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ABSTRACT

The aim of the present study was to identify and develop an unique combination of

coating technique and material, which could target its properties similar to that of an

"ideal coating". In the present study, Nd:YAG laser was used as a tool to deposit

ultrahard TiB2 ceramic on AISI 1010 steel within  a fixed envelope of processing

parameters such as laser power and traverse speed. The thrust of the present study is on

the material properties aiid behavior of the TiB2 coating within the fixed envelope of

these processing parameters. A uniform, continuous and crack free coating with a

metallurgically sound interface is obtained. Coating is “composite” in nature comprising

TiB2 particles and the Fe from steel trapped in the laser melt zone. Such coating has been

evaluated for various properties such as mechanical (hardness, elastic modulus,

interfacial energy, fracture toughness and fracture morphology), chemical and structural

(x-ray diffraction, SEM, TEM and HRTEM) and high temperature oxidation and

corrosion properties. Coating is hard and tough in nature. A semi-quantitative model has

been developed to estimate the elastic modulus of TiB2 coating using nanoindentation

technique. It also has been concluded that TiB2 coating has a high interfacial energy

suggesting a stronger and adherent interface. Composite TiB2 coating has a significant

oxidation resistance upto 800°C. Also, it has shown improved high temperature

corrosion resistance against liquid aluminum. Such features contribute significantly

towards the goal of achieving an ideal coating.
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I. INTRODUCTION

The ability to change the surface characteristics of a component/structure without

changing the bulk material properties by use of surface coatings has opened up many new

and diversified applications in a various technological areas. Surface engineering or

modification has also lead to the development of various coating techniques and

materials. Such coatings will enable the use of the structure/component even in the

aggressive environments. Ceramic-based coatings have enormous conunercial potential

for applications such as high temperature coatings for turbine blades, conductive and

erosion resistant coatings for arc heaters, protective and wear resistant coatings for

machine and tools. Moreover, they are also used in electronic industry (high temperature

sensors), modem sports industry (golf club heads, snow ski, shoe spikes etc) and medical

equipment. An "ideal coating" could possibly be identified by its properties such as high

hardness, high temperature strength, wear and erosion resistance, oxidation and corrosion

resistance and strong adherence to the substrate. Conventionally, surface modification

processes like chemical vapor deposition (CVD), physical vapor deposition (PVD) and

thermal spray are being used to deposit various ceramic coatings. However, the use of

these techniques has been limited by several factors such as the need for high input

energy, cost of a vacuum chamber, size of the work piece, poor bond strength and

environmental hazards. Several new coating methods such as pulse electrode surfacing,

ion beam assisted deposition techniques and laser assisted techniques are being

investigated by the researchers all over the world.
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The aim of the present study was to identify and develop a unique combination of

coating technique and material, which could target its properties similar to that of an

"ideal coating". Laser Surface Engineering (LSE) process was employed to deposit

refractory titanium diboride (TiBi) ceramic coating on AISI 1010 steel substrate. Laser

Surface Engineering (LSE) is one such versatile process that offers several advantages

over other surface modification techniques. The surface properties can be tailored to the

requirement of the application by varying process variables such as laser traverse speed,

power, beam size and composition of precursor. Also, coatings produced by LSE are

metallurgically bonded providing a sound and adherent interface between the coating and

substrate. In the present study, laser was used as a tool to deposit TiB2 within a fixed

envelope of processing parameters such as laser power and traverse speed. Such

processing parameters were fixed after extracting experience fi-om the several trials and

the available literature. The thrust of the present study is on the material properties and

behavior of the TiB2 coating within the fixed envelope of these processing parameters.

The present study is being compiled based on such facts. Part 2 deals with the review of

the literature related to ceramic coatings and laser processing. Experimental procedures

adopted to carry out such investigations are described in Part 3. Part 4 presents the

results and discussion of this study while Part 5 incorporates conclusions and suggestions

for the further investigations are made in Part 6.
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2. LITERATURE REVIEW

2.1 Background of Laser and Materials Processing

Since the first successful operation of laser in 1960, laser technology has

advanced ,a great deal and its implications in materials processing have been clearly

recognized. The extremely high flux of electromagnetic energy applied by laser to a very

thin surface layer of workpiece produces a highly localized heat source which can be

used to engineer the microstructure and properties of a wide range of materials. In

general, laser applications to materials processing can be grouped into two major classes;

(a) application requiring the delivery of limited and well controlled amount of energy to

the workpiece such as semiconductors annealing and etching, integrated circuits

substrates scribing, marking in electronics; (b) applications requiring substantial amounts

of energy to induce the required phase transformations in the workpiece such as cutting,

welding, heat treatments and cladding. Many surface-related failures by mechanism

involving wear, corrosion, erosion or high temperature oxidation can be minimized by

laser surface modification process (1-4). Hence, last decade has seen the increased use of

lasers in industry for surface modification applications. Surface modifications using a

laser can take place in a variety of forms, depending upon laser type and the materials

that it is interacting with.

The three main types of laser used in surface modifications are the carbon dioxide

(CO2) laser (continuous/pulsed), the neodinium-doped yttrium aluminum garnet (Nd:

YAG) laser (continuous/pulsed) and the excimer laser (pulsed). Other lasers such as the

5



copper vapor, ruby or argon ion lasers can also be used to promote surface modification,

but their use in the industry at present has been limited. Figure 2.1 shows the location of

some of these lasers in the electromagnetic spectmm (5). With the two conunonly

industrially used IR lasers, namely the CO2 laser (wavelength, 10.6 pm) and the Nd;

YAG laser (wavelength, 1.06 pm), the substrate is usually modified by a heat related

process. Photochemical processes usually occur using the industrial UV laser, namely

the excimer laser. Surface modification can, therefore, occur using both these types of

interactions and the surface can be modified according to the end application required.

2.2 Surface Modification Techniques

Typical surface alteration processes using lasers traditionally include (i)

transformation hardening, (ii) surface melting, (iii) surface cladding, (iv) surface alloying

and (v) other techniques (surface smoothemng, texturing, coating removal and

micromachining). In surface modification techniques, the interaction time between the

laser and the substrate is of fundamental importance in determining which of the above

mentioned processes will occur. Due to such overlapping of the various laser surface

modification processes (e.g. cladding, alloying and melting), a new term "Laser Surface

Engineering" (LSE) has been coined by the author in the present study. The present

study is oriented towards depositing a high temperature oxidation, corrosion and wear

resistant coating using lasers. Hence, a literature review of only similar laser processes is

included. Processes like transformation hardening, texturing, coating removal and
V  ,

microiiiachining are not being discussed here.
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Figure 2.1.The wavelengths of different lasers in the electromagentic spectrum.

.. 7



Laser surface engineering is a process where a thin layer at the surface and/or

subsurface region of a metal is melted by a laser beam with the simultaneous addition or

infiltration of preplaced powder of mixture of desired element(s). This changes the

surface chemical composition of the metallic substrate. The substrate B coated with a

powder layer of A is irradiated with the laser beam. A large fraction of the laser energy

is lost by specular and diffuse reflection in most metals and for the most laser

wavelengths used for laser materials processing. However, a part of the laser energy is

absorbed by the surface and it raises the surface temperature above the melting point

instantaneously. The liquid-solid interface moves through the alloy element layer

Within a short time, the liquid-solid interface reaches the

substrate and interdiffiision begins between the elements A and the substrate B. By the

time the maximum melt depth is achieved, the laser beam has swept across the spot and

solidification starts. Solidification completes very quickly and forms a surface

towards the substrate.

alloy/composite. Composition of the phase(s) formed in the surface modification such as

this depends upon alloy depends upon several processing variables and material

properties. Solidification is very rapid in laser surface modification (> 10^ K/s). Thus,

solid state diffusion can be neglected. Rapid solidification often leads to novel

metastable phase(s) and sometimes even metallic glasses. High cooling rates (10^ to 10“

K/s) attained in laser surface modification are responsible for the novel metastable

phase(s) (1-2,6-7). The modified surface thus processed can have superior chemical,

physical and mechanical properties. The depth of the laser modified zone can be

controlled by the processing parameters such as laser power and traverse speed and

material parameters such as type and composition of the powder.
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The major independent process variables for laser surface modification are as

follows: (i) laser power, (ii) traverse speed, (iii) thickness of the precoated powder layer.

(iv) beam shape and size, (v) thermophysical properties (e.g. thermal conductivity.

reflectivity, viscosity etc.) of the substrate and the mixing element and (vi) degree of

overlapping of each laser track. By controlling these process parameters, depth, width,

solute content and microstructure of the laser modified zone can be altered according to

the requirements. However, the most important factors among these are power, traverse

speed and diameter of the laser beam. An increase in power increases the depth

irrespective of the level of the beam diameter and speed (7-9). An increase in total power

will supply more energy at the surface that will enhance heat flow into the substrate.

increasing the depth of laser modified zone. An increase in speed with other variables

being held constant, restricts the laser- material interaction time and leads to a decrease in

the depth of laser inodified zone. If the beam diameter is increased with the power and

speed being constant, power density decreases at the surface leading to a decrease in

depth of laser alloyed zone. Decreasing beam diameter would increase the power

density, which in turn will increase the melt depth. However, beam diameter should not

be decreased too much as it may cross the keyhole threshold for that material system. If

keyhole threshold were crossed then total internal reflection would occur leading to a

dramatically increased depth leading to conditions suitable for cutting and welding.

Width of laser modified zone can be independently controlled by beam power and speed.

An increase in total beam power for a given speed, will dump more energy on the surface

which will increase the temperature gradients. This increases fluid flow driven by

surface tension and convective heat transfer (8). On the contrary, an increase in traverse
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speed for a given laser power will decrease the duration of laser material interaction.

Thus, substrate will absorb less energy leading to a decrease in width of laser modified

zone.

Apart from the power, traverse speed and beam diameter, concentration of the

laser modified zone depends on the thickness of predeposited powder layer. An increase

in beam power increases the depth and width of the melt zone. Thus, there is a larger melt

volume in which powder is dispersed resulting in lower solute concentration. On the

contrary, by increasing traverse speed, width and depth of the melt zone decrease leading

to an effective increase in solute concentration (9).

Laser surface modification offers several advantages over other surface

modification techniques. The most important advantage stems from the fact that laser

surface modification is a non-equilibrium synthesis. Composition of the modified surface

layer produced by laser aided synthesis often exceed the solid solubility limit beyond

equilibrium phase diagram. Due to such processing conditions, kinetics of the process

affect the transport of the constituent elements during phase transformation. This results

in a wide variety of microstructures with different crystallographic phase(s) and chemical

compositions, thereby promoting the possibility of new materials with novel properties.

The surface stmcture can be tailored to the surface requirement of the application. The

bonding between the coating and the substrate is metallurgical in nature providing a

strong and adherent interface (1). Moreover, laser beam has an excellent spatial

resolution, which makes it ideal for depositing coating on miniature size components

such as electronic sensors to be used at high temperature. Another advantage of laser

surface modification comes from the fact that Nd: YAG laser beam can be transported to

10



any remote comer through fiber optics. This allows deposition of coatings on

components or parts, which are remotely located.

2.3 Ceramic Coatings Deposited on Metallic Substrates using Lasers

The technique of coating metals with ultfahard ceramic particles using laser

processing is being developed to meet the extreme requirements of wear, oxidation and

corrosion resistance (10-19). Because of its high energy density, the laser beam is able to

melt the metallic substrate and may even partly melt the ceramic powder. As a result.

solid bonding can be formed between the ceramic and the metal. However, as the

physical properties between the ceramic and the metallic materials are much different,

e.g. the crystallographic stmctures and the thermal expansions, cracks usually develop at

the ceramic/metal interface as well as within the coating during the rapid solidification

and cooling processes. A good adhesion may prevent the formation of cracks. In

addition, chemical reactions between ceramic and metals may lead to a good wetting

promoting adhesion.' Dehosson et. al have done extensive work about the deposition of

ceramics such as Cr203, SiC, AI2O3. Si02 on steel and aluminum substrates (11,13,20-23).

Several critical issues such as wetting of metal by ceramics, metastable phase formation,

interfacial strength are discussed to elucidate the intricacies involved in the science of

metal/ceramic interfaces.
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2.4 Metal/Ceramic Interface

Substantial research is being done on the science involved in the formation of a

metal ceramic interface (23-28). However, there are several complexities leading to a

lack of clear understanding of the science. Bonding of dissimilar materials, such as

ceramics to metals, require the formation of an interface (24). To achieve a proper

bonding between the substrate and the coating, the substrate should wet the coating

material or vice-versa. The wettability of a solid material by liquid is usually

characterized by the contact angle, 0, of the liquid drop formed on the solid substrate.

Figure 2.2 shows the classic modeTof wetting angle measurements by sessile drop

technique. The main relations describing the wetting are given by equations 2.1 (Young's

Equation) and 2.2 (Dupre's relation) for wetting angle (0) and the work of adhesion W,
a9

respectively (25).

^ a
COS0 = —

-o
SV (2.1)

W„=(T,,(1 + COS0) , , (2.2)

cSsv, Gis and are the interphase tensions at the interfaces between solid-vapor, liquid-

solid and liquid-vapor, respectively. Also, the ihterfacial adhesion strength between

ceramic particle and metallic melt is often represented by the work of adhesion, W,

which is defined as work per unit area of interface, necessary to separate reversibly a

solid/liquid interface to create a solid/vapor interface (25). Work of adhesion, Wg, reflects

directly the importance of energetical interactions between the solid and liquid phases. A

higher value Wg suggests the stronger interactions (29-30).

39
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Figure 2.2. Wetting angle 0 of a liquid drop resting on a solid substrate. The wetting
angle is established by the equilibrium of forces at the three-phase boundary.
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Equation 2.1 can be obtained by the mechanical equilibrium of forces at the three-

phase boundary (Figure 2.2). The same equilibrium of forces can be applied to a system

of liquids resulting in a similar but somewhat more complex relation for wetting angle.

Although wetting occurs for 0 < 90^^, spreading occurs only for 0 = 0°, the formation of a

coating that completely covers the substrate can not be predicted from wetting

considerations alone. In practice, the equilibrium state of wetting is always not reached,

and consequently the Young's equation would not be valid and requkes modifications.

There are many circumstances where a non-equilibrium contact angle plays a role:

wetting kinetics, rough and heterogeneous surface, chemical reactions as well as the

wetting irreversibility of liquid metals on ceramic substrates. In itself, wetting kinetics is

an important in study in surface engineering. For instance in laser coating technology of

a ceramic layer on a metallic substrate, a fast wetting process is required, e.g. on the order

of 0.1 second, since laser processing itself is a very fast process (13). If the wetting

process is too slow, the metal-ceramic interface would not have adhered completely
n

before the solidification of materials took place, and consequently the ceramic coating

would fail after cooling (21). The spreading of a liquid drop on a solid surface represents

a spontaneous wetting process. Yet, investigations of wetting kinetics of liquid metals on

ceramics are scarcely available (30). With increasing temperature, the wetting time.

decreases rapidly, However, no accurate measurements have been reported at higher

temperatures. In the study of a thin liquid polymer film spreading on a solid surface, a

hydrodynamic model of wetting kinetics has been well established, where the difference

of interfacial tension between the non-equilibrium state and the equilibrium state is

14



treated as the driving force and viscosity drag of the liquid film is the resistance to the

wetting (25). On the contrary, the wetting kinetics of a liquid drop on a solid surface has

not been modeled with a hydrodynamic approach in detail for ceramic-metal system.

For the fundamental understanding of the metal-ceramic interface, one has to

distinguish between two different class of systems, depending on the reactivity and

stability of the solid substrate in contact with the liquid metal. On non-reactive systems.

which are characterized by extremely rapid kinetics of wetting and by very weak

temperature dependent variations of the wetting angle 0, the nature of the solid surface is

not significantly modified by its contact with a metallic phase. The degree of wetting is

only the result of the establishment of chemical equilibrium bonds achieved by the

mutual saturation of the free valances of the contacting surfaces. The establishment of

such bonds is not accompanied by the rupture of the interatomic bonds in each of the

contacting phases (29). In reactive systems, however, wetting of the liquid metal on the

solid substrate frequently occurs with extensive chemical reaction and the formation of a

new solid compound at the solid metal/ceramic interface. These types of systems are

characterized by the pronounced kinetics of wetting and by strong temperature dependent

variations of 0 (29). It has been reported that some of the reaction products promote

wetting and hence forms a strong ceramic-metal interface (20-21,31-32). Table 2.1 lists

the important variables to assess a metal-ceramic interface for some of the selected

material systems (33).

Work of adhesion for TiC/Si and TiC/Mg is significantly higher than TiC/Al

(Table 2.1). Thus, presence of Si and Mg in the precursor and 6061 A1 is expected to

increase the wettability and hence interfacial strength between TiC and A1 melt thereby



resulting in an adherent coating. Such hypothesis has been further experimentally

verified in a recent study by Katipelli et al (17). It should be observed that Fe-based

alloys have good wettability for Ti based refractory alloys. Such effects have been

reported in earlier experimental studies as well (21, 34-37).

Table 2.1. List of Wetting Parameters for Various Metal-Ceramic System

Ceramic Metallic Surface Wetting
Time

(minute)

Contact

Angle in
Degrees

Work of

Adhesion,
Wa (mjW)

Melt Energy, Gw
of Liquid-
Vapor

Interface

(mj/m^)
TiC Al 914 15 118 485

Si 860 15 32 1720

Mg 583 15 50 960

Fe 1900 1 39 3578

TiB2 Al 915 15 160 55

Si 860 15 34 1575

Fe 1785 <1 49 2955

/ '•

2.5 Ultrahard Ceramic Coating Materials

Conventionally, ceramic materials are processed using powder metallurgy route

e.g. dry pressing, hot isostatic pressing (HIP), slip casting, tape casting and sintering.

Such processes are very expensive, as they require high temperature processing (38).

Moreover, near net shape forming is also impossible. However, surface engineering

seems to be an alternate way to modify the surface properties similar to that of hard

ceramic without altering the bulk properties of the engineering component or structure.
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The science of hard coatings is a challenging problem with immediate technological

applications. Hard and wear resistant coatings are an important segment in the world

economy, for instance machine tools, a $15 billion per year industry, and the magnetic

recording industry expects annual revenue close to $100 billion worldwide. Hard coatings

systems designed for use in the next generation of materials applications must achieve a

combination of physical properties; including excellent thermal and chemical stability.

wear resistance, high hardness, toughness and good adhesion. Several material systems

and coating technologies are emerging to develop hard coatings for a variety of

applications. A list of superhard coating materials, possible ways of deposition of these

coating and their applications are listed in Table 2.2. Though lot of research work has

been done and ongoing about ceramic coatings, literature about boride-based coatings is

not as abundant as carbide and nitrides based ceramic coatings.

2.6 Boride based Ceramics

Binary metal borides range from compounds with low boron content such as BesB

to those with primarily B-B bonds such as LnBioo, where Ln represents the lanthanide

elements (56). Because of the larger atomic size of B (« 0.91 A), compared to C (= 0.77

A) or N 0.71 A), interstitial substitution of boron in the undistorted octahedral site is

rare, resulting primarily in B-B bonding for borides. Important factors that control the

compositions of the borides are the ratio of atomic sizes of the boron to metal atoms; the

electrochemical factor linked with electronic transitions; and electron concentration.

determined by the degree of localization and delocalization of electrons.
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Table 2.2. Superhard Coating Materials, Deposition Techniques and Applications

Coating Material Deposition Techniques Applications References

Tie MOeVD Microelectronics,
Tools, wear and

erosion resistant

coatings

(39)
(39)EBV

(37)PES

(17)LSE

VC Toyota Diffusion
PLD

Protective coating
for steel dies in A1

(40)

(41)
die casting

SiC LSM Wear and erosion (22)
resistant coating (42)eVD

WC Plasma Spray Coating for cutting
tools

(43)

TiB2 Plasma Spray
Magnetron Sputtering
PES

EBV

Microelectronics,
Protective coating
for machine tools

and dies

(44)
(45)
(35)
(45)

AIN PES Microelectronics,
Optoelectronics

(46)
Magnetron Sputtering (47)

(48)PLD

BN PVD Superhard coating (49)
Ion Implantation
Magnetron Sputtering

(50)
(51)

CxNy Magnetron Sputtering
eVD

SuperhM-d coating (52)
(53)
(54)Ion Beam Deposition

TiN Magnetron Sputtering
PLD

Hard and

resistant coating.
Microelectronics

wear (47)
(55)

AI2O3 LSM Hardfacihg coating (21)
Plasma Spray (43)

Zr02 Plasma Spray Thermal Barrier (43)
Coating

Metal-Organic Chemical Vapor Deposition, EBV: Electron Beam

Vaporization, Pulse Eleefrode Surfacing, LSE: Laser Surface Engineering, PLD:

Pulsed Laser Deposition, LSM: Laser Surface Modification.

MOeVD:
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Borides may be classified into two groups based on crystallochemical

considerations: boride structures of lower boron content (such as M4B, M3B, M2B, M3B2,

MB and M3B4, where M is a metal) of boron-rich compositions (MB2, MB4, MBe, MB 12,

MB49, MBee-ioo). The structures of lower boron content borides are determined by their

metallic lattices, whereas the structure of the boron-rich borides are determined by their

boron atoms, which form covalent B-B bonds. Figure 2.3 and Table 2.3 shows how the B

atoms change from isolated atoms to chains to three-dimensional networks (56). Metal-

rich borides with compositions between M3B and MB2 are composed of distorted trigonal

prisms, whereas boron-rich borides are composed of rigid covalent boron lattices. As the

degree of covalent bonding increases, melting point, modulus of elasticity and hardness

of these borides also increases. Most boride compounds exist over a compositional range

i.e. they are non-stoichiometric in nature. In monoborides and diborides,

nonstoichiometry arises from either boron chain or lattice vacancies, not from metal

vacancies (56).

In the present study, titanium diboride (TiB2) has been deposited as coating

material over AISI 1010 steel using laser surface engineering technique. Hence, a brief

review about the properties and general nature of TiB2 is presented in the following

section.
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Figure 2.3. Structure of various borides
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Table 2.3. Crystal Structures of Borides of Various Metals

Formula Metal Crystal System
and Structure

Arrangement of
Boron Atom

Tyee
M4B Pd,R Cubic, PuB type Isolated atoms

M2B Ta, Cr, Mo, W, Fe,
Ni,Cr

Tetragonal, CuAla Isolated atoms

type

M3B2 V, Nb, Ta, Mo • Tetragonal, U3Si2 Isolated pairs
type

MB V, Nb, Ta, Mo, Cr,
W,Ni

Rhombic, CrB type Single chains

MB Ti, Hf, Fe, Co Rhombic, FeB type Unknown

M3B4 V, Nb, Ta, Cr Rhombic, Ta3B4
type

Double chains

MB2 Ti, Zr, Hf, V, Nb,
Cr, Mo, W, U, A1

Hexagonal, AIB2 Two-dimensional

hexagonal networktype

MB4 Y, Lanthanides,
Actinides

Tetragonal, UB4 Three dimensional

network
-0

type

MBe Y, Lanthanides,
Actinides

Cubic, CaBe type Connected Be
octahedrons

MB 12 Sc, Y, Zr,Mo, W Cubic, UB12 type 24 cross-linked

boron atoms

surround a central

metal atom

MBee Y, Pu, Lanthanides YBee type Three-dimensional

network of B12
clusters
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in Properties of Titanium Diboride (TiB2)

TiB2 is a boron-rich transition metal based ceramic, existing over a narrow range

of stoichiometry as shown in the Ti-B phase diagram (Figure 2.4). It has partly covalent

and partly metallic bonding (57-59). Metallic nature of the bonding is also revealed by

the electrical conductivity of TiBa, which is high and similar to the metals (35). It is

theoretically postulated that if the ratio of the size of nonmetal atom to metallic atom is

less than 0.59 then bonding is partly covalent and partly metallic (59). A d band

substructure similar to transition metals also exists in transition metal-based ceramics,

which leads to metallic bonding in such ceramics (57). A value has been assigned to the

number of d electrons present in these transition metals and their compounds. Electrons

in the d band substructure participate in the formation of a metallic bond and accordingly

TiBa has 5.5^? electrons available for bonding (57).

Titanium diboride (TiB2) is a low density, hard ceramic material with excellent

wear, abrasion and oxidation resistance (56). Also, it is chemically inert in corrosive

environment, which makes it excellent coating material for variety of applications that

Salient features (physical, chemical and mechanicalare listed in Table 2.5 (60).

properties) of TiB2 are listed below in Table 2.4 (56).
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Table 2.4. Salient Physical Properties of Titanium Diboride (TiBi)

Property TiB2

Crystal Structure Hexagoqal

a = 3.03 A, c = 3.23 A

3225”C

Lattice Parameter

Melting Point

Density 4.52 g/cc

Hardness 33 GPa

Modulus of Elasticity

Coefficient of Thermal Expansion

Thermal Conductivity

551 GPa

Oa = 6.63 X 10'® /K, etc = 8.65 x 10'^ /K

64.4 W/mK

Electrical Resistivity 9 X lO'^ Q.cm

Fracture Toughness 1/2
5 MPa.m
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Table 2.5. Potential Application of TiB2 based materials as a Function of
its Basic Properties

Basic Property Applications

Superhard and Wear Resistance Wear resistant coatings
Grinding bodies
Wear resistant lining
Bearings
Sandblasting nozzles
Cermet hard alloys for cutting metals
and drilling rocks

Protective coatings for molds and dies
in aluminum casting industry
Electrolyzer lining for A1 production
components (Hall-Heroult Cell)
Casting funnels and gutterings in zinc
and other nonferrous metals industry
Pipes for pumping molten metals
High temperature thermocouples for
temperature measurements in molten
metals and alloys
Heaters for high temperature resistance
furnaces used in neutral, vacuum or
reducing environment

Infiisibility, Resistance to high temperature
oxidation and corrosion. Linear

relationship between electrical resistance
and temperature

TiBa-Ti cermets for nuclear engineeringSatisfactory resistance to neutron radiation
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3. EXPERIMENTAL PROCEDURES

3.1 Materials and Coating Procedure

In the present study, TiB2 has been deposited on AISI 1010 steel substrate using

laser. Commercially available TiBi and Ti powders were used for this study. These

powders were supplied by CERAC, Milwaukee, WI. Both powders had a purity of 99.5

%. The average particle size range was 5.5 ± 1 |im. Figure 3.1 shows the TiB2 powder

morphology. TiB2 particles are faceted with several shapes such as polygonal,

hexagonal, disk-shaped and flakes. Hydroxypropyl Methyl Cellulose was used as water

based organic solvent for making powder precursor. 49 gm of TiB2 powder, 1 gm of Ti

powder, 15 ml of water and 10 ml of organic solvent were mixed and sprayed using a

manual spray gun at the room temperature. The average precursor coating thickness was

150 ± 15 pm. Sprayed coupons were dried at 70“C for 1 hour prior to laser processing.

Addition of 2 wt. % elemental Ti to TiB2 was made on the assumption that Ti increases

the wettability in the melt zone (61). Moreover, it was envisaged that additional Ti

would recombine with any boron, which may disassociate during laser processing. Thin

plates of AISI 1010 steel of size 7.5 cm x 15 cm  x 0.3 cm were cleaned using sand

blasting prior to precursor deposition.

A 2.5 kW Hobart HLP 3000 continuous wave Nd:YAG laser (1.06 pm

wavelength) equipped with a fiber optic beam delivery system was employed for

synthesis of laser assisted TiB2 coatings. Figure 3.2 is a schematic illustration of the laser

surface engineering (LSE) process. The fiber optic beam-delivery system consisted of
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Figure 3.2. A schematic illustration of the laser surface engineering (LSE) process.
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the input coupling module, the fiber optic and the output-coupling model. The input

coupling model focuses the laser output onto the end of the fiber. The optical fiber in the

present system is 17 meters long and about 600 pm in diameter. The output-coupling

module is a telescopic tube (6.35 cm diameter) that can be housed with various

configurations of cylindrical and concave lenses firstly to collimate and then either to

focus or defocus into various shapes of the beam onto the workpiece. In the present

study, in order to provide a large sweeping coverage (i.e. rapid processing speed) and to

reduce and/or to eliminate overlap between the successive laser passes, lenses within the

output-coupling module were configured to provide  a line beam of 3.5 mm length in

TEMoi spatial distribution onto the sample surface. Such compact and rugged design of

the output-coupling module on the optical fiber provided a higher degree of flexibility

and access during laser surface processing. The processing parameters were chosen in

accordance with the earlier reported literature (62-65). It has been found that for effective

laser surface cladding / alloying / infiltration, beam power should be greater than 1 kW

(62). In the present study, laser beam power was kept constant at 1.5 kW but laser

traverse speed was varied. Table 3.1 lists all the processing parameters, precursor

compositions and the nomenclature designated to resultant samples.
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Table 3.1. Matrix of Processing Parameters, Precursor Composition and
Corresponding Sample Nomenclature

Laser Traverse

Speed (cm/min)
Powder Precursor

Composition
(wt. %)

Sample
Designation

Laser Power

(kW)

LSEl 1.5 150 2 Ti + 98 TiB2

LSE2 1.5 175 2 Ti + 98 TiB2

2 Ti + 98 TiB2LSE3 1.5 200

3.2 Microstructural Characterization

Microstructural characterization of the coating and interface of the laser-

engineered surface was accomplished using both scanning electron microscope (SEM)

and transmission electron microscope (TEM). Samples for metallography were prepared

by polishing on Buehler TEXMET 2000 cloth. This minimized the damage to dissimilar

interface (ceramic/metal) during polishing. Nital was used as the etchant for TiB2 coated

steel samples. Metallographic specimens were heavily etched (20-30 seconds) in order

to reveal the fine microstructure obtained during laser processing. Moreover, heavy

etching was required to differentiate between TiB2 particles and Fe matrix.

Microstructural investigations within the laser melt zone and interface was conducted

using ISI Super III-A scanning electron microscope along with energy dispersive

spectroscopy (EDS) and x-ray mapping to characterize the elemental distribution in a
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semi-quantitative manner. Quantitative microscopy was performed using Iridium

software from IXRF System attached to the SEM.

3.2.1 Transmission Electron Microscope (TEM) Sample Preparation

Laser surface engineering is a non-equilibrium synthesis that results in formation

of novel microstructure and metastable phase(s). It is often difficult to characterize such

novel phase(s) using conventional techniques like SEM and XRD. Transmission electron

microscopy is one such characterization technique, which allows observation of structure

and phase(s) even at the atomic level. Hence, it was essential to investigate the

"composite" coating under transmission electron microscope for a better understanding of

TiB2 particle/Fe interface and structural and chemical transformations. TiB2 particle/Fe

matrix interface within the coating and the coating morphology in laser engineered

sample was investigated at High Temperature Materials Laboratory (HTML) of Oak

Ridge National Laboratory (ORNL) Oak Ridge, TN using a Hitachi HF-2000 Field

Emission Transmission Electron Microscope operated at 200 kV. The steel samples

coated with TiB2 were sectioned in a plane parallel to the coating/substrate interface

using a slow-speed Buehler Isomet diamond saw (Figure 3.3). These samples

further mechanically ground to approximately 300 pm thickness. A 2 mm square section

of this sample was mounted on an epoxy stub and was further ground and polished to

approximately 150 pni thickness using an Buehler Isomet Minimet Polisher. A Gatan

656 dimple grinder was used for further thinning the sample to 20 pm. The sample was

very fragile at this stage. For final polishing, it was mounted on a carbon ring for support

and then ion milled for 6 hours at setting of 6.5 kV on a twin gun Gatah 691 Precision Ion

were
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polishing System. Due to the “composite” nature of laser assisted coating where hard

TiB2 particles were embedded in plain carbon steel matrix, ion milling was very critical,

as it required differential level of milling.

3.2.2 Structural Characterization

The properties of a material are evaluated by the phase(s) and their crystal

structure. Identification of the phase(s) and their crystal stmcture is very essential to

study the phase transformations after laser surface engineering process, high temperature

oxidation and corrosion and dry sliding wear. Such information , provides the insight into

the possible reaction mechanisms occurring during the above-mentioned operations.

Structural characterization for phase identification was carried out on a Philips Norelco x-

ray diffractometer with CuKa radiation (1.54 A) operating at 40 kV and 30 mV. The

diffractometer is interfaced with the personal computer that allowed automatic operation

of the x-ray unit as well as the data acquisition and analysis.

3.3 Mechanical Characterization

In most applications, the minimum criterion for acceptable performance is that

adhesion of the coating to the substrate should be sufficient for the entire lifetime of the

component in its operating environment. Thus, it is necessary to measure the interfacial

strength or fracture toughness of the coating/substrate interface. This measurement is

also useful when used in conjunction with microstructural studies of specific interfaces in

order to obtain a better understanding of the adhesion mechanisms involved. Although
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many tests have been suggested in literature for such analysis, none of these tests gives a

complete quantitative measure of adhesion. Thus, several supplementary mechanical

tests (e.g. microhardness testing, nanoindentation, four-point bend test and uniaxial

tensile test) have been planned for laser deposited TiB2 coating in this study in order to

evaluate the mechanical properties viz. hardness, young’s modulus, interfacial

strength/energy and fracture toughness. These quantitative tests would provide a

comprehensive knowledge about the mechanical behavior of the coatings and interface.

3.3.1 Microhardness Measurements

Hardness of the coating is often a measure of wear resistance of the coating.

Hence, microhardness measurements were performed on a Buehler Micromet 11

microhardness tester using a Knoop indenter with  a normal load of 300 gm applied for 15

seconds. Microhardness measurements were made within the coating, heat affected zone

and unaffected steel substrate. Several indentations were made in each region to achieve

reasonable average value for microhardness.

33.2 Modulus of Elasticity Measuremeut usiug Nauoiudeuter

A. Background

Nanoindentation is widely accepted as an important tool for measuring the

mechanical properties of thin films and small volume of materials. By this technique

mechanical properties such as hardness, H and elastic modulus E of thin films and

coatings can be measured by the continuous measurement of force and displacement as

an indentation, is made (66-71). The greatest advantage of this technique is to probe a

35



surface and map its properties on spatially resolved basis with a resolution of up to 1 ̂ im

(69). This allows measurement of mechanical properties form the various microstructural

features and phase(s) that are present in the "composite" material system. This technique

is used to characterize elastic property such as  E(Young’s modulus) and plastic property

such as hardness, H.

An indenter (Berkovich or Vickers) is pressed into the specimen at the desired

location in a continuous or stepwise mode. The indenter load and displacement during

loading and unloading are recorded. Loads used in this technique are in range of ImN to

several newtons. The depth varies between several tens of nanometer and several

micrometer. Some typical load-depth curves for loading and unloading are shown in

Figure 3.4 (72). The principal mechanical property determined in indentation tests is

hardness H, which is defined as the load P divided by the projected area of the contact

surface A (equation 3.1) (67).

H=^ (3.1)
A

Area of the contact surface is determined from equation 3.2, where \|/ is the semiapical

angle for conieal indenter as shown in Figure 3.5 (67). Depth of penetration h, is

determined from load displacement curve as shown in Figure 3.4.

A = 7th.^ tan^ y/ (3.2)

Depth sensing indentation also provides a measure of the elastic modulus, which is

determined from the slope of the unloading Curve. It is computed as shown in equation

3.3 (67).
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In an interesting work, Pharr et. al. have shown the possibility of measuring fracture

toughness by the use of nanoindenter (69). Several models have been developed to study

fracture toughness as a function of crack-length but all of them are based on an early

work by Lawn, Evans and Marshall (73). The basis of that analysis is evinced in Figure

3.5. For most brittle materials like ceramics, the indentation crack is assumed to be of

half-penny shape as shown in Figure 3.5. Under such conditions, system behaves like a

center-loaded, half-penny crack for which stress intensity factor is given by equation

3.4.(73).

Pr
K~ (3.4)

Based on another model of Hill’s .expanding cavity (74), - crack opening force P

produced by residual stress field is related to the peak indentation load and the included

angle of the indenter, \\f, through equation 3.5.

r>

0.5

0.67
Pr (3.5)cotiif

0.5
H

where H and E are the hardness and modulus of the material. Combining equation 3.4

and 3.5 and assuming that the crack arrests when it grows to a length at which the stress

intensity factor is just equal to the ffacmre toughness, one can obtain equation 3.6 (73).

£0.5 p
K,=cc (3.6)

1.5
C
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The empirical constant a depends on the geometry of the indenter. The value of a has

been determined by several researchers for various types of indenter including Berkovich

and Vickers indenters (75).

Based on above mentioned models and equations, hypothesis; can be extended to

ceramic coating/metal substrate system to investigate the vmous mechanical properties

such as elastic modulus (E), hardness (H) and fracture toughness. The indentations at

various locations such as coating and the interface will provide the variation in properties.

Nanoindentation will prove to be an important tool, to measure the properties of specific

microstructural features and phases. It should be noted that a microhardness tester could

not be used for such analysis because microhardness indenter is bigger in size than such

segregated zones. Thus, it is expected that nanoindenter will determine the hardness H

and modulus E of these ceramic coatings

'•f

B. Nanoindentation Measurements on Composite TiB2 Coating

As stated earlier nanoindentafion technique measures the local properties of the

phase. This characteristic of localized measurement has been used to measure the elastic

modulus (E) for the individual phases viz. TiB2 particle and Fe-rich matrix. Elastic

modulus of the composite coating has been computed using rule of mixture (ROM). It is

important to stress here that main constituent of "composite" boride coating are TiB2

particles and Fe-rich matrix (see. section 4.1). Hence, it is a perfect assumption to

compute the elastic modulus of "composite" coating using ROM. Moreover, TiB2

particles were uniformly distributed within the Fe-rich matrix, which further justifies the
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Figure 3.4. Typical load-indentation curve curves from a continuous indentation test.
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Figure 3.5. Geometry and loading parameters used in a fracture mechanics analysis.
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use of ROM for E computations. The computed value of elastic modulus of composite

coating will further be used to evaluate the interfacial energy/strength of the

coating/substrate interface using four-point bend test.

Mechanical properties of the "composite" TiB2 measurements were performed on

the NANO INDENTER II at High Temperature Materials Laboratory (HTML) of Oak

Ridge National Laboratory (ORNL), Oak Ridge, TN. Samples were metallographically

polished to a perfect flatness and mirror finish. Smoothness of the sample was the most

important criterion for valid indentation data. Nanoindentaion was recorded with

indentations made on large TiB2 particles (> 5 p,m) and the matrix region. Such

experimentation was carried out to assure that data was recorded form the individual

phase. Each relevant microstructural feature of the coating was indented 15-25 times with

the Berkovich indenter tip for hardness (H) and elastic modulus (E) measurements.

Indentations were mkde at various locations in the samples to provide a good statistical

sampling. Results were highly reproducible with an error range of 2 %. Each indentation

constituted of six segments. During segment 1, indenter approached the sample surface.

Sample was loaded to a constant depth of 300 nm during segment 2 and held at that stage.

Holding period was referred as segment 3. Segment  4 was an unloading segment to 80 %

of the load. Indenter was still in contact with the sample surface when a hold period

(segment 5) of 60 seconds was introduced to sense thermal drift which was used to

correct load-displacement curve during E and H computations. Segment 6 was the final

unloading segment. E and H computations were carried out based on the technique

developed by Oliver and Pharr (66). Images of the indentations marked by the

nanoindenter were recorded by a Pixera digital camera attached to the microscope.
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These images of the nanoindentation mark will provide the information about the

cracking of ceramic particles, if any.

3.3.3 Four-point Bend Test

A. Background

The adhesion of the coating is the most critical theme of the coating-substrate

system. In most applications the minimum criterion for acceptable performance is that

the adhesion of the coating to the substrate should be sufficient so that the coating

remains in place for the lifetime of the component in its operating environment. Thus, it

is essential to measure the level of adhesion between substrate and coating in order to

guarantee that coating is fit for the purpose. Even though there is a wide range of

adhesion tests that exist to determine the adhesion, unfortunately standardized and

specific experiments to test such combinations of system properties are not well

developed. Moreover, none of these tests is sufficient enough to provide information

about adhesion properties in various types of coatings. Table 3.2 lists all the available

test methods that can be used to determine interfacial strength of the coating (76). The

mechanical methods are of more practical interest. In these methods, adhesion is

determined by applying a force to the coating-substrate system. The force is either

applied normal or parallel to the coating -substrate interface similar to pull or shearing

stress tests.

As an alternative to determining the adhesive strength of the interfacial region

formed in ceramic-metal joints, a number of tests based on fracture mechanics have been

developed (76). These provide data such as fracture energy, which is closely interrelated
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with the bond or adhesive strength of the interfacial region (77). For thicker coatings

(coating thickness > 50 p,m), Clyne and coworkers developed a four-point bend test to

measure the interfacial strength (78). Dehosson et. al. has also used such analysis to

evaluate the ceramic-metal interface produced by laser processing (28). Figure 3.6 shows

a schematic of a typical four-point bend test set up to evaluate the interfacial properties.

The critical energy release rate is calculated by comparing the total strain energy before

and after a propagation event and then dividing the difference by the area of contact. The

details about the fracture mechanics and equations involved in such analysis will be

discussed later in part 4 (results and discussion).

Table 3.2. Test Methods to Determine Adhesion in Coating-Substrate
Systems

Qualitative Quantitative

Mechanical Methods Mechanical Methods

•  Scotch Tape Test • Direct Pull-off Test

• Abrasion Test •  Indentation Test

•  Bend and Scratch Test •  Bend Test

• Laser Spallation Test

•  Scratch Test

Non-Mechanical Methods Non-Mechanical Methods

X-ray Diffraction • Thermal Method

• Nucleation Test
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B. Four-Point Bend Test on Composite TiB2 Coating

Four-point bend test is an appropriate method to evaluate the interfacial properties

(critical energy release rate and fracture toughness) of a bimaterial (28). The specimen

used in the flexure experiments consists of a bimaterial beam (Figure 3.6) with overall

dimensions 50 x 5 x 1.5 mm. Coating thickness was 200 pm. The sides of the specimen

were polished to facilitate microscopic (optical and SEM) observations during and after

the testing. However, the top surface of the coating was in as received conditions to

prevent the formation of surface cracks due to grinding and/or polishing.

The flexure test consists of two steps, the first of which is making a precrack

through the thickness of the coating. Such crack was introduced in the coating using a

slow speed diamond saw (Figure 3.6). The specimen is then loaded in four-point flexure

Instron TT-B Universal Testing machine until delamination along the interface

occur or the new crack propagate through entire coating thickness to reach the

coating/substrate interface (Figure 3.6). The cross-head speed was maintained at a low

speed of 0.02 mm/s. In systems where the coating makes up a substantial part of the total

system, the load of delamination is determined by the load at which a sharp load drop

occurs. However, as the coating is only a small part (nearly one-eighth thickness of the

total beam thickness) of the total system in the present case, delamination is not

accompanied by a significant load drop,

propagation was identified by a two-prong technique. Apart from a "small" drop in load,

specimens were unloaded at pre-selected intermediate stages to observe the crack

initiation and propagation under the optical microscope. At the point of delamination

and/or after the new cracks have propagated through the entire thickness of the coating

on an

Hence, point of delamination or crack
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Figure 3.6. A schematic illustration of the four-point bend experimental setup.
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and reaches interface, load tends to get constant suggesting the beginning of load bearing

via plastic deformation of the substrate material. Hence, this point is recorded as the

maximum load being sustained by the coating. All further computations have been done

with this value of load. Several samples were tested and analyzed using such four-point

flexure method to provide a good statistical sampling of the interfacial properties.

The four-point flexure test is based on the storage of a well-known amount of

elastic energy on bending and a release of this elastic energy on fracture. The specimen

rests on two rollers with other two rollers exerting a force on the specimen (Figure 3.3c)

resulting, in a constant bending moment M in the region between the inner rollers.

Bending moment M, is expressed as in equation 3.7 (28):

FI
M = (3.7)

2w

where F is the critical load corresponding to delamination, w is the width of the sample

and 1 is the distance between outer and inner roller as shown in Figure 3.6. Such

configuration results in the same stress state condition throughout the region in between

the inner rollers, making the experiment insensitive to the exact location of fracture.

Consequently, the strain energy release upon delamination of the coating should exhibit

steady state characteristics. The steady state energy release rate Gss can be deduced from

the difference in the strain energy in the cracked and uncracked beam. Since there is

negligible strain energy in the beam above the crack, i.e. in the delaminated coating, the

energy release rate is simply the difference in strain energy of the uncracked section and

the section of the lower beam beneath the crack, i.e. of the substrate plus coating and the
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substrate respectively. Based on the description for coatings, i.e. hi « h2 = h, the strain

energy release rate is approximated by equation 3-8 (28,79).

ft,

“  . h‘

As can be seen from equation 3.8, the strain energy release rate depends critically on the

measured value of h2 ~ h. Interfacial crack propagation occurs when the strain energy

(3.8)

release rate Gss equals the critical energy release rate Gc of the interfacial failure. It

should be emphasized that this test method does not depend upon the interfacial crack

length (84). Thus, four-point bend test allows the determination of interfacial fracture

energy using easily measurable parameters. As stated earlier, the detailed equations

dealing with fracture mechanics fundamentals are explained in later section of results and

discussion (Section 4.2.3). The stress intensity factor K characterizing the bimaterial

interface can also be computed.

3.3.4 Uniaxial Tensile Test

In the real world, coatings are exposed to various external stresses that might

cause coating damage. In particular, cracks are developed by tensile stress, and this

significantly deteriorates the coating properties. In the previous section, interfacial

energy (coating/substrate) has been determined by four-point flexure test, which also

produces tensile stresses on the coating. However, in the present case, effect of uniaxial

tensile stresses on the laser deposited TiB2 coating has been evaluated. The need of such

study was generated by the curiosity to study the fracture morphology of the laser

deposited "composite" TiB2 coating.
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Sample preparation for tensile test of "coating" was similar to the TEM sample

preparation (Figure 3.3). The steel samples coated with TiB2 were sectioned from the

substrate side parallel to the coating/substrate interface using a slow- speed Buehler

Isomet diamond saw. These samples were further mechanically ground from the

substrate side to approximately 300 pm thickness. First, it was thought to carry out the

tensile test of the coating material itself (200 pm thick), however, such samples were

very fragile for uniaxial tensile testing. Hence, total thickness of the tensile sample

maintained at 300 pm, which constituted of 200 pm thick coating and 100 pm thick

substrate. It is important to mention at this point that laser surface engineering produced

200 pm thick coating which was “composite” in nature with TiB2 particles embedded in

Fe matrix (64,81). Flat strips of dimensions 50 x  5 x 0.3 mm were used as tensile test

samples. Gauge length of the samples was fixed at 20 mm. Tensile tests were conducted

on an Instron TT-B Universal Testing machine under a fixed loading rate of 0.02 mm/s.

Load-displacement curves were recorded for the several samples to evaluate the tensile

strength of the coating. Further, fracture surfaces were subjected to cross section SEM

examination to understand the fracture morphology of the coating.

was

3.4 Tribological Characterization

3.4.1 Mass Loss Analysis

Generally, refiractory ceramics are superhard and possess possess excellent wear

resistance. Hence, it was essential to evaluate the tribological properties (e.g. wear and

fiiction) of "composite" TiB2 coating. Tribological properties of the TiB2 coating
were
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measured using a block-on-disk tribometer. A schematic of the block-on disk tribometer

setup is shown in Figure 3.7. Coated coupons of dimension 25 mm x 25 mm x 3 mm

were tested for dry sliding wear against a hardened steel ring rotating at a linear speed of

4.4 m/s. The dry sliding wear test was conducted for a total of 20 minutes duration with

an applied normal load of 2 kg. Weight loss measurements were made after successive 2

minutes.

3.4.2 Coefficient of Friction

Coefficient of friction (p) was also recorded for  a 20-minute period by an

interfaced computer, which acquired data in the form of electrical output power of the

motor. Even though data was recorded at a frequency of IHz for a total test time of 20

minutes, only an average of 10 successive points was taken for computing the coefficient

of friction, p.

3.4.3 Surface Roughness Measurements

Surface roughness of the coated surface was examined using a WYKO VISION

RST 500 optical profilometer. No sample preparation is needed for surface roughness

measurements. Each surface measurement is carried out on an area of 1.8 mm x 2.4 mm.

The resolution of roughness measurement is very high at 5-10 nm. Surface roughness

measurements were performed on as-coated samples, wear surface and oxidized samples.

Such measurements provide excellent information about the possible wear mechanism

occurring in the "composite" coating (18). Surface roughness measurements on oxidized

samples provided the details of oxide growth and morphology (16).
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Figure 3.7. A schematic illustration of the block-on-disk type tiibometer setup.
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3.5 High Temperature Oxidation Experiments

Elevated temperature oxidation behavior of TiB2 coating in . air was evaluated by

two procedures: (a) thermogravimetric analysis (TGA) to study oxidation kinetics and (b)

long-term exposure to study oxide scale growth and morphology. .

3.5.1 Thermogravimetric Analysis (TGA)

Oxidation kinetics of "only" TiB2 coating was studied using a Perkin Elmer TGA

7 Thermogravimetric Analyzer. Sample preparation was critical for such analysis, as it

should account for the oxidation of only “coating” and not substrate. Figure 3.8 shows

the various steps involved in preparation of the sample for TGA. Sample preparation is

similar to TEM sample preparation (Figure 3.3). TiB2 coated steel sample (LSE 3) was

sectioned using a low speed Buehler Isomet diamond saw. It was further ground

mechanically from the substrate side to a thickness of 150 pm. It is important to mention

again at this point that laser surface engineering produced 200 pm thick coating which

was “composite” in nature with TiB2 particles embedded in Fe matrix. This ensured that

the left over foil (150 pm thick) constitutes of only the coating layer and does not have

substrate part, which could have contributed towards weight gain during TGA. Square

test specimens of size 3 mm x 3 mm were cut from this thin foil for oxidation kinetic

studies. The specimens were cleaned in acetone, followed by drying and weighing.

Total surface area for each specimen was also recorded. Oxidation tests were carried out

in commercial grade bottled air at 600”C, 700°C, 800”C and 1000”C. Furnace with a test
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Figure 3.8. A schematic illustration of the sample preparation technique for thermo-
gravimetric analysis (TGA).
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sample in it was operated at an incremental rate of 5®C per minute with an initial

temperature of 50° C until the test temperature was attained. It was held at the test

temperature for 3 hours after the temperature was attained. A continuous plot of change

in weight vs. time was recorded for each of the test temperatures. These curves were

used for predicting oxidation kinetics of laser deposited TiB2 coating on AISI 1010 steel

substrate.

3.5.2 Long Duration Exposure at Elevated Temperature

Long term exposure of the TiB2 coated surface was carried out to observe the

integrity of the coating, coating/substrate interface, phase transformations and
I

morphological features of the oxide scale formed oh the surface. TiB2 coated steel

coupons (LSE 3) of size 20 mm x 20 nun x 5 mm were exposed in a muffle fiimace in air

to temperature of 600°C, 800°C and 1000°C for various time intervals. Table 3.3 shows

the experimental matrix with sample nomenclature. Hereafter, samples will be referred

with this nomenclature in the study. It should also be noted that such samples were not

used for oxidation kinetic study, as there was a substantial weight gain due to the

oxidation of steel substrate, which was not possible to be separated from weight gain due

^  to only oxidation of coating.
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Table 3.3; Experimental matrix for long duration exposure and
corresponding sample nomenclature

15 ITExposure Time
(hours)

600"C SOOT lOOOT

10 A1 B1 Cl

A2 B230 C2

50 A3 B3 C3

3.5.3 Characterization of the Oxide Scale

Oxide scale formed on the coated surface after long duration exposure was

characterized for surface morphology and topography using a ISI Super III-A scanning

electron microscope. EDS and x-ray mapping were coupled with SEM to. characterize

the elemental distribution in a semi-quantitative manner. Cross sectional examination of

coated samples after oxidation was also performed. Metallographic samples were

prepared by polishing on Buehler TEXMET 2000 cloth to reveal the microstmcture.

Nital was used as etchant for the oxidized samples. Structural characterization for

phase(s) identification in oxide scale was carried out on a Philips Norelco x-ray

diffractometer with CuKa radiation operated at 40kV and 20mA. Coating layer

separated in C2 and C3 samples after oxidation. Hence, x-ray diffractomtery was

performed on both top and bottom part of the separated layer (Figure 3.9). Such

experimentation provided valuable information about oxidation mechanism and phase(s)
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Figure 3.9. A schematic illustration of the methodology adopted to perform x-ray analysis
on C2 and C3 samples.
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fonned in the top layer as well as the coating/substrate intMacie. Surface roughness of

the oxidized surface was examined using a WYKO VISION optical profilometer.

3.6 Dip Test for Evaluation of Corrosion Resistance

The current operation in aluminum melting and casting facilities involves the

application of ceramic slurry coatings on molten aluminum delivery systems for

protection against corrosion by liquid aluminum (82). The ceramic slurry coatings

molds and tools have a short life and need frequent touch-up, resulting in high casting

operation on cost and frequent casting quality problems. Moreover, these slurry coatings

are deposited using plasma spray technique, which does not promote metallurgical bond

formation with the substrate. Hence, these coatings spall off and have a poor service life.

Titanium diboride (TiB2) has excellent corrosion resistance against metallic aluminum

and cryolite, which makes it suitable candidate as a coating material for inert cathode

used in Hall-Heroult cell for aluminum electrolysis (44,83). Hence, laser deposited

"composite" TiBa coating was evaluated for its high temperature corrosion properties

against liquid aluminum.

TiB2 coated steel coupons (LSE 3 sample) of size 15 mm x 50 mm were sectioned

for dip test in A356 A1 (7 wt % Si, 0.3 wt % Mg, 0.6 wt % Fe, 0.35 wt % Zn, balance Al)

melt. A 356 Al is a commonly used casting alloy. The test was carried out in air in a

muffle furnace at a temperature of 780 °C and one atmosphere pressure for 4 hr and 24

hr. This is a typical processing temperature providing sufficient superheat to the molten

Al. Two samples were preheated to 150 “C for 1 hour and then immersed in molten A

on
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356 A1 for 4 hr and 24 hr respectively. Hereafter, these samples will be referred as D4

(immersed for 4 hr) and D24 (immersed for 24 hr) in this study. These samples

immersed in such a way that top 25 mm portion of the coated sample was exposed to the

atmosphere above the melt. Figure 3.10 is the schematic illustration of the dip test

experimental set-up. Test samples were taken out of the furnace after 4 hr and 24 hr

respectively. These sample were air cooled on a ceramic block to avoid rapid quenching.

The overall examination of the immersed samples was performed visually and with a low

magnification magnascope. Cross sectional examination of the coating and interface

performed using scanning electron microscope (SEM) and EDS. Structural

characterization for phase(s) identification was also carried out on a Philips Norelco x-ray

diffractometer with CuKa radiation operating at 40 kV and 20 mA.

Figure 3.11 summarizes all the experimental procedures adopted in the present

study. It also provides an idea about the methodologies adopted to synthesize and

characterize an "ideal" coating for various requirements.

were

was

57.



/

//

//

//

//

//

► coated samples
/

/
25 mm

- - 4/
Y

I

graphite crucible
25 mm

I

liqiJid A356 Al
I /

/I
/

/

I /

/I
/

'/
iL’2314

muffle furnace

Figure 3.10. Schematic illustration of the dip test experimental set-up.
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4. RESULTS AND DISCUSSION

4.1 Thermodynamic Predictions

It is essential to study the thermodynamics of the system to understand the nature

of chemical reactions taking place during the coating process. In the present study,

therefore, attempts are made firstly to thermodynamically predict the possible reactions

and secondly verify the existence of these reaction products using analytical techniques

such as EDS, XRD and TEM. Such combined thermodynamic and analytical approach

provides an insight into the mechanical, chemical and thermophysical properties of the

coated sample. It is, however, pointed out that often the thermodynamic conditions

prevailing during laser processing deviate from the equilibrium conditions thereby

making equilibrium phase diagram consideration less applicable and more difficult to

predict the process products. In view of the fact that laser processing being very complex

non-equilibrium process, and in lack of data in the open literature on various reaction

products during such non-equilibrium processes, a first approximation that generation of

products based on equilibrium phase diagrams can be considered. These equilibrium

products can be considered as sources for further generation of stoichiometric and/or non-

stoichiometric derivations. In the Fe-Ti-B system under investigation, primarily, the

following reactions are possible. The free energy of formation of borides of Fe and Ti

and their temperature ranges are obtained from various sources (84).

Ti-B system: ^

Ti + B = TiB (4.1)
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Ti +2B = TiB2 (4.2)

3Ti + 4B = Ti3B4 (4.3)

Thermodynamic data for this metastable phase Ti3B4 are unknown. Henceforth, only TiB

and TiBa will be considered for the further analysis and discussion.

Fe- B system:

Fe + B ̂  FeB (4.4)

2Fe + 5 = Fe2B (4.5)

Fe - Ti system:

Fe + Ti = FeTi (4.6)

2Fe + Ti = FeaTi (4.7)

Gibbs free energies and enthalpies of formation of the borides of Ti and Fe for various

temperatures are presented in Table 4.1 (84). These data are based upon the borothermic

reduction of oxides as done by Samsonov and Vinitski (84). However, lack of

thermodynamic data for the formation of Ti3B4, FeTi and FeaTi and other compounds

makes stability predictions difficult for many systems.

Table 4.1. Thermodynamic Properties of Borides of Titanium and Iron

Free Energy of Formation, AG
(kj/mol)

Enthalpy of Formation, AH
(kJ/mol)

Phase 298 K lOOOK 2000K 298K lOOOK 2000K

TiB -159.7 -157.4 -160.3 -160.3 -165.3 -186.0

TiBa -319.7 -308.3 -347.9 -323.8 -326.6 -347.9
FeB -69.5 -71.1 -72.9

FeaB -71.8 -71.1 -77.9
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Figure 4.1 shows the free energy of formation of borides of Ti as a function of

temperature. It is evident from the graph that free energy of formation is almost

independent of temperature up to 2000 K. This implies that entropy (obtained from the

slope of the curve) for the formation of above borides is almost negligible. Thus, it is

reasonable to assume that free energy of formation of above borides vary in the similar

manner even at the temperature attained during laser surface engineering. It is evident

from Table 4.1 and Figure 4.1 that TiB2 is the most stable phase in the Fe-Ti-B system.

Although theoretical stability of TiB2 is confirmed by the thermodynamic considerations,

it is important to experimentally validate the existence of laser deposited TiB2 coating by

carrying out various characterization techniques such as microstructural characterization,

chemical characterization, structural characterization and mechanical characterization. It

is a well-known fact that a strong correlation exists between material

microstructure and its properties.

processing.

4.2 Microstructural Characterization

The detailed discussion about the microstrucmral characterization is based on the

SEM observations, x-ray diffraction analysis, EDS and high-resolution transmission

electron microscopy (HR-TEM) studies of the samples listed in experimental matrix

shown in Table 3.1.
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4.2.1 Scanning Electron Microscopy

Figure 4.2 illustrates a schematic of the typical microstructure  in the cross section

of the sample produced within a range of combination of material-process parameters

employed in the present investigation. Such schematic representation is provided for

understanding the relative locations of various microstrucmres with respect to each other

during the following discussion. The discussion is often based on high magnification

views of these regions in isolated manner. Figures 4.3a, 4.3b and 4.3c are the low

magnification SEM micrographs of the cross sections of sample LSE 1, LSE 2 and LSE 3

respectively. These micrographs show a continuous, adherent and crack free laser

engineered "composite" TiBa coating on AISI 1010 steel substrate. The laser melt

constitutes a mixture of TiBa ceramic particles in Fe-rich matrix. A thin layer of steel

substrate melts and mixes with TiBa due to convection currents within the melt

zone

zone

resulting in a composite coating. The distribution of TiBa particles in laser melt zone is

more uniform for the samples LSE 2 (Figure 4.3b) and LSE 3 (Figure 4.3c) which

processed at higher speeds of 175 cm/min and 200 cm/min respectively. Table 4.2

provides a comprehensive quantitative analysis of the microstructural features

corresponding to all the processing conditions listed in Table 3.1.

Table 4.2 suggests a decrease in the coating thickness with an increase in

processing speed. This is attributed to the reduced interaction time at high processing

speeds. At higher speed, there is lesser time for the sweeping laser beam to interact with

the substrate and precursor. This results in a melt pool of low depth but with a higher

concentration of TiB2 particles.

are
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Table 4.2. Microstnictural Features* of Laser Deposited TiBi Coating
on AISI1010 steel

Microstnictural

Features
LSEl LSE 2 LSE3

Coating Thickness
(4ni)

215 ±10 210 ±10 185 ± 15

Dendrite Zone Size 25-30 10-15 10-15

Primary Dendrite/Cell
Spacing, 5p (txm)

3.5 ± 0.3 3.0 ±0.2 3.0 ±0.1

Secondary Dendrite
Spacing, 5s (um)

1.1 ±0.1 1.0 ±0.1 0.9 ± 0.2

TiBa Particle
Distribution

Slightly Uniform Uniform Uniform

TiBa Particle
Morphology

TiBa Particle Size *
(pm)

Polygon +
Acicular

Acicular Acicular

5-8 for polygon,
Aspect ratio is 6.0

for acicular

Aspect ratio 8- Aspect ratio
8-1212

Volume-Fraction of
TiBa in Coating

0.52 0.66 0.69

* Observations and measurements based on SEM analysis. Measurements were recorded
as an average of four readings.

# Based on the diameter for a polygon shaped particle whereas the ratio of longer to
shorter dimension for acicular particle.
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Figure 4.4 includes high magnification SEM micrographs that reveal a

continuous, adherent and metallurgically sound interface between laser engineered

’composite" TiB2 coating samples and AISI 1010 steel substrate in LSE 1, LSE 2 and

LSE 3 samples. There is no crack initiation or delamination at the interface and a

dendritic/cellular interface is produced in each case. Also, the lath shaped martensite is

seen in the interfacial region of the heat-affected zone within the substrate. This can be

explained on the basis of rapid heating and cooling rates attained during laser surface

treatment. The temperature at the interfacial region of the AISI 1010 steel substrate

reaches high enough to cause complete austenitization which further transforms to

martensite due to high quenching rates.

The solidification structure of the coating/substrate interface and laser melt zone

depends upon the degree of constitutional supercooling. The rapid kinetics within the

laser melt zone leads to variation in the temperature at various locations due to the

existence of different phases such as TiB2, Fe and other metastable phases.

Consequently, such variations in temperature results in variation in the degree of

constitutional supercooling leading to a pomplex solidification structure in both the

interfacial region and laser melted zone. This phenomenon is evident from Figure 4.4

with the presence of the different size and morphology of dendritic/cellular zone at the

interface. Figure 4.4a show large cellular/dendritic zone at the interface where as a finer

zone of dendrites is seen in Figure 4.4c. Figure 4.4a shows the micrograph of the sample,

which was processed at the lowest processing speed of 150 cm/min. Thus, there

larger interaction time for the melt zone which implies lower cooling rates as compared

was a
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to the LSE 3 sample which was processed, at highest speed of 200 cm/min. A higher

degree of cooling rate is achieved for LSE3 sample resulting in the finer dendrites as

shown in Figure 4.4c and Table 4.2. It should also be observed that in all cases, the

initial growth at the interface is towards the coating with a coarse cellular morphology.

These coarse cellular dendrites transform into finer dendrites on going further into the

melt zone. This feature is prominent in Figure 4.4c. This could again be attributed to the

increasing cooling rates on going away from the interface into laser the melt zone. A

higher cooling rate suggests refinement of microstructure such as cellular to coarse

dendrites which could be further refined into equiaxed dendrites (62,85). Table 4.2 lists

the secondary dendrite arm spacing in the range of 0.8 -1.3 jim. Such fine arm spacing

suggests a very high cooling rate estimated in the range 10^ to 10^ K/s (86).

The high magnification micrographs of the structure within the laser melted zone

of LSE series samples are presented in Figures 4.5 and 4.6a. The laser melt zone suggests

a composite structure of TiB2 particles within fine equiaxed dendritic matrix of Fe.

These fine equiaxed dendrites within the melt zone are revealed after heavy etching of the

samples. This has been more clearly illustrated in Figures 4.5c and 4.6a which show fine

dendrites whereas Figure 4.5a does not show the equiaxed dendrites as it was not heavily

etched. Such fine microstructure of equiaxed dendrites in the melt zone is corroborative

of very high cooling rates involved in laser surface modification. It is essential that melt

must be undercooled in order to establish the necessary temperature gradient for equiaxed

dendrite formation (85). In the laser melt zone, TiB2 particles are surrounded by liquid

melt, which has to be undercooled to form equiaxed dendrites. TiB2 particles have a

higher thermal conductivity (65 Wm'^ K‘‘) than melt which is essentially liquid Fe
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having thermal conductivity of 50 Wm'^ K'^ (64). Thus, TiB2 particles extract more heat

from the liquid melt, further assisting in formation of fine and equiaxed dendrites.

It has been mentioned earlier that LSE 2 and LSE  3 samples result in the uniform

distribution of TiB2 particles in the melt zone whereas sample LSEl has non-uniform

distribution (Figure 4.3). Figure 4.5a shows the melt zone in LSE 1 sample, which was

processed at a speed of 150 cm/min. It consists of a mixture of polygon shaped and few

acicular/needle shaped TiB2 particles. Figure 4.5c and 4.6a are the microstructures of the

laser melt zone in LSE 2 and LSE 3 samples which Were processed at higher speeds of

175 cm/min and 200 cm/min, respectively. TiB2 particles are uniformly distributed in

the melt zone and the shape of particles is highly acicular in these s^ples with an aspect

ratio between 8 and 12. The volutne fraction of TiB2 particles is high for the LSE 2 and

LSE 3 samples (Table 4.2). This suggests that transformation into needle shaped

particles is pronounced with an increasing laser speed. The beginning of the change in

TiB2 particle morphology is clearly indicated in Figure 4.5. It shows existence of the

needle shaped particles within a cluster, of polygon shaped particles (shown by arrow).

This indicates that some of the polygon shaped TiB2 particles break down/reform into

needle shaped particles.

Table 4.3 lists the elemental composition in the various microstructural zones of

the coating, interface and the substrate. Table 4i3 along with Figure 4.6b suggest that

although needle shaped boride particles are rich iii Ti, there is some additional Fe which

has reacted to form some new phase. It can be observed that equiaxed dendrites in melt

zone have 9 to 15 wt.% Ti. Such high content of Ti in the matrix could possibly be

attributed to the fragmentation of some of the TiB2 particles into very fine particles,
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which have mixed with liquid Fe. Some of these fragmented TiB2 particles are observed

in the region just above the interfacial cellular dendrites in Figure 4.4c. This produces a

zone of mixture of Fe and TiBa, which has 35 to 45 wt. % Fe content. It is, therefore.

essential to understand the chemical reactions, if any, occurring in the melt zone. In the

earlier section (4.1), it was observed that thermodynamically TiBa is the most stable
)

phase in Fe-Ti-B system. It is inferred that Fe does not react chemically with TiBa but

acts as a binder for TiBa ceramic producing a tough coating (35-36). However, it is also

possible that laser surface engineering, which is  a high energy density and non

equilibrium synthesis process may cause some chemical reactions between Fe and TiBa

leading to the formation of novel and metastable phase(s) (81). These metastable

phase(s) may be of various stoichiometry and composition such as FcxB

(Fe,Ti)aBb as observed in the following analysis.

TimBn ory ’

Table 4.3. Elemental Composition in Various Microstnictural Zones

Location Wt. % Ti Wt. % Fe

Polygon shaped TiBa particles 94.0 - 96.0 4.0-6.0

Needle/Acicular shaped Boride particles 82.5 - 92.2 7.8 -17.5

Equiaxed dendrites in melt zone 9.0 -15.0 85.0- 91.0

Mixture of TiBa and Fe just above the interfacial
cellular dendrites

55.0 - 65.0 35.0 - 45.0

Cellular dendrites at the interface 2.2 - 5.5 94.5 - 97.8

Martensitic zone in the substrate 1.0-1.5 98.5 - 99.0
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4.2.2 Structural Characterization

X-ray diffraction spectrum of the coated surface for LSE 3 sample is shown in

Figure 4.7. LSE 1 and LSE 2 also revealed similar x-ray diffraction spectra. It is

observed that TiB2 is the most prominent phase in coating. However, there are several

other peaks, which confirm formation of metastable phases during laser processing. In an

earlier study based on Pulsed Electrode Surfacing (PES) of TiB2 coating-Fe substrate

system, metastable peaks were not observed for TiB2 deposited on steel using PES

method (35,81). The energy density input during LSE process (15 MWW) is several

order of magnitudes higher than PES process (O.IMWW) (81). Hence, it supports the

hypothesis that some Fe has chemically reacted with TiB2 due to high incident energy

input by laser. These various metastable phases and their crystal structures detected by x-

ray diffraction are listed in Table 4.4.

Table 4.4. Crystal Structures of the Relevant Phase(s)

Lattice Parameter (X)Phase Crystal Structure Space Group
TiB2 Hexagonal P6/mmm a = 3.03

c = 3.23

TiB Orthorhombic Pnma a = 6.12

b = 3.06

c = 4.56
FeaB Tetragonal P42/n a = 8.69

c = 4.31

FeB49 Rhombohedral R-3m a = 10.95

c = 23.860

Fe2.12B103.36 Rhombohedral R-3m a = 10.95

c = 23.861
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The formation of TiB has been reported elsewhere, as in the following equation (87,88).

(4.8)TiB2 + Ti = 2TiB

This indicates, in some instances, that TiB2 has dissociated and then recombined to form

TiB. Excess boron could combine with Fe to form metastable phase(s) such as Fe^By as

shown in Figures 4.7 and Table 4.4. Some peaks were unidentified with the existing

powder diffraction data files. It is also possible that some of the Ti atoms may substitute

with Fe atoms to form compounds of type as (Fe^ Ti)niBn . Such possibility stems from

the fact that very small difference between atomic radii of Ti and Fe can form ,a

substitutonal compound with TiB2 (89). Ti has atomic radius of 1.45 A whereas Fe has a

radius of 1.24 A. Furthermore, EDS analysis presented earlier in Table 4.3 shows

additional Fe in the needle shaped boride particles.

It is yet not clear whether all TiB2 powder melted and reprecipitated during the

laser processing. The acicular shaped morphology suggests some sort of reforming

occurring within the TiB2 particles. However, x-ray diffraction spectrum of the acicular

particles suggests that TiB2 is the only major phase in the coating. This suggested that

shape change is dominated by some structural phenomenon instead of chemical

phenomenon. The detailed study of phase transformations of TiB2 was not the aim of the

present study. However, the issue of metastable phase formation in Fe-TiB2 system has

been discussed in great detail using transmission electron microscopy in the following

section. It was envisaged that TEM image of the melt zone, corresponding selected area

diffraction (SAD) pattern and microanalysis will give a better understanding of the novel

phase(s) formed, as a consequence of non-equilibrium synthesis. It is important to state

at this point of time that only LSE 3 samples were used for all further investigations in
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this study. LSE 3 sample was processed at highest laser traverse speed and consists of

highest volume fraction of TiB2 particles.

4.2.3 Transmission Electron Microscopy

TEM observations and analysis were made within the "composite" coating region.

Figures 4.8 and 4.9 show bright field TEM images of the “composite” coating

morphology. The common morphology suggests that TiB2 particles are faceted and

randomly distributed in the Fe matrix. This implies that there is no preferred

crystallographic orientation relationship between TiB2 particle and Fe matrix. Another

feature is revealed in Figures 4.8a, 4.8b and 4.8c that illustrate images of hexagonal

shaped TiB2 particles distributed in the Fe matrix. These hexagonal shaped TiB2 particles

are faceted with facets on the {1 100} prism planes, which are high packing density

planes of TiB2 phase (90). Slip line features are obseryed within the TiB2 particles

(Figure 4.8d). These could possibly be artifacts created during TEM sample preparation.

However, all TiB2 particles and TiB2/Fe interface are free from cracks. Furthermore,

both Figures 4.9b and 4.9c show partial sintering of TiB2 particles at the edges. TiB2

particles that exist in close proximity of each other experience high temperature due to

laser energy input tend to fiise/agglomerate at the edges. However, such behavior is not

very prominent due to random distribution of TiB2 particles (Figures 4.8 and 4.9) and

rapid heating and cooling rates experienced during laser processing. Figure 4.9b shows a

crack within the TiB2 particle. Such crack could possibly be attributed to mechanical

damage while grinding, polishing and ion milling during TEM sample preparation. It
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should be noted that there is no other visible crack within any other TiB2 particle or at the

particle/matrix interface.

In earlier discussion (Section 4.2) it was showed that "composite" coating region

contains TiBa particles of various shapes and size embedded in Fe-rich matrix. It was

also argued that some of the TiB2 particles break into' ultra-fine particles and get

dissolved within the Fe-rich matrix. Figiire 4.10 shows a very small TiB2 particle (size

=200 nm) embedded in Fe-rich matrix. The presence of such fine particles in the matrix

confirms that some of the TiB2 particles disintegrate into very fine particles due to high

energy density of laser beam. Figure 4.1 f is a bright field TEM image showing ultra-fine

dendritic network of Fe within the coating region. Ultra-fine dendrites within the coating

region are indicative of extremely high cooling rates experienced during laser surface

engineering (6-9):

Figure 4.12 is a dark field image showing network of ultra-fine Fe dendrites with

dissolved TiB2 within dendritic spacing. EDS spectrum corresponding to spot A

dendrites show Fe peaks whereas spot B between dendrites reveals Fe and Ti peaks. Ti

peaks are indicative of dissolved boride particles within Fe dendrites. This fact is further

corroborated by the selected area diffraction (SAD) pattern of the same area as shown in

Figure 4.13. SAD pattern shown in Figure 4.13b is  a combination of hexagonal structure

of TiB2 along [0001] direction and BCC structure of Fe along [111] direction. Four letter

index has been used in this particular case to distinguish between the reflections from

hexagonal TiB2 and BCC Fe (Figure 4.13bj. In the later sections, only three letter index

has been used to characterize hexagonal TiB2. This further proves presence of dissolved

boride particles within Fe rich matrix (91). Also, diffraction pattern shown in Figures

on
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magnification.
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4.13a and 4.13b show some addition reflections.in form of regular and continuous streaks

(marked with arrows) which are neither from TiB2 nor Fe. Such diffraction pattern is

generally obtained by the presence of very fine precipitates and twinning (92-94). A

high-resolution image in Figure ,4.14 confirms presence of micro-twins within a TiB2

particle. These twins, are formed in a highly localized region of size varying between 10

nm -20 nm. The mechanism of formation of twins in the TiB2 particle could be explained

by the formation of metastable phase of type Fe^By , TimBn or (Fe,Ti)aBb. TiB2 is

hexagonal in nature with a stacking sequence on close packed plane being

Some of the Fe reacts with TiB2 to form phases such as FcxBy and

TimBn that has been shown in the x-ray spectrum (Figure 4.7). These metastable phases

have unconventional crystal structure such as orthorhombic and rhombohedral (Table

4.4). Twinning may be induced in TiB2 particles during the shearing occurred for the

phase transformation from hexagonal to. orthorhombic structure. Similar case of twinning

also has been observed in an earlier laser based study where Cr203 reacts with Fe to form

a spinel (20). Also, it has been postulated that heat input can result in precipitation of

different phases accompanied with highly localized twinning (93). It should be recalled

that laser processing is a high energy density process, which , can cause some

unconventional structural transformations along with nucleation of metastable phase(s).

Such fact is also evident from the x-ray spectrum of the coated surface which shows

traces of metastable phase(s) of type FeaBb and TimBn with unconventional crystal

structure such as orthorhombic and tetragonal (Figure 4.7). TEM investigations

carried out to locate the presence of metastable phase(s). Ceramic/metal interface is one

of the potential site for such phase formation. Ceramic/metal interface also plays
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important role in evaluating the mechanical properties of the coating. The importance of

ceramic/metal interface has been addressed in detail in section 2.4. TEM investigations

of TiB2 particle/Fe interface within the "composite" coating is presented in the following

. section.

A. Ceramic-Metal Interface

Figure 4.15 shows the interface between TiBa particles and Fe matrix, which is

smooth and does not indicate any crack or delamination. This is an indication of strong

bond between the ceramic, particle (TiBa) and metal . (Fe) matrix at the microstructural

level. The strength of a ceramic-metal interface depends upon the wetting between the

two materials (25-26). The wetting phenomenon of the ceramics by the metal has been

addressed by several researchers (24, 27, 95-97). It has been experimentally proven that

refractory ceramics are in general wetted by transition elements (35-37, 98)’ It is shown

that Ti based ceramic easily wets Fe at high temperatures and wetting progresses further

with time (98). This has also been experimentally proved during the in-situ synthesis of

Fe-TiC composite (36,96). Such difference in the wetting nature is explained by the

electronic structure of the metals, which will be discussed in the following section (96).

Table 2.1 lists the wetting angles of certain refractory ceramics by certain molten metals.

The wetting angle between TiB2 and Fe is 49 degrees suggesting a good wetting.

Moreover, wetting time is less than 1 minute, which is further accelerated during laser

surface engineering (16). Work of adhesion between TiB2 and Fe is 2955 mJ/m^ which

further suggests a strong metal-ceramic interface (Table 2.1).
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Figure 4.15. Bright field TEM image of TiB2/Fe interface within the coating region.
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A detailed analysis of role of metals as binder for ceramics and their wetting

characteristics based on the electronic structure has been addressed (96). The wetting

phenomenon has been attributed to the unfilled rf-orbitals in transition metals and their

compounds such as borides and carbides (57,96)

TiB2 is a transition metal based ceramic and it has partly covalent and partly

metallic bonding (57-59). Metallic nature of the bonding is also revealed by the electrical

conductivity of TiB2, which is high and similar to the metals (35). It is theoretically

postulated that if the ratio of the size of nonmetal atom to metallic atom is less than 0.59

then bonding is partly covalent and partly metallic (59). Further, it is also confirmed and

postulated for the transition metal based ceramics that the covalent bonding in such

compounds is not as important as metallic bonding (57). A d band substructure similar to

transition metals also exists in transition metal based ceramics, which leads to metallic

bonding in such ceramics (57). A value has been assigned to number of d electrons

present in these transition metals and their compounds. Electrons in the d band

substructure participate in the formation of a metallic bond and accordingly, TiB2 has 5.5

electrons available for bonding (57).

Based on the theoretical and experimental results, an empirical rule for the

suitable choice of binder used in sintering of transition metal based ceramics has been

proposed (96). For a transition metal or compound having an unfilled inner d shell in the

state ̂  , a transition metal in the state d^ would be the most suitable binder (x and y

represent the number of electrons in the unfilled  d shells) if the following condition is

satisfied.

x + y = 77 (4.9)
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It is also suggested that a selection of material system which gives x + y= 10orx + y =

12 would also provide good bonding but it would be inferior to the system satisfying x +

y = 11 condition.

In the material system TiB2-Fe of the present study, Fe has unfilled d

subshell with 6 electrons (d s configuration) arid TiB^ has 5.5 d electrons as assigned

earlier (57). This satisfies abovehypothesis (96) of equation (4,9)

(x = 5.5) + (y = 6) = lL5 (4.10)

. According to this hypothesis, Fe wets TiB^ nicely and does not react with TiB2 layer but

remains as a binder similar to Co in WC-Co system. This fact has been earlier

corroborated in the analysis based on electronic configuration which says that bonding in

such material systems does not promote compound formation (57). Further this

hypothesis has been verified and confirmed in another experimental study based on Cu-

TiB2 system where Cu acts as a poor binder for TiB2 due to its completely filled d

subshell (36). It should be recalled that such hypothesis is true for an equilibrium

process. Therefore, on the contrary, it is reasoriable to assume that some Fe may have

chemically reacted with TiB2 due to non-equilibrium synthesis experienced in high

energy input by laser. Sueh phenomenon was earlier observed in x-ray diffraction

spectrum (Figure 4.7) of LSE sample, which shows formation of some metastable

phase(s) of type suggesting some chemical reaction between TiB2 and Fe.

After extensive searching efforts, such a reaction zone between TiB2 particle and

Fe was revealed (Figure 4.16). The interface between TiB2 particle and Fe matrix shows

a reactiori zone of approximately 50 nm. The size of the reaction zone is consistent at
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several interfacial locations (Figure 4.16 and 4.17). The reaction products appeared as a

dark black band on the Fe side and sharp needles growing towards TiBa particle (Figure

4.16a). Figure 4.17 is another such reaction zone between a large TiBa particle and Fe-

rich matrix. EDS spectra from the various spots (A, B and C) are also shown in Figure

4.17. EDS spectrum from the reaction zone (spot B) shows high intensity peaks of both

Ti and Fe whereas EDS spectra from Fe matrix (spot A) and TiBa particle (spot C) shows

peaks for only Fe and Ti, respectively. This corroborates our hypothesis of non

equilibrium synthesis during laser processing. A similar approach has been adopted to

show the existing reaction zone between an ultra-fine TiBa particle and Fe-rich matrix.

Figure 4.18 shows an ultra-fine TiBa particle (size = 400 nm) surrounded by a gray

colored binder (spot A) and Fe matrix (spot B). EDS spectra from these various zones

are shown in Figure 4.19. EDS spectra from the grayish zone (spot A) shows high

intensity peak of both Ti and Fe (Figure 4.19a). It further proves the presence of a

reaction zone between the TiBa particle and Fe matrix. It should be noted that reaction

zone is significantly large for this particle. This is attributed to the smaller size of the

particle. Reaction product tends to form a bridge between TiBa and Fe and acts like

binder. Several researchers have suggested that formation of interfacial reaction products

promote wetting between ceramic/metal interface leading to a stronger and adherent

interface (20,25,87,99-100). Moreover, nano-crystalline reaction product and phase(s)

formed at ceramic/metal interface act as stress absorber, further, reducing the chances of

a

crack propagation (20).

(
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Figure 4.18. Bright field TEM image of a nano-size TiB2 particle surrounded by a binder
and Fe-rich matrix zone. EDS spectrum from three various spots are shown
in Figure 4.19.
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Figure 4.19. EDS spectrum from spots A (binder),  B (Fe-rich matrix) and C (TiB2)
particle.
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High Resolution Transmission Electron Microscopy (HR-TEM) provides a very

precise information about the interface at the atomic level. These images can reveal many

kinds of defects, which can be chemical or structural (26). Chemical defects occur if any

deviation from the exact compiositibn of two phases at the interface exists. Such

deviation is . often caused by the reaction product or interphase formation at the

ceramic/metal interface. The type of defect that develops at the interface depends on the

specific material system. For systems, that form interphase(s) or reaction products, it is

important to characterize them. However, even if all the thermodynamic data and tielines

are known, product may not be unambiguously identified due to kinetic considerations

(26). Such fact is true for laser surface engineering process, which involves very rapid

kinetics. Stnictural defect such as steps or facets at the interface, misfit dislocations and

stacking faults can also be identified from high resolution microscopy. HR-TEM is

possible if the interface is very thin (less than 20 nm) and is parallel to the incident

electron beam (90). Figure 4.20 is a high-resolution transmission electron microscope

image of two-dimensional lattice fringes on TiB2 side and one-dimensional lattice fringes

on Fe side. Dark islands observed on the Fe side are merely artifacts caused by the

differential thinning of the sample. The dark band at the interface is atomically smooth

and sharp (2-3 nm thick) in nature. Also, there is no atomic level amorphous phase or

layer at the TiB2/Fe interface. It suggests good ceramic/metal bond at the interface.

However, two-dimensional lattice fringes extend up to 10-15 nmintb one-dimensional Fe

lattice and bonds directly with Fe with a minimal mismatch. This lattice mismatch leads

to semi-coherent interface at few locations (shown by arrow in Figure 4.20). Such

behavior has earlier been observed in 6061Al/SisN^ composites where nanocrystalline
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MgO and MgAl204 particles grew at the interface and bonded with Si3N4 whiskers (101).

Thus, it is very likely that some nanocrystalline phase or reaction product forms at the

interface and grows into Fe matrix. Again, such observation is in accordance with earlier

hypothesis of formation of metastable phase(S) during laser processing. Figure 4.21 is

another high-resolution TEM image showing lattice fringes of TiB2 and Fe with the

corresponding SAD pattern from two zones shown in Figure 4.22. Figure 4.22a shows

diffraction pattern obtained from the Fe-rlch side of the interface. It shows SAD pattern

corresponding to BCC Fe along [001] direction of zone axis. However, there are

additional diffraction spots, which do not correspond to Fe. Such spots (marked by

arrow) further correspond to the presence of a reaction product or precipitate at the

ceramic-metal interface. The SAD pattern obtained from TiB2 side of the interface is

shown in Figure 4.22b. It corresponds to diffraction spots obtained from TiB2 along

[0001] zone axis. However, some of these diffraction spots have diffused intensity along

with the presence of double diffraction spots (see arrow). Such diffraction patterns are

obtained in either of the two cases: a) when a reflection is not common to two grains,

then for that reflection the diffracting crystal behaves like a wedge specimen with one

surface parallel to the planar defect and b) the presence of dislocations and stacking faults

can lead to distortion of volume which may lead into double diffraction spots (94). The

presence of the reaction product has created a faulted region with an atomic mismatch at

the interface (marked by arrow in Figures 4.20 and 4.21) which could give rise to the

additional diffraction spots as seen in Figure 4.22b. Also, a distorted hexagonal shaped

TiB2 particle with heavily faulted structure, containing twins and array of dislocations is

shown in Figure 4.23a. Due to the presence of dislocation, faults and possible
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Figure 4.23(a). Bright field TEM image of a TiBa particle containing several faults and
dislocations.
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metastable phase(s), SAD pattern (Figure 4.23b) shows additional satellite reflections

(marked by arrows). The presence of twins within the TiB2 grain is further confirmed by

the presence of streaks in the diffraction pattern. The presence of stacking faults at

atomic scale is corroborated by the HR-TEM image shown in Figure 4.24a. Several

domains of nano-sized stacking faults and atomically faceted grain boundaries are

marked. Such features elucidate the presence , of additional diffraction spots as seen

earlier. Figure 4.24b is the digitally enhanced version of image shown in Figure 4.24a

that reveals the nano-sized stacking faults domain more distinctly. It has been postulated

that formation of reaction product produces a surface roughness at the ceramic/metal

interface. Such roughness promotes bonding at. the interface and increases the fracture

resistance of the interface (26). Formation of reaction product at the TiB2/Fe interface

has been confirmed by HR-TEM and suggests a strong bond between the ceramic and

metal.

TEM samples within the coating region were further subjected to search for the

physical observation of metastable phase(s) or precipitates and defect structure. Figure

4.25 shows sortie black color precipitates within  a TiB2 particle. Columnar and dendrite

shaped features were also observed in some other particles as shown in Figure 4.26.

These regions were further investigated at high magnification for chemical and structural

characterization. Figure 4,27 is a high magnification view of such precipitate along with

corresponding EDS spectra at spots A and B. EDS spectrum from the blackish

precipitate region (spot B) shows a small Fe peak apart from Ti peak. It suggests that

there is a small amount of Fe, which has reacted with TiB2 particle. This change.
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however, was not very significant suggesting the formation of the columnar and dendritic

features within TiB2 particle is dominated by structural changes rather than chemical

changes. After extensive search efforts, regions containing these metastable phase(s)

and/or precipitates Were found. Fine precipitates (size = 50 -100 nm) within a TiB2

particle are shown in Figure 4.28 alon’g with the corresponding EDS spectra from the

precipitate and TiB2 particle. EDS spectrum from the nano-sized precipitate within TiB2

grain suggests higher Fe concentration. This observation is in accordance with EDS

analysis carried out using SEM (Table 4.3) where 8.5 to 17 wt.% Fe is present in the

acicular shaped TiB2 particles.

A HR-TEM image of the nano-sized precipitate can be seen as Moire fringe

pattern in Figure 4.29. Moire patterns are formed by the interfering two sets of

lines/planes which have nearly conunon periodicities (103). Their appearance looks same

even if the two crystals are not in contact. SAD pattern from the TiB2 particle containing

these Moire patterns is shown in Figure 4.30. Most of the reflections are from hexagonal

TiB2 along [110] direction. However, a series of fine reflection spots between two

diffraction spots of TiB2 are also observed. Such series of fine reflection spots are

indicative of existing periodicity or a short-range order within the precipitate. Moire

fiinges along with SAD pattern confirm about the existence of metastable precipitate with

high Fe concentration and a short-range order. It is most likely that Fe diffuses into TiB2

particle replacing some of the Ti atoms to form a substitutional  solid solution of type (Ti,

Fe)a Bb with a short range order. This phase has possibly precipitated as nano-sized

particles, which are shown as Moire fringes.
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The reaction mechanism of the metastable phase formation can be understood in

the following manner. It is assumed that some of the TiB2 particle will melt dhe to high

energy input during laser surface engineering process. However, molten TiB2 will

solidify first before the substrate material is completely resolidified. Therefore, the

physical picture that emerges is that a solid state diffusion and compound formation

processes may take place either from the liquid or from the resohdified Fe at the interface

with TiB2. It must be emphasized that at the melting temperature the vacancy

concentration of a metal is expected to be at least one order of magnitude larger than that

of a ceramic material (20). The Kirkendall effect requires a net flux of vacancies across

the interface and this will alter local equilibrium concentratibris and may influence the

diffusion mechanism considerably. By these effects Ti and B could even diffuse into Fe

and upon cooling become supersaturated solution which crystallizes as non-

stoichionietric phases (20). Such effect is confirmed by the formation of non-

stoichiometric phases such as Fe2.i2B 103.36 (Figure 4.7). The most striking difference in

metayceramic interface formation compared to the classical diffusional bonding is the

possibility of morphological instability and interface reactions leading to compound

formation (20). Moreover, a sweeping uniform laser beam along the surface creates

thermal cycles along the surface and the subsurface layers, and the process conducted

under these conditions is no more isothermal (20). The classical diffusion equation

becomes more complex with inclusion of time dependence of temperature. In laser

melted structures the prediction of temperature cycle is, however, too complicated due to

several parameters such as thermophysical properties (thermal conductivity, absorption

coefficient, viscosity) of the material system, laser power and traverse speed, latent heat
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due to melting, convection motion and the associated heat and mass flow. Hence, it is

extremely difficult to predict the existing diffusion mechanism and all the possible

reactions occurring in the materials processed using lasers.

From the detailed discussion about characterization of TiB2 coated AISI 1010

steel surface, it can been concluded that TiB2/Fe interface is sound and free from cracks

at microscopic, chemical and atomic level. Such fact is supported by SEM observations.

EDS analysis, TEM images and also validated by the high-resolution image of the

TiB2/Fe interface. Such atomic configuration minimizes the stresses at the interface and

hence prevents crack initiation and propagation. Hence, TiB2/Fe interface in the laser

melt zone is sound and free from defects. However, it is essential further to characterize

and verify such a sound TiB2/Fe interface through its mechanical properties such as

hardness, elastic modulus, interfacial strength and fracture toughness. Combination of

stmctural and mechamcal characterization of TiB2/Fe - interface is expected to

demonstrate the effectiveness of the laser surface engineering (USE) for ceramic coating

on metal.

4.3 Mechanical Characterization

An exhaustive mechanical characterization of the "coniposite" TiB2 coating has

been done using a microhardness tester, nanoindenter, four-point flexure test and tensile

test. There is no single technique, which could provide the mechanical properties of

these coatings. These various techniques have been adopted to complement each other to

provide a reasonable idea about the mechanical strength of the coating. A semi-
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quantitative model has also been developed to predict the elastic modulus of the

"composite" TiB2 coating within a selected envelope of the laser processing parameters.

4.3.1 Microhardness Measurements

Table 4.5 lists the microhardness values (Krioop hardness) at different locations in

the coating and substrate. Figure 4.31 include the SEM micrographs of the cross section

with micrphardness indentations within the laser melt zone, interface and the substrate.

Table 4.5. Microhardness Values at Various Locations in Coating
and Substrate

Location of Microhardness Indentation ; Microhardness Value (Knoop)
at 300 gm Normal Load and 15

,  seconds loading time
,  Cluster of TiBa particles
(Spot A in Figure 4.31a)

, Mixture of (Fe +TiB2) and TiB2 particles
(Spot D in Figure 4.3lb)

1742 ± 306

622 ± 37

Inteiface .of laser melt zone .
and steel substrate

'I ‘ ■.
407 ±21

(Spot B in Figure 4.31a)
Steel substrate 140 ±25

(Spot C in Figure 4.31a)

The smallest indentation (spot A) in Figure 4.31a suggests extremely high

hardness values within the clustered zone of TiB2 particles. This is evident from the fact

that most of the indentation mark lies on TiB2 particles, which have a very high hardness

(56). In cbniparison, spot D in Figure 4.31b shows a lower hardness value (622 Knoop)
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as indentation is placed on a mixture of Fe and TiB2. This further, insinuates that some

other phase(s) have formed that have hardness properties intermediate to that of pure

TiBi and 1010 steel. It has been reported Fe2B, FeB and TiB have hardness values lower

than TiB2 but higher than AISI 1010 steel (56,103). Thus, it is a reasonable assumption

that phases like FexBy, TimBn or (Fe,Ti)aBb may have hardness higher than steel but

lower than TiB2. Hence, an indentation mark of such a large size provides a combined

average hardness value of the mixture of these phase(s). Nanoindentation studies have

been conducted to determine the more precise hardness value of various microstmctural

features and phase(s). Results from such study are discussed in the following section

4.3.2.

Spot C illustrates the indentation on the AISI 1010 steel substrate away from the

heat affected zone. The relative difference in the size of indentation provides an idea

about the “soft” nature of AISI 1010 steel substrate. Spot B in Figure 4.31a shows the

indentation at the interface. There is no delamination at the interface. Microhardness

value at the laser melt zone/steel substrate interface provide a three fold higher hardness

as compared to substrate. This is attributed to the lath shaped martensite at the interface.

4.3.2 Elastic Modulus Measurements using Nanoindentation

Nanoindentation is one such technique, which determines mechanical properties

such as hardness, H and elastic modulus E of thin films and coatings by continuous

measurement of force and displacement as an indentation is made (67-71). It offers

several advantages over other hardness measurement tools. The greatest advantage of

this techmque stems from its ability to probe a surface and map its properties on a
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spatially resolved basis with a resolution of better than 1 pm (69). Such small size of

indentation allows exact measurement of mechanical properties of fine microstructural

features such as ultra fine grains, precipitates and phases. This also enables estimation of

mechanical properties of “composite” materials. Another advantage offered by

nanoindentation technique is its ability to measure the surface properties independent of

the nature of the substrate (68). Since the indentation depth is very smair(nm), plastic

deformation of substrate is avoided and only surface properties are measured. Table 4.6

,  presents the experimental results of elastic modulus (E) and hardness (H) for LSE 1, LSE

2 and, LSE 3 samples as obtained from load-displacement curve of nahoindenter. The

experimental values for E and H were obtained from the loading-unloading curves using

the analytical technique developed by Oliver and Pharr (71). The values of the elastic

modulus of the "composite" coating obtained by nanoindehtation technique will further

be used to compute the interfacial ,stfength/energy of the coating/substrate interface.

Table 4.6. Experimental Elastic Modulus (E) and Hardness (H) Values
as Obtained from the Load-Displacement Curves of Nanoindenter

Sample Volume

Fraction

ofTiBj

Volume

Fraction

of Matrix^
¤

Elastic

Modulus

of TiB2
(GPa)

Elastic Hardness

ofTiBz
(GPa)

Hardness

of Matrix

(GPa)
Modulus

of Matrix*
(GPa)

 .

LSEl 0.52 0.48 558.6 326.4 33.2 7.1

LSE 2 0.66 0.34 556.9 306.4 32.8 7.0

LSE 3 0.69 0.31 560.3 292.4 33.9 6.5

a) Volume fraction of TiBa has been computed using quantitative microscopy (64).
b) E and H values represent average value of twenty indentations in each sample,
c) * Matrix implies Fe rich matrix containing ultra-fine dissolved boride particles and

traces of metastable phase(s) such as FeaBb and Tin,B
n-
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Volume fraction of TiB2 increases with the laser traverse speed (Table 4.2). As

explained earlier in section 4.2, this is attributed to the lesser interaction time of laser

beam at higher speed of 200 cm/min for LSE 3 sample. At lower speeds, interaction time

of laser beam with TiB2 particles is large which causes disintegration into fine particles

and also depth of melt zone increases. Thus, at lower laser traverse speed, there are less

number of discernible TiB2 particles in a large melt volume and hence volume fraction is

low. The variation in experimental E and H values of TiB2 is insignificant. On the

contrary, E and H values for matrix change with laser speed. This fact is again attributed

to the degree of dissolution of TiB2 particles and phase transformation, if any. Hardness

value is highest for the LSE 1 sample due to a higher degree of disintegration of TiB2

particles at lower laser traverse speed.

Figure 4.32 shows representative load-displacement curves for an indentation on

TiB2 particle in coating region, Fe matrix in coating region and unaffected AISI 1010

steel substrate, respectively in LSE 3 sample. Sample LSE 3 has been considered for

discussion purpose as it has highest volume fraction (69 vol. %) of TiB2 particles. All

indentations were made to a depth of 300 nm. Although TiB2 is brittle in nature, load-

displacement response from ceramic particle does not show any signs of cracking (Figure

4.32 (a) and Figure 4.33). TiB2 particles show high degree of elasticity and recovers 140

nm of displacement. Figure 4.32b shows load-displacement curve for Fe matrix in

coating region. Matrix is highly plastic as compared to JiB2 particle and recovers 58 nm

of displacement. Figure 4.32c shows load displacement curve from unaffected AISI 1010

steel substrate. It is even more plastic in nature with an elastic recovery of mere 20 nm of

displacement. Figure 4.32b and 4.32c differentiate between the mechanical properties of
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Figure 4.32(a). Load-displacement curve from the nanoindentation  of TiBi particle in the
composite" coating zone.ft
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Figure 4.32 (b). Load-displacement curve from the nanoindentation of Fe-rich matrix
region in the "composite" coating zone.
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400

Figure 4.32 (c). Load-displacement curve from the nanoindentation of unaffected AISI
1010 steel substrate.
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Figure 4.33. Nanoindentation marks on a cluster of TiB2 particle: (a) low magnification
view and (b) high magnification view. No crack is seen along the edges of
indentation mark.
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Fe (in unaffected steel substrate) and Fe matrix (in coating region) containing dissolved

ultra-fine TiB2 particles with traces of metastable phase(s) of type FeaBb and TimBn.

Hardness for Fe in unaffected substrate region is 2.7 GPa whereas it increases upto 6.5

GPa for Fe matrix in coating region. Elastic modulus, E for Fe (substrate) is 240 GPa

and increases to 292.4 GPa for Fe matrix (in coating region). This further corroborates

the fact that Fe matrix in coating region constitutes of dissolved TiB2 particles and traces

of metastable phase(s) apart from Fe. It is important to observe that FeaBb phase have

elastic modulus and hardness values of 305 GPa and 15 GPa, respectively, which are

intermediate to mechanical properties of TiB2 and unaffected 1010 steel (56). Table 4.7

lists the experimental and theoretical values of  E and H for TiB2, 1010 steel and Fe-rich

matrix in the coating region (56,102). The values of the elastic modulus obtained from

the each microstructural feature of the "composite" coating are employed to compute the

overall elastic modulus of the "composite" coating. Elastic modulus of the "composite'

coating will further be used to compute the interfacial strength/energy of the

coating/substrate interface.

Table 4.7. Experimental and Theoretical Values of Mechanical
Properties of TiB2, Fe Matrix and AISI1010 Steel Substrate

Experimental
E (GPa)

Location Theoretical E

(GPa)
Experimental
H (Gpa)

Theoretical H

(GPa)

TiB2 particle 560.3 551.5 33.9 33.1

Fe matrix (in 292.4 6.5

coating region)

1010 steel 240 236.3 2.7 2.4
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A. Elastic Modulus Computation for Composite Coating

Elastic modulus, E of the composite boride coating has been computed using rule

of mixture . (ROM) as shown by equation 4.11. The overall microstructure was

"homogeneous" with uniform distribution of TiBa particles within the Fe-rich matrix

(Figure 4.3). Such microstructural features suggest that rule of mixture (ROM) is a valid

assumption to estimate the modulus of the "composite" coating (91). Vp and Ep represent

volume fraction and elastic modulus of TiB2 particles whereas Vm and Em represents

volume fraction and elastic modulus of Fe rich matrix in composite coating region.

Ecoating — ̂ pEp + VmEi

Computations have been performed for various volume fractions (0.52, 0.66 and 0.69) of

TiB2 in the composite coating as the final volume fractions varied with the laser traverse

(4.11)

speeds viz. 150, 175 and 200 cm/min. A comparison between theoretical and

experimental E values has been made. For theoretical computations, it has been assumed

that Fe rich matrix in composite coating region consists of only Fe from AISI1010 steel

substrate. On the contrary, for experimental computations, it was considered that Fe rich

matrix in coating region consists of dissolved TiB2 particles and traces of metastable

phase(s) such as FcaBb and TimB„. Tables 4.6 and 4.7 list all the experimental and

theoretical values required for ROM computations.  A comparison of E of the composite

coating for various laser processing speeds (i.e volume fraction of TiB2 particles) is

shown in Figure 4.34 and Table 4.8. Experimental values (Table 4.6 and Figure 4.34)

indicate that there exits a nonlinear relationship between laser traverse speed within the

range considered in the present study and resulting volume fraction of TiB2 particles in

the "composite" coating.
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Figure 4.34. Theoretical and experimental elastic modulus of the “composite” boride
coating for various laser traverse speeds.
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Table 4.8. Theoretical and Experimental Elastic Modulus Values of
Composite Boride Coating for Various Laser Processing Speed

Theoretical Elastic Modulus

(GPa)
Experimental Elastic Modulus

(GPa)
Sample

400.2LSEl 447.1i

444.3LSE2 471.7

453.8LSE3 477.3
- 7

However, existence of this non-linear relationship is not a topic for the present

study. Computed values of elastic modulus were higher than theoretical values for all the

This increased elastic modulus of the coating is attributed to the earliercases.

observation that Fe-rich matrix in the coating region contains dissolved TiB2 particles and

traces of metastable phase(s). This is. contrary to our assumption during theoretical

computations where only Fe is present in matrix of "composite" coating. Regression

analysis was performed on the experimental and theoretical results, which is shown by

equation 4.12 and 4.13, respectively where E^coating is the effective "computed" Elastic

modulus of the composite coating and E^oating is the "theoretical" elastic modulus of the

composite coating.

Bf^coating = 177.04 Vp + 355.01

coating = 315.21 Vp + 236.29

(4.12)

(4.13)
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From equation 4.12, it can be evaluated that E

zero. Hence,

236.3 GPa of AISI 1010 steel (Table 4.7). This pronounced effect on elastic modulus of

coating is same as E m̂atrix for Vp equal to

matrix is 355.01 GPa, which is 1.5 times higher than theoretical E value,

coating is due to laser processing which causes dissolution of TiB2 into Fe matrix and

formation of metastable phase(s).

TEM investigations discussed in the earlier section (4.2) further confirms the

presence of dissolved boride particles in Fe-rich matrix, reactivity between Fe and TiB2,

and formation of metastable phase(s). Some of the salient features of TEM investigations

related to nanoindentation analysis are being briefly discussed again. The “composite'

nature of boride coating where TiB2 particles of various shapes and sizes are embedded in

Fe matrix has been confirmed by TEM images in Figure 4.8 to 4.10. The presence of

ultra-fine dissolved boride particles within fine Fe dendrites has been shown in Figure

4.12. EDS spectrum corresponding to spot A on dendrites show Fe peaks whereas spot B

between dendrites reveals Fe and Ti peaks. Ti peaks are indicative of dissolved boride

particles within Fe dendrites. This fact is further corroborated by diffraction pattern of

the same area as shown in Figure 4.13. Diffraction pattern is a combination of

hexagonal structure of TiB2 along [0001] direction and BCC structure of Fe along [111]

direction. Such evidence confirms the presence of dissolved boride particles within Fe

rich matrix that causes an increase in hardness and modulus of the matrix. The reactivity

between Fe and TiB2 particle and the nucleation of metastable phase(s) of type FcaBb and

TiaBb and (Fe,Ti)xBy has already been discussed in great detail in earher sections of TEM

analysis.
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Even though the "composite" nature of the laser engineered TiB2 coating provided

a coating of sound interface with enhanced mechanical properties (hardness and elastic

modulus), it will be highly functional only if the interface between the coating and the

substrate is sound and strong. The following section, therefore, deals with the evaluation

of the coating/substrate interface for its mechanical properties.

4.3.3 Interfacial Strength Evaluation by Four Point Bend Test

The theory behind four-point bend test is based on the assumptions made in linear

elastic fracture mechanics (LEFM). It should be observed that two major assumptions

are made for four-point bend test. Firstly, it is assumed that "mixed" mode of fracture

prevails as the sample undergoes bending as well as tension. Also, plain strain conditions

are assumed due to fixed ends of the sample during four-point bend test. The relevant

physical quantities obtained using four-point bend method are critical elastic energy

release rate, Gc and the critical stress intensity factor, Kc for the "composite'

coating/metal interface. The elastic energy release rate is obtained by equating the elastic

energy released on crack growth to the energy required for the crack to propagate. For a

plate of unit thickness the condition for crack growth becomes (28):

^(Q-U)>
d

dW
G = (4.14)= R

a da

where U is the elastic energy contained in the plate, Q is the work performed by the

external force and W is the energy for crack formation i.e. surface free energy for brittle

fracture. R is the crack resistance force and a represents crack length. If G becomes

larger than R the crack will propagate. As failure of the material occurs by growth of

131



cracks the stress state at the crack tip is most important parameter rather than the far field

applied stress. The stress. Oyy at the crack tip (oh a crack plane y = 0) is characterized by

the stress intensity factor K and failure under Of, failure stress occurs when K reaches a

critical v^lue; The critical energy release rate for bimaterial interfaces (i.e. coating-

substrate system) can be expressed as equation 4.15 (28,104):

s.
J 1-u, 1-u,
•2 ^-1-

4cosh^(;re).
^2

^KK (4,15)

where p,i and |i,2. represents the shear modulus coating and substrate respectively, Vi and

V2 are the corresponding Poisson's ratio, e is known as bimaterial constant and K is

complex because of mixed inode of fracture (104-105). Bimaterial constant, 8 is

computed as per following equations (105):

l-fi1
In (4.16)e =

In \l+p

where P (for plane strain condition) is defined as the measure of mismatch in the in-plane

bulk modulus. It is given by equation 4.17

1 ju,(l-2v2)-jU2(i-2Vi)

2  ju,(l-V2) + jU2(l-Vy)^
(4.17)

Table 4.9 lists theoretical and computed material properties (shear modulus and iriaterial

constants such as e and P) for TiB2-Fe material system. These values have been

computed using elastic hipdlilus data obtained from nanoindentation and equations 4.16

and 4.17. The theoretical ̂values of material properties for TiB2 arid AISI1010 steel are

taken firom reference handbqoks (56,102). Poisson's ratio for the "composite" coating has
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been computed using rule of mixture (ROM) for LSE  3 sample (volume fraction of TiB2

particles is 0.69). Poisson's ratio for TiB2 and AISI 1010 steel is 0.11 and 0.33

respectively. Hence, Poisson's ratio for composite coating in LSE 3 sample is 0.18.

Table 4.9. List of Theoretical and Computed Material properties for
TiBi coating/Steel Substrate System (LSE 3 sample)

Material Theoretical Value Computational Value

Property/Constant

Elastic Modulus, E* (GPa) 453.8 477.3

Shear Modulus, p.^(GPa) 192.3 202.2

Mismatch Constant, P’ 0.0185 0.0258

-0.0058Bimaterial Constant, 8 -0.0082

* These values have been taken from nanoindentaion data from Table 4.8
£

# Shear modulus, p. has been computed using following equation: p = where v

is the Poisson's ratio of the "composite" coating.
! Mismatch Constant, P has been computed using equation 4.17.
@ Bimaterial Constant, 8 has been computed using equation 4.16.

Cracks in the "composite'’ TiB2 coating are oriented vertically through the entire

coating thickness and as a consequence do not cause delamination of the coating. Figure

4.35 shows a cross sectional view of such sample. No crack has initiated from the

precrack/notch that was created using a diamond saw (Figure 4.35a). However, precrack

has blunted and broadened suggesting some plastic deformation. The vertical cracks are

formed in the entire coating with 800-1000 pm spacing between two successive cracks
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Figure 4.35. SEM micrographs of the cross section of the four-point bend test samples;
(a) blunted precrack/notch suggesting plastic deformation and (b) vertical
cracks throughout the coating thickness.
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(Figure 4.35 b). Much of the crack propagates through brittle ceramic particle (TiB2) rich

region suggesting that crack energy was not dissipated fiilly leading to crack run all the

way through coating and is deflected and blunted when they reach the substrate (Figure

4.36). The crack runs vertically through the regions of TiB2 particles with a small

deflection at certain places. This small deflection of the crack in the "composite" coating

zone can be attributed to the interparticle region containing Fe-rich matrix. These cracks

are opened by the plastic deformation in a very small zone.

As stated earlier, it should be noted that four-point tests were performed only for

LSE 3 samples that were processed at the highest laser traverse speed. Also, LSE 3

sample contains the highest volume fraction (0.69) of TiB2 particles. The critical load

was determined when the crack reached the coating-substrate interface. Such observation

was made when there was a small drop in the load. Moreover, microscopic observation

at this stage also confirmed about the crack reaching coating-substrate interface. The

criticd bending moment, M corresponding to the delamination load was computed using

equation 3.7 and was found to be 231 N/m. Critical energy release rate has been

computed using equation 3.8 as shown below.

G.= (3.8)
(X-'ol)El h*

It should be emphasized here that prefix 1 denotes composite TiB2 coating and

prefix 2 stands for AISI1010 steel substrate. The various parameters needed to compute

the critical strain energy release rate are Poisson's ratio (v) of the coating and the

substrate, elastic modulus (E) of the coating and the substrate apart from coating

thickness (hi), overall sample thickness (h) and critical bending moment (Me). E for the

135



r"—

i; •'
P"’*T??‘^ '-. , •W'' ■' ^
(a)i

y^zr.

'C'^/ V r*^J V ■  i

< V «
1C «V >x t

A/

v».

•),-
■»

»

f •
%

f:Vt «f. ,y Crack through
TiB2 Particle.
Rich Coating

«t

} *

>

V

<*
> f >*-t

V‘
f* '■

f
;v.

-y> {«V X ':4*■

y .  -vV.
•. ,-Jt i

r?'*

V.:

^v!''. J.
rr-

V f Vr.iV c-» r
♦-•» • V

•V

I '. *
r •■

>• r-: t '#

j'
1 C-’;-

.=

r

< \
i - ;

^ «

\ '/ •'/,
. i ■»■ / A

■:y *

"V.,- '

•. ‘V. 4
jt.

..; '•
't •'k' »y- ,

-  ><*A
•Jf<

; ,.:M
\ MVZphe of Pintle

' Defornfation

' T

-  s.i i-
. /'.- T*

■•/jv:-
V"

■i

Wl(

^ ft ^ 1
f

A*' >^s,^. . ( /
I

Figure 4.36. SEM micrographs of the cross-section of four-point bend samples showing
(a) crack propagation through brittle TiB2 particles and (b) crack blunting at
the coating/substrate interface due to localized plastic deformation of the
substrate.
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coating has been obtained from the nanoindentaion data (Table 4.8) whereas Poisson's

ratio for the composite coating has been computed using rule of mixtures (ROM) similar

to equation 4.11. Coating thickness is 200 jtm and the total thickness of the four-point

bend sample is 1.5 mm. It should be recalled that theoretical as well as computed value

of elastic modulus of the coating were determined in section 4.3.2 (Table 4.8) for LSE 3

sample. Theoretical and experimental values of critical energy release rate Gc has been

computed using these parameters.

theoretical= 251 J/m^

Q«perimental^265J/m"

Gc

The stress intensity factor characterizing the bimaterial interface is obtained from

equation 4.15. All the parameters needed to compute stress intensity factor are listed in

Table 4.9.

theoretical 1/2|Kc| = 6.55 MPa m

|j^|experimental^g_g3 1/2
m

It should be noted that the energy release rate for a perfectly brittle cleavage

fracture is approximately 5 J/m^ whereas the fracture energy for ductile steel is of the

order of 300 JW (25). Critical energy release rate in our case is found to be very high

suggesting a "composite" kind of strong interface. A similar behavior has been observed

in an earlier study based on the laser-processed ceramic (Cr203) coating on steel substrate

where critical energy rate of 270 JW and stress intensity factor of 8.5 MPa m^'^ produced

a very strong and adherent interface (28). Fracture toughness of the "composite" TiB2

coating is nearly 6.5 MPa m®which is higher than the literature value (4-5 MPa m^'^) of
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monolitihic TiB2 (56). An increase in the fracture toughness is attributed to the

"composite" nature of the coating. It should be emphasized that the computed value of

fracture toughness holds true for rhixed mode of fracture whereas literature values are

quoted for mode one failure. However, this is the nearest possible comparison between

two values of fracture toughness, in lack of available data for such material systems.

Several researchers have tried to investigate the correlation between Wa, work of

adhesion and fracture energy, Gc for ceramic metal interface (26). Table 4.10

summarizes the comparison between the work of adhesion and fracture energy for

various ceramic/metal interfaces, which form a reaction product at the interface (26). A

large discrepancy exists between the work of adhesion and the fracture energy, which is

typically > 50 Wa,(26). Similar behavior is seen for TiB2/Fe interface in Table 4.10. The

experimental values obtained for frachire energy, Gc (265 jW) is nearly 90 times greater

than Wa (2.85 J/m^). Such differences are attributed to the nonplanarity of the interface at

the atomic level and the possible plastic deformation within the bond layer (26). This

nonplanarity causes surface roughness at the interface, which locally absorb stresses and

results in higher value of fracture energy.

Four-point bend test appears to be an appropriate method to test the interfacial

properties of bimaterials. The advantage of the four-point bend test lies in the

independence of the method of microcracks present in the ceramic coating (25,28).

However, there are few limitations to this test as well. Such a high-energy release rate is

accounted by two additional factors other than the energy released by the coating viz.

residual tensile stresses in the coating and plastic deformation/yielding of the substrate

(25,28,106).
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Table 4.10. Work of Adhesion (Wa) and Fracture Energy (Gc) of
Metal/Ceramic Interfaces

Material System Work of Adhesion, W,

(JW)
Fracture Energy, Gc

(JW)
Nb/AlzOa 0.8

AU/AI2O3, 0.5

Ni/AlzOa 0.2 -0.8 0-60

CU/AI2O3 0.4-0.7 0-45

Fe/TiB2 2.85 265

The thermal loading by the laser beam causes stresses to build up in the coating.

Thermal strains are produced within the coating which affect the strain energy release

rate. Thermal strain energy caused by laser processing is of the order of 30-40 jW in

100 pm thick Cr203/Fe interface (28). Thermal strain energy is a function of material

properties, laser processing variables and is affected by the localized temperature

fluctuations. Computation of the thermal strain energy involves a lot of tedious

/

experimentation and computations, which was not the objective of the present study.

Another factor that could cause an increase in energy release rate is the plastic

deformation and work hardening of the ductile substrate material (28). Since the laser

produced interface is very strong and failure does not occur by delamination of the

coating, crack propagates through the entire thickness of the coating and produces a

localized work hardening/plastic deformation at the crack tip in the substrate zone (Figure
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4.36b). For an accurate measurement of elastic energy release rate, these two factors

should be accounted. But in lack of such accuracy and a suitable technique to determine

the interfacial energy, four-point bend test is the most reliable available test to provide an

indication of the quality of the interface in bimaterials.

In the real world, coatings are exposed to various external stresses that might

cause damage. In particular, cracks are developed by the tensile stresses, which

significantly deteriorate the coating property. Four-point bend tests have already been

conducted to evaluate the response of coating under such tensile stresses. Uniaxial tensile

stresses are another class of stress experienced by many material systems. Even though

uniaxial tensile testing is not so common for the coatings, recently researchers have

stressed to carry out uniaxial tensile test for ceramic coating (107-109). Hence, it was

thought to investigate the deformation behavior of the composite TiB2 coating under

uniaxial tensile test. However, it should also be emphasized here that uniaxial tensile test

of coating is not as significant as four-point bend test because it does not provide detailed

and quantitative information about the coating/substrate interface, as obtained earlier in

this section.

4.3.4 Deformation Behavior of Composite Coating under Uniaxial Tensile Test

The main aim of the uniaxial tensile test was to investigate the fracture response

and morphology of the "composite" coating under uniaxial tensile stresses. The tensile

test samples were made out of LSE 3 samples and had dimensions of 50 mm x 5mm x 0.3

mm. First, it was thought to carry out the tensile test of the coating material itself (200

pm thick), however, such samples were very fragile for uniaxial tensile testing. Hence,
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total thickness of the tensile sample was maintained at 300 p-m, which constituted of 200

pm thick coating and 100 pm thick substrate.

Figure 4.37 shows a stress-strain curve of the "composite" coating under uniaxial

tensile stress. The curve shows a typical stress-strain curve obtained for a composite

material. At a stress of 50 MPa, there is a change in the slope of the curve for a short

while and it further increases suggesting load transfer from soft Fe matrix to high strength

TiB2 particles. The failure of the coating occurs at a stress of 282 MPa. It should be

observed that failure of the "composite" coating is not catastrophic, which is a general

response of the ceramic materials loaded under uniaxial tension (110). The several kinks

obtained after the failure of the coating suggests load transfer from brittle TiB2 particles

to the softer Fe-rich matrix. The stress-strain curve does not show a completely graceful

failure as obtained in fiber reinforced composites (110). Such behavior could be

attributed to a very high volume fraction (0.69) of TiB2 particles (ceramic) in the

composite" coating. Elastic modulus of the coating was computed from the slope of the

stress-strain curve (till the fracture stress of 282 MPa). It was found to be 355.7 GPa,

whieh is far, less than value of 477.3 GPa as obtained by nanoindentaion technique for

LSE 3 sample. Such difference in the values of elastic modulus is attributed to the

presence of 100 p.m thick steel substrate in the tensile samples. AISI 1010 steel is very

ductile and has a elastic modulus of 236.3 GPa (102). During the uniaxial tensile test.

ductile steel substrate is also deformed resulting in the reduction of the elastic modulus of

the "composite" coating. It is emphasized here that nanoindentation is a more realistic

technique to measure elastic modulus of the coating, as it measures only surface

properties and is not affected by the substrate properties.
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Figure 4.37. Stress-Strain curve showing deformation behavior of "composite" TiB2
coating under uniaxial tensile stress.
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Table 4.11 provides a comparison among the fracture stress values for various

ceramic/metal systems under uniaxial test. In lack of standard test system, coating

morphology and other material parameters, this comparison does not provide clear insight

about the response of coatings under uniaxial test. However, it can be considered as a

yardstick for the first approximation of failure stresses for various ceramic/metal systems.

From Table 4.11, it can be inferred that for thick coatings (thickness >100 41m),

"composite'! TiB2 coating fails at a reasonably high fracture stress, suggesting a stronger

coating.

Table 4.11. Failure Stress for Various Ceramic Coating/Metal Substrate
Under Uniaxial Tensile Stresses

Material

System
Coating
Method

Coating
'Thickness

Failure Stress

(MPa)
Reference

(IM
Glass/Cu Screen printing 100 35-50 (80)

TiN/304 steel Arc-ion plating 6.5 350-400 (107)

Ni-P/1010 steel Electroless 10 225-325 . (108)

8 % Y203-Zr02 Plasma spray 250 150 (109)

TiB2/1010 steel LSE 200 282 Present Work

Fracture surfaces were observed in scanning electron microscope to understand

the fracture morphology. Figure 4.38 is a low magnification view of the fractured

surface. Coating/substrate interface is very strong and there is no sign of delamination.

The strength of coating/substrate interface has already been evaluated using four-point
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Figure 4.38. Low magnification view of the SEM micrograph showing overall fracture
morphology of the composite TiB2 coating under uniaxial tensile stresses.
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bend test and has been discussed exhaustively in section 4.3.3. A high magnification

view of the fracture surface of the composite coating is shown in Figure 4.39. Fracture

occurs by mixed mode but is dominated by brittle fracture. The fracture in TiB2 particles

is essentially brittle and occurs by cleavage. Siich phenomenon is evident from the

faceted and cracked TiB2 particles. Fe-rich matrix acts as a bridge/binder between these

TiB2 particles (marked by arrow). Fe is very soft and ductile as compared to TiB2. The

interlinking Fe bridges tend to fail in a ductile manner. But these bridge zones are very

small iii size and volume fraction and hence they are not able to support the load when

cracking of TiB2 occurs. The small kinks observed in the stress-strain curve are formed

when these small zones of Fe tend to support the load but are not able to do it for longer

periods. An additional feature observed in the fractured surface of some TiB2 particles is

the presence of few microvoids (marked by arrow). The details of the fracture

mechanism occurring in monolithic TiB2 are poorly understood. However, it has been

concluded microcracking occurs within TiB2 particles for a critical grain size (111-112).

Coalescence of microcracks can result in the formation of microvoids, which are seen in

some of the TiB2 particles. The effects of microcracking on the mechanical properties of

ceramic materials is highly debatable due to multiple and simultaneous deformation

mechanisms operative in ceramic systems (56). However, based on a variety of

mechanical characterization techniques, it can be deduced that ultrahard "composite"

TiB2 coating with a strong and adherent coating/substrate interface can be applied using

laser surface engineering technique.
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Such enhanced mechanical properties of "composite" TiBa coating synthesized

using laser based technique is expected to perform in superior manner for wear

applications. The most important application of ultrahard TiB2 coating seems to be wear-

resistant coating for various machine tools and parts. Hence, it was necessary to study

the tribological characteristics (wear and friction) of such coating.

4.4 Tribological Characterization of the Composite TiB2 Coating

Tribological properties of the ceramic coatings depend upon several factors such

as hardness and thickness of the coating, coating material, type of the substrate, operating

conditions and coating process. Based on these variables, several wear mechanisms have

been proposed for different coating-substrate system viz. ploughing, flake formation,

micropolishing, cohesive failure or fragmentation, spalling, plastic deformation, removal

of hard particle phase and attrition (113). Surface topography of the laser-engineered

surface is shown in Figure 4.40a. The surface is relatively smooth, flat and free from

cracks. The profile of the LSE deposited TiB2 surface is illustrated in Figure 4.40b. The

average surface roughness, Ra for LSE coating is 6.39 pm. The importance of the surface

roughness in wear phenomena will be elucidated in the following sections.

4.4.1 Mass Loss Analysis

The dry sliding wear tests were conducted using a block-on-disk tribometer

(Figure 3.7). Wear test results are presented in Figure 4.41, which shows the weight loss

over a 20-niinute period.
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Figure 4.40 (a). SEM micrograph showing smooth surface topography of the laser
engineered surface obtained in LSE 3 sample.
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Figure 4.40 (b). Surface roughness profile of the laser engineered surface of LSE 3
sample.
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Figure 4.41. Cumulative weight losses over a 20-minute period during dry sliding wear
block-on- disk test. Inset shows wear rates corresponding to various
surfaces.
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The comparative wear rates (obtained by the slope in Figure 4.41) for LSE surface

and AISI 1010 steel are presented as bar diagram in inset. It can be easily observed that

weight loss has drastically reduced for LSE coated in comparison to the AISI 1010 steel

substrate. Wear rate for LSE surface has decreased by a factor of 15 in comparison to the

uncoated AISI 1010 steel substrate. Moreover, wear rate for LSE coated surface tends to

stabilize after an initial period of 4 minutes suggesting the smoothening and/of breaking

off of hard asperities, thereby providing a flat contact with the "composite" composition.

The worn surfaces of LSE coated samples were subjected to topographic observations in

SEM.

Wear mechanism in such multiphase composite materials is very complex which

depends upon several factors such as volume fraction, distribution and morphology of the

ceramic particles (114). Under ideal conditions, monolithic ceramic such as TiB2 is

expected to fail in a brittle manner (56). However, presence of the softer matrix phase,

Fe between hard ceramic particles alters the wear nature of monolithic TiB2. It has been

mentioned and validated earlier that Fe acts as an excellent binder for Ti based refractory

ceramics (35,37,98). This prevents debonding at TiB2 particle/Fe matrix interface (100).

The strength of the TiB2/Fe interface has been addressed at microstructural, chemical and

atomic level in section 4.2. Under such materials conditions, Fe-based matrix phase(s)

deforms plastically to accommodate the high stresses experienced by TiB2 particles. This

prevents brittle fracture and fragmentation of TiB2 ceramic particles. Hence, chipping off

is prevented and no lose debris is observed. A composite layer containing hard TiB2

particles and soft Fe phase(s) cover the entire substrate, which assists in reducing the

wear rate. It should be recalled from the TEM discussion that ultrafine boride particles
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are dissolved within the Fe-rich matrix which further aid in increasing the wear resistance

of such "composite" coating. Such microstructural features ̂ e elucidated in Figure 4,42

that shows TiB2 particles embedded in Fe matrix. There is no crack formation observed

within the worn area. The interface of the wom/unwom surface is the potential site for

crack to be propagate and further increase the wear rate. Figure 4.43 shows such

interface devoid of any crack or debris. This suggests that wear occurs mainly by the

plastic deformation of the softer matrix Fe phase resulting in very little loss of material.

Figure 4.44 is the surface roughness profile of the worn surface of the LSE coated

sample. Wear surface is clearly indicated by the depressions (plastic deformation) caused

by the rotating disk of the tribometer and relatively small change in the average surface

roughness, Ra from 6.39 ̂ im (as coated) to 4.56 pm.

The x-ray diffraction spectrum of the LSE coated surface before and after wear is

shown in Figure 4.45. Within the limits of resolution of the x-ray diffractometer, the

spectrum does not illustrate evolution of any new phase(s) during the wear process

indicating that wear in LSE coated samples, is essentially physical in nature. Such new

phase(s), if formed could influence the wear behavior of the coatings.

4.4.2 Coefficient of Friction Measurement

In the present work, the coefficient of friction is calculated by measuring the

changes in voltage and current in the electrical circuit of the motor driving the block-on-

ring tribometer during loading (115). Based on the principle of energy conservation, the

frictional energy (Wf) equals to the change in the electrical work during loading, given by

equation 4.18.
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(4.18)Wj- = Voltage(A.V)xCurrent(AI)

From fhction theory, it is known that

=^iNv (4.19)

where N is the normal load, v is the linear speed of the disk and is the coefficient of

friction. By equating above two equations,',coefficient of friction is computed. The

computed coefficient of friction for composite TiB2 coating has been plotted for entire

test time of twenty minutes (Figure 4.46). The best-fit line shows coefficient of friction

to be 0.59 for TiB2/steel coating. The low degree of fluctuations in friction value for LSE

coated sample is accounted by the formation of a "composite" layer on the entire surface.

The wear behavior of the “composite” coating is very complex, which could be explained

by a model that elucidates frictional behavior of multiphase and /or composite materials

(114). This model predicts that friction behavior of a composite/multiphase material is

influenced by the relative amounts and fnction coefficients of the constituent phase.

Also, it is affected by the wear resistance of the individual constituent. In most wear

situations, the more wear resistant phase(s) carry a disproportionately larger part of the

load and hence have a larger influence on the friction of the composite. Hence, the

friction coefficient of composite generally does not follow a linear rule of mixture, but is

dominated by friction coefficient of the most wear resistant constituent. It is well

understood that a refractory ceramic like TiBa has high wear resistance as compared to

plain carbon steel. Hence, according to the model discussed above, TiB2 particles in the

coating tend to carry a larger load than Fe and contribute largely towards coefficient of

157



c
O  1

o
•t 0.8

*5 0.6
/VA.

5 0.4

= 0.2

O

£
0)
o 0
o

0 200 400 600 800

Time (seconds)

1000 1200
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158



friction of the "composite" coating. However, in the present study, no such mathematical

modeling has been done for this particular materials system. A summary of the features

of coating and their tribological characteristics has been presented in Table 4.12.

Table 4.12. Summary of TiB2 Coating and its Tribological
Characteristics

Features LSE Process

Energy Density Input (MW/m^) 15.0

Nature of the Coating Thick (200 |xm) composite
coating with embedded TiB2
particles in the Fe-iich matrix

Surface Roughness, Ra (before wear) 6.39 p,m

Surface Roughness, Ra (after wear) 4.56 p,m

Wear Rate (g/min) 0.00005

Coefficient of Friction 0.59

Wear Mechanism Plastic deformation

It can be concluded that "composite" TiBa coating has an excellent wear

resistance with a strong coating/substrate interface. TiB2 being a high temperature

material, it is expected to perform superiorly at high temperature for various applications

i.e. "composite" TiB2 coating should have excellent high temperature oxidation resistance

and corrosion resistance. It is envisaged that TiB2 will be deposited on machine parts and

various tools as wear and oxidation resistant coating. Another important application of

TiB2 is in the aluminum casting industry as protective coatings for dies and molds.

Liquid aluminum is very corrosive that causes excessive damage to dies, mold and
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molten metal handling tools. TiB2 is corrosion resistant to liquid Al, making it an ideal

candidate for protective coating on dies and molds. Such engineering components

experience high temperature either due to processing or the environmental conditions.

Hence, high temperature oxidation of laser deposited "composite" TiB2 coating in air

along with high temperature corrosion by liquid Al has been studied in the following

sections.

4.5 High Temperature Oxidation of TiB2 Coating in Air

Elevated temperature oxidation behavior of TiB2 coating in air was evaluated by

two procedures: (a) thermogravimetric analysis (TGA) to study oxidation kinetics and (b)

long term exposure to study oxide scale growth and morphology.

4.5.1 Oxidation Kinetics

Oxidation behavior of “composite” TiB2 coating has been characterized through

measurements of their mass change per unit surface area (Am/a) during exposure at

various temperatures and time. Figure 4.47 illustrates mass gain per unit area during

three-hour exposure for oxidation of the test samples at various temperatures. Oxidation

rate is parabolic for all test temperatures during constant temperature exposures. Such

parabolic rate of oxidation is represented by the following equation where t is oxidation

time and k and C represent oxidation kinetic constants.

fAm^ .
= kt + C (4.20)

a
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Figure 4.47. Oxidation kinetics for “composite” TiB2 coating showing parabolic rate of
reaction for 600,700, 800 and 1000°C.
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Table 4.13 lists all the values of k and C for various test temperatures. It is

evident from Figure 4.47 that the oxidation rate at 1000°C is significantly higher than

other test temperatures. Based on these k values for different test temperatures,

Arrhenius type of plot (In k vs.RT*) is constructed as shown in Figure 4.48. Activation

energy, Q, for parabolic rate of oxidation of the composite TiB2 coating determined fi:om

Figure 4.48 is 205 kJ/mol.

Table 4.13. Oxidation Kinetic Constants for Composite TiB2 Coating for
Various Constant Temperatures of Exposure

JS k (gm^ cm"* min'^) ~ C (gm^ cm’^)Test Temperature ( C)

4x10'^600 0.0216

700 9x10 0.0420

2.5 X 10'^800 0.2072

1000 0.1307 0.0128

Oxidation kinetics of composite TiB2 coating are found to be parabolic for all the

temperatures between 600°C and lOOO^C. On the contrary, Irving and Worsley suggested

parabolic rate of oxidation for pure TiB2 powder samples for all temperatures except

between 900 and 950“C where rate was cubic (116). Barandika et al. found oxidation

rate for TiB2 based cermet (TiB2 + 14 wt. % Fe +  6 wt. % Ni + 5 wt. % Al + 3 wt. % Ti)

to be linear between 775 and 1000“C and parabolic below 775”C (117).
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Figure 4.48. Arrhenius plot for the parabolic rate of oxidation of "composite" TiB2
coating.
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In all these studies, however, the physical and chemical namre of samples was far

different from the “composite” coating sample under investigation in this work.

Furthermore, activation energy for composite boride coating was found to be similar to

the earlier study of TiB2 based cermet (118). This could be attributed to some degree of

similarity between physical nature of “composite” coating and TiB2 based cermet.

The lower values of rate constant k, for 600 and 700°C are indicative of very

slow oxidation. Oxidation rate increases at 800°C and reaches alarmingly high at 1000°C

(Figure 4.47b). Reaction rate constant k, for 1000°C is 3 order of magnitudes higher than

that of 600 and 700°C (Table 4.13). A higher degree of oxidation is attributed to the

coihbined effect of several reasons such as formation of non-protective oxide scales along

with the rapid evaporation of B2O3 (117). The detailed mechanism of the oxidation

reactions occurring within the "composite" TiB2 coating/Fe system were understood by

characterizing the oxide scales formed on the coating in accordance with the oxidation

kinetics. Oxide scales formed on these samples were characterized cross-section

morphology, structural features and surface morphology.

4.5.2 Oxide Scale Characterization

A. Cross-Sectional Morphology

Table 3.3 should be referred for the sample nomenclature for oxide scale

characterization. Figure 4.49 shows the lOw magnification SEM micrographs of the cross

section of A-series samples after long duration exposure at 600°C. “Composite” TiB2

coating is continuous and metallurgically adherent to the substrate. There is no oxide

layer build up or porosity in the cross section. There are, however, few cracks in the
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coating for A3 sample, which was oxidized for 50 hours at 600° C (Figure 4.49c), A

similar view of B series samples is presented in Figure 4.50. B1 shows a thin oxide layer

build up on the coating (Figure 4.50a). Coating is, however, still intact with no signs of

delamination, cracks and porosity. Oxide layer grows thicker for B2 sample that was

exposed at 800° C for longer period of 30 hours (Figure 4.50b). Even for such long time

exposure, oxide layer is adherent to the coating and TiB2 particles in the coating are still

intact. A crack is however, seen in the coating, which passes through TiB2 particles.

Further, increasing severity of oxidation is evident from Figure 4.50c for sample B3

which was exposed for 50 hours at 800° C. Oxide layer has grown thicker and spalled off

the coating from several locations. Weaker interface between oxide layer and composite

coating is revealed much clearly later in this section Figure 4.53c. Although TiB2

particles are intact in the coating, there is severe damage to coating by crack propagation

through TiB2 prides (Figure 4.50c). C series samples were exposed for oxidation at

1000° C (Figure 4.51). Cl sample, which was exposed for 10 hour shows a horizontal

split in the “composite” boride coating (Figure 4.51a). Moreover, there is lot of porosity

at the composite coating/steel substrate interface. Figure 4.52 presents the x-ray

elemental maps for Ti and Fe distribution corresponding to split coating observed in

Figure 4.51a. C2 and C3 samples behaved in a similar manner showing three distinct

layers in Figure 4.51b and 4.51c. Top most layer shows oxidized boride coating whereas

intermediate layer is iron oxide layer. Iron oxide layer separated from the steel substrate

in both C2 and C3 samples. Although Figure 4,51 suggests delamination of the boride

coating at boride coating/iron oxide interface, instead the separation after oxidation

occurred at iron oxide/substrate interface. Delamination of boride layer from iron oxide
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Figure 4.49. Low magnification SEM micrographs showing cross sectional view of (a)
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Figure corresponding to
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layer has occurred due to mechanical damage caused by grinding and polishing during

preparation of metallographic sample. Delaminated layer was too fragile and brittle in

nature. Intermediate iron oxide layer is infested with porosity and cracks along the entire

length.

High magnification view of the oxide layer in the cross section of B series

samples is shown in Figure 4.53. B1 sample shows intact acicular shaped TiB2 particles

within the coating with an adherent oxide layer of 15 p,m thickness (Figure 4.53(a)). In

Figure 4.53b, an adherent oxide layer on the B2 sample is 40 [Am thick with a highly

porous and lamellar structure. A crack propagated through the coating with oxides

formed in the interspacing of the crack. Severely damaged TiB2 coating in B3 sample is

illustrated in Figure 4.53c. Even though individual TiB2 particles are still intact, severe

crack propagation has damaged the integrity of the coating. The top oxide layer has a

weaker interface with TiB2 coating in comparison to B1 and B2 samples that caused its

spallation. A region of delamination of oxide layer from the coating is marked with an

arrow in Figure 4.53e.

Figure 4.54 shows the high magnification cross sectional view of the oxidized

boride layer in Cl sample and corresponding x-ray elemental maps for Ti and Fe

distribution. Oxide is highly porous and lamellar with high iron content. Ti is uniformly

distributed in the oxide. EDS analysis (spot A) at lamellar regions suggests 75 to 80 wt.

% Fe and 20 to 25 wt. % Ti unifonhly distributed in the composite oxide. Dark regions

(spot B) are porosity in the oxide. High magnification cross sectional views of oxide

morphology for sample C2 and C3 is not presented here as oxidized boride layer

separated from steel substrate (Figure 4.50a and 4.50b).
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sample and corresponding x-ray maps for (b) Ti and (c) Fe distribution.
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B. Top Surface Oxide Morphology

Topographic features of oxide scale formed in A,  B and C series samples are

compared in Figure 4.55. A3 sample shows relatively smoother surface with nucleation

of oxide islands on the coated surface (Figure 4.55a). Oxide growth accelerates at higher

temperature of 800°C for B3 sample. Figure 4.55b shows a very rough surface with

highly porous and fibrous oxide. Cl sample shows oxide grains growing upwards from

the coated surface (Figure 4.55c). Surface topography of oxide layers in C2 and C3

samples could not be observed due to extremely brittle nature of separated layer from the

substrate. Figure 4.56 illustrates the surface roughness profiles corresponding to oxide

scales observed in Figure 4.55 for A3, B3 and Cl samples. Average surface roughness,

Ra of the oxide scales formed on A3, B3 and Cl sample is 9.54 |j,m, 14.39 |im and 23.37

p,m respectively.

C. Structural Characterization of Oxide Scale

Structural characterization of oxide scales formed on the coated surface was

performed using x-ray diffractometry. Several oxides of type TiaOb, FemO„ and FexTiyOz

with various stoichiometries are formed. Table 4.14 presents a comprehensive list of all

the major phases present in A, B and C series samples. X-ray diffi-action spectra for A

series samples are shown in Figure 4.57. TiB2 is the major phase along with Fe and Ti02,

which is an oxidation product. In B series samples, TiB2 peaks are not observed. Ti02,

FexTiyOz and FesBOe are the prominent phases present in B series samples (Figure 4.58).

The major phases present in C series samples are Ti203, Fe203 and FexTiyOz.
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Figure 4.55. Top surface morphology indicating oxide growth in (a) A3, (b) B3 and (c)
Cl samples.
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Figure 4.56(a). Roughness contours of the surface morphology of the oxide growth in A3.
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Figure 4.56(b). Roughness contours of the surface morphology of the oxide growth in B3.
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Figure 4.56(c). Roughness contours of the surface morphology of the oxide growth in Cl.
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Figure 4.57. X-ray diffraction spectra for A series samples.
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Figure 4.58. X-ray diffraction spectra for B series samples.
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Table 4.14. Comprehensive List of Major Phases Present in the Oxide Scale

A1 A2 A3 Cl C2 C2 C3Phases

Present

B1 B2 B3 C3

Top* ! Top*Bottom Bottom'

Fe X X X

(B) (B) (B)

TiB2 X X X X

(H) iff) (H) (H)

TiOi X X X X X X

(R) (R) (R) (R) (R) (R)

Ti203 X X X

(Rh) (Rh) (Rh)

Fe203 X X X X X X

(Rh) (Rh) (Rh) (Rh) (Rh) (Rh)

B2O3

Fe3Ti30io X X

(O) (O)

FeTisOlo X

(U)
Fe2Ti05 X X

(O) m
FeTi03 X

(Rh)
Fe2Ti40 X

(Q

Fe - Ti - O X X

(Q (Q

Fe3B06 X X X

(O) (O) (O)

Top (See Figure 3.9)
!  Bottom (See Figure 3.9)
X  indicates presence of the phase
( ) indicates crystal structure of the phase
B Body centered cubic
H Hexagonal
R Rutile

Rh Rhombohedral

O Orthorhombic

C Cubic

U Unknown

*
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Since coating layer separated in C2 and C3 samples after oxidation, x-ray

diffractomtery was performed on both top and bottom part of the separated layer (Figure

3.9). Such experimentation provided valuable information about oxidation mechanism

and phase(s) formed in the top layer as well as the coating/substrate interface. Ti203 and

Fe203 are formed on the bottom side of the separated oxide layer of C2 and C3 samples.

X-ray diffraction spectra of C series samples are presented in Figure 4.59.

Oxidation of “composite” TiB2 coating occurs in several ways as schematically

illustrated in Figure 4.60. Oxidation of siich “composite” coating is very complex as it

leads to formation of several multiple oxides (Table. 4.14). It is anticipated that glassy

B2O3 formation occurs at 450 G, which melts and covers the surface (117-118). B2O3 is

an oxidation product of TiB2 that occurs through the following reaction:

TiBz + 5/2 O2 = TiOz + B2O3 (4.21)

Figure 4.57 shows few B2O3 peaks in A-series samples. However, B2O3 was not

detected as major phase by XRD analysis due to its glassy nature. At lower temperatures

B2O3 have low oxygen diffusivity value and hence act as protective layer against

oxidation (119). This fact is corroborated by Figure 4.47b that shows very slow

oxidation rate for 600 arid 700“C. Figure 4.49 also does not show any oxide layer on the

coating which further validates the slow oxidation rate at 600 °C. However, oxidation

rate increases at 800°C with a further rapid increase at 1000°C (Figure 4.47b). Such

oxidation behavior is attributed to the properties of oxides formed on the surface. It is

noteworthy that although B2O3 has a boiling point of ,1250°C, it evaporates at a

temperature much lower thain its boiling point (117, 120). Evaporation of B2O3 starts at

750“C which causes increase in oxidation rate at 800”C (117). This fact is pronounced in
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Figure 4.59 (a). X-ray diffraction spectra for Cl sample.
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Figure 4.59 (c). X-ray diffraction spectra for C3 top and bottom sample.
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Possible Oxidation Routes and Products

TiBa/Oz Fe/Oz

TiaOb/Oz ¤ ¤ FemOn/Oz

FexTiyOz

MULTIPLE OXIDES

Figure 4.60. A schematic suggesting the possible oxidation routes and products occurring
in “composite” TiBz coating.
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Figure 4.50, which shows formation of oxide layer on the coating. Sharp increase in

oxidation rate at 1000°C is attributed to rapid increase in evaporation rate of B2O3 at

temperature higher than 950°C (117). Apart from evaporation of B2O3, there are other

factors, which also contribute towards oxidation rate at 800 and lOOO^C. After

evaporation of entire B2O3, a thinner diffusion barrier layer of Ti02 is left behind on the

coated surface along with Fe203. Iron oxide forms due to oxidation of Fe, which is

present as matrix material in the "composite" TiB2 coating. Hence, now only a composite

mixture of Ti02 and Fe203 is present as the oxide scale on the surface that is indicated by

XRD patterns for A series samples (Table 4.14 and Figure 4.57).

Ti02 (rutile) is a non-stoichiometric, metal-excess, n-type oxide, which exhibits

both titanium interstitial ions and oxygen vacancies. Due to such defect structure, Ti02 is

prone to oxidation by cationic as well as anionic movements (121). Moreover, Ti02 has

a high Pilling Bedworth ratio of 1.95, which causes microcracks and pores in the oxide

scale due to compressive stresses in the oxide layer (121). Such microcracks and pores

act as sites for oxygen diffusion and enhances the oxidation rate. On the contrary, Fe203

is a metal deficit, p-type oxide with a rhombohedral crystal structure. In such crystal

structure, oxygen ion exists on a close packed hexagonal arrangement with iron ions in

interstices that are more mobile (122). Oxidation in Fe203 occurs by outward cationic

movement (122). Since Fe"^^ ions are more mobile in Fe203 scale, oxide growth occur

outwards at scale/gas interface leaving behind iron vacancies. Coalescence of such

vacancies leads to formation of Voids and pores, which provide new sites for direct

oxidation by oxygen molecule. After long time, these voids and pores can combine and

form deep cracks. Such phenomenon is clearly evident in Figure 4.51 for C series
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samples. Figure 4.51a shows the porosity at coating/substrate interface. Migration of

Fe ions outward is clearly visible in Figure 4.52b, which shows vacant space in Fe

zone. C2 and C3 samples were exposed for 30 and 50 hours respectively. Coating layer

split apart from the substrate due to vacancy condensation and coalescence (Figure 4.51b

and 4.5 ic). This is due to severe oxidation of steel substrate, which causes growth of

Fe203 between boride layer and substrate. Formation of Fe203 between boride layer and

substrate is further confirmed by XRD spectra of the bottom portion of the oxide layer of

C2 and C3 samples (Figures 3.9 and 4.59).

In B series samples, some portion, of B2O3 reacts with Fe203 to form Fe3B06 as

indicated in the following reaction.

B2O3 + 3Fe203 = 2 Fe3B06 , (4.22)

Synthesis of borates through reaction of B2O3 with oxides has been reported earlier (120).

Formation of borate further reduces protective covering layer of B2O3 and hence

increases the oxidation rate. Fe3B06 peaks are indicated in each of B series samples

(Figure 4.58 and Table 4.13). There is, however, no Fe3B06 formation at 1000°C, which

is probably due to lack of reaction time as B2O3 evaporates rapidly. Table 4.14 presents

list of other phases present in the oxide scale of B series samples. Complex oxides such

as Fe2Ti05 and Fe3Ti30io form in B1 and B2 samples whereas FeTisOio forms in B3

sample. Physical identification of each of these phases is difficult as they form

continuous and composite oxide layer. Formation of such complex multiple oxides is

explained through various reactions occurring within the oxide scale. Fe2Ti05 forms

reacting with Ti02 through equation 4.23

on

Fe203 + Ti02 = Fe2Ti05 (4.23)
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Equation 4.24 consists of two reactions which involves: decomposition of FeaOs (Fe"^^ to

Fe"^^) and subsequent reaction with TiOi to form FesTisOio.

3Fe203 + 6Ti02 = (3 Fe2Ti207) = 2 FesTisOio + V2O2 (4.24)

Thermodynamically, reduction of Fe"^^ to Fe^^ occurs at temperature greater than 777”C

(117). Such condition holds true in the present case as B series samples were oxidized at

B3 sample forms another complex oxide FeTisOio that is shown by equation800°C'

(4.25)

Fe203 + 10 Ti02 = 2FeTi50io + 3/202 (4.25)

Oxygen molecules are liberated within the complex oxide scale, which further increases

the oxidation rate of B series samples by enhancing the oxidation internally (122-123).

Such effect is pronounced in Figure 4.53b that shows highly porous oxide with a lamellar,

structure. Composite and complex nature of oxide is evident from Figure 4.54 which

shows cross section of the oxide scale formed on Cl sample. At 1000”C, oxidation of Fe

in the steel substrate gets accelerated such that Fe203 is the major oxidation product. It

also reacts with Ti02 to form complex oxides such as Fe2Ti309, FeTi03, Fe-Ti-0 and

Fe2Ti40 simiM to B series samples. Reactions for such oxide formations are listed

below.

Fe203 +3Ti02= Fe2Ti309

Fe203 + 2Ti02 = 2FeTi09 + O2

C series samples also contain Ti203 oxide that reacts with Fe203 to form Fe2Ti40 through

reaction 4.28

(4.26)

(4.27)

Fe203 + 27i2 O3 = Fe2Ti40 + 4 O2 (4.28)
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It should be understood that most of the oxides are nonstoichiometric in nature

with variable compositions due to excess/deficiency of metal/oxygen ions (121), Such

variance in chemical composition leads to formation of unconventional oxides, which

causes the change in oxidation mechanism. Simultaneous presence of two or more

oxides in the scale also causes change in oxidation kinetics (123). Hence, oxidation of

“composite” TiB2 coating is a very complex phenomenon in the presence of multiple

oxides which can be schematically represented as in=Figure 4.60.

Surface roughness profile of the top surface of the oxide scale is in accordance

with the nature of the oxide formed in three samples A3, B3 and Cl. Average surface

roughness Ra is least for A3 sample (9.54 pirn) as it does not show significant growth of

oxide. Slow oxidation rate for A-series samples has already been discussed earlier.

Oxide scale grows thicker and rougher with time as it forms several complex oxides.

Hence, a higher average surface roughness (14.39 p,m) is observed for B3 sample (Figure

4.56b). Cl shows upward growth of coarse FeiOa grains leading to very high level of

roughness (22.37 [tm). It has been shown earlier that Fe203 grows through compact

Cr203 scale in Fe203-Cr203 rhombohedral oxide system and eventu^ly forms

outermost layer (121-122). Siinilar situation holds true for Cl sample where Fe203-Ti203

rhombohedral oxide system coexists (Table 4.14) and eventually Fe203 protrusions

the entire surface (Figure 4.55c). Fe203 grains/protrusions on the surface are the main

cause for extremely rough surface for Cl sample (Figure 4.55c).

The high temperature oxidation behavior of the "composite" TiB2 coating has

been addressed very critically in terms of kinetics as well as structure morphology of the

oxide growth. It was shown that oxidation of the composite coating begins in the

an

cover
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temperature range of 700-800 ®C. The theory about evaporation of protective oxide,

B2O3 has been discussed and correlated to the TGA experimental observations.

However, to further confirm the evaporation of B2O3, a novel analytical approach based

on neural networks was adopted (124).

4.5.3 Neural Network Application to High Temperature Oxidation

A. Background

Neural computing provides an approach that is closer to human perception and

recognition than conventional computing. The special characteristics of neural

computing such as learning by example, distributed associative memory, fault tolerance,

pattern recognition and synthesis make them useful in a variety of applications (125-127).

Neural computing has found its application in various fields like digital communication,

environmental pollution analysis, sales forecasting, biomedical systems such

diagnosing coronary artery disease, jet engine diagnostic system and detect aircraft in

synthetic aperture radar images (125). However, neural network has its own limitations

in general. One of the limitations is that good results can be obtained only if the data to

be tested is within the range of the trained data. Extrapolation of the test results beyond

the trained data is likely to give errors. Secondly, there are always end effects in the

trained and tested software, which cause increased error in the output data at the end

points (127). To avoid the end effects in trmning the data, theoretical data points should

be added to the input parameters.

In the present study, neural computing has been used to determine the oxidation

kinetics of the composite TiB2 coating. The use of neural network software reduces the

as
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required extensive experimental study by learning the trend of the mass gain curves and

predicting the effect of variables (temperature and time) within its region of learning. The

"Professional II/ PLUS version 5.23" neural networks software was trained from the

initial experimental results obtained from thermogravimetric analyzer (TGA). The

trained software was used to obtain the required data for several intermediate

temperatures. This simulated data in addition to the experimental data was used to

determine rate constant (k) and activation energy (E) for the oxidation studies. This

computational technique assisted in better understanding of the oxidation mechanism

occurring in laser deposited "composite" TiB2 coating.

B. Application of Professional II/Plus Software

Professional n/PLUS is a powerful and versatile neural network proto-typing and

development system. It enables us to design, build, train, test and display paradigms that

solve complex, real-world problems. The areas in which neural network solutions apply

are limited only by the imagination. Professional n/Plus uses a graphical network display

and mouse-driven user interface in each version of this product (Neural Ware, Inc.,

1995). The Professional n/PLUS software was supplied with the results obtained from

the thermogravimetric experiments as its input data. The software was trained with these

input data using a Back Propagation (Back-prop) network paradigm,

calculates an error between the desired and the actual output and propagates the

information back to each node in the network. The back-propagated error drives the

learning at each node. The network was built with one input layer, output layer and one

or two hidden layers. Three input parameters were chosen for this network which

Back-prop

error
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included one functional link. Usually functional links assist in a better classification of

the given problem and in increasing the learning rate significantly. The experimental

data was trained using the neural networks individually for every two temperature zones

of the oxidation analysis. The reason is due to a large variation in the output values,

determined as the gain in mass of the sample per unit area of the sample (m/A), for each

temperature at which oxidation was carried out. The input parameters chosen were time

(t) and temperature (T). The square root of time (t^^) was added as a functional link. The

output parameter was obtained in the form of the mass gained per unit area of the sample

undergoing oxidation i.e. m/A (gm/sq.cm). The number of hidden layers and the number

of elements in each hidden layer for the three sets of trained data are tabulated in Table

4.15.

Table 4.15. List of Layers and Corresponding Elements used for Neural
Computations

Trained data Input layer Hidden layer 1 Hidden layer 2 Output layer
(Temp”C)
600 & 700 3 6 3 1

700 & 800 3 4 0 1

3800 & 1000 4 0 1
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All these parameters were chosen after repeated trials were performed with

various permutations to get a learned system with the least root mean square error and a

fast learning rate. A tanH (hyperbolic) type of activation function was used in this

system. The system was trained using a Supervised Learning or Associative Learning

where the input is provided and matched with the output. The software was trained using

Delta-Rule for 100,000 cycles, where the root mean square error dropped to less than one

percent of the initial values. In this type of learning rule, the error computed as the

difference between the desired output and the actual output is transformed by the

derivative of the transfer function. This error is then back propagated till it reaches the

first layer.

The trained data, corresponding to the experimental results of the oxidation

analysis at 600°C, 700°C, 800°C and 1000°C was used to obtain the output data in terms

of the gain in mass/area of the sample at temperatures between these temperatures at

steps of 50°C. The data provided by the neural networks was tested for one of the

intermediate points (at 900*^C) to test the consistency of the simulated values with the

experimentally obtained results. To understand the kinetic behavior and observe any

change in the oxidation mechanism, output data is required at intermediate temperatures.

Applying neural networks to the existing data generated the required intermediate data.

Such exercise obviates the need of performing additional experiments at intermediate

temperatures.

The Professional II/Plus Software (version 5.23) was used to train the

experimental data in three sets using the procedure stated in the previous section. The

trained data obtained in each case gave less than 1% error from the experimental results.
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The trained software for each set of data was then used to study the effect of temperature

on oxidation at steps of 50°C. The results obtained were plotted as a square of the output

parameter, i.e. mass/area (gm/sq. cm) against the time provided for oxidation at different

temperatures. The output data obtained between the temperature ranges, 600°C to 700”C,

700°C to 800°C and 800°C to 1000°C are represented in Figures 4.61, 4.62 and 4.63

respectively. These plots were divided into three temperature zones due to the wide range

in the y-axis data i.e. (mass gain/area)^. In all these figures, hollow legends indicate the

experimental data obtained from TGA whereas the filled legends represent the data

simulated from neural networks. Due to very low errors Gess than 1%) between the

experimental and the trained data, the curves seem to merge at several points. The

experimental and the trained neural network data are represented to show the consistency

in the trained software. In Figure 4.61, the nature of the curves appear to be non-linear

due to an enlargement in the y-axis values (in a small range of values) in comparison to

Figure 4.62 and 4.63. However, all these curves show a linear fit with errors less than 10

%. An oxidation experiment was conducted in the TGA at 900°C as a test run to obtain

the consistency of the data that was simulated by the software. The output experimental

curve is included in Figure 4.63 as a comparison to the simulated data. A linear fit of

these data provided the rate constants of the oxidation reaction in the system. At 900 C,

though the experimental data deviated from the simulated data, the error in their rate

constants was less than 10%. The relatively large eitor in the test run data in comparison

to the trained data could possibly be because of large variation in the output data in the

temperature range, 800 C to 1000 C. Moreover, less number of data points over a larger
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range of temperatures were available to train the system, which could cause these errors.

Table 4.16 lists rate constant (k) values for all these ternperamres.

The lower values of rate constant k, for 600°C and 700°C are indicative of very

0slow oxidation (Figure 4.61 and Table 4.16). Oxidation rate increases at 750 C and

reaches alarmingly high values at 1000°C (Figures 4.62 and 4.63). Reaction rate constant

k, for 750° is an order of magnitude higher than that of 600°C and 700°C (Table 4.16).

Table 4.16. Oxidation Kinetic Constants for Coniposite-Tib2 Coating
using TGA Experiments and Interpolated Data using Neural Networks

Error (%)Temperature, T
(*C)

Rate Constant, k
(gm^ cm"^ min'^)

Experimental Neural

Network

4 X 10'^600 0

5 X lO'" ^650

9 X lO'" 9 X 10'^700 0

4x 10-^750

2.5 X 10'^2.5 X 10'^800 0

6 X lO'"850

900 0.0288 0.0263 8.7

950 0.0809

1000 0.1307 0.1304 0.23
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In the earlier discussion it was proposed that evaporation of B2O3 start at 750°C,

which causes increase in oxidation rate at 800°C (117). This fact is pronounced and

validated in the simulated oxidation curve for 750°C in Figure 4.62 that shows incipient

increase in oxidation rate. Oxidation rate at 1000”C is very high (Figure 4.63 and Table

4.15), which is attributed to the rapid increase in evaporation rate of B2O3 at temperature

higher than 950°C (117). Rapid evaporation of B2O3 at 950°C is evident from the

simulated curve in Figure 4.63. Hence, it could be seen that oxidation rate curves for

750°C and 950°C, which were simulated using neural networks are in accordance with

the oxidation mechanism of "composite" TiB2 coating. Details of these oxidation

products and mechanism have been presented in earlier section 5.1.2. These values of the

rate constant (k) were further used to obtain the activation energy of the oxidation

reaction occurring at these temperatures. The Arrhenius plot for this system is shown in

Figure 4.64. The activation energy was about 210 Id/mol for, this system in the

temperature range, 600“ to 1Q00°C. It is very close in comparison to the experimental

data, which resulted in activation energy of 205 kJ/mol (16). Also, such values of

activation energy are similar to the earlier study of oxidation of TiB2 based cermet (117).

These observations suggest that interpolated data using neural networks is in close

accordance with the experimental data. Moreover, it does not indicate any change in

oxidation mechanism at intermediate temperatures.

In the present work, time and temperature were the major oxidation parameters

that were varied during oxidation studies. Further work would be carried out to study the

effect of environment (air or pure oxygen) and their flow rates on these TiB2 coated

samples exposed to oxidation tests. The same software can be used with changes in the

199



0.00006 0.00008 0.0001 0.00012 0.00014 0.00016

0

o Experimental data

¤ NN data
-2

-4

t  -6

-8

-10

-12

1/(RT) (kmol4cJ K)

Figure 4.64. Arrhenius plot for parabolic rate of oxidation using the neural network data.
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number of input and hidden layers and their corresponding elements to obtain the

required output. This would help in reducing the extensive experimental work normally

required to determine the effect of various process variables on the kinetics and

mechanism of TiB2 oxidation.

Before the advent of modem tools like neural networks, regression techniques

were used to compute such interpolated data to provide expressions for reaction kinetics.

In the present study, as a means of comparison with the application of neural networks.

regression techniques were used to obtain a rate expression explaining the kinetics of the

oxidation experiments. However, the results obtained by this method highly deviated

jfrom the experimental data. It could be due to a wide range of the output data with

increase in the temperature of oxidation. By using the neural network software, the

system can be trained in individual parts to avoid such errors as seen in regression

analysis. Though a similar procedure can be used in regression analysis, with the increase

in the number of input parameters (environment, gas flow rate) the analysis will become

very complex unlike neural networks.

Apart from excellent wear and erosion resistance and significantly high oxidation

resistance. Titanium diboride (TiB2) has excellent corrosion resistance against metallic

aluminum and cryolite, which makes it suitable candidate as a coating material for inert

cathode used in Hall-Heroult cell for aluminum electrolysis (44,83). Moreover, TiB2 is

easily wetted by liquid aluminum due to low contact angle (128). Such unique

combination of properties of TiB2 makes it an ideal candidate to be used as mold coating

material for aluminum casting industry.
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4.6 High Temperature Corrosion Resistance Against Liquid Aluminum

The current operation in aluminum melting and casting facilities involves the

application of sintered or bonded ceramic parts in molten aluminum delivery systems

(e.g. in die casting and squeeze casting), as well as ceramic slurry coatings on metal and

ceramic parts and molds (e.g. aluminum melting furnaces and tools, permanent and semi

permanent casting molds) for protection against corrosion by liquid aluminum (86). The

ceramic slurry coatings on molds and tools have a short life and need frequent touch-up,

resulting in high cost operation and frequent casting quality problems. Moreover, these

slurry coatings are deposited using plasma spray technique, which does not promote

metallurgical bond formation with the substrate. Hence, these coatings spall off and have

a poor service life. In view of such requirements, it is essential to develop a suitable

coating system (material and technique) for steel dies, molds and other parts that are

subjected to liquid A1 environment. Hence, "composite" TiBi coating deposited by laser

based technique was evaluated for its corrosion resistance against liquid A1 by carrying

out "dip test" experiments. Details of such experimentation have been provided earlier in

section 3.6.

Figure 4.65a shows the results of overall visual examination of the coated side of

the surface. There is no peeling or spalling of the coating on the upper half (25 mm) of

the samples. The lower half (25 mm) of the sample which was immersed in liquid A 356

A1 shows differential attack for two samples viz. D4 and D24 that were immersed in

liquid A356 A1 for 4hr and 24 hr respectively. D24 shows a much severe attack in

comparison to D4. Some sort of localized attack, (necking) is also'observed at the

midway location of the D24 sample. Figure 4.65b shows similar features for the
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Figure 4.65. Overall view of D4 and D24 samples after dip test (a) coated side and (b)
uncoated side.
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uncoated side of, these samples. In general, the attack by liquid metal is more severe as

compared to coated side. This is prominently observed in p24 sample. Top half (25

nun) portion of the uncoated side of the samples show iron oxide layer with some peels.

Such peel layers were not observed on the coated side, as TiBi is oxidation resistant in air

upto 1000 "C (56).

Low magnification SEM micrographs of D4 and D24 samples are shown in

Figure 4.66a and 4.66b respectively. Coating is metallurgically bonded in both cases.

However, some cracks are observed through the thickness of the coating. Sample D4

does not show significant erosion due to liquid Al. Cracking is relatively severe and

broader in D24 sample (Figure 4.66b). This fact will be further discussed later in this

section. These cracks, however, do not hm parallel to the coating/substrate interface and

thereby avoid any chance of delamination of the coating. Figure 4.67a is high

magnification view of one such crack in sample D4. The corresponding x-ray maps for

Al, Ti and Fe distribution are also presented in Figure 4.67b, 4.67c and 4.67d

respectively. It is clearly evident that there is no Al penetration into the crack. The crack

formation is solely due to thermal shocking. It should be recalled that after dip test,

samples were taken out from furnace at 780 °C and cooled in air. Although cooling

done on ceramic plate, it appeared to be rapid enough to cause thermal cracking.

Moreover, coated samples were covered with a layer of A356 M (Figure 4.65) which has

very high thermal conductivity as compared to TiB2 (56,102). Such features enhance the

thermal shocking and promote crack forming in the coating.
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Figure 4.66. Low magnification SEM micrograph of the cross section of TiB2 coated
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liquid A356 A1 for 24 hours.
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High magnification SEM micrographs shown in Figure 4.68 and 4.69 elucidate

the nature of attack of liquid A1 on TiB2 coating in a more significant manner. It can be

clearly observed that erosion of TiB2 coating due to liquid A1 attack on D4 sample

insignificant (Figure 4.68). X-ray maps show the presence of A1 on top surface of the

coating but it has not penetrated the coating (Figure 4.68a and 4.68b). Coating is intact,

hard and “composite” in nature and free from Al. The relative hardness in the coating

and the substrate can be observed from the indentation marks in Figure 4.68a. Figure

4.69a shows the eroded coating due to liquid Al in sample D24. It is clearly visible that

nature of the attack is far more severe in comparison with D4 sample. Figures 4.69a and

4.69b show the penetration of hquid Al upto the depth 50 pm in the coating. A broad

crack is also observed but it is free from Al. This further corroborates our earlier

conclusion that cracks are formed due to therm^_shocking rather than penetration by

hquid Al. Erosion of the coating by hquid Al penetration is possible due to several

factors. Liquid Al can attack Fe selectively which is present in the “composite” coating

and in the process can dislodge TiB2 particles. Also, TiB2 particles get dissolved into

smaller particles and to possibly decrease the corrosion resistance to hquid Al. Figure

4.70 is a high magnification view of the “composite” coating zone with a homogeneous

distribution of fine TiB2 particles. It is evident that TiB2 particles have dissolved into

finer particles after being subjected to hquid Al immersion at 780 “C for 24 hours. Figure

4.68a is a similar view of the D4 sample. TiB2 particles are, however, larger in shape

here as the degree of dissolution is not as high as observed for D24 sample. This

observation supports the hypothesis that dissolution of TiB2 particles assist in erosion of

coating by hquid Al.
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Figure 4.68. (a) High magnification SEM micrograph of the cross section of D4 sample
and corresponding x-ray elemental maps for (b) Al, (c) Ti and (d) Fe.
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Figures 4.71a, 4.71b and 4.71c show the x-ray diffraction spectra of the undipped,

D4 and D24 samples respectively. Phase(s) present in various samples are listed in

Table 4.17. Undipped sample shows all the major peaks of TiB2 and Fe. Traces of

metastable phase(s) such as FcaBb and TixBy are also indicated which is a consequence of

non-equilibrium synthesis experienced in laser processing. D4 sample also shows TiB2

and Fe as major peaks along with few minor peaks of Tii.87B5o phase. On the contrary,

D24 reveals most of the peaks of this metastable phase TIlstBsq. This observation

suggests that some TiB2 has transformed into TiLgyBso. Also, degree of such

transformation increases with time as observed for sample D24. It is quite possible that

such phase transformation from TiB2 to Tii.gvBso also assists in accelerating the erosion

of coating.

Tii.gyBso is a low density (2.65 gm/cc) metastable phase with tetragonal crystal

structure (129). TIlstBso has cell dimensions of  a = 8.83 A and c = 5.07 A. Such large

size cell with low density suggests porous structure, which could be pervious to liquid A1

when, subjected to prolonged period exposure. It has been observed earlier that TiB2
/

often transforms to other metastable phase(s) of TixBy type with a porous crystal structure

(130). D24 sample shows few AI2O3 peaks, which are present due to oxidation of top

surface of liquid Al. Formation of brittle intermetaUic phase such as FeAl is also

indicated for the D24 sample that has been discussed below.
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Table 4.17. Crystal Structure of the Relevant Phases Present in
Different Samples

Undipped Sample
(Coated Side)

D4 Sample
(Coated Side)

D24 Sample
(Coated Side)

Phase

Observed

Crystal
Structure

Phase

Observed

Crystal
Structure

Phase

Observed

Crystal
Structure

TiB2 TiBz HexagonalHexagonal Hexagonal TiBz

Fe Fe BCCBCC BCC Fe

TiB A1 FCCOrthorhombic FCC A1

FegB Tii.svBso TetragonalTetragonal Tetragonal Til.87B50

Fe2.12B103.36 Fe2Al5 Cubic (B2)Rhombohedral Orthorhombic FeAl

HexagonalAI2O3

Figure 4.72a is a SEM micrograph illustrating of the attack of liquid A1 on the

uncoated side of AISI 1010 steel of D4 sample. Steel surface shows severe cracking and

erosion of the material. Some of the eroded Fe has been trapped in Al as evident from

corresponding x-ray maps in Figures 4.72b and 4.72c. The relative difference in the size

of microhardness indentations elucidates the difference in hardness of various locations.

Table 4.18 provides a comprehensive listing of microhardness values at various locations

in different samples.

Spot C in Figure 4.72a suggests formation of some hard phase. It is possible that

after prolonged hours of exposure to liquid Al, some Fe may react to form Fe-Al based
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Figure 4.72 (a) SEM micrograph showing the attack of liquid A356 A1 on uncoated side
of D4 sample and corresponding x-ray elemental maps for (b) A1 and (c) Fe.
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intermetallics. Table 4.18 and x-ray diffraction spectrum (Figure 4.72b) of sample D4

suggests presence of Fe2Al5 intermetallic. In an earlier study based on reactive synthesis

of Fe and Al, formation of FemAln type hard intermetallics at a temperature lower than

critical temperature has been indicated (131).

Table 4.18; Micfphardness Values at Various Locations for D4
and p 24 Samples

Sample Location Microhardness

(Knoop)

D4 1. Coating (Laser Melt Zone)

2. Heat Affected Zone

3. Uncbated Steel (spot A in Figure 4.73a)

4. Al rich side (spot B in Figure 4.73a)

5. Al rich side (spot C in Figure 4.73a)

635 ± 38

194 ± 21

179 + 25

104 ±12

595 ± 30

D24 1. Coating (Laser melt zone)

2. Heat Affected Zone

3. Uncoated Steel (spot A in Figure 4.75)

4. Al rich side (spot B in Figure 4.75)

485 ± 28

148 ± 18

149 ± 21

'  532122.

The attack of liquid A356 Al increases with time on uncoated steel. Such behavior

is revealed in Figure 4.73 that shows the “severe attack” on uncoated side of D24 sample.

Figure 4.73 shows a low magmfication micrograph with the corresponding x-ray maps

for Fe and Al elemental distribution. Liquid Al has attacked uncoated AISI1010 steel
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Figure 4.73 (a) Low magnification SEM micrograph showing the massive attack of liquid
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maps for (b) Al and (c) Fe.
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and eroded Fe similar to D4 sample. However, degree of attack is far more severe for

D24 sample as it was exposed to liquid A1 for longer period. High magnification view of

the eroded steel/A1 interface is shown in Figure 4.74. Formation of hard and brittle phase

in A1 rich zone is indicated by the size of microhardness indentation. The brittleness of

the phase is indicated by the cracks emanating from and near the edges of indentation

(spot B in Figure 4.74(a)). X-ray diffraction spectrum of C24 sample (Figure 4.72c) also

confirms formation of hard and brittle Fe-Al based intermetallic.

Laser deposited TiB2 coating on AISI 1010 steel has shown significant corrosion

resistance to liquid Al. However, it is envisaged that by proper control of processing

parameters such as precursor composition, laser power and traverse speed, TiB2 coating

can be tailored with regard to morphology and content for further improvement in

corrosion resistance to liquid Al.
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5. CONCLUSIONS

A study on laser surface engineering of TiB2 coating on AISI 1010 steel

carried out at Department of Materials Science and Engineering,

Applications of The University of Tennessee Space Institute,

resistant TiB2 was deposited on 1010 steel using industrial grade 2 kW Nd:YAG laser.

Processing parameters were optimized within^a fixed envelope

and defect free coating. A. detailed characterization of the

using electron , microscopy (scanning and tfansrnission), EDS

Several experiments were performed to evaluate the mechanical

elastic modulus, interfacial strength, fracture morphology), tribological

resistance, coefficient, of friction) and high temperature

properties. The major conclusions derived from these investigations are listed below:

was

Center for Laser

Ultrahard and wear

to synthesize an adherent

coating has been performed

and x-ray diffractometry.

properties (e.g. hardness.

properties (wear

oxidation and corrosion

A. Microstructural Features

• TiB2 has been deposited on AISI 1010 steel using laser surface

uniform, continuous and crack free coating is obtained

processing. A

. Coating is

nature comprising TiB2 particles and Fe from steel
trapped in la

‘composite” in

ser melt zone.

Needle/acicular shaped boride particles are uniformly distributed i
m  the melt zone. An

adherent and metallurgically sound interface is obtained.

• Microstructure consists of various cellular dendrites and fine equiaxed dendrites

process and very high cooling rates within theindicative of complex solidification i

melt zone.
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• Existence of metastable phase(s) such as FcxBy and Tin3n is observed, which is

characteristic feature of non-equilibrium synthesis by laser energy. The presence of

metastable phase(s) has been confirmed by HRTEM and SAD pattesms.

• A nano-size reaction zone occurs between TiB2 particle and Fe suggesting formation

of metastable phase(s) in trace amount. The size of reaction zone at the

ceramic/metal interface is approximately 100 nm. The reaction products are nano

crystalline in nature.

• TiB2/Fe interface is atomically smooth and sharp with very little mismatch. Also,

interface is sound with no evidence of cracking or delamination.

• Defects such as stacking faults, twins and dislocations are observed within the TiB2

particle.

• Coating is superhard in nature.

B. Mechanical Properties

• Elastic modulus, E of the composite boride coating increases with increasing laser

processing speed. Highest E value of 477.3 GPa was achieved for coating in LSE 3

sample which was processed at the highest traverse speed of 200 cm/min.

• Theoretical elastic modulus values are lower than experimental elastic modulus

latter include effect of dissolution of ultra fine TiB2 particles in Fe matrix and

metastable phase formation such as FcaBb and TimBn. Dissolution of ultrafme TiB2

particles in Fe matrix in coating region has been corroborated by TEM micrograph

and corresponding EDS analysis arid SAD pattern.
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•  Elastic modulus of Fe rich matrix containing dissolved ultra fine TiB2 particles and

traces of metastable phase(s) of type FeaBb and TimBn is 355 GPa, which is 1.5 times

higher than elastic modulus of AISI1010 steel.

•  The interfacial energy for the coating/substrate system is very high (265 j/m^)

suggesting a strong and adherent interface. There is no crack propagation along the

coating/substrate interface that confirms the high interfacial energy.

•  lKcr^“is6.63 MPa 1/2 for the TiB2/Fe interface , which is higher than them

fracture toughness of TiB2 ceramic.

•  Four-point bend test is the most reliable technique to evaluate the interfacial strength

of the laser engineered coatings.

•  Fracture of the "composite" TiB2 coating under uniaxial tensile stresses occurs by

mixed mode but is dominated by brittle fracture. The fracture in TiB2 particles is

essentially brittle and occurs by. cljeayage. Fe-rich matrix acts as a bridge/binder

between these TiB2 particles.

C. Tribological Properties

• Wear resistance of TiB2 coated surface is very high than AISI 1010 steel.

•  Coefficient of friction values for LSE coated TiB2 coating is 0.59.'

• Wear in LSE deposited TiB2 coating occurs by plastic deformation of the soft matrix

phase, Fe from a "composite" layer on the surface.
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D. High Temperature Oxidation

Oxidation rate for “composite” TiB2 coating was parabolic for all test temperatures of

600, 700, 800 and 1000°C. Rate of oxidation was very slow for 600 and 700°C

whereas 800 and lOOO^C showed higher oxidation rates. Activation energy, Q, was

computed as 205 kJ/mol. ,

Long duration exposure of composite. TiB2 coating at 600°C did not show significant

oxide scale formation.

A protective layer of B2O3 forms which evaporates at 775°C causing an increase in

rate of oxidation at 800*’C. A porous and lameller oxide scale forms on “composite

coating and grows in thickness for longer duration of exposure.. Several complex

mixed oxides of type TiaOb, FemOn and FexTiyOz are formed within the scale, which

further complicates the oxidation mechanism.

Oxidation is even more severe at 1000”C due to rapid evaporation of B2O3. The

attack is severe at coating/substrate interface due to formation of Fe203 that

delamination of coating layer from the substrate. Oxide surface gets rough in nature

as complex oxides nucleates and grow upwards on the surface.

Neural network was successfully used to study the oxidation behavior of composite

TiB2 coating at intermediate temperatures of 750° and 950°C. It minimizes the

number of experiments and predicts the trend curves with acceptable errors.

There was no change in the oxidation ihechanism of TiB2 coating in the temperature

range of 600°C to 1000°C in comparison to earlier minimal expp.rimp.nta1 study. The

activation energy for oxidation of composite TiB2 coating was 210kJ/mol, which is

causes

223



similar to earlier studies. Evaporation of B2O3 was suggested by the simulated curves

at 750° and 950°C without performing the experiments.

• Regression techniques, performed to compare with the neural network study, highly

deviated results from the experimental results. This suggests that the application of

neural networks is preferred over regression analysis in this study.

E. High Temperature Corrosion Resistance Against Liquid Aluminum

• Laser deposited ultrahard “composite” TiB2 coatings on AISI 1010 steel has shown

significant corrosion resistance to liquid A356 Al.

•  Sample immersed in liquid. A356 Al for 4 hr at 780 °C showed better resistance in

comparison to the sample immersed for 24 hour. There was no attack/penetration of

liquid Al in the coating layer. Few cracks through the thickness of the coating layer

were observed as a consequence of thermal shock.

•  Sample immersed in liquid A356 Al for 24 hr at 780 “C was attacked in a much

severe way. Liquid Al has penetrated into top 50 p,m of the coating. It has been

attributed to dissolution of TiB2 particles and its phase transformation to Tii.87B5o.

• Uncoated side of both samples (D 4 and D 24) have shown massive attack on AISI

1010 steel surface. Steel gets eroded by liquid Al and is trapped within solidified Al

rich zone. It also forms hard and brittle Fe-Al based intermetallics.
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6. RECOMMENDATIONS FOR THE FUTURE WORK

As a continuation of the present work on the laser surface engineering of TiB2 on AISI

1010 steel, following work is recommended:

•  Particle shape of TiBa has changed from faceted polygons to acicular/needle shaped

after laser surface engineering. The major phase present in these acicular shaped

particles as obtained by x-ray diffraction was hexagonal TiB2. The phenomenon

behind the shape change of TiB2 particles is not thoroughly understood. It is

suggested that a detailed study is required to investigate the solidification and growth

mechanism in TiB2 particles as a consequence of LSE. Though, such study had been

initiated by the author, it was beyond the scope of the present work to take it to the

conclusive end.

•  Thermal strains are present in the TiB2 coating, which causes an increase in the value

of estimated interfacial energy, Gss. It is suggested that advanced mathematical

modeling could be applied on the present material system to predict the measure of

thermal strain energy in the laser processed TiB2 coating.

• Mathematical modeling of wear and friction in composite coating could be studied.
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APPENDIX I

INTRODUCTION TO PULSE ELECTRODE SURFACING

TECHNIQUE TO DEPOSIT CERAMIC COATINGS ON METALS

I-l. Pulsed Electrode Surfacing Investigations

As a part of a multi-year US Air Force funded project (Contract No. F40600-96-

C-0004) titled "Ultrahard Ceramic Coatings on Metals", author also investigated

deposition of ceramic coatings by PES process. The purpose of these coatings was to

provide the feasiblity study about coating arc-heater segments. Arc heater segments

made up of OFHC copper and steel and require effective dissipation of high heat flux

from the inner bore while maintainmg electrically non-conducting  surfaces. Smooth and

ultrahard coatings that have high thennd conductivity and little electrical conductivity

can prevent these surfaces by preventing arc erosion. Various ceramics viz. TiBa, TiC and

AIN were deposited on metalhc substrates such as AISI1018 steel and oxygen free high

conductivity (OFHC) copper. These investigations resulted in a series of technical articles

in various journals. Some of these articles have already been published whereas some of

them are in the publication process. It was thought to put these collections of papers

appendices it will provide a wide base for the reader of this thesis. Three of these

publications are about TiB2 coatings deposited by PES process. Such publications will

provide the reader a comparative idea about the TiBa coating deposited by two high

energy density processes i.e. pulsed electrode surfacing (PES) and laser surface

are

as
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engineering (LSE). There are total of six publications related to PES and ceramic

coatings, which are being added here as Appendix II-VII.

1-2. Pulse Electrode Surfacing

Pulse electrode deposition (PES) is an effective process for depositing ceramic

coatings on metals for demanding environments. This process is a micro-welding

process and makes use of electrical pulses of short duration and high current to deposit

coatings from a consumable electrode on to the metallic substrate. The variables in the

PES process are substrate and electrode materials and power settings. The primary

requirement for the electrode material is that it should be electrically conductive and thus

capable of being melted in an electric arc.

In a PES control system, the coating thickness and the quality of coating is

directly related to the electrical parameters like voltage, current, capacitance, pulse width

and duration. A PES power system transforms the AC power into pulsed DC power. The

pulsed DC power source consists of a pulse generator and a power controller. The pulse

controller sets a time basis and controls the on and off states of the power controller. The

power controller, which consists of an electronic switch and a current limiting circuit,

delivers the pulse to the gap with the required power. The power controller will

effectively control the discharge time of the capacitor. The discharge energy is

determined by both the capacitance and the voltage. When the ceramic electrode, having

a positive polarity is brought close to the work piece surface (metallic substrate), which

has a negative polarity, spark is generated. The intensity of the spark is directly
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proportional to the voltage across the two electrodes, the amount of current and the

duration of current flow, which is called pulse duration.

Energy of Spark (E) a Voltage (V) x Current (I) x Pulse time (t)

The energy of the spark in term decides the amount of material being deposited and the

bond strength between the deposited material and the substrate or work piece. The

dielectric medium, which is air in most of the cases, provides a path for the discharge and

the region between electrode remains ionized, enabling continuous flow of current.

The PES process poses a lot of advantages over other coating techniques such as

plasma spray, detonation gun, PVD and CVD. Since the process requires very little total

heat input, it minimizes the chance of thermal distortion. The bulk substrate remains near

ambient temperature and acts as heat sink. Thus, there are no thermal stress effects or

metallurgical changes in areas other than fusion zone. Since the bulk material acts as

huge heat sink, heat is rapidly dissipated leading to a rapid solidification of the molten

pool. This result in an extremely fine grained coating layer, which has high density,

hardness and strength. The coating is metallurgically bonded to the substrate and forms

an alloy with it. This ensures excellent adhesion properties of the PES coatings with high

spalling resistance. Other advantage of the PES process includes use of a relatively

inexpensive and portable equipment. PES coatings can be deposited in air at room

temperature. This prevents the need for expensive environmental chambers required in

several other types of coating processes. PES coatings also offer excellent resistance to

oxidation, corrosion, sulfidation, erosion and are used in hostile environments.
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APPENDIX II
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Abstract

Pulse electrrjde surfacing (PES) is an effective process for depositing ultrahard, corrosion- and erosion-resistant ceramic coatings
on metals. In the present work, a titanium diboride coating deposited on 1018 steel using PES technique has been investigated.
An attempt has been made to correlate the thermodynamic' predictions and experimental observations. The role of the
ceramic-metal interface in the development of these coatings has been studied. A thick, adherent, metallurgically bonded and
crack-free coating is obtained. It has been found that Fe intermixes with TiBj layer and acts as an excellent binder for TiBj. It
promotes the composite effect of both hardness and toughness in these coatings and, hence, provides  a crack-free coating with
the sound interface. © 1998 Elsevier Science S.A.  .'  ,

Keywords: Pulse electrode surfacing (PES); Superhard coating; Thermodynamics; Titanium diboride; Transition metal/compound

1. Introduction tion gun, PVD, CyD and laser-assisted coatings. Since
the process requires very little total heat input, it mini
mizes the chance of thermal distortion. The bulk sub
strate material remains near ambient temperature and
acts as a heat sink. Thus, there are no thermal stress
effects or metallurgical changes in areas other than the
fusion zone. Since the bulk material acts as a huge heat
sink, heat is rapidly dissipated leading to rapid solidifi
cation of the molten pool. This results in an extremely
fine-grained coating of high density, hardness and
strength. Since the coating is metallurgically bonded to
the substrate, it ensures excellent adhesion properties of
the PES coatings with a high spalling resistance [4].
Another advantage of the PES process is that relatively
inexpensive and portable equipment can be used. PES
coatings can be deposited in air at room temperature.
This obviates the need for expensive environmental
chambers required in several types of other coating
processes. PES is a micro-welding process that can be
used to deposit even ultrahard ceramic coatings on a
metallic substrate [2,5]. These ultrahard ceramic coat
ings are used for several applications such as nuclear,
fossil and geothermal energy environments, high-tem-
perature turbine coatings for aerospace applications,
industrial cutting tools, waste reclamation and water
treatment plants, wear-resistant surfaces on large agri-.
cultural and textile equipment, high-temperature sen
sors, systems used in petrochemical and pharmaceutical
industry and for modem sport equipment.

Surface modification processes play a unique role in
the development of exotic materials for the sophisticated
purposes. It has been observed that alteration .of the
surface of most engineering materials leads to an
improvement in properties such as hardness, wear resis
tance, high-temperature strength and corrosion resis
tance. Pulse electrode deposition (PES) is one such
surface modification technique that utilizes high current
electrical pulses of short duration to modify the nietal
surface [1-3]. A unique combination of high current
and short pulse time via discharge, capacitance and
voltage results in melting of the electrode and deposition
of the material on the substrate. The primary require
ment for the electrode maiterial is that it should be
electrically conductive and thus capable of melting- in
an electric arc.'

The main advantage of this process is its ability to
apply metallurgically bonded coatings with a low heat
input to the substrate at ambient temperature. This
reduces the heat-affected zone (HAZ) and minimizes
the changes in the properties of the substrate material
[2]. The PES process poses several advantages over
other coating techniques such as plasma spray, detona-

• Corresponding author. Tel; +1 931 393 7255; Fax; +1 931 454 2271;
e-mail: aagarwal@utsi.edu
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The present work deals with the deposition of TiB^
1018 steel using the PES technique. This investigation

of TiB^-coated steel using the PES method is based
upon two aspects, viz. thermodynamic predictions and
experimental analysis. The chemistry, of the ceram
ic-metal system at the interface plays an important role
in the properties of these coatings [6]. The chemical
reactions occurring at the interface lead to the formation
of various stoichiometric and non-stoichiometric com
pounds that in turn determine the adherent strength and
other properties of the coating.

Although a chemical equilibrium may never be
attained in the real sense because of kinetics considera
tions, this paper presents thermodynamic calculations
of a ceramic-metal (TiB2-Fe) system based on the
equilibrium assumption. An attempt is made to predict
the possibility of formation of various phases and com
pounds of the TiBj-Fe system at the interface and in
the coating. Thermodynamic predictions are coupled
with an experimental analysis to characterize the
TiBj-Fe interface and coating morphology.

A sintered electrode of TiB

on

2.3. Characterization

Coating and interface char

^ was used to deposit a
coating on these steel coupons. TiBz electrode had Ni
in the range of 1-3 wt% as binder. Deposition was
carried out using a hand-held gun in air at room
temperature. Pulsed electrode deposition was carried
out at a voltage of 50 V and a spark time of 10 ps. The
discharge capacitance used for the PES process was
450 pF with a current of 50 A. It should be recalled that
a high current is needed for deposition by the PES
technique [1,10].

acterizations were carried
out using a scanning electron microscope (SEM), X-ray
diffractometer (XRD) and microhardness tester.
Samples for metallography were prepared by polishing
on a Buehler TEXMET 2000 cloth during the initial
stages of polishing. This minimized the damage to any
dissimilar interface (ceramic/metal) during polishing.
Nital was used as the etchant for the TiBi-coated steel
sample. The coating morphology and interface were
investigated using an ISI Super III-A scanning electron
microscope. EDAX and X-ray mapping were coupled
with SEM to characterize the elements in a semi-quanti
tative analysis. A Philips Norelco X-ray diffractometer
with CuKa radiation, operating at 30 kV and 40 mA,
was used for phase(s) identification. Microhardness
measurements were performed on Buehler Micromet II
microhardness tester using a Knoop indenter with a
load of 200 g applied for 15 s.

2. Experimental

2.1. Materials

In the present investigation, TiBj has been deposited
on 1018 steel using PES method., .TiB2 is the hardest
and lightest refractory material with excellent oxidation-
resistant properties at temperatures up to 1673 K [7].
TiB2 is chemically inert in corrosive environments. The ,
electrical conductivity of TiB2 is high, which makes it a '
suitable choice for deposition by the PES technique
[2,5,7]. The salient physical properties of TiB2 and 1018
steel are listed in Table 1 [7-9].

3. Results and discussion

3.1. Thermodynamic predictions

The chemical reactions occurring in the coating and
interface are of immense significance as they assist in
predicting the nature and properties of the coatings. For
a ceramic-metal system, the application of thermody
namics requires the consideration of all possible reac
tions occurring in the system [11]. This is essential in
the absence of a ternary phase diagram such as Fe-f i-B

2.2. Coating process

TiB2 coatings were deposited on 1018 steel coupons
using PES method at Materials Modifications Inc.
(MMI, Fairfax, VA). Coupons of 1018 steel with dimen
sions of 25 mm x 10 mm were mechanically polished on
emery paper of grit 240 and then rinsed with acetone.

Table 1

Physical propenies of Fe and TiBi

Fe (1018 steel) TiB,Properties

Crystal structure
Melting point (°C)
Density (gem"’)
Hardness (kgmm"’)
Electrical resistivity (pfl • cm)
Thermal conductivity (Wm"' K"‘)
CoefTicient of thermal expansion (I0"‘ K"‘)

b.c.c.

1538

h c.p.
3225

7.8 4.5

250 5000

12 30

55 65

12.2 4.6
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as in the present study. For our material system of
TiB2-Fe, the reactions between Ti-B, Fe-B and Ti-Fe
are being considered. From the binary phase diagrams
of the above mentioned systems, the following reactions
are possible.
Ti-B system: .

Ti + B=TiB

Ti + 2B=TiB2

3Ti+4B = Ti3B.,.

0

TiB,
-so . TiB

-^.Fe,B
FeB-100 -

-150 -

o

-200 -

%
-250 -

-300 -
The thermodynamic data for this metastable phase
Ti3B4 are unknown. Henceforth, only TiB and TiBj will
be considered for further analysis and discussion.
Fe-B system;

Fe-t-B=FeB

2Fe+B = Fe2B

-350 -

-400 T T T

400 800 1200 1600 2000

Temperature (K)

Fig. 1. Free energy of formation of borides ofTi and Fc as a function
temperature.

Fe-Ti system:

Fe-f-Ti = FeTi

2Fe-HTi=Fe2Ti.
3.2. Microsiruclural characterization

Fig. 2(a) shows the topographical features of the top
surface of TiBj deposited on the steel substrate. The
surface is irregular with several islands of a globular
shape and a splash-like appearance. This is a characteris
tic feature of the PES technique. In the present work,
the PK process is carried out in air, and it supports a
globular mass-transfer mechanism. This is attributed to
the fact that dissociable gases like nitrogen and air form
a plasma of high thermal conductivity that promotes
globular mass transfer [1]. A molten globular droplet
forms at the TiBj electrode tip and impinges on the
steel substrate. This produces a splash appearance on
the top surface. The elemental distribution of Ti and Fe
on the top surface is illustrated by X-ray maps in
Fig. 2(b and c) that confirm island formation of TiBj
in the PES technique. Globular mass transfer provides
high deposition rates that can assist in the deposition of
thick coatings [1]. .

Fig. 3 shows SEM micrographs of the cross- section
of the TiBj-coated steel at various magnifications. It

Gibbs free energies and enthalpies of formation of the
borides of Ti and Fe for various temperatures are
presented in Table 2 [12]. These data are based upon
the borothermic reduction of oxides as carried out by
Samsonov and Vinitski [12]. However, the lack of
thermodynamic data for the formation of Ti3B4, FeTi
and FcjTi and other compounds makes stability predic
tions difficult for many systems.

Fig. 1 shows the free energy of formation of borides ‘
as a function of temperature. It is evident from the
graph that the free energy of formation is almost inde
pendent of temperature up to 2000 K. This implies that
entropy (obtained from the slope of the curve) for the
formation of above borides is almost negligible. Thus,
it is reasonable to assume that the free energy of
formation of the above borides varies in a similar nature,
even at the temperature attained during arc formation
in PES process. It is evident from Table 2 that TiBj is
the most stable boride in the Fe-Ti-B system.

Table 2

Thennodynamic properties of borides of tiunium and iron

dG”(Umol-‘)Phase (KI AH® (k) mol-*)

298 1000 2000 298 1000 2000

TiB -159.7

-319.7

-69.5

-157.4

-308.3

-160.3

-347.9

-160.3

-.323.8

-165.3

-326.6

-72.9

-77.9

-186.0

-347.9TiBj
FeB -71.

FejB -71.8 -71.1
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Fig 2. TiB,-deposited steel coupon (a) topographical features, (b) X-ray elemental map for Ti and (c) X-ray elemental map for Fe.

can be seen in Fig. 3(a) that the coating is thick, dense,
adherent and free of defects such as cracks. A few crack
like features are artifacts created during polishing.
Fig. 3(b) shows the cross-section of the same sample at
a different location. It can be seen that the coating
thickness is not very uniform throughout the cross-
section. This is in accordance with the nature of PES
process as described above and as observed earlier in
the topographical features of the same sample in
Fig. 2(a). Also, a strong and continuous interface along
with the heat-affected zone (HAZ) can be seen in
Fig. 4(a). There is no delamination at the interface of
the coating and the substrate. Also, the presence of a
continuous interface explains the formation of a metal
lurgical bond between TiB^ and steel. The formation of
metallurgical bond suggests that there is some intermix

ing that has occurred between Fe and TiBi. Elemental
X-ray maps of the cross-section corresponding to the Ti
and Fe distribution are shown in Fig. 4(b and c). This
clearly shows the Ti-rich zone in the coating, whereas
the base material is rich in Fe. Fig. 5 shows concen
tration profiles for Ti and Fe in the coating and sub
strate. Ti varies from 20 wt% to 15 wt% in the coating
and 15wt% to a negligible amount in the interfacial
region and substrate. However, there is a high concen
tration of Fe in the coaling (80 wt%) and the interfacial
region (>80wt%). This provides evidence that Fe has
migrated into the TiBj layer. This occurs during solidifi
cation of the localized melt pool of the TiB, layer and
steel substrate. The reason for the high Fe content is
the large difference between the melting points of the
TiB, coating and the Fe substrate. The lower melting
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major peaks for TiB^ and Fe. However, a couple ol'
low-inlensily peaks could nol be idenlified. which may
be attributed to some metastable phase(s). This supports
our earlier thermodynamic prediction of the formation
ofTiB, being the most favorable reaction in the,Fe-Ti-B
system. Moreover, based on the Fe-Ti phase diagram,
there is a possibility of formation of intermetallic
Fe,Ti at an 80 wt% Fe composition. However, the
absence of FejTi, FeTi, FeB and FcjB is supported by
thermodynamics as well as the X-ray diffraction
spectrum. It could be inferred, therefore, from the above
discussion that Fe does not chemically react within the
layer but performs a role like a binder in the TiBi-Fe
system.

The wetting phenomenon of the ceramics by the metal
has been addressed by several researchers [13-17] It is
shown that a Ti-based ceramic easily wets Fe at high
temperatures, and wetting progresses further with time
[13]. The wetting phenomenon has been attributed to
the unfilled d-orbitals in transition metals and their

compounds such as borides and carbides [14,15]. This
has also been proved experimentally during the in-situ
synthesis of Fe-TiC composite [18]. Furthermore, a
detailed analysis of the role of metals as binders for
ceramics and their wetting characteristics based on the
electronic structure has been addressed elsewhere [14].
TiBj is a transition metal-based ceramic, and it has a

partly covalent and partly metallic bonding [15,17,19].
The metallic nature of the bonding is also revealed by
the electrical conductivity of TiB2, which is high and
similar to that of the metals (Table 1). It is theoretically
postulated that if the ratio of the size of the non-metal
atom to that of the metallic atom is less than 0.59. then

bonding is partly covalent and partly metallic [19].
Further, it is also confirmed and postulated for the
transition-metal-based ceramics that the covalent bond

ing in such compounds is not as important as metallic
n bonding [15]. A d-band substructure similar to that of
transition metals also exists in transition-metal-based

ceramics, which leads to metallic bonding in such ceram
ics [15]. A value has been assigned to the number of d
electrons present in these transition metals and their
compounds. Electrons in the d-band substructure partic
ipate in the formation of a metallic bond, and accord
ingly, TiBj has 5.5 d electrons available for bonding [15].

Based on the theoretical and experimental results, an
empirical rule for the suitable choice of binder used in
sintering of transition metal based ceramics has been
proposed [14]. For a transition metal or compound with
an unfilled inner d shell in the state d'. a transition

metal in the state d' would be the most suitable binder

(.Y and ,v denoting the number of electrons in the unfilled
d shells) if the following condition is satisfied.

Fig. 3 SEM micrographs of the cross-section of the TiBi-deposiied -
steel coupon

point constituent (the Fe substrate in the present case)
forms a larger volume of molten material as compared
to the TiB, electrode. Hence, the resulting coating layer
has a higher concentration of Fe.

It is important to consider the nature of possible
reactions occurring within both the coating and the
interface.' This would reveal the nature of the interaction

whether it is chemical or physical. .All the possible
chemical reactions for Fe-Ti-B system have been consid
ered earlier, and it was found that the formation of
TiBj is the most thermodynamically favorable reaction.
However, there is some possibility of formation of some
metastable phase(s) such as Fe;,Ti,..and Ti„Bk due to the
kinetics of the PES process. It should be recalled that
PES is a high-energy-density process that leads to rapid
solidification of the melt pool. Hence, it could promote
the formation of some metastable phase(s) in the coating
and interface. The X-ray diffraction spectrum of the
coated surface shown in Fig. 6 reveals the present
phase(s) in the coating and interface; it shows all the

.v-t-i = ll. (11

’ It is also suggested that a selection of a material system
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of the coating. A magnified view of the coating, interface
and heat-affected zone is shown in Fig. 9. There is no
crack initiation or delamination at the interface which

supports the high cohesive strength observed. Moreover,
coating is free from defects such as microcracks and
voids. However, some surface porosity is present that
could be possibly due to the entrapment of air during
successive deposits of TiBj globules. It should be recalled
that TiBj deposition occurs via a globular-mass-transfer
mechanism in air. Fig. 9 also reveals the fine-grained
nature of the coating, which is a consequence of the
rapid solidification occurring during the PES process
[1,2]. Generally, microcracking does not occur in fine
grained TiB, [21]. Hence, it can be concluded that the
fine grain size contributes to freedom from microcracks
in the TiB, deposit.

Another aspect of the strong interfacial strength is
obtained from the fact that inspite of a threefold differ
ence between the coefficients of thermal expansion of

I  I
1

1 X
1 1

0

10 20 20 40 s0 $0 70 t0

OltlAoet from the top •urtac* of th* cooUng (pm)

900

Fig. 7. Microbardoess (Kuoop) profile in the coating layer, interface
and substrate.

384 kg mm"^. The gradual change in the microhardness
values is attributed to the presence of a transition zone.
Fig. 8 shows an SEM micrograph of a cross-section of
the coating and the substrate with microhardness indent
ations. The relative difference in the size of microhard

ness indentations elucidates the variation in hardness in

the coating and substrate. Fig. 8(a) shows the coherent
and defect-free nature of the coating. No crack initiation
or propagation is seen at any of those indentation sites.
A mechanically strong interface is observed in Fig. 8(b).
The microhardness indentation at the interface (marked
by an arrow) does not show any sign of delamination
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4. Conclusions

TiB. has been deposited on the steel substrate using
the PES technique. A dense, adherent, fine-grained and
defect-free hard ceramic coating is obtained. There is
no delamination or crack initiation at the interface
which accounts for the high interfacial cohesive strength.
Fe migrates into the TiBj layer and acts as a binder. It
does not react chemically with TiBj but acts as a binder
for the ceramic and imparts a composite effect of both
hardness and toughness. The possibility of formation of
a metastable phase was explored, based on the thermo
dynamics and experimental conditions. TiBj was the
most stable phase formed in the layer.

Interface

Fig 9. SEM micrograph of the cross-seciion ai a higher magnification,
revealing an adherent and continuous interface and crack-free coating
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provides a composite effect of hardness and toughness
similar to that of the WC-Co system.
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EVOLUTION OF INTERFACE IN PULSED
ELECTRODE DEPOSITED TITANIUM DIBORIDE
ON COPPER AND STEEL

A. Agarwal, N. B. Dahotre, and T. S. Sudarshan

Pulsed electrode surfacing (PES) is a microwelding
surfacing process for the successful depositiqri of
ultrahard wear and erosion resistant ceramic coatings
on metals. The present study investigates titanium
diboride deposition on oxygen free high conductivity
Cu. A thin and irregular coating with cracks was
obtained on the Cu substrate, with the ceramic/metal
interface distinct in TiBj deposited on Cu leading to
decohesion at the interface. The present work has been
compared with an earlier study oh TiBf coatings
deposited on 1018 steel using the PES technique. The
difference in nature of the interfaces has been related
to wettability, and the role of copper and iron as binders
for TiBj ceramics has been addressed. Iron acts as

an excellent binder for TiB,. providing a crack free
coating and a strong interface, whereas Cu is a poor
binder, leading to a weak ceramic/metal interface.

Mr Agarwal and Dr Dahotre are in the Center for
Laser Applications, Department of Materials Science
and Engineering, University of Tennessee Space
Institute, Tullahoma, TN 37388, USA, and Dr
Sudarshan is with Materials Modification Inc., 2929-PI
Eskridge Road, Fairfax, VA. 22301, USA. Manuscript
received 20 March 1998; in final form 3 August 1998.

O 1999 loM Communications Ltd.

INTRODUCTION
The applications of high peiformanoe ceramic coat
ings have increased in recent yeai^ leading to the
need for development of coatings with high hardness,
high temperature strength, wear and erosion resist
ance, and corrosion resistance in hostile environ
ments. Various surface modification processes
including chemical vapour deposition (CVD), physi
cal vapour deposition (PVD), and plasma spra^ng
are currently used to deptosit various coatings.
However, the use of these techniques has been limited
by several factors, such as the need for high in
put energy, cost of a vacuum chamber, size of the
workpiece, poor bond strength, and environmental
hazards.

Pulsed electrode surfacing (PES) is a surface
modification technique which has several advantages
over coating techniques such as plasma spray,
detonation gun, PVD, CVD, and laser deposition.
The prime advantage of this process is its ability to
apply metallurgically bonded coatings with low heat
input to the substrate at ambient temperature. A
sound metallur^cal bond between coating and sub
strate ensures excellent adhesion with high spalling
resistance.* Moreover, the low heat input reduces the
heat affected zone (HAZj and minimises changes in
properties of the substrate material.^ In addition,
because of its very small total heat input, the PES
process minimises the chance of thermal distortion.
The bulk substrate material remains near ambient
temperature and acts as a heat sink, thus there are
no thermal stress effects or metallurgical changes in
areas other than the fusion zone. Other advantages
of the PES process include the use of relatively
inexpensive and portable ̂ uipment, as PES coatings
can be deposited in air at room temperature,
eliminating the need for the expensive environmental
chambers required in many other coating processes.
In addition, PES employs a unique combination of
high current and short pulse time via a discharge
capacitance-voltage circuit, resulting in melting of

the electrode and deposition of material on the
substrate.’”* An important requirement for the elec
trode material is that it should be electrically
conductive and thus capable of melting in an
electric arc.

In the present study, TiBj was deposited on oxygen
free Ugh conductivity (OFHC) Cu using the PES
technique. OFHC Cu is used in arc heater segments
for heating air in large industrial chambers, where it
experiences high temperature oxidation. The high
operating temperature enhances oxide formation on
OFHC Cu. Copi»r does not form a protective oxide
layer, and the oxide layer falls off readily, exposing a
fresh metal surface to the oxidising environment,
resulting in a greater loss of material from the system.
Another problem encountered by these Cu segments
and heating chamber walls occurs as a result of
electrical arcing. An electric arc is produced in the
chamber to heat the air, causing arc erosion of the-
wall of the chamber. An effective way of protecting
the walls from arc erosion and high temperature
oxidation is to coat the exposed metal surface with
an adherent film which should possess high temper
ature strength, high oxidation and erosion resistance,
and high electrical and thermal conductivity. In
view of these requirements, TiBj was chosen to be
deposited on OFHC Cu using the PES method. A
detailed microstructural characterisation was carried
out in the present investigation. In addition, a
compamon was made with TiBj coated 1018 steel,
which is also used in some parts of the arc heater. A
detailed study of TiB, coated 1018 steel based on
thermodynamic predictions and experimental analysis
has been presented elsewhere.’

EXPERIMENTAL
Materials

Titanium diboride was deposited on to OFHC Cu
using the PES process. Titanium diboride is a low
density, hard refiactory material which is chemically
inert in corrosive environments and which has
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excellent oxidation resistance properties to 1673 K.*'
Wear resistance and abrasion resistance of TiBj
coatings are high In addition, ihe electrical conduct
ivity ofTiBj is high, making it suitable for deposition
by PES '‘ ‘‘
OFHC Cu. and 1018 steel are listed in Table 1.'’  '’

The salient physical properties of TiBj,

i

Coating process
Titanium diboride coatings were deposited on to
OFHC Cu coupons using the PES system at
Materials Modification Inc. (Fairfax, VA, USA).
Coupons of OFHC Cu having dimensions 25 x
10 mm were mechanically polished using 240 grit
emery followed by an acetone rinse A sintered TiB^
electrode containing Ni in the range l-3wt-% as a
binder was used to deposit coatings on these coupons.
Deposition was performed using a handheld electrode
in air at room temperature. The processing of the
OFHC was carried out with a current of 30 A and a
capacitance of 450 pF, while the processing of the
1018 steel was carried out with a current of 50 A and
a capacitance of 450 pF.

Characterisation

Microstructural and interfacial characterisation was
performed using scanning electron microscopy
(SEM), energy dispersive X-ray (EDX) analysis,
X-ray diffractometry (XRD), and microhardness
analysis. Metallographic specimens were prepared by
polishing using Buehler Texmet 2000 cloth initi
ally in order to inhibit damage to the dissimilar
ceramic/metal interface during polishing. An aqueous
saturated solution of CrOj was used as an etchant
for OFHC specimens. The coating morphology and
interfacial properties were investigated using the ISI
Super III-A SEM. Spot analysis by EDX and X-ray
mapping were coupled with SEM to characterise
elemental distribution in a semiquantitative analysis.
Phase identification was conducted using a Philips
Norelco X-ray diffractometer with Cu fC, (154 pm)
radiation operating at 30 kV and 40 mA. Micro
hardness measurements were performed using a
Buehler Micromet II microhardness tester with a
normal load of 200 g applied for 15 s.

RESULTS AND DISCUSSION
Microstructural characterisation
Scanning electron micrographs of the
of the TiBj coated OFHC Cu at low and high
magnifications are shown in Fig. I. It can be seen
in Fig. la that the coating is thin, irregular, and
does not completely cover the entire Cu substrate.
Figure 16 shows the same specimen at higher magni
fication. The coating thickness is irregular throughout
the cross-section, in agreement with the nature of the
PES process, as seen with a TiBj coating deposited

cross-section

I

I

a shows Ihin, irregular coaling; b detail, shows high degree of
irregularily in coaling thickness

1  Cross-sectional SEM images of OFHC Cu coupon coaled
with TiB;

I

I

1018 steel.* However, the degree of irregularity of
coating thickness is higher in Cu specimens than
steel specimens This is attributed to poor wetting of
TiBj on the Cu substrate and to a large difference
thermal conductivities and coefficients of thermal
expansion (CTE). The contact angle of TiBj for Cu
IS 143° whereas the contact angle of TiBj on steel is
100°.'° Thus, there is better wetting for TiBj on steel
than on Cu, leading to a more uniform ceramic
coating on steel.
A sharp, distinct, and weak interface between TiBj

and OFHC Cu is shown in Figs. 2a and 3a, suggesting
that there is no metallurgical bond between the
coating and the substrate. In contrast, Figs. 26 and
36 illustrate the strong interface of TiBj deposited
steel. The formation of a metallurgical bond depends
on the chemical reaction or intermixing of two species
at the interface. The elemental X-ray maps in Fig. 4

on

in

in

on

T«ble I Physical properties of OFHC Cu, 1018 steel, and TiBj

I
Thermai

e.xpansion
coefficient.
X 10-‘K-'

Melting
point.

Electrical
resistivity.
ufJem

Thermal

conductivity.
Wm-*K->

Crystal
structure

Density,
gem'*

Hardness,
kg mm **Material C

i
OFHCCu

1018 steel

fee 1085 55 2 390 17 8
bcc 1538 78 250 14 55 12-2TiB, hep 3225 4 5 3225 30 65 46
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TiBz Coating

TiBj Coating

h Interface
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TiB2 Coaling I-■;«

K*l>

TiB2 Coatinp^
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Ua«

20 Jim r
Jj 1018 Steel Substratcy-^;.-. .Tjr ^

fl OFHCCu. ft 1018 steel

2 Cross-secfioMfl/ S£A/ tm<3^^.s of TiB^ coann^ on given
substrates

> -

b‘«.

?c>;
Interface> •’

Sw l Ihr\' .*-s*. I
jft

show Ti and Cu distribution in the coating and
substrate. The high concentration of Ti within the
coating and a sharp interface are evident in Fig 4/)
The concentration profiles for Ti and Cu in the
coating and substrate are presented in Fig. 5. Coating
thickness is estimated to be approximateh 20 pm
The Ti content varies from 83 to 78 wt-“/<i within the
coating, while there is an insignificant amount in the
substrate. The Cu concentration is nearly 15 wi-% in
the coating and 100 wt-% in the substrate, suggesting
poor mixing between TiBj and Cu The presence of
15wt-%Cu in the TiBj layer can be attributed to
instantaneous wetting and to defects, including
porosities, fi lled by liquid Cu as a result of capillary
action during pulsed electrode deposition It is a well
known fact that metal is a more mobile species than
ceramic in a ceramic-metal mixture " However, it
was seen that nearly SO w i-%Fe was present in the
TiBj layer in TiB,- deposited on 1018 steel ’ Thus,
intermixing of Cu and TiB. is limited as compared
to Fe and TiBj. This is a prime reason for the lack
of a chemical bond between TiBj and Cu and results
in a weaker interface

In the case of TiB; deposited on steel, the physical
nature of the interaction between Fe and TiB. was
defined All possible reactions within the Fe Ti B
system were considered, and it was found that TiB.
is the most stable compound and that Fe acts as a
binder’ Figure 6 shows the XRD spectrum of TiB.
coated Cu, revealing all the major peaks of TiB- and

:»
> 10 *V

x:*. .

1018 Steel Substrate . i

. _ - - - . ‘-•V- .• '

fl OFHC Cu;ft 1018 steel

3 High mngnijicalion cross-seclional micrographs shoeing
interface between TiBj and given substrates

a-

Cu. An absence of peaks corresponding to other
compounds in the XRD spectrum further confirms
poor mixing and a lack of chemical reaction between
Cu and TiBj. Earlier, it was seen that TiBj is the
most stable compound in the Fe-Ti-B system. In the
Cu-Ti-B system, formation of any borides of Cu is
not shown in the Cu-B phase diagram." However,
the possibility of formation of a metastabie phase, i.e.
CuTij. does exist, as shown in the Cu-Ti phase
diagram with 20 wt-%Cu No such phase formation
IS indicated however in the XRD spectrum of this
specimen In view of these observations, it can be
concluded that the presence of l5wt-%Cu in a TiB,
coating is only physical in nature Copper acts as a
binder similar to Fe in the Fe-TiBj system. However,
it should be noted that Fe acts as an excellent binder,
while Cu IS not a suitable binder for a hard ceramic
like TiBj The role of Fe as an excellent binder for
Ti based hard ceramics has been shown expenmen.
tally in various studies. S 1.1.14 as discussed below
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on elecironic structure, has been addressed else
where. “
Titanium diboride is a transition metal based

ceramic with partly covalent and partly melallic
bonding,'* ”'^*’ The metallic nature of the bondine
IS suggested by the electrical conductivity of TiB,,
which is high and similar to that of the metals in
Table 1. Moreover, the importance of metallic bond
ing over covalent bonding in these transition melal
based ceramics has been postulated and confirmed.”
A d band substructure similar to that of transition
metals also exists in transition metal based ceramics,
leading to metallic bonding in such ceramics” A
value has been assigned to the number of d electrons
present in these transition metals and their com
pounds. Electrons in the d band substructure partici
pate in the formation of a metallic bond Accordingly.
TiBj has 5-5 d electrons available for bonding ”
Based on theoretical and experimental results, _..

empirical rule has been proposed for the choice of
binder used in sintenng of transition metal based
ceramics

an

16 For a transition metal or compound

Tib

having an unfilled inner d shell in the state d”, a
transition metal in the state d' would be the most
suitable binder |.x and y represent the number of
electrons in the unfilled d shells) if the following
condition is satisfied

1

X -H .V = 11
(I)

IV This has been explained on the basis of an earlv
model proposed by Fnedel.” It is envisaged that the

t

m
c

a scanning electron micrograph b X-ray elemental map of Ti;
c X-ray elemental map of Cu

4  Images of TiBj deposited on OFHC Cu
i

50001

c.000|
9

The roles of Cu and Fe as binders for
ceramics are

explained on the basis of their wetting characteristics.
Several researchers ha\e addressed the phenomenon
of wetting of hard ceramics by metals '* [i has
been shown that Ti based ceramics easily wet Fc at
high temperatures, and that welting increases with
time.* The wetting phenomenon has been attributed
to unfilled d orbitals in transition metals and their
compounds, including borides and carbides.'*'' A
detailed analysis of the role of metals as binders
for ceramics and their wetting characteristics, based

I

MOOi

c

S 2000

9

«

1.JL..1 i.i—iLLii A
30 «0 50 60 ro •c »0 IOC

26 (tfegl

6 X-ray diffracimn pattern for TiB, ilepositeJ ,m OFHC Cu
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physical interface between the hard ceramic and
binder will have a bonding similar to a low melting
point group IB element, le a filled d shell of 10
electrons and one s shell electron According to
Friedcl’s hypothesis, such bonding would have lower
cohesive energy and a low melting point.''' Such
properties are good for binders in these ceramics
which are partly metallic and partly covalent in
nature. As the deviation from equation (1) increases,
bonding behaviour will also change. Nevertheless, a
material selection system which gives jc + y= 10 or
X + y = 1 ’ would also provide good bonding, though
it would be inferior to a system satisfying the x  + y =
11 condition because of deviation from the empirical
rule mentioned in equation (1).

In the present study of the TiBj-Cu material
system, Cu has completely filled the d subshell with
10 electrons (d'S configuration) and TiBj has 5-5 d
electrons, as assigned earlier Comparing with the
hypothesis'* in equation (I)

x(=5'5l + y(= 10) = 15-5

The results of equation (2) are very different from
the hypothesis in equation (I), illustrating that Cu is
a poor binder for TiBj However, Fe has 6 d subshell
electrons id*s^ configuration) and satisfies the hypoth
esis in equation (I) as shown by

x(= 5-5l -I- y(= 6) = 11-5

This accounts for the variation in wetting character
istics of Cu and Fe. It has been shown that Cu does
not react with the TiBj layer but remains as a binder
similar to Fe in Fe-TiBj and Co in WC-Co systems.
This fact has been corroborated in an analysis based
on electronic configuration which shows that bonding
in such a material system does not promote com
pound formation.'’

(2)

(3)

TiBi Coating

T - Nit
licrohardness

Indentations

n %
I

m
1 Fim

}

J\h

[OKHC Copper Substrate!

7 Cross-sectional SEM image showing microhardness
indentatums in TtB^ coaling and OFHC Cu substrate

failures are observed for TiBj coated steel (Fig. 36).
The presence of Fe in TiBj increases the toughness
of the ceramic coating layer.’
Thus, Fe mixed in the TiBj layer provides both

hardness and toughness similar to the WC-Co
system, whereas poor mixing between Cu and TiBj
prevents similar effects Instead. Cu acts as a poor
binder for TiBj. The degree of thermal expansion
coefficient mismatch at the interface is higher in the
TiBj-Cu system, leading to delamination of the
coating. Moreover, coating cracks are prominent in
TiBj-Cu as a result of a lack of toughness

CONCLUSIONS

Titanium diboride was deposited on to oxygen free
high conductivity (OFHC) Cu using the PES tech
nique and test results were compared with those of a
similar investigation on the TiB.-Fe system. A thin,
irregular, hard ceramic coating is obtained on OFHC
Cu. Copper has poor wettability with TiBj and
does not intermix significanth with the ceramic
layer, and as a result is a poor binder for TiBj As
a consequence, the TiBj coating shows interfacial
decohesion and crack formation. Iron mixes easily
with TiBj and acts as a suitable binder for ceramic,
increasing both hardness and toughness. Titanium
diboride is the most stable coating phase on an
OFHC Cu substrate. No other metastable phase
formation was found.

Mechanical characterisation

Mechanical characterisation of the coating and
interface was carried out using a microhardness
tester. Figure 7 is a cross-sectional SEM image of the
coating and the substrate with microhardness inden
tations. The relative difference in size of the micro

hardness indentations demonstrates the hardness
variation in the coating and substrate. Knoop
microhardness values in the coating are very high,
with an average value of 980 kg mm dropping to
78 kg mm"’ m the OFHC Cu substrate. The micro
hardness value at the ceramic/metal interface could
not be measured m the absence of a significant
transition region

Figure 3a and 6 reveals the nature of interfaces
developed in TiBj-Cu and TiBj-Fe respectively. It
can be seen that interfacial decohesion occurs with
TiBj deposited Cu whereas TiBj deposited on to
steel has a strong interface with no signs of deco
hesion. Interfacial decohesion in the TiBj-Cu system
IS attributed to the fourfold difference between the
thermal expansion coefficient of TiBj and that of Cu
(Table 1 1 It is well known that if the thermal
expansion coefficient of a ceramic material is less
than that of a metallic material differential tensile
and compressive stresses are generated at the
interface ;i These stresses lead to interfacial deco
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Synthesis of Boride Coating on Steel using High
Energy Density Processes: Comparative Study of
Evolution of Microstructure
Arvind Agarwal and Narendra B. Dahotre
Department of Materials Science and Engineering. Center for Laser Applications. University of
Tennessee Space Institute, Tullahoma, TN 37388. USA

Ultrahard titanium diboride (T1B2) coatings are deposited on plain carbon steel substrate
using two high energy density processes; viz. pulsed electrode surfacing (FES) and laser
surface engineering (LSB). These two processes are entirely different in physical nature and
hence result in dissiihilar microstructures. In the present investigation, a comparative study
has been made between the evolved microstructures. Both processes produced a surface
layer which is adherent and metallurgically bonded to the substrate. FES produced rela
tively thinner and less uniform coating than LSE process. The FES coating was, however,
homogeneous and very fine grained. The laser-assisted coating was "composite" m nature
with T1B2 particles embedded in Fe matrix. Mechanical characterization of these coatings
has been performed using microhardness measurements. © Elsevier Science Inc., 1999. All
rights reserved.

substrates to produce a coating with a met
allurgically sound interface. Such coating
process should also obviate the need for a

chamber, which often leads to re-vacuum

INTRODUCTION

Superhard boride coatings are very useful
for extending the service life of the surfaces
that undergo severe conditions of wear,
abrasion and erosion [1]. These ultrahard
ceramic coatings are used for several appli
cations. These include nuclear, fossil, and
geothermal energy environments [2-41,-
high temperature turbine coatings for aero
space applications [5], industrial cutting
tools such as milling cutters and drills [6],
wear resistant surfaces on large agricul
tural and textile equipment, high tempera
ture sensors [6], systems used in the petro
chemical and pharmaceutical industries,
and modem sports equipment [7].
Conventionally, there have been several

processes, such as chemical and physical
vapor deposition, thermal spray, and deto
nation gim technique, for depositing ce
ramics on metals. However, there exists a
need for the development of a coating tech
nique that can successfully deposit a hard
ceramic material such as TiB2 on metallic

MATERIALS CHARACTERIZATION (1999)
® Elsevier Science Inc., 1999. All rights reserved.

655 Avenue of the Americas, New York, NY 10010

striction in size of work-piece and increases
the cost of process. High energy density
techniques such as Fulse Electrode Surfac
ing (FES) and Laser Surface Engineering
(LSE) are hvo such effective processes used
to deposit ultrahard ceramic coatings on
metals. These processes can be performed in
air to produce an adherent ceramic coating.

PULSE ELECTRODE SURFACING

Fulse Electrode Surfacing utilizes high
current electrical pulses of short duration
to modify the metal surface. A high cur
rent, short duration pulse via discharge
pacitance and voltage circuit results in melt
ing the electrode and depositing the
material on the substrate [1, ̂ 9]. The pro
cess is very similar to the arc-welding pro-

with the exception of little total heat
input. Hence, FES is also referred as

ca-

cess

a mi-
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trades. Thus, a suitable choice of process
ing parameters will lead to incipient melt
ing of the electrode tip and material trarrsfer
will occur through discharge plasma. Several
of such discharges are repeated with a fre
quency from tens to hundreds of hertz to
deposit the coatings [8].

It has been successfully argued that ma
terial transfer from electrode tip to sub
strate occurs in the liquid state [9]. The
choice of the gas environment influences
the mechanism of transfer of material [2,7].
Disassociable gases like air and nitrogen
form a plasma of high thermal conductivity
that promotes globular mass transfer. In
globular mass transfer, a molten droplet
forms at the end of the consumable electrode

and is accelerated towards the substrate by
the discharge plasma. These droplets impact
the surface with a splash appearance lead
ing to a rough and thick coating surface.
However, argon ionizes easily producing a
plasma of relatively low thermal conduc
tivity that tends to produce a fine spray of
molten material [2, 7]. Spray transfer pro
duces a smoother and uniform deposit in
comparison with globular mass transfer.
Thus in the PES process, apart from rais

ing the temperature of the electrode to
melting point, substantial electrical energy

n  is also consumed in interacting with the en
vironmental atoms above the substrate. Ra

diation is produced as a consequence of
interaction of electrical energy with envi
ronmental atoms. This radiation interacts

with substrate atoms to raise their tempera
ture. However, this interaction of discharge
electrons is "indirect" in nature and hence

it does not raise the temperature of the sub
strate high enough to melt it significantly
or cause substantial microstructural changes.
Moreover, molten droplets also lose tem
perature during the flight period from the
electrode tip to the substrate. This results in
a transitory melting of the substrate and the
formation of a small heat-affected zone

(HAZ). Most probably, the reason for the
shallow melt zone in the substrate is the

much greater thermal sink in the substrate,
and the pulsed nature of the spark. The
time between sparks is very long relative to

cro-welding process. The main advantage
of this process stems from the fact that met-
allurgically bonded coatings with an adher
ent interface can be produced with little
heat input to the substrate at ambient tem
perature [10]. This minimizes the changes
in the metallurgical properties of the sub
strate material and also reduces distortion

due to thermal stresses [2, 7]. Since the bulk
material remains near ambient temperature
and acts as a heat sink, heat is rapidly dissi
pated, leading to rapid solidification of the
molten pool which, in turn, results in an ex
tremely fine grained coating of high den
sity, hardness and strength. Furthermore,
the PES process obviates the need for the
expensive environmental chambers required
in several other types of coating processes.
The primary requirement and the limita

tion for the PES process is that electrode
material should be electrically conductive
and thus be capable of melting in an elec
tric arc. The consumable electrode having a
positive polarity is brought close to the
substrate, which has a negative polarity.
This leads to the generation of spark and
intense heat. The intensity of the spark is
directly proportional to the voltage across
the gap between the electrode and the sub
strate, the amount of current, and the dura
tion of current flow, which is known _as
pulse time:

Energy of the spark (E) ■»:
Voltage (V) X Current (I) x Time (t)

The energy of the spark in turn decides the
amount of electrode being deposited and
the bond strength between the deposited
material and the substrate. The dielectric
medium, which could be air, argon or any
other envirorunent, provides a path for the
discharge plasma and the region between the
electrodes remains ionized, enabling con
tinuous flow of current. The applied volt
age should be higher than discharge volt
age, which is dejjendent on the choice of
electrode-dielectric system. At present, most
of the researchers assume that major ero
sion of electrode in an arc discharge is of
a thermal nature [10] and hence depends
upon thermophysical properties of the elec-
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ductivity [13]. The interaction between la
ser and metal is explained by the free
electron model of materials. Materials such

as metals have free electrons and these os

cillate with high energy leading to a plume/
plasma formation. A suitable choice of laser
cmd material system decides the frequency
of such plasma, which, in turn, is associ
ated with the absorption coefficient of the
irradiated metal. In the present case, the
surface of AISI 1010 steel has a good ab
sorption coefficient for Nd: YAG laser,
which assists in formation of a melt zone

[14]. Fig. 1 and Table 1 provide a direct com
parison between the PES and the LSE pro
cesses.

The thermodynamics and chemistry of
the ceramic-metal system play an impor
tant role in the properties of these coatings.
The chemical reactions occurring at the in
terface and within the coating lead to the
formation of various stoichiometric and

the duration of the sparks themselves, thus
allowing the substrate heat to dissipate rap
idly. The transitory melting of cathode/
substrate in the PES process can also be ex
plained by thermal micro-explosions occur
ring on the substrate [11].

LASER SURFACE ENGINEERING

Laser surface engineering is a non-equi
librium synthesis involving techniques
such as surface alloying, heat-treatment,
composite layer formation and texturing.
High cooling rates of ICP to 10® K/sec asso
ciated with the process result in the forma
tion of novel, metastable phases and a vari
ety of microstructures by exceeding the
solid solubility limit beyond equilibrium
phase diagram [12].
In contrast to the PES technique, the laser

beam is a coherent energy source with low
divergence and high energy density [13].
The majority of the laser beam energy is non-stoichiometric compounds that decide
consumed in interacting "directly" with the the adherent strength and other properties
precursor and the substrate, resulting in an of the coating. Thermodynamic predictions,
intense rise in temperature and heat. A coupled with quantitative characterization
very small amount of laser beam energy is ' of the evolved microstructure in the TiBa-Fe
used in interaction with the environment material system, have been presented else-
above the substrate. Hence, in the present where [15-16].
study, energy transfer in LSE process is
much more efficient than in the PES pro
cess, resulting in the formation of a large
melt zone and a significant HAZ.
Energy transfer from laser beam to the

substrate also depends upon material prop- been chosen on the basis of earlier works
erties such as absorptivity and thermal con- [7-9,17-18]. An attempt has been made to

In this study, hard TiB2 ceramic has been
deposited on two different plain carbon
steel substrates using the PES technique
and a continuous wave NdiYAG laser, re
spectively. The processing parameters have

Table 1 Salient Physical Features'of the PES and LSE Processes

Features PES Process LSE Process

Energy/Beam Source Incoherent
Interaction with Dielectric Significant interaction with

dielectric atoms present between
the electrode and the substrate

Indirect transfer through molten
electrode droplet and radiation
from the dielectric atoms

Energy Transfer to the
Substrate

Coherent beam with less divergence
Minimal interaction with dielectric

atoms present as an environment

above the substrate

Direct interaction with the substrate

forming a plume/plasma

Energy Density Input
,  (MW/m^)

0.10 15.0
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Laser Beam
_Electrode (+)
,  (Coating Material)

Molten Droplet

o
/

'  Precursor Deposit
"(Coating Materiai)\  Energy-Material

Interaction ZoneI
Plume/PlasmaPlasma

L^ Energy-Material
Interaction Zone

Substrate (-)
Substrate

Fig. 1. A schematic drawing illustrating the physical processes of Pulsed Electrode Surfacing (PES) and Laser
Surface Engineering (LSE).

reveal the differences in the microstruc

tures evolved in such material systems pro
cessed using these high-energy beam tech
niques of different physical nature.

discharge capacitance used for the PES pro
cess was 450p.F with a current of 50A. Thus,
the energy density input for the PES pro
cess is O.lOMW/m^.

LASER SURFACE ENGINEERING

Commercially available TiB2 and Ti pow
ders were obtained from CERAC, Milwau
kee, WI and used as precursors for this study.
Both powders had a purity of 99.5%. The av
erage particle size range was 5.5|j.m ±
1p.m. "niin plates of AlSl 1010 steel of size
7.5 cm X 15cm were cleaned using sand
blasting. The precursor of a powder mix
ture of composition 2wt% Ti and 98wt%
TiB2 was sprayed on these coupons using
a spray gun. The average preplaced pow
der bed had a thickness of 150 ± 15pm.
Sprayed coupons were dried at 70°C for 1 h
prior to laser processing. The addition of
2wt% Ti to TiB2 was made on the assump
tion that Ti increases the wetability in the
melt zone [20]. It was also anticipated that
additional Ti would recombine with any
boron that might disassociate during the la
ser processing.
A 2.5kW Hobart HLP 3000 continuous

wave Nd:YAG laser (1.06pm wavelength)
equipped with a fiber optic beam delivery
system was employed for synthesis of la-

EXPERIMENTAL PROCEDURE

PULSE ELECTRODE SURFACING

TiB2 coatings were deposited on AISI
1018 steel coupons using PES method as
described elsewhere in detail [15]. TiB2 is
the hardest and lightest refractory material,
and has excellent wear and oxidation resis

tant properties at temperatures up to 1673
K [19]. TiB2 is chemically inert in corrosive
environments. The electrical conductivity
of TiB: is high which makes it suitable
choice for deposition by the PES technique
[2,9,19].
Coupons of AISI 1018 steel of dimensions

25mm x 10mm were mechanically polished
on emery paper of grit 240 and then riirsed
with acetone. A sintered electrode of TiB2
containing Ni in the range of l-3wt% as
binder was used to deposit coating on these
steel coupons. Deposition was done using a
hand-held gun in air at room temperature.
Pulsed electrode deposition was carried
out at 50V and a spark time of 10 jts. TTie
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AM-1201 dial gauge equipped with a fine
diamond-tipped stylus was used for mea
suring surface roughness of the coated sur
faces.

ser-assisted TiB2 coatings. In order to pro
vide a large sweeping coverage (i.e. rapid
processing speed) and to reduce and/or to
eliminate overlap between the successive
laser passes, the laser optics were config
ured to provide a 3.5mm wide line beam in
spatial distribution onto the sample sur
face. The processing parameters were opti
mized in accordance with earlier reported
literature [17-18]. It has been established
that for effective laser surface modification

processes such as cladding/alloying/infil-
tration, the beam power should be greater
than IkW [21]. In the present study, laser
beam power and traverse speed were kept
constant at 1.5kW and 33mm/s, respec
tively. Thus, the energy density input for
LSE is 15MW/m^ a couple of orders of
magnitude higher than PES process.

TRANSMISSION ELECTRON MICROSCOPE

SAMPLE PREPARATION

Only LSE samples were in\-estigated at the
Oak Ridge National Laboratory (ORNL) us
ing a Hitachi HF-2000 Field Emission trans
mission electron microscope operated at
200kV. PES samples could not be analyzed
using the TEM because the discontinuous
nature of PES coatings made it difficult to
prepare samples for TEM observations.
For the TEM, the steel samples were coated

with TiB2 then sectioned using a slow-speed
Buehler Isomet diamond saw. These sam

ples were further mechanically ground to a
thickness of approximately 300p.m. A 2 mm
square section of this sample was mounted
on an epoxy stub and was further ground
and polished to a thickness of approximately
150pm using a Buehler Isomet Minimet Pol
isher. A Gatan 656 dimple grinder was used
for thinning the sample dov\'n to 20pm. The
sample was very fragile at this stage. It was
mounted on a carbon ring for support and
then ion milled for 6-8h at setting of 6.5kV
on a twin gun Gatan 691 Precision Ion Pol
ishing System. Due to the "composite" na
ture of the laser assisted coating, where
hard TiBa particles were embedded in plain
carbon steel matrix, ion milling was very
critical as it required differential level of
milling.

CHARACTERIZATION

Coating topography and microstructural
characterization was performed using a
scanning electron microscope (SEM) and a
transmission electron microscope (TEM).
Metallographic samples for scarming elec
tron microscopy were prepared by polish
ing on Buehler TEXMET 2000 cloth during
initial stages of polishing. The etchant used
for TiB2 coated steel sample was Nital. La
ser treated samples required longer etching
time as compared to PES samples. Such be
havior could be explained by the nature of
the coatings obtained in the two processes.
ISI Super IH-A scanning electron micro
scope coupled with EDAX was employed
for investigating the microstructural mor
phology and chemical characterization of
the coating and interface. The surface to
pography of the coated samples was con
ducted using the SEM. Structural character
ization for phase(s) identification was carried
out on a Philips Norelco x-ray diffractome
ter with'CuKa radiation operating at 30kV
and 40mA. Microhardness measurements

were performed on Buehler Micromet II
mierbhardn^s tester using a Knodp in-
denter with a load applied for 15s. The.
normal load applied was 200g for PES sam-'
pies and 300g for LSE samples. A Teclock

RESULTS AND DISCUSSION

MICROSTRUCTURAL

CHARACTERIZATION

The topographical features of the top sur-
face of TiB2 deposited on the steel substrate
using the PES technique are illustrated in
Fig. 2. The surface is rough and irregular
with several islands of globular shape and
a splash appearance. As mentioned earlier
(section 1.1), this is a characteristic feature
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from cracks. The surface roughness, is
quantitatively characterized in Fig. 4. The
surface roughness values are higher for
PES samples, in correspondence with its to
pographical features observed in Fig. 2.

Fig. 5 presents the SEM micrographs of
the cross-sectional views of the TiB: coated
steel using the PES and LSE processes. It
can be seen in Fig. 5(a), from the PES sam
ple, that the coating is homogeneous, dense,
adherent and free of defects like cracks. The
few crack-like features are the artifacts cre

ated during polishing. It is evident that
the coating thickness is not very uniform
throughout the cross section. This is in ac
cordance with the nature of the PES process
as described above (section 1.1) and as ear
lier observed in the topographical features
of the same sample in Fig. 2(a). Fig. 5(b)
shows a continuous, adherent and crack-

free laser deposited TiBj coating on AlSl
1010 steel substrate. The coating/laser melt
zone is "composite" in nature. It is an inho
mogeneous mixture of TiB2 ceramic parti
cles of different morphologies (polygonal
and acicular) and Fe. A thin layer of steel
substrate melts and mixes with TiBz due to
convection currents within the melt zone,
resulting in a composite coating. Within the
laser melt zone, the distribution of TiB2
particles is uniform and their content is
very high (volume fraction = 0.67). Such a
microstructure is a consequence of relatively
higher processing speed. At high laser

of the PES technique. The present study of
the PES process is being conducted in air,
which supports a globular mass transfer
mechanism. This is attributed to the fact

that dissociable gases like nitrogen and air
form a plasma of high thermal conductivity
which promotes globular mass transfer [7].
A molten globular droplet forms at the TiB2
electrode tip and impinges on the steel sub
strate. This produces a splash appearance
on the top surface. Fig. 2(b) shows a higher
magnification view of the top surface, indi
cating globular droplets on steel substrate.
Globular mass transfer provides high dep
osition rates that can assist in deposition of
thick coatings (15). Fig. 3 shows the top sur
face of the laser-engineered surface. The
surface is relatively smooth, flat and free

(a)

200 pm
>6* V

A

100

>- 'A

Fig. 2. SEM micrographs of the top surface of the
AISI 1010 steel coated with TiB; using the PES process
(a) indicating splash appearance and (b) globular mass
transfer from electrode tip to the substrate.

FiC. 3. SEM micrograph showing the topological fea
tures of laser coated surface.
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Fig. 4. Surface roughness profiles for the PES and LSE samples.

traverse speed, there is lesser dwell time
for the sweeping laser beam to interact
with the substrate and precursor. This re
sults in a melt pool of low depth but with a
higher concentration of TiBi particles. A de

tailed quantitative analysis of microstruc-
tural evolution as a function of various pro
cessing parameters has been elucidated in a
separate study [16].

Fig. 6 is high magnification cross-sec-

(b)
(a)

Coating Coating
HAZ

-

Substrate

Interfaci

[(Marlensit^ HAZ.S

100 pm 100 pm
Substrate

FIC. 5. SEM micrographs of cross sectional \'iews of (a) PES sample and (b) LSE sample
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inj;, leading to a complex soliditication
structure in Lxrth the interfacial region and
the laser melted zone It should also be ob
served that initial growth at the interface is
towards the coating with a coarse cellular
morphology. These coarse cellular dendrites
transform into finer dendrites on going fur
ther into the melt zone This feature is prom
inent in Fig. 7(b). This could again be attrib
uted to the increasing cooling rates on going
away from the interface into the melt zone.
A higher cooling rate suggests refinement
of microstructure such as cellular to coarse
dendrites which could be further refined
into equiaxed dendrites (22-23) It should
be recalled that LSE process has very high
energy density input (15MW / m-) compared
with the PES process (O.lOMW/m^). Thus,
the microstructures obtained by these two
processes are significantly different.

tional view ot a PES sample, revealing a
interface along withstrong and continuous

a HAZ. There is no delamination or exist
ence of cracks af the interface of the coating
and the substrate. The presence of such a
continuous interface indicates formation of
a metallurgical bond between TiB: and
steel. Fig. 7(a) shows interfacial microstruc-
ture in LSE sample A continuous, adherent
and metallurgically sound interface with a
dendritic and/or cellular structure is ob
tained. The interfacial region shows den
dritic/cellular growth into the coating and
martensitic structure in the substrate. Such
a microstructure is attributed to the rapid
heating and cooling rates attained during
laser surface treatment. The temperature at
the interfacial region of the AISI 1010 steel
substrate reaches high enough to cause
complete austenitization w'hich then trans
forms to martensite due to high quenching
rates.

The high magnification view of the den
dritic/cellular interface obtained in LSE
sample is shown in Fig. 7(b). The solidifica
tion structure of the melt zone depends
upon the degree of constitutional super
cooling. The rapid kinetics within the laser
melt zone lead to variations in temperature
at various locations due to the existence of
different phases such as TiBz, Fe and other
metastable phases. Consequently, such dif
ferences in temperature result in variations

the degree of constitutional supercool-in

Composite
Coating

n

%

Dendritic.

^ Interface I
!

.N

Sli haz^
(Martensite)

20 pm

3*; Coating Composite2;

Coating

iT Interface!
. /.* • Dendriticg^

InterfaceHAZ

VAn *
•m 10 ̂im

If10 p

FIC. 7. SEM micrographs of the LSE sample (a) low
the interface and HAZ and (b)magnification view ot

high magnification view showing cellular dendrites
the interface.

High magnification SEM micrographs show-
and adherent interface in the PES

FlC. 6.

ing a continuous
sample

at
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r.ites involved in l<ii>er surl.ice nioditica-

tion. There are no cracks or delaniination

within the laser melt zone. Thus, the layer
produced by the LSF process is also touf^h
in nature.

The formation ot metallurgical bonds
within both the PES and LSE samples indi
cates that there is some chemistry change at
the interface and within the coating EDAX
analysis of the PES and LSE samples sug
gests intermixing of TiBi and Fe in the layer
[15-16]. it has been shown earlier that in
the PES sample, mixing was purely physi
cal in nature where Fe acts as an excellent

binder for TiBi [15] This has been ex
plained on the basis of wetting phenomena
in refractory based ceramics [15, 24-25].
Moreover, it has been shown thermody
namically that TiBi IS the most stable phase
[15]. This fact is further corroborated in Fig. 9,
which shows the x-ray spectrum for the
PES sample. It reveals all the major peaks
of TiB2 and Fe. There is no discernible peak
of any other phase(s), further confirming
our analysis that there is no chemical reac
tion within the layer. Fig. 10 shows the
x-ray spectrum of the LSE sample. TiB2 is
the most prominent phase present. How
ever, some peaks of metastable phase(s) of
the type Fe^Bv and Ti,,Bi, are also observed
in the laser-processed sample. The forma
tion of such non-stoichiometric and meta

stable phase(s) is explained by the non
equilibrium synthesis during laser surface
engineering. It is possible that laser surface
alloying, which has a high energy density,
may cause some chemical reaction between
Fe and TiB2.
TEM work is under way to precisely un

derstand the reactions occurring in the la
ser melt zone. The preliminary TEM inves
tigations suggest the formation of a small
reaction zone at the TiB2 particle/Fe matrix
interface (Fig. 11). Such a reaction zone is
expected to provide strong bonding be
tween the particle and the surrounding ma
trix [26]. The bright field TEM image of the
composite coating produced by the LSE
process is illustrated in Fig. 12. It clearly il
lustrates the "composite" nature of the
coating due to TiB; particles of various

Fig. 8(a) shows the coating structure ob
tained in the PES sample The coating is ho
mogeneous, dense and fine grained (ap
proximately 2-3|jLm) with some surface
porositx There are no cracks with in the
coating layer, suggesting its tough nature.
It has been earlier mentioned that the sub

strate acts as a heat sink in the PES tech

nique, leading to rapid solidification of the
coating. Such very fine grained TiB2 coating
can be attributed to the high cooling rates.
On the contrary, the structure within the la
ser melted zone of the LSE sample [Fig.
8(b)] is made up of a composite structure of
needle-shaped TiB2 particles within a fine
(approximately size 1-2 (cm) equiaxed den
dritic matrix of Fe. Such a fine microstruc

ture of equiaxed dendrites in the melt zone
IS also corroborative of very high cooling

(a)

-iV'

S-

mm
13 gm

M
:> /■

"l'

1E 20 gm Jt
I

FiC. 8. SEM micrographs showing coating morphol
ogy in (a) PES sample and (b) LSE sample.
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Fig. 9. X-ray diffraction spectrum of PES-coated sample
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occurring w

still n(U cleculy unciersUvxl It is expected
that further TEM investigations, such as
high resolution lattice imaging, selected

diffraction pattern and microanalysis,
will enable a better understanding of the

a consequence of

area

el phase(s) formednov

interface and the toughness ol the coaling
This is attributed to the presence ot I e in

Inch provides toughness to
the ceramic coating laver Thus, mixing the
Fe in the TiB: la\er provides a composite
effect of hardness and toughness. The mi-
crohardness variations in the LSE sample
are significantly different from those in the
PES sample due to the nature of the micro
structure m the laser melt zone Fig 13(b)
shows the microhardness indentations amid
a cluster ot TiB; particles (spot A), at the
TiBs particle, steel interface (spot B) and
the FIAZ in the steel substrate (spot C).
Knoop microhardness values are extremely
high within the clustered zone of TiB: parti
cles, having an average value of 1742 i 306.
Spot B in Fig 13(b) corresponds to an aver
age Knoop "microhardness value of 622 i
37, whereas spot C, located in the HAZ
(martensitic zone) of the steel substrate, has

average v alue of 407 r 21. By compari-
,  the microhardness value in the unaf-

t' ̂
su

the TiB: laver

in

an

son

-equilibrium synthesis
as

non

microhardness

Preliminary mechanical characterization
ol the coating and interface has been con
ducted using a microhardness tester. Fig.
13 shows the microhardness variations in
the coating, the HAZ and the substrate ma
terial for the PES and LSE samples. For the
PES sample, there is a gradual decrease in
the microhardness values on going through
the coating to the substrate [Fig. 13 (a)]. The
relative difference in size of the microhard
ness indentations makes clear the hardness
variation in coating and the substrate.
Knoop microhardness values in the coating

high (average value 1124 ± 94 at Spot
A), while they drop down to 182 ± 10 in
the base material (Spot C). The microhard
ness value at the interface and in the HAZ
is 384 i 21 (Spot B). Fig. 13(a) shows the

are
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SOivn

FlC. U. Bright held lEM image illuslraling embed
ded TiB; particle< in Fe matrix, suggesting compnsite
nature ot laser deposiied crratings

a reaction zoneFiC. 11. TEM micrograph showing
betk een TiB; particle and Fe matrix in the LSE sample
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FiC. 13. SEM micrographs of cross-sections showing microhardness indentations in (a) PES sample and (b) LSE
sample.

microstructure in the laser melt zone is
composite in nature, comprising of various
phases and different sized particles. Micro
hardness indentations of such a large size
provide a combined average hardness value
of the various phases and particles. It is ex
pected that nanoindentation studies will

fected steel substrate was 140 ± 25. Pure
TiB2 has extremely high hardness of 33 GPa
(3300Kg/mm^) whereas phases such as Fe^By
and TiaBb have hardness values (13-22 GPa),
lower than TiB2 but higher than 1010 steel
(27). The hardness variation in the melt
zone is consistent with the fact that the

Table 2 Summary of the Microstructural Features, Microhardness Measurements and Phase(s)
Present in TiB2 Coatings Deposited by PES and LSE Processes

LSE ProcessPES ProcessFeiilures

23.8 10.9Average Surface Roughness
'Ra' (pm)

Nature of Coating Thin (35-40pm), homogeneous,
dense and very fine grained (2-3pm)

Thick (200pm) Composite
Coating with embedded
T1B2 particles in fine
equiaxed Fe matrix

Dendritic/Cellular interface
with a large heat affected
martensitic zone (100pm)

1742 ± 306

Adherent and continuous with a small

heat affected zone (25-30pm)
Type of Interface

Microhardness (Knoop) in
Coating (kg/mm^)

Microhardness (Knoop) at
Interface (kg/mm^)

Microhardness (Knoop) in
Heat Affected Zone

(HAZ) (kg/mm^)
Microhardness (Knoop) in

Substrate (kg/mm^)
Phase(s) Present

1124 ± 38

384 ± 13 622 ± 37

384 z 13 407 z 21

185 Z 10 140 Z 25

T1B2, Fe, TiB. FejB, FeB,,
and Fe212B103J6

TiB:, Fe
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provide a better estimation of the hardness
values of the individual phases in a more

reaction zone at the TiB^/Fe interlace was
observed in the TEM investigation.
A coating with a high hardness value is

obtained from the PES process. However,
hardness values are \ ery high in LSE coat-

precise manner.

Table 2 provides a list of the comparative
differences in the evolved microstructures,
microhardness measurements and phase(s) ings. TEM studies coupled with nanom-

dentation analysis would give a precise
correlation between the formation of novel
metastable phases and hardness values in
LSE samples.

obser\ ed as a consequence of the PES and
LSE processes. Such differences can be fur
ther instantaneously and clearly understood
through reference to Table 1 and Fig. 1,
which describe individual features of phys
ical nature and mode of energy-material in
teraction in the two processes.

The authors wish to express their sincere
appreciation to Dr. T. S Sudarshan, Materials
Modifications Inc., Fairfax who provided the
samples for the present work. The authors
would also like to express their sincere thanks to
Dr. Lawrence Allard at ORNL for his help and

TiB: has been successfully deposited on a guidance zoith the TEM work. This work zoas
steel substrate using high-energy density sponsored by the Asststan Secretaryfor Energyprocesses such as pIs and LSE. Both tech- Efficiency and Renewable Energy Officyf
niques have produced crack-free coatings Transporlatwn Technologies, as par pi the High
Jth an adherL and metaUurgically sound ^ It 7MnrtmZZ.  ORNL is managed by Lockheed Martin Energy

ThoLgeneous, dense, adherent, very Research Corp. for the U. S. Department of
fine -rained and defect-free hard ceramic Energy under contract number DE-AC05-
oating is obtained through the PES pro- 960R22464. The authors a so
cess. T^e coating produced by LSE is "com- . partial finunciat
posite" in nature, comprising TiB^ particles (Contract No. F 40600-96-C-0004).
and Fe from the steel substrate trapped in ,
laser melt zone.’ Needle/acicular .'shaped ;
boride particles are uniformly distributed
in the melt zone.
The intbfacial microstructure inThe LSE '

sample is significantly different from that
in the PES sample. The microstructure in
the LSE sample consists of various cellular
dendrites and fine equiaxed dendrites '
dicati\ e of a complex solidification pro
cess and very high cooling rates within the
melt zone.

In the PES process, Fe migrates into the
TiB: layer and takes up the role of a binder.
It does not react chemically with TiB: but
acts as a binder for the ceramic and pro-
\'ides a composite effect of both hardness
and toughness. TiB: was the most stable
phase formed in the layer. However in the
LSE process, the existence of metastable
phases such as Fe*By and TimBn is observed
which is characteristic feature of non-equi
librium synthesis by laser energy. A small

CONCLUSIONS
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Pulsed Electrode Surfacing of Steel with TiC Coating:
Microstructure and Wear Properties
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(Submilted 30 October 1998; in revisedform 22 January 1999)

In the present study, pulse electrode surfacing (PES) technique was employed to deposit ultrahard and
wear-resistant titanium carbide (TiC) coating on AISI1018 steel. Wear resistance of the coated surface
increased significantly. An attempt was made to correlate the thermodynamic predictions and experi
mental observations. A composite coating that is adherent, crack free, and defect free in nature was ob
tained, with TiC being the most sUble phase. Islands of TiC of various shapes and sizes are present in the
Fe-rich matrix in the coating. Microhardness measurements suggest high hardness values in the coat
ing region. Tribological properties such as wear resistance and coefFicient of friction were also meas-
ured. The coefficient of friction data do not show significant fluctuations. Wear and friction
phenomena in such a coating have been explained on the basis of a model based on composite/multi-
phase material.

zone. Since the bulk material acts as huge heat sink, heat is rap
idly dissipated leading to rapid solidification of the molten
pool. Such a high energy-density coating process results in a
fine grained coating of high density, hardness, and strength.
Since the coating is metallurgically bonded to the substrate,
cellent adhesion properties of the PES coatings with high spall
ing resistance are achieved (Ref 9). Another advantage of the
PES process includes the use of relatively inexpensive and
portable equipment. PES coatings can be deposited in air at
room temperature. This prevents the need for expensive envi
ronmental chambers required in several types of other coating
processes. These ultrahard ceramic coatings are used for sev
eral applications such as nuclear, fossil, and geothermal energy
environments, high temperature turbine coatings for aerospace
applications, solid lubricants for high-vacuum industrial cut
ting tools, waste reclamation, water treatment plant, wear-re
sistant surfaces on large agricultural and textile equipment,
high-temperature sensors, systems used in petrochemical and
pharmaceutical industry, and modem sports equipment (Ref 2,

In the present study, TiC has been deposited on AISI 1018
steel using PES technique. Thermodynamic predictions
coupled with experimental analysis to characterize the TiC-Fe
interface and coating morphology. Dry sliding wear tests were
performed to evaluate the tribological properties of TiC coaling
deposited by PES technique.

ex-

were

Keywords 1020 steel, pulse elecuode surfacing, surface
engineering. HC, wear resistance

1. Introciuction

Surface engineering of the meullic substrates plays a vital
role in enhancing their application in hostile environments. The
monocarbides of group 4 such as TiC. ZrC, and HfC are ideal
materials for increasing hardness, wear and erosion resistance,
and corrosion and oxidation resistance of the metallic surfaces
(Ref 1). Surface properties can be altered by depositing mono
carbide ceramic coatings on the component without making
changes in the bulk properties. Several techniques such as
plasma spray, chemical vapor deposition (CVD). physical
vapor deposition (PVD), detonation gun, laser-assisted
processes, and electrolytic deposition are used to carry out
these surface modiricalions (Ref 2-4). Pulse electrode
facing (PES) is one of such surface modification techniques
that utilizes high current electrical pulses of short duration
to modify the metal surface (Ref 5-8). A unique combination
of high-current and short-duration pulse by discharge
pacilance-voltage circuit results in melting the ceramic elec
trode and depositing the material on the substrate. The
primary requirement for the electrode material is that it
should be electrically conductive and thus capable of melt
ing in an electric arc.

The main advantage of this process is its ability to apply
metallurgically bonded coalings with low heat input to the sub
strate at ambient temperature. This reduces the depth of the
heat-affected zone (HAZ) and thermal distortion, hence mini
mizing the changes in the properties of the substrate material
(Ref 6). The bulk substrate material remains near ambient tem
perature and acts as heal sink. Thus, there are no thermal stress
effects or metallurgical changes in areas other than in the fusion

sur-

ca-

2. Experimental Procedures

2.1 Materials

In the present study, TiC has been deposited on AISI 1018
steel using PES technique. TIC is a very hard refractory mate
rial finding increasing usage for wear-resistant applications
such as bearings, nozzles, cutting tools, and jet engine blades.
It has relatively low electrical resistivity and can be used as
a conductor for electricity, especially at elevated tempera
tures. Thus, TiC is a suitable choice for deposit on a structural

A. Agarwal and N.B. Dahotre, Ccnicr for La.ser Apphcalinns. Dc*
paninenl ofMalcriaK Science and Engineering. University of Tennes-
see Space Insliliile. Tullahoma. TN .17.188. USA.
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3. Results and Discussionmacerial such as AISI 1018 sleel using PES nielhod. The salient
properties olTiC and AISI IOI8sleel are listed in Table 1 (Ref
1. 12). 3.1 Thermodynamic Analysis and Predictions

The chemistry of the coating and interface is affected by the
chemical reaction occurring within the deposited layer. The.sc

‘  reaction products inOuence the mechanical and chemical prop
erties of the coating. In the pre.sent study, therefore, attempts

made first to thermodynamically predict the possible re-were

2.2 Coating Process

TtC coatings were deposited on AISI 1018 sleel coupon us
ing PES method at Materials Modifications Inc. (MMI, Fairfax.
VA). Coupons of AISI 1018 sleel with dimensions of 25 by 25
mm were mechanically polished on emery paper of grit .size
240 and then rinsed with acetone. A sintered electrode of TtC
was used to deposit a coating on these steel coupons. The TtC
electrode had 3 to 5 wt% Ni and 1 to 3 wt% Fe as binder. Depo
sition was carried out using a handheld gun in air at room tem
perature. Pulsed electrode deposition was carried out at a voltage
of 50 V and spark time of 10 ps. The discharge capacitance used
for the PES process was 450 pF with a current of 25 A.

actions and secondly to verify the existence of these reaction
products using analytical techniques such as energy dispersive
x-ray spectrometry (EDS) and x-ray diffractometry.

For thermodynamic predictions, it is essential to consider all
possible reactions for a ceramic-metal system. Thermodynam
ics of Fe-Ti-C system has been studied by several researchers
(Ref 13-15). Even though to date, much work coritinues toward
understanding Fe-Ti-C interaction, far from a thorough under
standing has been achieved (Ref 15). It has been concluded that
Fe-Ti-C is a very active and complex system due to several fac
tors (Ref 13-15). This is mainly due to the presence of carbon,
which easily migrates from TiC to Fe and vice versa depending
upon reaction conditions such as temperature and activities of
the elements (Ref 13-14, 16). This is further corroborated by
the Ti-C phase diagram, which shows that TiC^ (jr is < I) exists

single homogeneous carbide phase for a wide range of
stoichiometry (Ref 1). Hence, it provides a variable activity of
carbon in the melt, which, in combination with temperature, in
fluences the possible reactions in the melt zone. However, in an
earlier similar study where TiB2 was deposited on AISI 1018
steel using PES technique, it was found that unlike the Fe-Ti-C
system, the Fe-Tr-B is not an active system (Ref 17). For the Fe-
Ti-C system, possible reactions between Ti-C, Fe-Ti, and Fe-C
are being considered. From the binary phase diagrams (Ref 18),
the following reactions are possible. Thermodynamic data such
as free energy of formation are extracted from various sources
(Ref 19).

as a

2.3 Characterization

Coating morphology, interface, and surface topography
were studied using a ISI Super III-A scanning electron micro
scope (SEM). Samples for metallography were prepared by
polishing on a Buehler TEXMET 2000 cloth during Initial
stages of polishing. This reduced the damage to the dissimilar
ceramic/metal interface during polishing. Nital (nitric acid
10 vol% methanol) was used as the etchant for TiC-coated

steel samples. Energy dispersive spectroscopy (EDS) analy
sis and x-ray elemental mapping were coupled with SEM to
characterize the distribution of elements in a semiquantitative
analysis.

Structural characterization was performed using a Philips
Norelco x-ray diffractometer with Cu Ka radiation (1.54 A),
operating at 20 kV and 40 mA. Microhardness measurements
were performed on a Buehler Micromet II microhardness tester
using a Knoop indenter with normal load of 200 gm applied for
15 s. Tribological properties were measured using  a block-on-
disk tribometer. Coated coupons of dimension 25 by 25 mm
were tested for dry sliding wear against a hardened steel ring
rotating at a linear speed of 270 m/min. Weight loss measure
ments were made after successive 2 min. The dry sliding wear
test was conducted for 10 min with an applied normal load of 2
kg. The coefficient of friction (p) was also recorded simultane
ously by an interfaced computer, which acquired data in the
form of electrical output power of the motor. Even though data
were recorded at a frequency of 1 Hz for a total test time of 10
min, an average of 10 successive points was taken for comput
ing the coefficient of friction, p.

Ti-C system:

Ti-rC = TrC^

AC = -182.9 + O.OI rkJ/mol (298 K < r< 1155 K)

AG = -186.4 + 0.013 TkJ/mol (1155 K < r< 2000 K)

The existence ofTijC and T1C2 has not been confirmed (Ref 1).

Table 1 Salient physical properties of TiC and 1018 steel Fe-C system:

TiC Fc(1018stttllProperties

Crystal structure
3Fe -F C = FcjC

bccfit NaCI

(cubic)
3065 n 1538 AG = 25.92 - 0.023 TU/mol (298 K < T < 463 K)Melting point, “C

Density, gfcin^
Lattice parameter, A
Hardness, kgtmm^
Electrical resisdvily.pn cm
Tbcrmal conductivity, W/m • K
Coefficient ofthermal expansion, I(r*/K

7.84.9

2.894.33

2800 250 AG = 26.67 - 0.025 TkJ/mol (463 K < r< 1115 K)
1260

5527

7.2 12.2 AG = 10.34 -0.01 rkJ/mol (1155 K < r< 1808 K)
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However, excess Fj retr.ains in ihc he nieil jn Fe Fi euiechc or
Mvlid st^lulion iRet M JM

:Hc f C Fe,C

(t HI J kJ/motO^K K < A < 1 1 15 K).\G = W

3.2 Microstruclural Characterization

The topographical features of the top sutlace of TiC dep{)s-
tied on aMSI 1018 steel are shown in Fig 2. The surface in ir
regular with a splash appearance it in a characteristic feature ol
PES process Electrical energy melts the TiC electrode and
forms a molten globular droplet on the tip of the electrode Mol
ten droplet impinges on the steel substrate and produces a
splash like appearance Such process of mass transfer from
electrode to substrate is supported by the fact that the PES proc
ess was earned out in air. Dissociable gases like air and nitro
gen form a plasma of high thermal conductivity, which
promotes globular mass transfer (Ref 5).

Figure 3 shows the SEM micrograph of the cross-section
of TiC coated 1018 steel Although coating thickness is not

0 UI 7 kJ/mol 1 1 1 55 K < 7 < 1808 KIA(; = 18 •»:

Fe-Ti svstem;

Fe + Ti = FeTi

: Fe f Ti = Fe,Ti

Gibb.s free energs data are not a\ ailable for FeTi and Fe^Ti
Lack of such data makes thermodynamic stability predictions
difficult for mans systems Henceforth in this article, discus
sion is limned to TiC,. FeX. and Fe^C Figure I shows the free
energy of formation of carbides as a function of temperature. It
IS evident from the graph that TiC is the most stable carbide,
and free energy of formation does not change significantly with
temperature Thi^ implies that the entropy (obtained from the
slope of the curve) of formation of carbides is almost negli
gible Hence, it t' reasonable to assume that free energy of car
bides varies in a similar manner even at the temperature
attained during arc formation in PES process. It is also evident
from Fig. ! lhai >ome possibility of formation of Fe^C exists at
temperatures higher than I KX) K. It is noteworthy that apan
from temperature, activity of carbon also plays an important
role in formation of various reaction products (Ref 13-16) In
the earlier work it has been shown that at higher temperatures
TiC dissociatev into Ti and C increasing the activity of carbon
in the melt (Ref 14-16) This results in some of the carbon dif

fusing into the Fe melt to form Fc^C whereas the remaining car
bon recombine' with Ti to reprecipitate stoichiometric TiC.

50

Fig. 2 SE.M micrograph shovfcing the topographical features of
pulse electrode surfacing (PES) deposited TiC coating on steel
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.Iiui .Ulhcfcnl micrl.ii.c .ilimji wiih jIk- MA/ is HKisii.iUii in I i*:
4(.n sh.ijH.-niiiricnsHc IS also ftirnicd Ml «Ik'  I lA/ Isl.uuiv
(p.iitides) ot Ti(' of various si/c and shape vv iilim the ».«>.iiinj:
arc obscr\ed in Fig 4(a) and The coaling is composite iit ii.i
lure Willi TiC islands acting as hard retnlorcemcm in a inatiis ol
Ke and Ti Most of Ihcse TiC islands have irregului morphol
ogy ll has been posiulated lhat some ol TiC part ales thssociaie
and reprccipilaie from ihc mcli. leading lo in siiu formation ot
islands of TtC of various shape and size (Ref ITU. 16)

The presence ofTi and Fc in the coating isevideni Iroinele
menial x-ray maps of the cross scclion corresponding lo Ti and
Fe distribuiion in Fig. 4(b, c). respcciively. TiC islands (parti
cles) arc shown by aTi-rich zone in ihe x-ray maps, whereas the
matrix contains mostly Fc and a small amount of Ti EDS quan
titativc analysis shows the presence of up to 5 to 25 wi^ Ti in
the matrix at various locations. Figure 6 is the EDS spectrum
corresponding to matrix location within the composite coating
region. The reason for high Fe content is due to the large differ
ence between the melting points of TiC coaling and the Fe sub
strate. The lower melting point constituent (i.e.. Fe) forms a
larger volume of molten material as compared to the TiC elec
trode. This results in high concentration of Fe in the deposited
layer (Ref 17).

Fe has excellent w-etting and binding properties for refrac
lory ceramic like TiC and TiB^ (Ref 20, 21). Based upon elec
tronic configuration of d electron subshells in transition metals
and their hard refractory alloys, an empirical rule has been sug
gested lhat allows selection of a suitable binder for given re
fractory material (Ref 20). This has been corroborated by
several researchers for several material systems such as
(Ti.Ta)C-Mo and TaC-Ni (Ref 22). Also, in an earlier Mud\
conducted by the present authors where TiBi was deposited on
AlSI 1018 sice! using PES method, it was observed thai Feacis
as an excellent binder for TiB2 (Ref 17). This further v alidates
the hypothesis of empirical rule suggested for the choice of
binder for transition metal based refractory ceramic Moreover
TiC particles wet Fc easily at high temperatures and wetiing in
creases at high temperatures (Ref 14. 23) All these factors il
lusirate the role of Fe as an excellent binder for TiC.

unilorm. it i.s dense adherent, and tree tioni deleeis sush .i'-
cracks and porosities. The irregular eoaimg thickness is m
cordance with the nature of the PES process as t»bscrved m the
topographical features shown tii Fig 2 A strong, tonlmuous

(a)

ensitic Zone)

20 |j.m

mi^)
S3

sn

.% *

k

20 Jim

Fig, 4 (a) SEM micrograph of the inicrfacial region of TiC-de-
posited steel coupon and corrcsprindmg x-ray elemental map foi
(b)Ti and(c)Fe

Fig. 5 High magnification SEM micrograph showing T»C is
lands of various shapes and sizes in the coating region
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particles embedded in ar* Fe-nch mairix produces an effect
similar to that of the WC Co system

I he presence of Ti in the matrix could possibly be due to the
Exccns T[ I'rom TiC, gels dissolved in ihe Feing reasons

rriLli and remains as Fc-Ti solid solution or Fc-Ti-C eutectic
kul 161 However, the presence of 5 to 25 wi% Ti in the melt

_■ Kcceds the solid solubility limits, which could be attributed to
■he nonequilibrium processing experienced during PES proc-

Such higher compositions under nonequilibrium proc
essing have also been observed earlier (Ref 24). Figure 7
jilustrates the x-ray diffraction spectrum of the coaled surface
It shows ail the peaks of TiC. Fe (ferrite), and Fe (austenite).
I here IS al.so an indication of po.ssible FeTi formation, as FcTi

p-eak overlaps with Fe (austenite) peak. Formation of such
p;hasc also accounts for high weight percent of Ti present in the
matrix FeTi formation in Fc-Ti-C system has also been ob-
-erved in earlier studies (Ref 24). .Austenite peaks exist because
f c melt retains excess carbon due to rapid solidification. On the
lontrarv. carbon contents might not be high enough to form
f-c ,C- This is also corroborated by the absence of Fe ^C peaks in

7 Furthermore, it has been shown earlier in thermody-
prediciions of Fig. I that free energy of formation of

c-ssing

Fig
nainic

J.4 Tribological Characterization

Wear Test (Weight Loss Analysis). Wear test results are pre-
scnlcd in Fig. 9, which sho-xs the weight loss over a 10 min period.
It can be easily obserxed that the coated surface shows excellent
wear resistance incompari\on touncoated AISI 1018 steel sub
strate. Wear rate (g/mini of the coated surface has reduced by
almost a factor of 4. and it tends to stabilize after an initial pe
riod of 4 min. This suggests a formation of wear-resistant film
over the entire substrate The worn surface was subjected to
topographic observations m SEM Figure 10(a) shows  a low
magnification SEM micrograph of the worn surface of TiC
coated AISI 1018 sample Elemental x-ray maps correspond
ing to Ti and Fe distribution in Fig. 10(a) are presented m Fig
10(b. c). rcspeciivcK These show Ti presence all over the sur
face along with Fe. u hich is in accordance with the composite

^  does not support its formation. Thus. TiC is the major
phase in the coating in addition to Fe.

• nc

>ir«i

SCO

3.3 Mechanical Characterization

Mechanical characterization of the coating and interface
was performed using a microhardness tester. Figure 8 shows a
SI-^Vl micrograph of the cross section of the coating and the
HA/ with microhardness indentations. The relative difference
in the size of microhardness indentations explains the variation

hardness. Microhardness values (Knoop) in the coaling are
high with an average value of 1235 ± 86. and they dropdown to
1.52 ± .32 in the HAZ Microhardness in unaffected base mate
rial IS 172 ± 12 Such variation in hardness is attributed to the
presence of TiC particles in the coating and martensite in the
fJA/ as observed in Fig 8. There is no crack initiation or de-
laniiiiation at the site of mdeniaiion. which indicates the tough

of the coating. It should also be observed that though

n
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Fig. 7 X-ray diffraciion 'pecira before and after wear of TiC
deposited steel coupon

TiC Coating{iC and Fe show considerable differences in (heir coefficients
I  thermal expan.sion. still there is no dclaniinalion at the

TiC/Kc interface. Such loughne.ss combined with high hardnc.s.s
aiinhuted to the composite nature of the coating Thus. TiC
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when; N IS n.irm.il UusI r i.s Ihs- liiic.ii spccil .il llu- disk .ind )i
ihc (.iieriicis-ni iil Iriciiim By cinuiiiii: .ihnss- die umi l-iju.i-

(loiis. die cociricicni 1)1 rriemm is ei)iii|iuied I he nieasiiieiiiem
o( coefl'icieni of Irieiion provides direct inforni.iiioii .ihmii the
work done to deform (elastically and/or plastically I the surface
material. However, it is not necessarily a direct indication ol ma
terial loss or separation as loose debris Ironi the surlace Also, high
fnction docs not necessarily imply high wear rate (Ref 2SI.

The computed cocfncieni of friction for TiC coating has
been plotted for the entire ie.st time of 10 mm (Fig. 1 1). Coeffi
cient of friction values are constant and do not fluctuate signifi-
canily. The best fit line shows the coefficient of friction to be
0.58. Such behavior of Ihe composite coaling could be ex
plained by a model that illustrates frictional behavior of multi
phase and /or composite materials (Ref 25).

This model predicts that friction of a composile/mulliphase
material is influenced by the relative amounts and friction coef-
ficients of Ihe constituent pha.se. Al.so. friction is affected by the
wear resistance of an individual constituent. In most wear situ
ations. the more wear resistant phases carry' a disproportion
ately larger part of the load and hence have a larger influence on
the friction of the composite. Hence, the friction coefficient of
the composite generally does not follow a linear rule of mixture
but is dominated by the friction coefficient of the most wear-re
sistant constituent. It is well understood that a refractory ce
ramic like TiC has high wear resistance as compared to that of
plain carbon steel. Hence, according to the model discussed
above, TiC particles in the coating tend to carry  a larger load
than Fe and contribute largely toward the coefficient of friction
of the composite coating. It has been proposed earlier that TiC
coatings have a low coefficient of friction and are ideal candi
dates as solid lubricants for high vacuum applications (Ref 2).
Because TiC has a high wear resistance and low coefficient of
friction, it dominates the friction of the composite. Such a hy
pothesis is supponed by Fig. 10. which shows a composite film
of TiC and Fe on the worn surface. Formation of such a film
leads to an earlier stabilization of coefficient of friction, which
isevidentfromFig. il.
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Fig. 9 Variation m cumulative weight loss as a funetion of lime
during dry sliding test

nature of the coating, as discussed earlier. There is no indica-
of brittle failure or loose debris formation of the TiC ce-tion

ramie phase. The wear phenomenon in, such multiphase
composite materials is fairly complex, depending on several
factors such as volume fraction, distribution, and morphology
of the carbide panicles (Ref 25). Under idea! conditions, mono
lithic ceramics such as TiC are supposed to fail in a brittle man
ner under wear conditions (Ref 26). However, the presence of
softer phases such as ferrite and austenite (as observed in x-ray
diffraction spectrum in Fig, 7) between hard ceramic particles
alters the wear nature of monolithic TiC. It has been mentioned
earlier that Fe acts as an excellent binder for Ti-base refractory
ceramics (Ref 17.20). This prevents debonding at the TiC par-
ticle/Fe matrix interface. Also, as mentioned earlier, several of
the TiC islands in Fe matrix are formed in an in situ manner dur
ing the coating process, providing a coherent interface between
these islands and the matnx (Fig. 4a and 5). Under such wear
conditions. Fe-base matrix phases deform plastically to accom
modate the high stresses experienced by TiC particles. This •
prevents brittle fracture and fragmentation of TiC ceramic par
ticles. Hence, chipping off is prevented, and no loose debris is
observed in Fig. 10 A composite film containing hard TiC par
ticles and soft Fe phases covers the entire substrate, which as
sists in reducing the wear rate. The x-ray diffraction spectrum
of a worn surface is shown in Fig. 7. Within the limits of resolution
of the x-ray diffractometer, the spectrum does not indicate evolu
tion of any new phases during the wear process. Such new phases,
if formed, could influence the wear behavior of the coatings.

Coeflicient of Friction Measurement. In the present
work, the coefficient of fnction is calculated by measuring the
changes in voltage and current in the electrical circuit of the
motor driving the block-on-ring tribometer during loading (Ref
27). Based on the principle of energy conservation, the fric
tional energy (IV,) equals the change in the clectricai work dur
ing loading, as given by Eq 1.

4. Conclusions

An ulirahard TiC coating has been successfully deposited
over AISI 1018 steel using a high energy density process
such as PES. The coaling is adherent, crack free, and defect
free. However, coating thickness is not unifomi. which is a
characteristic feature of PES process.

The coating ts composite in nature with TiC being the most
stable phase in a Fe-rich matrix Islands of TiC of various
sizes and shapes are present in the coating. Such coating
morphology is due to the highly active and complex Fe-Ti-
C material system.

A coating with high hardness value is obtained.
Wear resistance of the coated surface has increased signifi
cantly. The wear behavior of the TiC coated surface is ex
plained by formation of
accommodates stresses by plastic deformation of softer
phases.
A coefficient of fnction has been computed and explained
on a model based on the composiie/muliiphase material.

composite film, which
'• (Eql)Wf = voltage x cunent (A/);

From friction theor>'. it is known that.

(Eq2)W'r= AA/v
f
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APPENDIX VI

COMPARATIVE WEAR IN TITANIUM DIBORIDE COATINGS ON

STEEL USING HIGH ENERGY DENSITY PROCESSES

(This paper is under review in Wear journal)
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Comparative Wear in Titanium Diboride Coatings on Steel
Using High Energy Density Processes

Arvind Agarwal and Narendra B. Dahotre
- Department of Materials Science and Engineering

Center for Laser Applications
University of Tennessee Space Institute

Tullahoma, TN 37388
USA

Abstract

A comparison between the tribological properties of titanium diboride (TiBz) deposited

using high energy density processes such as Pulse Electrode Surfacing (PES) and Laser

Surface Engineering (LSE) has been made. The wear resistance of TiBi coated surface is

higher than AISI 1010 steel. Wear resistance of the LSE coated TiB2 coating, is even

better than PES deposited TiB2 coating. Coefficient of friction values for LSE coated

TiB2 coating (|J.=0.59) is lower than PES deposited TiB2 coating (p,=0.68). Wear occurs

'  in PES deposited TiB2 coating by brittle fracture and attrition type mechanisms whereas

wear in LSE deposited TiB2 coating occurs by plastic deformation of the soft matrix

phase, Fe from a "composite" layer on the surface.

Keywords: TiB2 coating, Pulse Electrode Surfacing (PES), Laser Surface Engineering

(LSE), Wear resistance. Coefficient of friction.
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1. Introduction

Tribological properties of the ceramic coatings depend upon several factors such

and thickness of the coating, coating material, type of the substrate, operating

conditions and coating process. Based on these variables, several wear mechanisms have

as hardness

been proposed for different coating-substrate system viz. ploughing, flake formation,
fragmentation, spalling, plastic deformation, removal

In the present study, wear and friction

micropolishing, cohesive failure or

of hard particle phase and attrition [1].

characteristics of TiB2 coating has been investigated.

Titanium diboride (TiBz) is a transition metal based refractory ceramic which has

unique properties of extremely high hardness, high melting point, wear resistance,

and electrical conductivity [2]. It also has excellent corrosioncorrosion resistance

resistance against metallic aluminum and cryolite, which makes it suitable candidate as a

coating material for inert cathode used in Hall-Heroult cell for aluminum electrolysis [3-

4]. Conventionally, TiBz ceramics are processed by hot-pressing and sintering which are

very expensive, as it requires high temperature processing [5]. Moreover, near net shape

forming is also impossible. However, surface engineering seems to be an alternate way

to modify the surface properties similar to that of TiB2 without altering the bulk
In the present study, TiB2 has beenproperties of the engineering component or structure,

deposited on plain carbon steel'using high energy density processes. Pulse Electrode

Surfacing (PES) and Laser Surface Engineering (LSE) techniques. A comparative study

of wear and friction behavior of TiB2 coating deposited by these two processes has been

presented. For a better understanding of the comparative wear mechanisms, it is essential

to understand the main features of the two coating processes. The detailed comparison of
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the two coating processes and the resulting coating morphology has been presented

elsewhere [6-9].

Pulse Electrode Surfacing (PES)

Pulse Electrode Surfacing (PES) technique utilizes a high current, short duration

pulse via discharge capacitance and voltage circuit which results in melting the electrode

and depositing the material on the substrate [10-13]. This process is very similar to

welding process with the exception of little total heat input. Hence, PES process is also

referred as micro-welding process. The main advantage of this process stems from the

fact that metallurgicalFy bonded coatings with an!adherent interface can be produced with

little heat input to the substrate at ambient temperature [14]. Since the bulk material

remains near ambient temperature and acts as heat sink, heat is rapidly dissipated leading

to rapid solidification of the molten pool which in turn results in an extremely fine

grained coating of high density, hardness and strength. Furthermore, PES process

obviates the need of expensive environmental chambers required in several types of other

coating processes. The primary requirement and the limitation for the PES process

that electrode material should be electrically conductive and thus capable of melting in an

electric arc.

Laser Surface Engineering (LSE)

Laser surface engineering (LSE) is one of the surface modification processes

where preplaced ceramic powder precursor is melted along with a thin layer of the

substrate to produce a laser melt zone of desired composition [8]. The most important

advantage stems from the fact that laser surface modification is a non-equilibrium

synthesis. Laser surface modification involves high cooling rates (10^ to 10* K/sec)

arc-

are
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which produces metastable phases by exceeding the solid solubility limit beyond

This leads to development of wide variety ofequilibrium ph^e diagram [15].

microstructures with hovel properties, which can not be produced by any conventional

processing technique. Moreover, these coatings are metallurgically bonded providing a

sound and adherent interface between the coating and substrate. The surface structure

be tailored to thh surface requirement of the application by varying process variables

such as laser traverse speed, pbvver, beam size and type and composition of the precursor

[16]. Also, laser beam has . an excellent spatial resolution that makes it ideal for

depositing coating on miniature size components such as electronic sensors for high

temperature applications. Another advantage of laser surface modification comes from

the fact that laser beam can be transported to any remote location through fiber optics.

This allows deposition of coatings on.components or parts that are complex in shape and

remotely located.

can

2.0 Experimental Procedures

2.1 Pulse Electrode Surfacing (PES) Coating Procedure

Coupons of AISI 1018 steel of dimensions 25 mm x 10 mm x 3 mm were

mechanically polished on emery paper of grit 240 and then rinsed with acetone. A

sintered electrode of TiB2 containing Ni in the range of 1-3 wt % as binder was used to

deposit coating on these steel coupons. Deposition was done using a hand held gun in air

at room temperature. Pulsed electrode deposition was carried out at 50 volts and spark

duration of 10 ps. The discharge capacitance used for the PES process was 450 pF with
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a.current of 50 amperes. Such processing parameters provide an input energy of.0.10

MW/ml

2.2 Laser Surface Engineering (LSE) Coating Procedure

Commercially available TiB2 and Ti powders obtained from CERAC, Milwaukee,

WI were used as precursor material for this study. Both powders had a purity of 99.5 %.

The average particle size range was 5.5 p.m ± 1 jim. Thin plates of AISI1010 steel of size

75 mm x 150 mm x 3mm were cleaned using sand blasting. The precursor of a powder

mixture of 2 wt % Ti and 98 wt % TiBa composition in a water based organic vehicle was

sprayed on these coupons using a paint spray gun. The average preplaced powder bed

had a thickness of 150 ± 15 pm. Sprayed coupons were dried at 70°C for 1 hour prior to

laser processing. The addition of 2 wt. % Ti to TiB2 was made on the assumption that Ti

increases the wettability in the melt zone [17]. It was also anticipated that additional Ti

would recombine with any boron, which may disassociate during laser processing. A 2.5

kW Hobart HLP 3000 continuous wave Nd:YAG laser (1.06 pm wavelength) equipped

with a fiber optic beam delivery system was employed for synthesis of laser assisted TiB2

coatings. In order to provide a large sweeping coverage (i.e. rapid processing speed) and

to reduce and/or to eliminate overlap between the successive laser passes, laser optics

were configured to provide a 3.5 mm long line beam in spatial distribution (TEMoi) onto

the sample surface. The processing parameters were optimized in accordance with earlier

reported literature [8-16]. In the present study, laser beam power and laser traverse speed

were kept constant at 1.5kW and 33 mm/s, respectively. Thus, the energy density input

for LSE is 15 MW/m^, which is couple of orders of magnitude higher than PES process.
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2.3 Microstructural Characterization '

Coating morphology and wear surface topography was studied using a ISI Super

TTT-A scanning electron microscope (SEM) coupled with EDAX. Metallographic samples

for scanning electron microscopy were prepared by polishing on Buehler TEXMET 2000

cloth during initial stages of polishing. The etchant used for TiB2 coated steel sample

Nital. Laser treated samples required longer etching time as compared to PES

samples. Such behavior could be explained by the nature of the coatings obtained in two

processes. Structural characterization for phase(s) identification was carried out on a

Philips Norelco x-ray diffractometer with CuKa radiation (1.54 A) operating at 40kV and

20 mA. Surface roughness of the wear surface was examined using a WYKO VISION

RST 500 optical profilometer.

2.4 Tribological Characterization

.  Tribological properties of the TiBi coating were measured using a block-oh-disk

tribometer. Coated coupons of dimension 25 mm x 25 mm x 3 mm were tested for dry

sliding wear against a hardened steel ring rotating at a linear speed of 4.4 m/s. Weight

loss measurements were made after successive 2 minutes. The dry sliding wear test was

conducted for a total of 20 minutes duration with an applied normal load of 2 kg.

Coefficient of friction (n) was also recorded for  a 10-minute period by an interfaced

computer, which acquired data in the form of electrical output power of the motor. Even

though data was recorded at a frequency of IHz for a total test time of 10 minutes, an

average of 10 successive points was taken for computing the coefficient of friction, p.

was
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3.0 Results and Discussion

5.7 Coating Morphology

Coating morphology and surface roughness play a crucial role in influencing the

tribological properties of the coating. Figure 1(a) shows the topographical features of the

top surface of TiB2 deposited on the steel substrate using PES technique. The surface is

rough and irregular with several islands of globular shape and a splash appearance. This

is a characteristic feature of the PES technique. In the present study, PES process was

conducted in air, which supports globular mass transfer mechanism. This is attributed to

the fact that dissociable gases like nitrogen and air form a plasma of high thermal

conductivity, which promotes globular mass transfer [13]. A molten globular droplet

forms at the TiB2 electrode tip and impinges on the steel substrate. This produces a

splash appearance on the top surface. The corresponding surface profile of the coated

surface is illustrated in Figure 1(b). Surface is very rough in nature with several peaks

and valleys. The average surface roughness, Ra for PES coating is high (16.91 pm) in

tune with its topographical features observed in Figure 1. Surface topography of the

laser-engineered surface is shown in Figure 2(a). The surface is relatively smooth, flat

and free from cracks. The profile of the LSE deposited TiB2 surface is illustrated in

Figure 2(b). The average surface roughness, R* for LSE coating is low (6.39 pm) in

comparison to PES surface. The importance of the surface roughness in wear phenomena

will be elucidated in the following sections. Figure 3 presents the SEM micrographs of

the cross-sectional views of the TiB2 coated steel using PES and LSE processes. It can

be seen in Figure 3(a) that pSeS deposited TiB-i coating is homogeneous, dense, adherent

and free 6f defects like cracks. However, the coating thickness is not very uniform
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throughout the cross'^section-' This is in' accordance with the nature of PES process as

described above' and' as ear>>er;Obserwd in the tof^graphical features of the same sample

in Figure 1. Figure 3 (b) is a cpntinuoius, adherent and crack free laser deposited TiB2

coating on AISI 1010 steel substrate. Coating/laser-melt-zone is “composite” in nature.

It is a mixture of uniformly distributed TiB2 ceramic particles of different morphologies

(polygonal and acicular) and Fe. During laser processing, a thin layer of steel substrate

melts and mixes with TiB2 due to convection currents within the melt zone resulting in a

composite coating. Within the laser melt zone, the distribution of TiB2 particles is

uniform and their content is very high (volume fraction = 0.67).

3.2 Tribological Properties of TiB2 Coating

3.2.1 Weight Loss Analysis

Wear test results are presented in Figure 4, which shows the weight loss over a

20-minute period. It can be easily observed that LSE coated surface shows least weight

loss in comparison to the PES coated surface and AISI 1010 steel substrate. Wear rate

(gm/min) of the PES coated surface has reduced by almost a factor of 3 whereas for LSE

surface, wear rate has decreased by a factor of 15 in comparison to the uncoated AISI

1010 steel substrate. Moreover, wear rate for LSE coated surface tends to stabilize after

initial period of 4 minutes suggesting the smoothening and/or breaking off of hard

asperities, thereby providing a flat contact with the "composite" composition. The worn

surfaces of PES and LSE coated samples were subjected to topographic observations in

SEM. Figure 5 (a) shows a low magnification SEM micrograph of the worn region in

PES deposited TiB2 sample. Elemental x-ray maps corresponding to Ti and Fe

an
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distribution in Figure 5 (a) are presented in Figures 5 (b) and (c), respectively. Wear

mechanism in PES deposited TiBz c'oating'is essentially brittle in nature. Because of the

inherent brittleness of the ceramic material, wear can occur by chipping [18]. Also,

surface and subsurface cracks form, join and release small chips of material. These

chipped off particles are further cashed into finer particles leading to formation of wear

debris [18]. Such wear mechanism has been termed as attrition type of wear. A

combination of brittle fracture arid attrition wear mechanism is observed in PES coated

TiB2 sample. As observed earlier, PES surface is very rough in nature showing peaks

and valleys in the TiB2 coating (Figure 1). Under sliding conditions of wear, peaks of

TiB2 coating act as asperities and regions of high stress concentration. The interfacial

strength between two successive droplets of a refractory ceramic like TiB2 is not high and

to crack formation. These small cracks tend to join leading to formation of a major

Such phenomenon is clearly evident in Figure 6 which shows small and thin

cracks merging together to form a wide crack.- Such wide crack formation results in

chipping of TiB2 coating as particles from the steel substrate. Chipping of TiB2 particles

suggest a high wear rate which is evident in Figure 4. Figure 5(a) shows denuded steel ,

substrate after the chipping of particles of TiBi coating. Some of these chipped off

prone

crack.

particles are further crushed and form wear debris, which is indicated by the presence of

Ti over the denuded steel substrate (Fi^re 5(b)) and bare regions with loss of TiB2

Chipping of TiB2 particles is furthercoating on steel substrate (Figure 5(c)).

corroborated by the surface profile of the worn surface shown in Figure 7. TiB2 coating

have chipped off at several locations, which is indicated by the deep craters formed on

the surface. Average surface roughness. Ra, of the worn surface has reduced from 16.91
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p,m (as coated) to 6.27 |J.m, which is attributed to the flattening of the surface after

sliding wear for twenty-minute period.

The wear phenomenon in LSE coated sample is significantly different from the

PES coated sample. As stated earlier, LSE deposited TiB2 coating is "composite" in

nature. Wear mechanism in such multiphase composite materials is very complex which

depends upon several factors such as volume fraction, distribution and morphology of the

ceramic particles [19]. Under ideal conditions, monolithic ceramic such as TiB2 is

expected to fail in a brittle m^ner [2]. However, presence of the softer matrix phase, Fe

between hard ceramic particles dters the wear nature of monolithic TiB2. It has been

mentioned earlier that Fe acts as an excellent binder for Ti based refractory ceramics

[7,20]. This prevents debonding at TiB2 particle/Fe matrix interface [9]. Under such

materials conditions, Fe-based matrix phase(s) deforms plastically to accommodate the

high stresses experienced by. TiB2 particles. This prevents brittle fracture and

fragmentation of TiB2 ceramic particles. Hence, chipping off is prevented and no lose

debris is observed. A composite layer contmning hard TiB2 particles and soft Fe phase(s)

covers the entire substrate, which assists in reducing the wear rate. Such microstructural

features are elucidated in Figure 8 that shows TiB2 particles embedded in Fe matrix.

There is no crack formation observed. Wear occurs mainly by plastic deformation of the

softer matrix Fe ph^e resulting, in very little loss of material (Figure 4). Figure 9 is the

surface roughness profile of the worn surface of the LSE coated sample. Wear surface is

clearly ihdicat^ by the depressions (plastic deformation) caused by the rotating disk of

the tribometer and relatively small change in the average surface roughness, Ra from 6.39

pm (as coated) to 4.56 pm.
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The x-ray diffraction spectrum of the PES and LSE coated surfaces before and

Within the limits of resolution of the x-rayafter wear is shown in Figure 10.

diffractometer, the spectrum does not indicate evolution of any new phase(s) during the

wear process indicating that wear in both PES and LSE coated samples, is essentially

physical in nature. Such new phase(s), if formed could influence the wear behavior of

the coatings.

3.2.2 Coefficient of Friction Measurement

;ln the present; work, the; coefficient of friction is calculated by measuring the

change in voltage and current in the electrical circuit of the motor driving the block-on-

ring tribometer during loading [21]. , Based on the principle of energy conservation, the

frictional energy (Wf) equals to the change in the electrical work during loading, given by

equation (1).

(1)Wr = Voltage (AV) x Current (AI)

From friction theory, it is known that

Wf=MNv (2)

where N is normal load, v is the linear speed of the disk and p.is the coefficient of

friction. By equating above two equations, coefficient of friction is computed.

The computed coefficient of friction for TiBj coating for both processes has been

plotted for entire test tirrie of ten minutes (Figures 11 and 12). For PES process, the

fluctuations in coefficient of friction values are higher in comparison to the LSE process.

The best-fit line shows coefficient of friction to be 0.68 for PES process and 0.59 for LSE

Such difference in the friction behavior can be attributed to the coatingprocess.

morphology and prevailing wear mechanisms in two coatings. In PES process, surface is
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inherently rough with peaks and valleys due to the nature of the process supporting a

higher friction value. Moreover, fluctuations in coefficient of friction values for PES

process are higher, insinuating chipping off TiB2 particles (Figures 11). Such

fluctuations are larger for first 2 minutes of the test. The degree of fluctuation decreases

with time, which is attributed to the relative smoothening of the surface. In LSE process.

the coated surface is inherently smoother than the PES surface, leading to a lower

coefficient of friction value (Figure 12). The lower degree of fluctuations in friction

value for LSE coated sample is accounted by the formation of a "composite" layer on the

entire surface. A comparison between the coatings produced by two processes and their

tribological characteristics has been summarized in Table 1.

Table 1. Summary of the TiB2 Coatings and their Tribological
n  '' 'V '

Characteristics Deposited by PES and LSE Processes

Features PES Process LSE Process

Energy Density Input

(MW/m^)

0.10 15.0

Nature of the Coating Thin (35-40 |im),
homogeneous, dense and
very fine grained (2-3 pm)

Thick(200 pm)
Composite Coating with

embedded TiB2 particles in
the Fe-rich matrix

Surface Roughness, Ra

(before wear)

16.91 pm 6.39 pm

n Surface Roughness, Ra

(after wear)

6.27 pm 4.56 pm

Wear Rate (g/min) 0.0005 0.00005

Coefficient of Friction 0.68 0.59

Wear Mechanism Brittle failure in addition to Plastic Deformation

attrition
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The wear behavior of the “composite” coating is very complex, which could be explained

by a model that elucidates frictional behavior of multiphase and /or composite materials

[19].. This model predicts that friction behavior of a composite/multiphase material is

influenced by the relative amounts and friction coefficients of the constituent phase.

Also, it is affected by the wear resistance of the individual constituent. In most wear

situations, the more wear resistant phase(s) carry a disproportionately larger part of the

load and hence have a larger influence on the friction of the composite. Hence, the

friction coefficient of composite generally does not follow a linear rule of mixture, but is

dominated by friction coefficient of the most wear resistant constituent. It is well

understood that a refractory ceramic like TiB2 has high wear resistance as compared to

plain carbon steel. Hence, according to the model discussed above, TiB2 particles in the

coating tend to carry a larger load than Fe and contribute largely towards coefficient of

friction of the "composite" coating. However, in the present study, no such mathematical

modeling has been done for this particular materials system.

4.0 Conclusions

1. Wear resistance of TiB2 , coated surface is higher than AISI 1010 steel. Wear

resistance of the LSE coated TiB2 coating is even better than PES deposited TiB2

coating.

2. Coefficient of friction values for LSE coated TiB2 coating (ji=0.59) is lower than PES

deposited TiB2 coating (p,=0.68).

3. Wear occurs in PES deposited TiB2 coating by brittle fracture and attrition type

mechanisms.
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4. Wear in LSE deposited'TiB2 coating occurs by pjastic deformation of the soft matrix

phase. Fe frorn a "composite" layer on the surface.
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List of Figures

Figure 1. (a) SEM micrograph showing the top surface morphology of the TiB2 coated

surface using PES process and (b) the corresponding surface roughness

profile for the coated surface.

Figure 2. (a) SEM micrograph showing the top surface morphology of the TiB2 coated

surface using LSE process and (b) the corresponding surface roughness

profile for the coated surface.

Figure 3. SEM micrographs of the cross-sectional views of (a) PES sample and (b) LSE

sample.

Figure 4. Cumulative weight losses over a 20-minute period during dry sliding wear

n  ' blo'ck-on- dislc test. Inset shows wear rates corresponding to various surfaces.

Figiird '5:.(a) SEM micrograph ofthle womi'surface of TiB2 coated PES sample and

;■' ; - corresponding X-ray elemental map for (b) Ti and (c) Fe.

Figure 6. SEM micrograph showing the crack formation and propagation during the

brittle fracture of TiB2 coated PES sample.

Figure 7. Surface roughness profile of the wear surface for the PES sample.

Figure 8. (a) SEM micrograph of the worn surface of TiB2 coated LSE sample and

corresponding X-ray elemental map for (b) Ti and (c) Fe,

Figure 9. Surface roughness profile of the wear surface for the LSE sample.

Figure 10. X-ray diffraction spectra before (B) and after (A) wear of TiB2 deposited

(a)PES and (b) LSE steel coupons.
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in coefficient of friction with time during dry sliding test for PESFigure 11. Variation

sample.

Figure 12. Variation in coefficient of friction with time during dry sliding test for LSE

sample.
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IN-SITU SYNTHESIS OF INTERMETALLIC AND CERAMIC
COATING USING PULSE ELECTRODE SURFACING

Arvind Agarwal and Narendra B. Dahotre
Department of Materials Science and Engineering

Center for Laser Applications
University of Tennessee Space Institute

TuIIahoma,TN 37388

Keywords: Pulse Electrode Surfacing (PES), Coating, Intermetallic, Ceramic, Thermodynamics

Introduction

Pulse Electrode Surfacing (PES) technique utilizes high current electrical pulses of short
duration to modify the metal surface. A high current, short duration pulse via discharge capacitance and
voltage circuit results in melting'the electrode and depositing the material on the substrate (1-6). The
primary requirement for the electrode material is that it should be electrically conductive and thus
capable of melting in an electric arc. The main advantage of this process is its ability to apply
metallurgically bonded coatings with low heat input to the substrate at ambient temperature. Since the
process requires very little total heat input, it reduces heat affected zone (HAZ) and minimizes the
chance of thermal distortion (4). Substrate material acts as huge heat sink leading to rapid solidification
of the molten pool. This results in an extremely fine-grained coating of high density, hardness and
strength. Coatings deposited using PES process are used for several applications such as nuclear, fossil
and geothermal energy environment (4,6-7), high temperature turbine coatings (8), industrial cutting
tools such as milling cutters and drills (9), wear resistant surfaces on large agricultural and textile
equipment, high temperature sensors, systems used in petrochemical and pharmaceutical industry and
for modem sport equipment(4). In the earlier studies based on PES process, ultrahard ceramic and
intermetallic coatings have been deposited using an electrode of same material as that of coating (6-
7,10-12). However, in the present study an attempt has been made to synthesize intermetallic and
ceramic coating using reactive synthesis during PES process. Such an approach may eliminate the need
of using electrodes of intermetallic and ceramic materials for coating, as often it is very difficult and
expensive to produce electrodes from these materials without any impurities. FeaAl based intermetallic
and AIN based ceramic coatings have been synthesized using PES process.

Iron aluminide (FesAl) based intermetallics are well known for their excellent resistance to high-
temperature sulfidizing and oxidizing environment (13). Moreover, they have high hardness with an
excellent wear and erosion resistance (14). However, environmental effect such as hydrogen
embrittlement [HE] causes brittle failure of the intermetallic and limits processing of this alloy into
useful shapes and components (15)., ̂ qugh. several have been made in FesAl alloy development using
alloying and thermomechahical treatments, it is still far from being used as commercially available
structural material (15-17). It.js envisaged that Coating structural steel with FesAl based intermetallic
would allow the eff^tive usage of its environmentahand wear resistant properties. FesAl based coating
would also obviate the problems faced in fabrication of these alloys into useful shapes.
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Aluminum Nitride (AIN) has been of prime importance to electronic industry due to its electrical
insulating characteristic at high temperatures and high thermal conductivity (18). AIN also possess
corrosion resistance properties against molten aluminum and can be used as an anti-corrosive coating for
liquid aluminum handling tools and sensors (19). AIN has a considerable high oxidation resistance upto
700°C and can be used as a coating on cutting tools and heating elements (19).

In the present study, FejAl and AIN coatings have been synthesized using reaction synthesis
during PES process in nitrogen and ammonia environment. Thermodynamic feasibility of such coating
synthesis has been addressed. Characterization of these coatings has been performed using various tools
such as x-ray diffractometer, microhardness tester and scanning electron microscope (SEM).

Experimental Procedures

Coating Process

Coupons of AISI 1018 steel of dimensions 25 mm x 10 mm were mechanically polished on
emery paper of grit 240 and then rinsed with acetone. Aluminum electrode (99.99 % purity) was used to
deposit coating on these steel. coupons. ; Deposition was done using a h^d held electrode gun in
localized nitrogen (N2) and ammonia'(NH3) environments provided around the region of deposition at
room temperature. Pulsed electrode deposition was carried out at 100 volts and a spark time of 10 ps.
TTie discharge capacitance used for the PES process was 3(X) pF with a current of 50 amperes.

Characterization

ISI Super ni-A scanning electron microscope coupled with EDAX was employed for
invMtigation of microstructural morphology and chemical characterization of the coating and interface.
Structural characterization for phase(s) identification was carried out on a Philips Norelco x-ray
diffractometer with CuK^ radiation operating at 40kV and 20 mA. Microhardness measurements were
performed on Buehler Micromet n microhardness tester using a Knoop indenter with a load of 200 gm
applied for 15 seconds.

Results and Discussion

Figure 1(a) shows x-ray diffraction spectmm of the coated surface in N2 environment. FesAl is
the major phase present in the coating. However, few peaks of non-stoichiometric phase(s) such as
Fe*Aly are also indicated. Fi^re 1(b) is x-ray diffraction spectrum of the coated surface in NH3
environment. Though Fe3Al is still the major phase in the coating, characteristic peaks of AIN are also
observed between 30 and 40 degree values of two theta. AIN peaks are further resolved in a low speed
x-ray scan shown in Figure 1(c). Fe2N and Fe3N peaks are also observed apart from AIN peaks. It is an
interesting observation that both Fe3Al and AIN peaks are observed in the coating synthesized in NH3
environment whereas only Fe3Al peaks are present in the coating synthesized in N2 environment. Such
behavior can be understood by the thermodynamic nature of reacting species. Equation 1 represents
dissociation of NH3 (20).

AG = 45.46 - 0.1IT kj/mol (I)NH3 = N + 3/2H2;
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Figure 1. X-ray spectra of the PES coated surface in NH3 and N2 environment.
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Pulse electrode surfacing is a high energy density process, which appears to provide sufficient energy
input to cause dissociation of NH3. Nascent N reacts with A1 electrode to form AIN. Formation of AIN
from its parent elements is represented by equation 2 (21).

Al + N = AIN;

Adding equation (1) and (2) provides synthesis of AIN by PES process in NH3 environment, which is
represented by equation (3)

Al + NH3=AIN +3/2 Hi;

Equation 3 is a thermodynamically feasible reaction and ceases AIN formation at 2387°C (AG = 0).
During PES process, consumable A1 electrode with  a positive polarity is brought close to the substrate
having a negative polarity, which results in arc formation of microsecond duration. Though temperature
measurement during arc formation is a debatable issue, it has been successfully argued that material
transfer from electrode tip to substrate occurs in liquid state (3). Hence, it is reasonable to assume that
arc temperature is higher than melting point of Al. Liquid A1 drop reacts with nascent N atom from
dissociated NH3 to form AIN as represented by equation 3.

AG = -322.17 + 0.093T kj/mol (2)

AG = -276.71 + 0.104 T kJ/mol (3)

On the contrary, N2 is a very stable gas and does not dissociate significantly like NH3 (22). The
energy of dissociation of N2 into Ng^s variM between 412455 kJ/mol for the temperature range of 298-
KKX) K (22). It further varies between 1783-1856 kJ/mol and 460437 kJ/mol within the same
temperature range for other electronic states viz. N*(gas) and N’(gas) (22).

AG = + 473.39 -0.061 TkJ/mol (100 K<T <1300 K)Ni — Ngas + Ngas ;

Although PES is a high energy density process, due to its relatively inefficient mode of energy transfer,
energy input is not high enough to cause dissociation of nitrogen (12). On the contrary, nitrogen
dissociation has been observed during laser material processing which has very high energy input in
comparison with PES process (12,23). Since nitrogen does not dissociate during PES process, liquid Al
drop impinges on to 1018 steel substrate and forms Fe-Al based intermetallic. Fe3Al is the most
prominent phase formed represented by equation 4 (24-25).

3Fe+Al = FejAl; AHf= 18.0 kj/mbl

Formation of Fe3Al is an exothermic reaction, which occurs after melting point of Al is achieved (24-
25). The presence of Al rich liquid causes a rapid increase in the reaction rate resulting in heat evolution,
which further increases reaction rate leading to synthesis of FcsAl within few seconds (25). A similar
reaction mechanism occurs during PES process where liquid Al droplet reacts exothermically with steel
substrate to form FesAl based intermetallic coating. EDS analysis suggests 13 -16 wt % Al within the
coating region. Such composition is further indicative of Fe3Al formation within the coating (25).

Microhardness values within the coating, interface and substrate are . elucidated in Figure 2.
Coating synthesized in NH3 environment has a higher hardness (774 Knoop) than coating formed in N2
environment. This is attributed to the presence of AIN in addition to Fe3Al intermetallic within the
coating. AIN is a hard ceramic (1200 kg/mm^) compared to FesAl based intermetallic which has

.  (4)
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hardness in the range of 380-620 kg/mm^ (18.26). Presence of this hard phase causes an mcreased
hardness in coating produced m NH3 environment. On the contrary, coating produced ,n Nj
environment does not have AIN phase. Hardness (592 Knoop) of the coating produced in
environment is mainly due to Fe3Al.

800
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I 8 400 -
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403020100

Distance (urn)

Figure 2. Microhardness variation within the coating, interface and substrate.

Figure 3 shows a SEM micrograph of the cross section of the coating produced by PES process
in NH3 environment. Coating is metallurgically bonded and adherent to the substrate. There are few
vertical cracks within the coating, which could be due to differential thermal conductivity of Fe3Al and
AIN (18,26). Similar morphology was observed for the coating deposited in N2 environment except
with an absence of cracks.

t

5^■V.

i
20 pot

m

Figure 3. Cross-sectional view of the coating deposited in NH3 environment.

Conclusions

Fe3Al based intermetallic and AIN based ceramic coatings have been successfully synthesized
using PES process in N2 and NH3 environment. AIN is synthesized only in NH3 environment due to
availability of N atoms from dissociated ammonia. FesAl formation is exothermic in nature and occurs
in both, N2 and NH3 environment. Hardness of coating synthesized in NH3 environment is higher due to
presence of AIN apart from FC3AI.
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