
Titanium alloy was realized by wafting the activated Nitrogen into the
laser molten pool. The surface hardness and the composition of nitrides

were examined by Yang et. al[6] along with the analysis of laser
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nitridation and surface property improvement. The nitriding radiation
source was CD-CO2 laser while pure nitrogen was utilized as the
alloying element to the TC4 titanium alloy sample. Nitrogen was pre-
heated and wafted into special equipment before reaching the sample
where it was activated by the laser and both hit the sample surface at the
same time. The laser was used to activate the nitrogen and melt the
surface. XRD was used to test the composition of nitrides while the
hardness was measured using the 71 type hardness measurement. The
XRD results showed that TiN and TiN2 were formed on the nitrided
sample where TiN was the main component. Different nitrides were
formed by using different scanning speeds. It was found that the action
time between the laser, nitrogen and substrate has an inverse relation
with the scanning speed. Also, increasing the scanning speed will
gradually increase the surface hardness up to a specific speed then the
relation becomes an inverse relation. The main reason for the hardness
improvement was the formation of TiN and the grain refinement around
the laser pool during the rapid melting and re-crystallizing process. By
using the mixing technology of laser and heated nitrogen gas, TiN were
formed in the nitridation area, this laser nitridation can be considered as

an interaction between the laser and the activated nitrogen with the
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substrate at the same time. Also, the improvement of the surface hardness

was due to the formation of TiN and the refined grain size.

The effect of laser surface nitriding on the microstructure, mechanical
properties, corrosion resistance of a Ti-6Al-4V alloy was investigated by
Biswas et al [7]. The laser nitriding was carried out using a CW laser
with the presence of nitrogen gas at a constant scanning speed. SEM
micrographs of the top surface showed that the nitriding cause the
formation of a defect-free and continuous alloy zone consisting of TiN
and a-Ti. It was also observed that by increasing the applied power, the
dendrites were marginally coarsed. The atomic force microscopy was
used to measure the surface roughness of the nitrided layer, it showed a
significant improvement of the surface roughness after nitriding when
compared to as received samples. The residual stress evaluated by XRD
showed that the compressive stress increases with increasing the applied
power and decreasing the gas flow rate. However, when reversing values
of the parameters, a tensile stress was developed on the nitrided surface
layer. In conclusion, it was noted that laser surface nitriding formed a
defect-free nitride zone consisting of TiN and o-Ti, which improved the

microhardness of the surface.

Examination of microstructure and properties of TiN coating by

reactive spraying through using SEM and XRD was carried out by
13



Tehara et al [8]. Supersonic DC arc plasma jet generator was used for the
reactive spraying of TiN. Pure nitrogen was used at low substrate
temperature with low power setting, which resulted in deposition of a
dense layer of TiN coating. However, increasing the nitrogen flow rate,
discharge current and input power, the coating hardness increased. The
high potentials for reactive spraying were achieved by supersonic plasma

jet coating in thermodynamic and chemical equilibrium states.

The investigation of different properties of the nitrided layers
achieved by Nd:YAG laser in different modes and the analysis of the
processed layers was carried out by Santos et. al [9]. The Nd: YAG laser
operating in CW and pulsed mode was used to nitride the pure titanium
samples. The CW laser mode resulted in rough surface layers. SEM
results showed that by changing the scanning speed from 16 to 2 mm/s
the layer thickness increases from 20 to 60 um. Moreover, increasing the
scanning speed resulted in shorter interaction time and faster cooling
rates. Hence, less nitrogen pick up occurred, which resulted in decreased
hardness. In Q-sw mode, porous thin layers (1-2 um) with low roughness
were observed. The lattice parameters of the Q-sw mode were close to
the CW, resulting in comparable hardness. When using the pulsed laser
mode, it was found that when changing the peak power in the single

pulse shape mode from 1 kw to 2 kw, the TiN layers change form rough
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and porous to smooth with high crack density. It should be noted that the
high cooling rates in laser processing results in the formation of the
microcracks. When double pulse shape was used, the cooling rate was
decreased which resulted in a crack free layer. The XPS results showed
high concentration of nitrogen at the top surface of the nitrided layer,
which increased the hardness. In conclusion, titanium nitride layers by
Nd:YAG laser were successfully made on pure titanium. The nitriding
process in CW mode resulted in rough layer surface and can be
considered as a roughening process. Q-sw laser nitriding resulted in thin
smooth and porous layers. Moreover, in pulsed laser mode, cracks can be
avoided in the nitrided layer by changing the mode from single pulse to

double pulse shape.

2.3 The Improvement of Wear resistance and

Hardness

The wear tests and the metallurgical changes of a laser-treated TiN
coated workpieces were carried out and examined by Yilbas et al [10].
Nitrogen was introduced coaxially with the laser beam at constant speed
to treat the Ti-6Al1-4V surface. Then, the workpiece was slightly grinded
prior to the TiN PVD coating. XRD was used to monitor the nitride

compounds while SEM used to examine the workpiece cross-section.
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Also, a ball-on-disc test method was used for the wear tests. The friction
curve results showed three distinct regions. The friction coefficient
increases rapidly in the first region, steady state occurs in the second
region and then it increases in the third region. The steady state in the
laser treated and TiN coated workpiece is longer, when comparing it with
a friction curve of TiN coated workpiece. This is an evident of the
occurrence of a smooth transition in plastic shearing resistance between
the TiN coating and the base substrate. The microstructure of the laser
treated and TiN coated workpiece shows that the dendrite structure is
dominant in the laser treated region and then they become smaller in the
surface region. The microhardness curve shows that the initial laser
treatment generates a hard zone in the surface region of the substrate. The
wear tests were carried out and showed that laser treated and TiN coated
workpiece give better wear tests results when compared to TiN coated

workpiece.

Laser gas nitriding of pure titanium and Ti-6Al-4V alloy in an
open system was experimented by Tian et al [11]. The pure titanium and
Ti-6Al-4V samples were abraded before being nitrided by using
continuous wave CO2 laser and feeding nitrogen through a coaxially
placed nozzle. XRD results showed that the compounds in the nitrided

layers are mainly TiNx, while the micrographs showed a crack and pores
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free uniformly distributed coarse and short stick-like titanium nitrides
morphology. This was attributed to the experiment condition of
processing in an open system. Moreover, the dendritic morphology of the
compounds in the transitional layer was an evident that solidification rate
has an effect on the microstructure. The microhardness profiles showed
that hardness decreases when getting deeper below the surface layer. In
conclusion, an XRD result of laser nitriding in an open system confirms
that the compounds formed in situ in the coatings are mainly TiNXx.
Moreover, the resulting high microhardness and good wear resistance

improved the load bearing capability of the base materials.

The structural, tribological and electrochemical properties of TiN
layers produced by plasma nitriding and deposited by PVD-CFUBMS
were applied on Ti-6Al-4V alloy. The characterization of these properties
using XRD, SEM, AFM, micro hardness tests, pin-on-disc tribotester,
and potentiodynamic tester were performed by Yetim et al[12]. Ti-6Al-
4V (grade 5) specimens were used. The plasma nitriding was performed
using DC laser in an evacuated chamber. The Ti interlayer was deposited
before the TiN deposition to improve the adhesion between the substrate
and the film. The surface topography through AFM images shows larger
grain sizes on the plasma nitrided sample when compared to the TiN

deposited sample. Also, the TiN deposited sample shows uniform,
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smooth, dense and columnar structure, while compound and diffusion
layers were observed on the plasma nitrided sample from the SEM
micrographs. The XRD shows that the TiN deposited layer has a TiN
single stage pattern, while the plasma nitrided sample displays TiN and
minor Ti,N phases. The hardness results showed that both methods
improved the surface hardness of the alloy, with the plasma nitrided
sample having higher values than the TiN deposited sample. The results
of the wear test show that friction coefficient increases as the load
increase in the untreated sample. Also, in both surface treatment
methods, it was determined that as the load increases the friction
coefficient increases due to the pin causing wear of the substrate by
breaking the modified layers. The explanation of the lower coefficient
values is that hard treated surface contains hard nitrides leading to lower
contact area which causes the improvement of the wear resistance. It was
observed that both surface treatments improved the wear rate. From the
typical polarization curves, it was observed that plasma nitrided and TiN
deposited samples have a rise in corrosion potential compared to the
untreated sample. Both treated samples and untreated sample were
subjected to local pitting corrosion and smaller pits were observed on the
treated samples compared to the untreated one. Plasma nitriding and TiN

deposition and their effects on wear and corrosion resistance of Ti-6Al-
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4V were investigated. It has been observed that both methods increased
the surface hardness, and when the friction coefficient of the alloy
decreases, the wear resistance increases but with the TiN deposition
sample having more friction coefficient and wear rate than the plasma
nitrided one. Finally, in the corrosion test almost no significant
improvements in the electrochemical properties were shown on the

treated surfaces when compared to the untreated surfaces.

Yilbas et. al [13] applied three-point bending test on laser gas
assisted nitrided, laser gas assisted nitrided and coated, and heat treated
and coated Ti-6Al-4V samples to obtain the Young’s modulus of the
treated zone from the experimental data. The bas material used was Ti-
6Al1-4V alloy. CO,laser in pulse mode was used to irradiate the surface of
the workpiece. TIN PVD coating was achieved using triode ion plating
equipment. Some specimens were heat treated in a furnace in an argon
atmosphere by reaching a temperature of 735°C and holding this
temperature for 2 hours. SEM and EDS were used to for material
characterization of the nitride surface. The SEM results showed that a
uniform and crack free nitride layer of 80 pum thick was achieved.
Moreover, a 2 um uniform layer of TiN coating was realized. After the
bending tests, the SEM micrographs revealed closely spaced multicracks

formed on the as received and coated, as well as the heat treated and
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coated specimens. The cracks were developed within the surface region,
and no cracks propagation was observed through the coating interface
and into the base material. The deformation of the coating was found to
relief the stress levels at the interface. Also, it had a positive effect on the
shear stress relaxation in the same region. The large differences in the
elastic modulus of the coating and base material was the result of a shear
failure in the surface region of the coated section. It was found that the
Young’s modulus for the TiN coating region was similar to that of the
laser nitride region. However, the heat treatment slightly modified the
Young’s modulus. In conclusion, three point bend tests of as received
and TiN coated, heat treated and coated, laser nitride, and laser nitride
and coated samples of Ti-6Al-4V was carried out to determine the
Young’s modulus. It was found that the laser nitride layer improved the

material response to the bending, although it was 80 um thick.

The effect of using duplex surface treatment coating, diamond
coating, and laser-surface alloyed coating on Titanium substrate to study
their erosion resistance was evaluated by Fu et al [14]. A microwave
plasma-assisted diamond CVD system was used to deposit diamond
coating on pure Titanium. Nd-YAG laser was used for laser alloying in a
Nitrogen atmosphere. Impacting the specimens with erodents at various

velocities in a standard sandblasting apparatus was used for solid particle
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erosion testing. Natural angular aluminum sands were accelerated by
compressed air to attack the specimens. The erosion test displays a linear
relation between mass loss and erosion duration in the untreated
Titanium. The erosion resistance of Titanium substrate under low impact
velocity can be improved by using duplex treated coating, while the
erosion resistance is not significant under high impact velocity. The
resistance under high and low velocity of diamond coating is almost the
same with the untreated Titanium. The laser treated Titanium shows
much higher resistance under high and low impact velocity when
compared to untreated Titanium. By using the three types of surface
treatments of Titanium to improve the erosion resistance, it was observed
that the duplex-treated coating can improve the resistance under low
impact velocity, while diamond coating shows low resistance to both
high and low impact velocity, and the erosion resistance of high and low
impact velocity of laser-treated Titanium significantly improved when

compared to untreated Titanium.

The process for surface nitriding by a laser beam and resulting
properties were investigated by Ettaqi et al [15]. The surface of the
workpieces was hardened using the nitrogen gas flow through laser
melting of the pre-deposited TiN powder layer. This provided reactions

between titanium, nitrogen gas, and TiN powder layer. The resulting
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nitrided surfaces were examined by using the optical microscopy and
crystallographic analysis was carried out using X-ray diffraction (XRD).
In addition, microhardness measurements were carried out to determine
the hardness distribution in the nitrided layer. The tribological tests were
also carried out to measure the friction coefficient of the surface. They
found that the surface appearance and the surface texture were dependent
on the nitriding process and the hardness of the surface remarkably
increases after the laser treatment process. Moreover, the wear resistance
of the nitrided surface was improved and friction coefficient was

determined.

The effect of the laser nitriding parameters on the microstructure,
phases, microhardness and the biocompatibility of the nitrided surface of
Ti-6Al-4V was investigated by Biswas et. al [16]. The sand blasted Ti-
6Al1-4V samples were nitrided using CW diode laser with nitrogen as a
shrouding gas. SEM and XRD were used to analyze the microstructure
and the phases of the nitrided layer, while the microhardness was
measured using the Vickers microhardness tester. The SEM micrographs
of the nitrided layers showed a formation of highly refined TiN dendrites
in the a-Ti matrix. When comparing the XRD analysis of both the as
received and the laser nitrided Ti-6Al1-4V samples, it was noted that the
as received sample consists a mixture of o and [ Ti with the B-Ti
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relatively lower in volume fraction than the o-Ti. However, the laser
nitrided sample showed mainly a formation of TiN and few a-Ti through
the XRD analysis. The microhardness results showed that the nitrided
sample has a relatively higher hardness value at the surface layer than the
as-received sample and decreases gradually as the depth increases to the
substrate layer. By measuring the cell proliferation using the
methylthiazol tetrazolium (MTT) assay test of the as received sample and
the laser nitrided sample, it was observed that the cell
proliferation/viability significantly improved by laser nitriding, which in
hand, improved the biocompatibility. In conclusion, it was noted that
laser nitriding caused formation of TiN dendrites in the o-Ti matrix.
Moreover, the microhardness and the cell proliferation were improved in

the nitrided layer.

2.4 Corrosion Resistance Improvement

The microstructure characterization of Ti-6Al-4V nitride by
Nd:YAG pulsed laser and the study of its corrosion resistance in an
oxidizing acid environment consisting nitric acid was carried out by
Razavi et al [17]. The Ti-6Al-4V samples were nitride using Nd:YAG
pulsed laser in a pure nitrogen environment. The surface phase before

and after the immersion tests were identified using XRD analysis. A 4M
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HNO3 solution was used for the potentiodynamic and cyclic polarization
tests. Microstructure micrographs showed that the dendritic structures
produced by the laser nitriding could be divided into three main regions,
laser-melted region, heat affected region, and the base metal. XRD
results before the immersion tests showed that the thin top layer consists
mainly of TiN and small amount of TiNy;. The untreated and treated Ti-
6Al1-4V samples were immersed in a HNO3 solution. Under the same
immersion duration, the tests results showed that the weight loss of the
untreated sample was less than the treated sample; this is because of the
removal of the TiN layer and exposing the dendritic layer beneath it to
the nitric acid solution. Polarization tests concluded that the TiN outer
layer is the deciding factor in the protection of the laser nitride samples.
Thus, the removal of this layer reduces the corrosion resistance. The
cyclic polarization tests showed that the treated and untreated samples
had high pitting corrosion resistance. However, the removal of the TiN
layer in the treated samples lowered the pitting corrosion resistance. In
conclusion, it was shown that the laser gas nitriding of Ti-6Al-4V was an
effective surface modification method to improve the tribological
properties. However, the thickness and continuity of the TiN outer layer

is an important factor for the corrosion resistance of the nitride samples.
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2.5 Titanium Nitriding in the Atmosphere

The oxidation prevention during laser processing of titanium and
the hydrodynamic phenomena in laser nitriding were presented by
Xuekang et al. [18]. The key component for nitriding in the atmosphere
is to use a nozzle through which nitrogen jet was discharged onto the
irradiated surface. A pulsed Nd:YAG laser as a laser source was
introduced through the nozzle. The titanium alloy surface was nitrided
without any noticeable oxidation under optimized nitriding conditions.
TiN formation and dendrite structure were confirmed using XRD and
SEM. Experiments were extended to include different flow rates of
nitrogen and it was found that low flow rates results in improved
nitriding quality. The proper design of the nozzle creates a high-pressure
zone above the irradiated area and laminar flow which is important to
protect the surface from the surrounding air and thus avoiding oxidation.
It is important to note that maintaining a stable flow for laser nitriding
through controlling the processing parameters is necessary to obtain

reproducible results.

The study of surface morphology and coating components of
titanium surface nitriding using laser and nitrogen plasma in the
atmosphere was carried out by Yu et al [19]. Industrial pure titanium

samples were used in the laser and plasma nitriding process, in which the
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CW-CO2 laser and the plasma gun were fixed coaxially to nitride the
samples in the atmosphere with varying the process parameters.
Morphology details and nitrogen content of the nitrided layer were
obtained by SEM and XRD examinations. From the XRD analysis, it was
found that relatively high power density, slow scanning speed and high
plasma flow rate lead to better performance nitrided layer containing
TiN, Tip,N and TigN,33 . SEM micrographs showed dendrites in the
nitrided area, below which, was the heat affected zone (HAZ). It was
found that the larger size of HAZ lead to easier formation of cracks. EDS
results showed that maximum nitrogen concentration was achieved at
shallow depth and dropped sharply until the depth of the transition layer,
in which, a gradual decrease in the nitrogen concentration was observed.
In conclusion, surface nitriding obtained by laser and nitrogen plasma in
the atmosphere was successful. As nitrogen plasma provided the nitrogen
ions, surface nitriding can be achieved in the atmosphere at a relatively
low laser power density when compared to laser nitriding. Consequently,
laser and plasma nitriding was found to be an efficient method to
incorporate nitrogen in the irradiated substrate when compared to laser

nitriding.
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2.6 Literature Survey Summary

Nitrided layer quality, microhardness, wears resistance, and
corrosion resistances are considered the critical properties, which are
affected by the nitriding process parameters. The development in the
laser nitriding process in order to achieve optimum quality and properties
is greatly influenced by the literature studies in the past. Most of the
studies revealed that the nitrided layer mainly contains high
concentration of TiN and few o-Ti at the surface. However, this
concentration decreases with increasing depth in the layer. Moreover,
several studies concluded that the presence of TiN in the nitrided layer
improved the hardness and the wear resistance of the layer. Furthermore,
the laser nitriding process parameters, i.e. laser power rate, scanning
speed, nitrogen flow rate, and type of laser used, had a great effect on the
characteristics of the resultant layer, in addition to forming a crack-free
layer. Few studies showed that laser nitriding could be successfully
achieved in an atmospheric environment. Additionally, studies show that
the thickness and uniformity of the TiN outer layer plays an important

role in the corrosion resistance of the nitride layer in a nitric solution.

The surface roughness of the laser nitrided Ti-6AI-4V alloy is, in

general, high, which limits the potential application of the process.
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However, PVD TiN coating on the laser treated surface may reduce the
surface roughness and forms a hard surface on the treated layer. In the
open literature, this issue was not addressed in details. Consequently, the
objective of this thesis is to investigate the laser gas assisted nitriding and
the TiN coating of the laser nitrided surfaces. The metallurgical changes

in the TiN coated and nitrided layer are examined in details.
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CHAPTER -3

Equipment and Procedure

3.1 Introduction

In this chapter, the equipment used in this research are explained
together with the experimental procedure. The equipment used include
TiN coating apparatus, laser source, material characterization equipment,
three-point bending and the hardness tests facilities. The topics are

represented under the relevant sub-headings.

3.2 PVD TiN Coating

Chemical Vapor Deposition (CVD) and Physical Vapor Deposition
(PVD) are considered to be the two major coating processes. These
techniques provide effective control of thickness, coating composition
and porosity. Vacuum or arc evaporation, sputtering, and ion plating are
the three basic types of PVD processes. In general, these processes are

carried out in high vacuum at temperatures in the range of 200-500 °C.

To produce thin layers of TiN on Ti-6Al-4V substrate surfaces, the
following steps were incorporated: the ground, polished, and
ultrasonically cleaned samples of Ti-6Al-4V were put into a PVD unit.

By using a d.c magnetron source in an argon gas atmosphere, the
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titanium film was sputter deposited onto the substrate at 260°C. Then it
was implanted with N+ ions at 50 keV acceleration potential. After the
implantation process, vacuum annealing was carried out at 540°C for one
hour. A series of normal constant thickness single layer of 400 nm film
was formed. The total thickness of the multi-layer film in the range 2-4
um was obtained after a series of trails. The coat interface lattice
parameters varied between 4.22A and 4.275A. Aluminum atoms have
substituted some titanium in the lattice, which decreases the lattice
parameter. The coverage area of defect is less than 1% of the surface

after examining the SEM results.

3.3 Workpiece Material (Ti-6Al-4V alloy)

The material used for the workpieces is the Ti-6Al1-4V alloy. This
alloy contains aluminum astabilizing element by 6% wt. and vanadium
Bstabilizing element by 4% wt. Table-3.1 presents the elemental weight

percentages of the Ti-6Al1-4V alloy

Element Ti Al Vv Cu Cr Fe O

Amount (wt.%) Bal. 6 4 0.03 0.01 032 0.20

Table-3.1 Chemical composition of Ti-6Al-4V Alloy (wt. %)
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The mill annealing process resulted in a microstructure ofo. and
intergranular 3. The workpieces were cut into a rectangular shape, with
dimensions of 30 mm x 150 mm x 5 mm. Later, they were ground and
polished with 0.25 um alumina suspension, then degreased in acetone
and dried in air before being treated. The peak-to-valley surface

roughness was measured as 0.5um workpieces.

3.4 Material Characterization

Appropriate sectioning, mounting and mechanical polishing was
performed on the specimens in order to prepare them for the scanning
electron microstructural investigation. The following etchants were used

to reveal the features of the treated regions: -
[ 3 ml HF + 6 ml HNO; + water ] or
[ 20 ml HF + 20 ml HNOj; + 40 ml Glycerol]

The resulted microstructures were studied and recorded using optical
microscopy and SEM. In order to prevent charging of the sample surface
during the SEM photography, and to increase the contrast for higher
resolutions, a sputtered layer of gold film was sputtered on the workpiece

surfaces.
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3.4.1 SEM and EDS

The purpose of SEM and microphotography are to provide high
resolution and high magnification images of solid samples to show
surface structure in order to investigate the metallographic changes in the
nitride and nitride/melted regions, while the purpose of energy dispersive
spectrometer (EDS), is to give quantitative and qualitative elemental
analysis of the microscopic regions imaged to obtain the elemental

distribution in respective regions.

JEOL JSM-6460LV scanning electron microscope with an X-ray
detector was used for the SEM and EDS analyses in this thesis, as shown
in Figure-3.1. It has a resolution of 0.3 nm, magnification range from 5x

to 300,000x, and an accelerating voltage in the range of 0.3 — 30 kV.

Figure- 3.1 JEOL JSM-6460LV scanning electron microscope
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3.4.2 X-ray Diffraction Analysis

The layers were analyzed by XRD using MoKa radiations after the
nitriding process. XRD profiling of the treated cases were performed by
periodic removal of the surface by SiC abrasive papers grinding. The
analysis of the nitride species in the melted and untreated regions was
carried out by Bruker XRD D8 Advanced (Figure- 3.2), with a typical

setting of 40 kV and 30 mA.

Figure- 3.2 Bruker XRD D8 Advanced.
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3.5 CO; Laser Melting

Laser machining is considered to be part of the family of material
removing or machining processes. Besides it involves special
applications such as micromachining, it also provides a practical
production method for hard-to-machine materials. However, when it
comes to material removal rate and surface quality, laser machining has
some limitations when compared to traditional machining methods. Even
so, the interest of using lasers in welding, soldering, surface

modification, marking, cutting, hole drilling and scribing is growing.

In surface melting process, the laser is used to successively melt a
controlled area of the surface. During the cooling cycle of the process,
solidification occurs which results in metallurgical properties different to
conventionally cooled surfaces. This may provide high ductility and high
strength together with good wear and corrosion properties of the
substance [20,21]. Although grain refinement is always possible, some of
the alloys cannot result in the optimum effect by surface melting. The
particle injection, laser surface nitriding, cladding and surface alloying
have been also introduced to improve the tribological properties of the

surface [22, 23,24].

The Amada CO2 laser (LC-ALPHAIII) delivering nominal output

power of 2 kW at pulse mode with different frequencies was used to
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irradiate the workpiece surface. The nominal focal length of the focusing
lens was 127 mm. Nitrogen assisting gas emerging from a specially
designed conical nozzle and co-axially with the laser beam was used. The
experimental set up of the laser process is shown in Figure- 3.3, while the

nitriding conditions are given in Table- 3.2.

Laser Head Laser Beam
g ______________ \ Mirror
Gas|In E i
Computer Lens
Workpiece
]
N }—‘
Circular Disc
X-Y Table
Figure- 3.3 Experimental Set-up
Feed Rate  Power  Frequency Nozzle Gap Nozzle Focus N,Pressure
(mm/min) (W) (Hz) (mm) Diameter  Setting (kPa)
1000 70 and 110 1500 1.55 1.5 127 600

Table- 3.2 Laser assisted nitriding conditions
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3.6 Hardness Tests

The hardness test is considered one of the most common tests for
assessing the mechanical properties of material. The resistance to
permanent indentation generally defines the hardness of a material. Also,
the size or depth of the resulting indentation is measured, which in turn

related to a hardness number.

The micro-hardness of the workpiece cross-section was measured
using the Vickers tester, which uses a pyramid-shaped diamond indenter
with the load kept at 300gm. The micro-hardness measurements were
carried out across the workpiece cross-section before and after the
nitriding process. The standard test method for Vickers indentation

hardness of advanced ceramics (ASTM C1327-99) was used.

3.7 Three Point Bending Tests

The three point bending test is a mechanical test in which the
specimen rests on two supports and a loading nose applies the load at a
midway point between the supports. As per the three point bending test
standard [ASTM D-790], the specimen is deflected until a maximum
strain reaches 5% or until rupture occurs in the outer surface of the

specimen [25].

36



Rectangular laser nitrided and laser nitrided and TiN coated
specimens on the three point support fixture. The load and displacement
characteristics were recorded during the tests. The tests were terminated
when the treated layer reaches 5% of its flexural strain or when the layer
failed. The bending strength (g3,) of the laser nitrided and laser nitride

and TiN coated samples was calculated by the below equation:

3PL

Ob = Jpaz (1)

where L is the span, P is the break load, b is the sample width, and d is

the sample thickness.

The INSTRON 8801 dynamic loading machine manufactured by
Instron Ltd. Co. was used. It has 100 kN load cell, hydraulic grips and a

standard 50mm extensometer.

3.7.1 Determining Young’s Modulus by Three Point

Bending

The detailed formulation of Young’s modulus was presented in the
previous study [25], therefore only the governing equations are
presented. After assuming the symmetry during the bending tests in

relation to Figure-3.4, Young’s modulus can be written as:

pI3
E.l. + Edl; = Y (2)

37



Or

PI3 Is
e = (4sd)l, Es I 3

Where [.and I; are the moment of inertia of the coating and the
substrate material, [ is the distance between the supports, P is
the applied load, and d is the displacement of the substrate
material and the coating during the bending tests. The moment

of inertia of the substrate material and the coating are:

152 (/1) 2)+ e
I, = f—/zs/z y2bdyand I, = f—/zs/z y2bdy (4)

where b is the width of the coating and the substrate material. Table- 3.4
and equation 3 are used to determine the Young’s modulus of the
coating. Due to the fact that the coating is applied on one side of the

specimen, a non-symmetric situation along the central plane of the
: . /¢ . :
specimen resulted. Therefore, a shift of > occurred in the axis of

symmetry. This small shift was omitted in the calculations, which results

into a small error in the calculations.

The related error to the load displacement characteristics obtained from
the three point test measurements is in the order of 3%. The measurement

errors are based on the data obtained from five experimental repetitions.
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Figure-3.4 shows a schematic view of the three point bending test and the

relevant dimensions.

Applied Load
Substrate Material via Indent

Coating

A

/
Figure- 3.4 A schematic view of the three point bending test

Laser Nitrided and Laser Nitrided
Coated Section Section

hs (m) 0.003 0.003

hc (m) 0.000074 0.00076

P (N) 8100 8140

1 (m) 0.0265 0.0265

d (m) 0.00064 0.00065

b (m) 0.01875 0.01875

Is (m®) 42 E-11 42 E-11

Ic (m%) 4.6 E-13 4.5E-13

Table- 3.3 Data used in the calculations of Young’s modulus from three-
point bending tests.
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CHAPTER-4

Mathematical Analysis for Laser Melting

4.1 Introduction

The lump parameter technique can be used to model the laser
heating and re-melting of coating, while solving the heat transfer
equation yields the temperature distribution caused by the laser heating
process. By using the momentum equations in the lump parameter
technique, the molten front velocity is derived when the energy balance
in the coating during the heating process is being considered. When using
the Laplace transformation technique, the solution of the heat conduction
equation for temperature distribution is achieved. Because the laser
absorption depth and the focused spot diameter of the laser beam at the
coating surface are significantly small, one dimensional heating situation
is considered during the heating analysis for temperature formulation, i.e.
temperature gradient along the radial direction is much lower than the

temperature gradient along the beam axis in the substrate material.
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4.2 Melt Depth Formulation

The influence of assisting gas, including cooling and exothermic
reaction contribution on the melting process, has to be included in the
model study. It is essential to note that the liquid layer film and the liquid
film velocity at liquid film-assisting gas interface, including the assisting
gas jet affect, should be determined in line with the laser surface
treatment process. The exothermic reaction contributes to the energy
transport process at the interface even with small amount of oxygen in
the heating environment. Also, during the melting process, the assisting
gas forms a boundary layer flow over the liquid film surface (molten
metal surface) and heat transfer from liquid surface to boundary layer
flow occurs, at assisting gas-liquid interface, because the assisting gas
(nitrogen) is at room temperature, heat transfer from liquid surface to
solid substrate occurs at liquid-solid interface. High temperature
oxidation reaction at the melt surface provides excess energy to the laser
irradiated region during the heating process. The liquid layer thickness is
formulated in the appendix in line with the previous study [26].

Therefore, the equation for liquid layer thickness is presented below[26]:
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&S_s(c4+zug)
Cg 4 Cg

0L = 1L %Cfngez (5
Where
P
C. — 1 Zo_ﬁ(Tm_Toi)
Y pL[Cpg(Ty = TY) + Ly + Bley + 1.65Cpy (Tey — Ty)]
And

CZ =PL [Cps(Tm - Ti) + Lm + .BLev + 1-656pm(Tev - Tm)]
And
Cy = Py UcCy [Cpg (Tev - Toe)]
And

S 1 1 2

Ce=—_Z il
572¢, 2Mcp, Uz

A computer program in Mathematica software is developed to compute
the liquid layer thickness (&) from equation (5) for various power
settings within the range 200 — 500 W. Table 4.1 gives the simulation

conditions
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Property Value Units
Boiling temperature 3030 K
Assisting gas velocity 130 ms’”

S 107 m
Melting temperature 1900 K
Density of assisting gas 1.19 at 150 kPa kg m™
Density of workpiece 4570 kg m™
Fraction of evaporation contribution (J3) 0.01 -
Specific heat capacity of solid 523 Jkg'K!
Specific heat capacity of melt 560 JTkg'K!
Specific heat capacity of gas 918 Jkg'K!
Surface tension 1.5 Nm™
Thermal conductivity of molten metal 21.3 W mK™!
Thermal conductivity of solid 20.4 W mK™!
Latent heat of melting 418680 Tkg™!
Latent heat of boiling 6.10 x 10° Tkg™!
Viscosity 035x 107 Nsm'

Table- 4.1 Workpiece and assisting gas properties used in the simulations
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CHAPTER -5

Results and Discussion

Laser gas assisted nitriding of Ti-6Al-4V alloy is considered and
microstructural changes in the irradiated region are examined using
SEM, EDS, and XRD. The melt layer thickness developed during the
process is formulated using the lump parameter analysis. The laser gas
nitrided surfaces are, then, TiN coated using the PVD coating facility.
The mechanical properties of the laser nitrided and laser nitrided and TiN

coated workpieces are examined through three-point bending tests

Figure-5.1 shows melt depth predicted with laser output power. It
can be seen that melt depth varies almost linearly with increasing laser
output power. This is true for both assisting gas jet velocities. It should
be noted that the nozzle exit velocity is studied in the simulations, i.e.
pressurized nitrogen emerges from the conical nozzle and discharges into
the environment before reaching the workpiece. This, in turn, results in
attainment of high jet velocities at the nozzle exit. Moreover, increasing
jet velocity lowers the melt layer thickness. This is associated with the
convection losses from the free surface of the irradiated workpiece.
Therefore, enhancement of heat transfer coefficient at the surface

enhances the heat loss from the irradiated region while lowering the melt
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layer thickness. The experimental data is in agreement with the
predictions; however, some discrepancies are observed between the
experimental data and the predictions. This can be attributed to the lump
parameter analysis, which is adopted in formulating the liquid layer
thickness. In this case, the analysis does not accommodate details of heat
loss and gain, which may be obtained through the solution of the Fourier
heat transfer equation. In addition, all the properties are assumed to be
uniform and independent of the temperatures in the analysis. The
maximum error estimated in the experimental results is in the order of
3%, since SEM micrographs are used for the depth layer measurements,
1.e. main source of the error is based on the non-uniformities in the melt
depth. Nevertheless, the predictions are in good agreement with the

experimental results.
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Predictions Gas Velicity = 80 m/s
---8--- Experiment Gas Velocity = 80 m/s *
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Figure- 5.1 Melt depth thickness with laser power intensity
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Figure-5.2 shows SEM micrographs for the top surfaces at laser
nitrided and nitrided- TiN coated surfaces. It can be seen that laser
nitriding results in rough surfaces. The melted and partially evaporated
surface appeared as protruding columns. This structure is rich in nitride
compounds; therefore, it is hard to remove. Moreover, it is also observed
that the surface is free from cracks and cavities (due to evaporation).
Consequently, micro-stress levels generated due to nitride compounds
formation and thermal loading are not beyond the critical stress limits to
form the cracks. However, it is evident from the visual inspection that the
coloration at the surface after TiN coating; in which case, coated surface
becomes more gold color as compared to laser nitrided surface. The laser
melting tracks are evident and the overlapping ratio of the laser spots is
over 80%. This provided almost smooth and continuous melting tracks at
the surface. However, the spacing between tracks is 90% of the laser spot
radius. This results in the melt front forming curvatures in the transverse
direction, which is normal to the laser scanning direction. Since nitrogen
gas pressure is high, oxidation at the surface due to high temperatures is

not possible during the melting process.
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Patterns of laser scannig at the surface

Figure- 5.2 SEM and optical micrographs of top surface of laser nitrided
and laser nitrided and TiN coated workpieces
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Figure-5.3 shows SEM micrographs for the cross-sections of the
laser nitrided and laser nitrided as well as TiN coated surface. It can be
seen that the laser nitrided region extends almost 80 pum below the
surface, which is in agreement with the model predictions (equation 5).
The nitrided layer cross-section is free from defects including porosity,
microcracks, voids, and large cavities. The nitride compounds formed in
the surface region appears as feathery-like small structures. As the depth
below the surface increases, the transition region is formed; in which, the
size of the feathery-like structure increases. However, as the depth below
the surface increases further, needle-like structure is formed. This region
represents the end of the nitride layer and beginning of the heat affected
zone. Since the region with the needle-like structure is small, the heat
affected zone is also small. This is associated with the processing speed,
which is significantly higher than that corresponding to the plasma
nitriding process, e.g. laser gas assisted nitriding ends within seconds
while plasma nitriding ends in the order of tens of hours. The orientation
of needle- like structures is non-uniform, which can be caused by non-

uniform cooling rates during the nitriding process.
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Figure- 5.3 SEM micrographs of cross-section of (a) laser nitrided and
(b) laser nitrided and TiN coated workpieces
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Figure- 5.4 shows XRD diffractograms as-received and laser
nitrided surfaces. As- received Ti-6Al1-4V alloy composes of a-Ti and f-
Ti; however, the majority phase is a-Ti. The presence of 0-TiN and e-TiN
peaks indicates that nitride-rich compounds are formed in the surface
region. The presence of TiN (200)0 is due to the PVD coating, which is
applied after laser nitriding process. However, Ti2N peaks indicate the
existence of transition zone between the nitride-rich surface and the base
material. In this case, nitrogen concentration reduces significantly in this
region. Increasing laser power results in shift in TiN (200)6 peak. This
indicates that the probed inter-planar spacing is longer for the high laser
power intensity than that corresponding to the low laser power intensity.

The difference in 26 represents the presence of compressive stress.
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Figure- 5.4 XRD difractogram for laser nitrided workpiece

Figure-5.5 shows microhardness variation inside the substrate
material with TiN coated and uncoated laser nitrided surfaces. It is
evident that microhardness attains higher values at the surface for TiN
coated and laser nitrided surface than that corresponding to laser nitriding
only. This is because of the presence of J-TiN phase for the coated
surfaces. However, J0-TiN and &-TiN compounds are formed in the

surface region of the laser nitrided workpiece. This is because of the
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residual compressive stress developed in 0-TiN, which enhances the
surface hardness [29]. As the depth below the surface increases, hardness
reduces first gradually to about 25 um below the surface. As the depth
below the surface increases further, hardness reduces sharply to reach the
base material hardness. The sharp decay in hardness is because of the
decay of nitrogen concentration with increasing depth. Moreover, the

transition region starts at about 25 ym below the surface.
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Figure- 5.5 Microhardness distribution inside laser nitrided
workpiece

53



Figure- 5.6shows SEM micrographs of laser nitrided and laser
nitrided and TiN coated surface. It is evident that nitride formation in the
surface region modified the surface texture and fine nitride structures are
formed at the surface. This results in the surface roughness (Ra) in the
order of 2.6 um. The surface roughness of the laser treated and laser
treated and TiN coated workpieces are shown in Figure-5.7.
Consequently, the cavity formation during the laser nitriding process did
not take place. When comparing the surface roughness due to laser
nitriding and laser nitriding and TiN coating, it appears that both surface
roughnesses are in the same order. The difference is relatively small (0.2
um). Therefore, TiN coating of the nitrided surface does not alter the
resulting surface texture of the workpiece. This may be because of the
TiN coating thickness, which is in the order of 2 um. As shown
previously in Figure- 5.3, it should be noted that the nitrogen diffusion is
limited with the surface region, since the diffusion coefficient is
considerably small [31]. Therefore, nitrogen diffusion ceases at some
depth below the surface. However, due to the high cooling rates, heat
affected zone below the laser treated region is very narrow and no

demarcation line is visible within boundary of the heat affected zone.
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Figure- 5.6. Top view of laser nitrided surface.
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Figure- 5.7 Surface roughness of laser nitrided and TiN coated, and laser
nitrided workpiece surfaces.

Figure-5.8 shows the bending load with the flexural displacement
for the laser treated and laser treated and TiN coated workpieces. It
should be noted that the bending data is obtained from the tests
conducted at constant strain rate. Table- 5.1 gives the elastic modulus
determined from the three bending tests. The laser nitrided and TiN
coated surfaces resulted in slightly higher elastic modulus than that
corresponding to the laser nitrided surfaces. This is attributed to the
nitrided rich layer developed at the interface of the TiN coating and laser
nitrided surface. It should be noted that to achieve 2um TiN thick coating

on the laser nitrided surface, the laser nitrided workpiece is kept at 260°C
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for almost four hours in the coating unit. This gives rise to excessive
nitrogen diffusion in the surface vicinity of the laser nitrided workpiece.
Consequently, bending load and flexural displacement characteristics
changes for TiN coated and laser nitrided workpiece. This, in turn, results
in some small differences in the Young’s modulus between laser nitrided
and laser nitrided and TiN coated workpieces as observed from Table-
5.1. Moreover, the abnormal behavior in the bending curves is not
observed, which suggests that the gradual deterioration of the laser
treated and coated regions. In this case, the gradual deterioration of the
interface of the workpiece would relieve the stress levels of the interface;
consequently, the compressive stress generated at the top surface and
tensile-shear stress developed at the bottom surface does not result in the
total failure of coating and laser treated surfaces, i.e peeling due to the
elastic strain energy stored in the treated region and TiN coating is not

observed.
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Table- 5.1. Elastic modulus determined from three-point bending tests.

Figure- 5.9 shows optical and SEM micrographs of fractured

surfaces after the three-point bending tests. Since the micrographs are

taken from the bottom surface (opposite to the load applied surface), the

laser nitrided and laser nitrided and TiN coated surfaces are subjected to

tensile-shear force. The failure of the laser treated surfaces is due to the

tensile-shear deformation; in which case, cracks are formed in the
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surface region of the bended workpieces. The multi cracking including
local separation of the surfaces are observed. The multi cracking for TiN
coated and laser treated surface appears to be severe, which is due to the
brittle structure of the TiN coating. Therefore, the shear stress developed
at the interface of TiN coating and the laser nitrided surface is
responsible for the multi-cracking in TiN coating. Moreover, the shear
stress developed at the interface also initiates and contributes to the crack
formation in the laser nitrided surface. In the case of laser nitrided
surface, deep cracks are developed due to the tensile-shear loading in the
surface region. However, the multi cracking is partially reduced with the
deep and extended cracking in the surface region. This is attributed to the
initial crack formation in the surface region which in turn results in stress
relaxation in this region. As the bending progresses, the rate of shear
strain increases while accelerating the crack propagation in the surface
region. This causes deep penetration of cracks into the surface as well as
the crack elongation in the surface region, i.e. the crack formed in the
surface region minimizes the new crack formation in this region;
therefore, multi-cracking replaces with the deep and elongated cracks in

the surface region.
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CHAPTER -6

Conclusions and Future Work

Laser gas assisted nitriding of Ti-6Al-4V alloy is carried out and
microstructural changes in the laser irradiated region are examined using
SEM, EDS, and XRD. Laser nitrided surface is coated with TiN using the
PVD facility. The TiN coating is carried out to develop a protective layer
to corrosive environments. Moreover, the three-point bending tests are
carried out and elastic modulus of the laser nitrided and TiN coated

surfaces are determined

It is found that laser nitrided surface is free from cracks and other
surface irregularities. The nitrided surface possesses partially protruding
columns-like structures due to partial evaporation of the surface. These
structures are rich in nitrogen due to nitride compounds formed in the
surface region of the substrate material. TiN coating of the surface
reduces the surface roughness of the resulting laser nitrided surfaces. The
results of XRD diffractogram reveals that -TiN laser with mixture of e-
TiN phase is formed at the laser nitrided surface. The presence of TiN
coating appears as J-TiN peak in the diffractogram. The feathery-like

structures are formed in the surface region of the workpiece showing the
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nitride-rich structure. As the depth below the surface increases, this
replaces with larger size feathery-like structure indicating the transition
zone. As the depth below the surface increases further needle-like
structure is formed, which is the indication of the heat affected zone. The
depth of nitride layer extends almost 8 um below the surface, which is in
agreement with the model predictions. Increasing nitrogen gas pressure
enhances the gas jet velocity at the exit. This increases the convective
heat transfer from the surface while lowering the melt depth layer
thickness. The microhardness of the TiN coated and laser nitrided surface
is higher than that corresponding to laser nitrided surface. This is because
of the compressive stresses developed in TiN coating. The depth of laser
treated layer extends 80 um below the surface. The elastic modulus
determined from three-point bending tests reveal that the laser treated
and TiN coated surfaces has higher elastic modulus than that
corresponding to the laser nitrided surface. This is attributed to nitride
enrichment of the surface during TiN coating process. The multi cracking
is observed on the surface of the TiN coated and laser nitrided workpiece
surface after the three-point bending tests. This is attributed to the
tensile-shear stress developed at the interface of TiN coating and the laser
nitrided surface. The brittle structure of TiN coating develops multi

cracking in the coating and the shear stress developed at the interface
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gives rise to the multi crack formation in the laser nitrided surface. In the
case of the laser nitrided surface, deep and elongated cracks are observed
after the bending tests. This is because of the initial crack formation and
the compact structure formed in the laser nitrided surface. The initial
crack formation results in the stress relaxation in the surface region;
however, as the bending progresses, the rate of shear strain causes
increased in concentration around the crack sites. This causes deep and
elongated crack formation in the surface region. Consequently, the multi
cracking replaces with the formation of the deep and elongated crack in

the surface region.
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Suggested Future Work

In the present work, laser gas assisted nitriding on Ti-6Al-4V was
carried out, and the resulting surface was coated with TiN using PVD
coating facility. The microstructural changes and morphology in the
laser-irradiated area were examined using SEM, EDS and XRD. Also,
the melt layer thickness in the surface region of the workpiece was
formulated by introducing the mathematical modeling. Moreover, three-
point bending tests were carried out in order to determine the elastic
modulus of the laser nitrided and TiN coated regions at the workpiece
surface. However, other material properties improvements when using
laser nitriding and TiN PVD coatings are not investigated. Therefore, the

following studies can be recommended for future work:

e Corrosion resistance of TiN coated and laser nitride surface.

e Wear and erosion resistance of case nitride surface.

e Three-dimensional modeling of heating, nitrogen diffusion and
thermal stress developed when laser treated repair is carried
out

e Influence of PVD TiN coating layer on the surface roughness

of the laser nitrided region
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Appendix

Mathematical Formulation of Laser Melting

The species formed after the chemical reactions (product of
exothermic reactions) contribute to the heat transfer which takes place at
gas-liquid interface. In this case, the ratio of dimensionless heat transfer

coefficients due to diffusion (Cy,) and chemical reaction (Cy, ) can be

used to describe the heat transfer at the gas-liquid interface due to the

high temperature oxidation reaction, which was presented as [27]

Cuy [1+Bl(g—§)]Pr_1—1

Ch, - [1+Bl(z_2)]5'c—1_1

(A1)

Where

_ 2(pU)g4
! peUeCf

and Pr is the turbulent Prandtl number and Sc (Sc=%) is the Schmidt

number, where v is the thermal diffusivity and D is the diffusion
coefficient. U, is the gas het velocity at the outer edge of the assisting gas
boundary layer (free stream velocity). U; is the liquid velocity at
interface, and Cr is the skin friction coefficient. When excluding the

cooling effect and including the chemical reaction contribution of the
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assisting gas, the rate of heat transfer per unit area of the molten metal

(q.), can be written as[ 27]:

4c = peleCr, |(222— 1) 4] (A2)

CH,
Where p, is the gas density at the boundary layer edge, U, is the gas

velocity, and /2, is the chemical reaction enthalpy.

. Cu, .
The ratio % is dependent on Pr, Sc and B; where Pr and Sc are
Hc

constants [27].

The energy balance related with the melting process can be simplified
through investigating the melting process using lumped parameter
technique. Thus, it is considered that the generated melt layer flows
steadily in the direction of the assisting gas caused by the developed drag
force at the assisting gas-liquid interface (figure A.1). Consider the
generated melt layer at the solid surface during the steady laser heating
process, and assume (f), a small fraction of molten metal evaporates
from the surface at the assisting gas-melt interface during the laser

heating process. Hence, the rate of energy required (Ereq) to generate a

melt flow rate (m;) at the surface of the solid substrate can be written as:
Ereq = mL [Cps(Tm - Ti) + Lm + .BLev + 1-656pm(Tev - Tm)] (A3)

WhereT,,, and T; are the melting and initial temperatures of the solid

substrate. L,,, and L,, are substrate material latent heating of evaporation
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and. Cp,, and Cp, are the specific heat capacity of the liquid and solid
phases of the substrate. It should be noted that since the liquid layer
flows along the surface due to a shear force across the gas-liquid
interface, an extra rate of energy 1is stored. For that reason,
1.65Cp,, (T, — T,,) represents the extra rate of energy caused by the
melt layer flow at the surface as approximated in the previous study [27].
Additionally, the rate of mass generated from solid into liquid at the solid

surface in laser melting process can be written as:

Y Am _dm
A%r—r}o At dt

=my = %(PV) = pLV.A

where A is the cross section area,p; is the density of melt, V is the
volume, and V; is the liquid velocity along the y-axis (Vis the velocity of
melt generated from solid into liquid).

The rate of energy convective (Eonpection) from the surface caused by
the assisting gas 1is :

Econvection = mg CH(/ZO - ﬁg) (Ad)

where 1, is the assisting gas mass flow rate, /, is the total enthalpy

(ﬁo = f;;" :f CpdT + %Uez) at the boundary layer edge, and /2 is the total

enthalpy (/1g = f;::f deT+%UfS) at assisting gas-liquid interface

(where U is the assisting gas-liquid interface velocity). As obtained

from the Reynolds analogy, the heat transfer factor,Cy, is [28]:
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1 G

Cy =
" 2Pr2/3

WhereCf 1s the skin friction coefficient and Pr is the Prandtl number

(Pr=0.7). The evaluation of skin friction coefficient is based on the type

of assisting gas flow.Cr can be evaluated as

C; = 0.0576Re /s
in the case of turbulent boundary layer [28], where Re is the Reynolds
number of the assisting gas flowing over the molten metal (Re = 27000).
As a result, the rate of energy input (E;;,,) for melting at the assisting gas-
liquid interface can be written as:

Ein = P, — Econvection (A5)
the laser power available at the assisting gas-liquid interface is
represented by P, . It should be noted that the reflectivity of the surface is
included in the P,, that is, P, represents the laser power available after
the reflection. As a result,

Ein = Py — myCy( /2, — 72) (A6)
On the other hand, the rate of heat transfer from liquid surface to

assisting gas can be written as:

: ) 1
Egas = mgCH(/Zo - ﬁg) = Py U ACy [Cpg (Tey — Tpe) + E (Uez - ULZS)]
whereA is the area, p, is the assisting gas density, Cp, is the specific

heat capacity of the assisting gas at the edge of the boundary layer, Cy is
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the heat transfer parameter, and T,, is the gas temperature at the edge of
the boundary layer.

Consider the rate of heat transfer from liquid to solid substrate across the
liquid-solid interface; in this case, continuity of heat flux at the interface

can be employed, i.e.:

. dT
Econduction = km E]m = Aﬁ(Tm - Toi) (A7)

Where k,, is the thermal conductivity of the melt layer, and Z—i is the

temperature gradient at the melt-solid interface. Also, A is the area, /2 is

w
m2K

the heat transfer coefficient at the interface,( Z = 3000—-) and T,; is

the solid temperature at infinitely large depth from the interface. It should
be noted thatacross the liquid and gas interface, the conjugate heat
transfer equation using Neumann boundary condition (continuity of heat
flux and temperature) can be used. Since conjugate solution of the
heating situation is simplified using a lump parameter analysis, the
Neumann and radiation boundary conditions are omitted. As a result, a
simplified approach is introduced employing a Dirichlet boundary at the
interface (boundary condition of first kind).

(E et )is the rate of energy required for melting:

Emelt =F - mgCH(ﬁo - ﬁg) - Aﬁ(Tm — Toi) (A8)
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When setting the rate of energy balance across the melt per unit area, we

get:

Ereq — Emelt (A9)
A A

then:

P 1
1 To_ﬁ(Tm_Toi)_Pg UeCh [Cpg (Tev_Toe)"'E(UeZ_ULZS)]
PL [CDs(Tn—T)+Lm+BLey+1.65CDm (Tey—Tm)]

v, = (A10)

Consider the flow system as shown in Figure-A.1, the continuity
equation for incompressible flow for the steady production of liquid
substrate while neglecting the evaporation from the liquid surface during

laser heating can be written as:

oUL , 9V _
s Ty =0 (A11)

where U; represents the velocity of the liquid layer in the s direction.

Only a small fraction (f) of melt evaporates.

Shear stresses should be the same at the assisting gas-liquid interface, In

this case,

Tg =1y
where t; is the shear stress exerted by the liquid layer on the gas layer,
and 7, is the shear stress exerted by an assisting gas on the liquid layer.
If the liquid layer flow is assumed to be treated as due to extremely small
liquid layer thickness, then the shear stress (z;) is:
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o= (A12)

6, is the liquid layer thickness. AU; =U,s is the result for zero velocity at
the solid surface, where U;s is the liquid layer velocity at assisting gas-

liquid interface. Hence, equation (A12) becomes:

AU
TR L (A13)

The velocity distribution from in the liquid layer can be obtained from
the momentum equations in the case of flow due to pressure variations
with inclined surface. By assuming the liquid layer depth is considerably
smaller than its width, the momentum equation for two dimensional flow
is reduced to:

0°U, _1d z
2 = nds (P+vy?) (Al4)

the angle inclination of surface is:

: d
sinf = —= (A15)
das

Due to considerably thin layer of liquid, assuming a linear variation of
pressure in the liquid layer with constant slope along the s direction

results in:

% (P +yz) = Constant (A16)
By solving equation (A14) with appropriate boundary conditions, the
velocity distribution in the liquid layer becomes:
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U, = Zd_(P +y2)(y? —y°) + U (1 — _) (A17)

. d o
Since - (P + yz) = constant along the s direction, then:

SE(UU—LLS) =1-2 (A18)

Also, the continuity of equation (A7) can be written as:

y v y 5UL
fo 5y dy f dy (A19)
or
VL) _ A6 ULs) (y U dy
fVO(O) dVL o ds 0 Urs 6L (Azo)

After inserting equation (A18) into equation (A20) and arranging it

mathematically, equation (A20) becomes:
) 2
no) -v© = -Lla,u[2-2(2) |} (a21)
L
given that y = 0 ( at the assisting gas-liquid interface) =>V;(0) =0 and y

= —§,( at the liquid-solid interface) =>V;(0) = V,. Then, reducing

equation (A21) results in:

V=5 (58.1s) (A22)

By substituting V; from equation (A10), equation (A22) yields:

P 1
i 1 =71~y Ve [Cpo v Toe 30305 )

ds (5 OLUss ) TPl [CPs(T—T)+ Lo+ BLoy+1.65Chm (Tey—Ty)] (A23)

Or:
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4 71 B PgUeCh[CPg(Tev—Toe)+5(UZ-UZs)|
5 (Goulis) = € - 5 (A29)

Po
1 __ﬁ(Tm_Toi)
Here, we have C; = — 4
PL [CPs(Ti—T)+Lm+BLey+1.65CPm (Tey—Ti)]

and

CZ =PL [Cps(Tm - Ti) + Lm + .BLev + 1-656pm(Tev - Tm)]

The heat transfer characteristics accordingly due to the flow of the
assisting gas over the melt surface. For this reason, the rate of heat

transfer from the liquid surface to the assisting gas is modified as [28]:
Eyqs = Ns™1/5 (A25)
N 1is a function varying with E'gas, it is considered to be constant along

the s direction [28]. Therefore, equation (A24) becomes:

d (1 Ns1/5

oot

By integrating equation (A26) we get:

1 Ns1/5
_E6LULS = f [Cl - i‘z ]dS (A27)
or:
_%SLULS = C1$ - ZCESA-/S + C3 (A28)
2

The boundary conditions will determine the constant C;.

73



The velocity of the liquid surface is approximately zero at the tip of the
cutting edge. Because the liquid layer thickness is negligibly small in this

region. As a result, at s =0 :U; s = 0; therefore, C; = 0.

1/5

By replacing E;,s = Ns~'/% in equation (A28), we get:

1 5 PgUeCH|CP (Tev_Toe)"'l(Uez_Ulz,S) S
—Eqmﬁ=c§—zg o7, - 2 ] (A29)

By defining the constant C, as:

Co = pgUeChCpy(Tey — Toe)]

Equation (A29) becomes:
_1 _ s 5Cs 4 1(Ue-Uig)s
- 6, Uis = Cys e, +3 C (A30)
After re-arranging equation (A30), we get:
Sy _lsu.=c _ (5Cs+208)2 A31
2c, LS T ZO0LYLs T 1S 2 ( )

Additionally, in order to obtain the liquid layer thickness, consider the

shear stresses at the assisting gas-liquid interface, that is :

Ty =1, (A32)

T, = U l;—LLS from equation (A12), then 7, can be written as:

After inserting the shear stresses in equation (A31), the liquid layer

thickness becomes:
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U 2
8, = uy UL: CrpgUZ (A33)

The result of combining equations (A31) and (A33) is:

€1 _ 5(Cat2v?)

e p— (A34)

Uys =

where

s 1.1 2
572¢, 2Mcp, Uz

The liquid film thickness in the melting section is obtained by

substituting equation (A34) into equation (A33) [27].1.e.:

ﬁs_s(c4+zug)
C5 4 C5

5L = U T > (A35)

In order to compute the liquid layer velocity and liquid layer thickness in

the cutting section, both equations (A34) and (A35) are used.
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Figure- A.1 A schematic view of liquid and gas side velocities in the

coordinate system
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