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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 TiB, 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 and behavior of the TiB, 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
TiB; particles and the Fe from steel trapped in the laser melt zone. Such coating has been
evaluated for various properties such as rﬁechanical (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 TiB, coéting using nanoindentation
techhique. It also has been concluded that TiB,. coating has a high interfacial energy
suggesting a stronger and adherent interface. Composite TiB, éoating has a significant
oxidation resistanc‘:e upto 800°C.  Also, it has shown improved high temperature
corrosion resistance against liduid aluminum. Such features contribute significantly

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

The ability to change the surface characteristics of a component/structure vnithout
changing the bulk material properties by use of surface coatings has opened up many new
and diversiﬁed applications in a various technoiogical 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 commercial potentiat

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. Moreos/er, they are also used in electronic industry (high temperature
sensors) modern sports 1ndustry (golf club heads, snow sk1 shoe spikes etc) and medlcal
equipment. An "ideal coating" could p0331b1y be identified by its properties such as high
hardness, high te‘mberatur_e strength, wear and erosion resistance, oxidation and corrosion
resistance and strong adherence to the substrate. Con\{entionallj}, surface modification
processes like chemical vapor deposition (CVD); physical vapor deposition (PVDj and »
thermal .soray 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 h1gh input ‘
energy, cost of a vacuum chamber size ot' the work plece poor bond strength and
environmental hazards Several new coanng methods‘ such as pulse electrode surfacing, -
ion beam assisted deposition "téchniques and - laser assisted_ techniques are being
investigated‘ by the researchers all over the world.
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The airn of the present study was to identify‘ and'de_ve'lop a unique combination of
coating technique anrl material, which could target its properties similar to that of an
"ideal coating". Laser Surface Engineering (LSE) process was employed to deposit
refractory titanium diborrde (T1B2) ceramic coating on AISI 1010 steel substrate. Laser
Surface Engineering (LSE) is one such versatile process that offers’ several advantages
over other surfaée.modiﬁcation techniques. The surface properties can.be tailored to the
requirement of the application by varying process varial)les 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' TiB, within.a ﬁred
envelope of processing parameters such ‘as laser power and traverse speed. Such
processing parameters were fixed after extracting experience from_the several trials and
the available literature. The thrust of the present_ study is on the material properties and
behavior of the TiB; coating within the fixed envelope of these pro»ce‘ssing 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 snggestions

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 ope;atibri of laser in 1960, laser technology has

advanced a great deal and its implications in materials proéessing 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 reﬁuiﬂng substantial amounts
of energy to induce the required phase uansforrﬂations in trhe workpiece such as cutting,
welding, ‘heat treatments and claddiﬂg. Many surface-relate::d faiiu‘res by mechanism
involving wear, corrosion, erosion-,or high temperature o_xidation can be minimized by
laser surface modification process (1-4). Hence, last decade has seen the"in#:reased use of
- lasers in industfy for sﬁrfaceAmodiﬁéation applications. Surfac;é modifications using a
laser can take place in a variety of fqnns, depending upon laser type aﬁci the materials
that it is interacting with.

The three main tjpes of laser used in surface modifications are the carbon dioxide
(COZj laser (continuous/pulsed), the neodinium-doped yttriﬁm alﬁﬁﬂnum garnet (Nd:

YAG) laser (continuous/pulsed) and the excimer laser (pulsed). Other iasers such as the
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copper vapor, ruby or argon ion lasers can also l;e u_sed fq pr.o;n‘ot:e‘s(urf“ace m;)diﬁcation,
but their ﬁse in the industry at pres'ent has been limite-vd;h' Figure é.l ‘shows tﬁe location of
some of these lasers in the electromagnetic spectrum (5). Witﬁ the two commonly
ihdﬁstﬁélly uséd IR lasers, namely the CO, laser (wavélength, 10.6 p.m) and the Nd:
YA’G‘ laser (wavelength, 1.06 pm), the substrate is usually modified by a heat related
process. Phd;ochernical‘ procésécs usually occur using the industrial UV laser, namely
tﬁe excimer laser. Surface modification can, therefore, occur usiﬁg both these types of

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

2.2 Surface Modification Techniques
Tyi)ical surfal‘c“e_;‘ ;llteration ‘proéesses using iasers tf_adi;ionally include (i)
transformation harciening; (ii) surface melting, (iii) surfgce clédding, (iv) surface alloying
and . (v) other tec_hniques (surface smoothening, te)’qul:ing; "c‘oa‘ting removal and
micromachining). in surfac;e 'modiﬁcatio’n techniques, the interaction ﬁlﬁe Between the
laser and the substrate is-of fundamental importance in determining which of the above
mentioned processes Will ocI:cur.’ Due to such ox";arlapp.‘in‘g of the various lasef surface
modification processes (e.g: cladding, alloying and melting), a new term "Lasér Surface
» Engineéring" (LSE) has ,beén coined by the author in the present study. The present
study is‘orieﬁte(_l tov'va’u'd.sv depositing a t;igh temperature oxidation, corrosion and wear
resistant coéting using ‘lzisers'. Hence, a literature review of only similar laser processes is
included.:' ‘Pro'cesses' hke transforfnaﬁon hé.rdening, texturing, coatihg removal and

AN

micromachining are not being discussed here.
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S

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 reﬂectioﬁ 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
towards the substrate. @ Within a short timé, the liquid-solid interface reaches the
substrate and interdiffusion 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
alloy/composite. Composition of the phase(s) formed in -the surface modification such as
this depends upon alloy depends upon several prpcessing variablel% and material
properties. Solidification is very rapid in la;sér sﬁrface modification (> 10° K/s). Thus,
solid state diffusion can be neglected. .Rapid solidification | often leads llto novel
metastable phase(s) and sometimes even metallic glasses. High cooling rateg (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 irppg;taqt factprs among vthese are power, traverse -
speed and diameter of the laser be.am.t . An i.ncr’e’awsef in power increagés the depth
irrespective of ‘thé 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,
increaéing‘ the depth.of iaser modified zone. An increase m speed with other variables
being held constant, restricts fhe laser- material interaction time and leads to a decrease in
the depth of laser modiﬁed 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 Athe melt depth. Howe\;er, béam diameter should not
be decreased too much as it may cross the key'hole threshoid for that material system. If
keyholq threshold were crossed then total internal reflection would occur leading to a

dramatically inéreased 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 givgn speed, will dump more energy on the surface
which will increase the temperature grédients. This increases fluid flow dri.ven by
surface fgnsibn aﬂd 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 z;bsérb leés energy leading to a decrease 1n width of laser modified
zone.

Apart from the bower, travérse speed and béam diameter, concentration of the
laser modified zone debends on the thickness ofﬂ predeposited powder layer. An incr'e‘ase
in beam power increases the depth and width of the melt zone. Thﬁs, there is a larger melt
volume in which powder is dispersed resulting in lower solqte 'concentratidn. On the
contrary, by increasing traverse speed, width and depth of the melt zone decrease leading
to an effective increase in solute concentrétidn 9.

. Laser surface modification offers several advantages over other surface
modification techniques.. The most important advantage steﬁls from the fact that laser
surface modification is a‘ non-equilibrium synthesis. Composition of the modified surface
layer broduced by laser aided synthesis often excéed the solid solubility limit beyond
equilibrium phase diagram. Due to such proceséing conditions, kinetics of the process
affect the transport' of the constituent elements during phase transformation. This results
in a wide variefy of microstructures with different crystallograpiﬁc ‘phase(s) and chemical
compositions, thereby promoting the possibility of n;aw mateﬁals with novel properties.
The surface struct'ure can be tailored to the surface fequirement 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 dépositing coating 6n miniature size components
such as electronic sensors to be used at-high temperature. 'Anotl_ler advan_tage of laser
surface modification comes from the fact that Nd: YAG laser beam can be transported to
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any remote cqi'nér. ihrough fiber .optics. This allows deposition of coatings on

comporierit_s or phrts, which are remotely located:

2.3 Ceramic Coatings Deposited on Metallic Substrates using Lasers

The Atechni'que of coating metals with 'ultr‘:aha¥d ceramic particles u‘si1‘1.g laser
proceséing‘i's beiﬁg developed to meet the extreme réquirements of wear, oxidation and
corrosion resistance (10-19). Because of its high eﬂergy density, the laser beam is able to
melt the metallic substrate and may even partly meit the ceramic pov-vder.‘ As a result,
solid bohding can‘ be formed between the ceramic and the metal. However, as the
physical properties between the ceramic and the metallic fnaterials are much different,
e.g. the crystallographic structures 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. Dehossqn et. al have done extensive work about the deposition of
ceramics such as Cr;Os, SiC, Al;O3 SiO; on stéel ;md ‘ah'lminum substrates (11,13,20-23).
Several critical issues such as wetting of metal by ceramics, metastable phase formation,
interfacial strength are discussed 'tor elucidate the intricacies involved in the science of

metal/ceramic interfaces.




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,y such as
ceramics to metals, requiré the formation of an interface (24). To achieve a proper
bonding between thg 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 model of wetting angle measurements by sessile drop
technique. The main reiétions describing the wetting are given by equations 2.1 (Youﬁg's

Equation) and 2.2 (Dui)re's relation) for wetting angle (8) and the work of adhesion W,,

respectively (25).
cosg =TT @2.1)
le
W, =0,(0+cos8) - (2.2)

- Ogy, Oy and Oy, are ‘the interphase tcnsioﬁé at? the'ixilterfécés'be;t;\;eén, solid—i?aboi, iiquid-

solid and liquid-vapor, respectively. Also, th.e: int'erfaéial adhesion Streﬁgth between
. ceramic particle and metallic melt ié often représented by the work of adhesion, W,,
which is deﬁngd as work per unit area of interface, neceésary to separate reversibly a
solid/liquid intérfzice to create a solid/vapor interface (25). Work of adhesion, W, reflects

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

higher value W, suggests \the stronger interactions (29-30).




Liquid Drop .

Ojy .

| Substrate O)s B 1-6017

Figure 2.2. Wetting angle 6 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 caﬁ be obtained by the mechanical equilibrium of forces at the three-

bhase boundary (Figure 2‘.2).' The s‘arhe equilibrium of forc;es"can be applied to a sysfem
of liquid‘s’: resulting in a éiﬁﬁlar but 4_sofn”e‘Wha‘t'-moré Eompléx relation for wetting angle.
Although wetting occu;s for 8 < 90°, spreading occurs only for 6= 0°, the\ formation of a
coating that compIetelS( 'éover; .tl'1e substrate can not be pfédig:ted from wetting
considefations alone. Iﬂ practice; the eq}lilibfium stafe of wetting is always not reached,
. and conéequéntly the Yc;ung's équaﬁoqv wéuld not be valid and féquires modifications.
There ar'e“ many ‘circumstances ’v;heré a non-equilibrium contact angle plays a role:
wetting kinetics, rough-and heterogeneoué surface, chemical reactions as well as the
wettingi irreyersibility of li'qui,dr metais' on cera@c substrates. In itself, wetting kinetics is
an irnpo:éant in study in surface engineering.. For iﬁstance in laser coating technology of
a qeram{c 1ayer on a metallic substrate, a fast wet’tiﬁé process is required, e.g. on the order
of 0.1 second, since lésér .pi'ocessing itself is a very fast ‘process (13). If the wetting
process is too slow, the inetal-geranﬁc iriterfacé would not have adhered completély
before the solidiﬁcati(‘)n of materials took place, anci \consgqlieﬁtl)‘l the ceramic coating
would fail after cooling (21). The spreading of a liquid drop on \a's'olid surface represents
a spontaneous wetting process. Yet, investigations of wetfing kinetics of liquid metals on
ceramics are’ scarcély av@able (30). With increasing temperature, the wetting time
decreases rapidly. However, no accurate measurements have beeri reported at higher
‘ terﬁperatures. In thé study of a thin li;]uid polyrﬂeri 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
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treated as the driving force and viscosity drag of the liquid film is the resistance to the
wetting (25). On the eo‘ntrary, the wetting kinetics of a liquid drop on a solid surface has
not been modeled with a hydrodynamic approaeh 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 snbstr,ate in contact with the liquid metal. On non-reective systems,
which are eharacterized by extremely 'rapid kinetics of wetting and bsl very weak
temperature dependent variations of the wettmg angle 0, the nature of the solid surface is
not s1gmﬁcant1y modlﬁed by its centact with a metallic phase. The degree of wetting is
only the result of the establishment of chemical equilibrium bonds achieved by the
mutual snturation of the free valances. of the contaeting 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 metgl on the
solid eubsuate freqnently occurs with e)ttensive ehenﬁcal 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 4strong ceramic-metal interface (20-21,31-32). ’i‘able 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/St and TiC/Mg is significantly higher than ~TiC/Al
(Table 2.1). Thus, presence of Si and Mg in the precursor and 6061 Al is expected to

increase the wettablhty and hence 1nterfa01a1 strength between TiC and Al melt thereby
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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 Wefting Parameters for Various Metal-Ceramic System

Ceramic | Metallic| Surface Wetting | Contact Work of
' Melt | Energy, oy Time | Angle in | Adhesion,
of Liquid- | (minute) | Degrees | W, (mJ/m?)
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
TiB, Al - 915 15 160 55 -
Si 860 15 34 1575
Fe 1785 <1 49 2955

2.5 Ultrahard Ceramic Coating Materialé |

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 alsQ impossible. However, surface engineering
seems to be an alternate way to modify the surface properties similar to that (;f 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 bf physibal properties; including excellent thermal and chemical stability,
wear resistance, high hardness, tougﬁness and good adhesion. Several material systems
and coating technologies are emerging to develop hard coatings for a variety of
applications. A list of sﬁperhard 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 dc;,ne and ongoing about ceramic cdating;, literature about béride-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 LnB,g, where Ln represents the lanthanide

elemeﬂts (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 ratié 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
TiC e MOCVD Microelectronics, | (39)
e EBV Tools, wear and | (39)
e PES erosion  resistant | (37)
e LSE coatings 17)
vC e Toyota Diffusion Protective coating { (40)
e PILD for steel dies in Al | (41)
. die casting

SiC e LSM Wear and erosion | (22)
e CVD resistant coating 42)
wWC e Plasma Spray Coating for cutting | (43)

‘ tools
TiB, o Plasma Spray Microelectronics, | (44)
e Magnetron Sputtering | Protective coating | (45)
e PES for machine tools | (35)
e EBV and dies 45)
AIN e PES Microelectronics, | (46)
* Magnetron Sputtering | Optoelectronics | (47)
e PLD . (43)
BN e PVD Superhard coating | (49)
e Ton Implantation (50)
* Magnetron Sputtering (51)
CxNy e Magnetron Sputtering | Superhard coating | (52)
e CVD (53)
o Ton Beam Deposition (54)
TiN e Magnetron Sputtering | Hard and wear | (47)
e  PLD ‘ resistant  coating, | (55)

| Microelectronics :
Al,O e LSM Hardfacing coating | (21)
e Plasma Spray Ao . (43)
ZrO, e Plasma Spray | Thermal ~ Barrier | (43)
.| Coating C

MOCVD: Metal-Organic Chemical Vapor Deposition, EBV: Electron Beam

Vaporization, PES: Pulse Electrode Surfacing, LSE: Laser Surface Engineering, PLD:

Pulsed Laser Deposition, LSM: Laser Surface Modification.
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Borides | may be classified into two groups based on crystallochemical
considerations: boﬁde structures of lower boron content (such as M4B, M3B, M;B, M3B,,
MB and M3B,, where M is a metal) or boron-rich compositions (MB,, MB4, MBg, MB35,
MBy9, MBes.100). 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 Tablé 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 MBZ are composed of distorted trigonal
prisms, whereas boron—riéh borides are ¢5mposed of rigid-covalent boron lanicgs. As the
degree of covalent bonding increases, 'rnél-ti‘rlgv point, r;lpduil;s of 'elasﬁcit'y é‘ndvhardness
of these borides also increases. Most boride‘c;m‘ipounds éxllisi ;)\}er a éomposiﬁonal 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 (TiB;) has been deposited as coating
ﬁateﬁﬂ over AISI 1010 steel usiﬁg laser surface engineering technique. Hence, é brief

review about the properties and general nature of TiB; is presented in the following‘

section.




: . - - Two- | Three-dimensional
Pairs 1 : ree
IZ?(I)?;? Single Igrarg)clzhe?i a_nd : dﬁrg)?g;%g? networks, plane (left) and
- chains ouble chains |t ork stacked (right) grids
. i B . 11-6014

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 Arrangement of
and Structure Boron Atom
Type
M,B Pd, Pt Cubic, Pt4B type Isolated atoms
M,;B Ta, Cr, Mo, W, Fe, | Tetragonal, CuAl, Isolated atoms
Ni, Cr type
M;B, V,Nb,Ta,Mo |* Tetragonal, UsSi; Isolated pairs
type
MB V, Nb, Ta, Mo, Cr, | Rhombic, CrB type Single chains
W, Ni
MB Ti, Hf, Fe, Co Rhombic, FeB type Unknown
M;B; V,Nb, Ta, Cr Rhombic, TasB,4 Double chains
type
MB; Ti, Zr, Hf, V, Nb, Hexagonal, AlB, Two-dimensional
Cr, Mo, W, U, Al type hexagonal network
MB, Y, Lanthanides, Tetragonal, UB4 Three dimensional
Actinides type network
MBg¢ Y, Lanthanides, Cubic, CaBg type Connected Bg
Actinides octahedrons
MB;; Sc, Y, Zr,Mo, W Cubic, UB,; type 24 cross-linked ‘
boron atoms
surround a central
metal atom
MBg¢g Y, Pu, Lanthanides Three-dimensional |

YBgs type

network of By,
clusters
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2.7 Properties of Titanium Diboride (TiB,)

TiB; 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 cbvalent
and partly metallic bonding (57-59). Metallic nature of the bonding is also revealed by
the electrical conductivity of TiB,, 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
substructﬁre similar to transition metals also exists in transition metal-based ceramics,
which leads to metallic bonding in such ceranﬁcs (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
TiB; has 5.5d electrons available for bonding (57).

Titanium diboride (TiB,) 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
are listed in Table 2.5 (60). Salient -features (physical, chemical and mechanical

properties) of TiB; are listed below in Table 2.4 (56).
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Table 2.4. Salient Physical Properties of Titanium Diboride (TiB,)

Property ' x TiB; .
_Crystai Structure ‘ Hexagonal
Lattice Paran}eter _ : a=3.034,c=323A

Melting Point | SR 3225°C

Density S 4.52 é/cc

Hardness ‘ - 33GPa

" Modulus of Elasticity | | 551 GPa

Coefficient of Therrhal Expansion | o= 6.63 X 1676 /K, o = 8.65x 10° /K
Thermal Coﬂdugtivity | S | 64.4 W/mK
Electricai (Res‘_istivity | N | 9x 10°Q.cm
Fracture Toughness ' . 5 MPa.m?
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Table 2.5. Potential Application of TiB, based materials as a Function of
its Basic Properties

Sandblasting nozzles
Cermet hard alloys for cutting metals
and drilling rocks

Basic Property Applications
- Superhard and Wear Resistance e Wear resistant coatings
¢ Grinding bodies
e Wear resistant lining
e Bearings
[ ]
[ ]

e Protective coatings for molds and dies
in aluminum casting industry

¢ Electrolyzer lining for Al production
components (Hall-Heroult Cell)

e Casting funnels and gutterings in zinc
and other nonferrous metals industry

¢ Pipes for pumping molten metals

e High temperature thermocouples for
temperature measurements in molten
metals and alloys

e Heaters for high temperature resistance
furnaces used in neutral, vacuum or -
reducing environment

Infusibility, Resistance to high temperature
oxidation and corrosion, Linear
" relationship between electrical resistance
and temperature

Satisfactory resistance to neutron radiation | ® TiB2-Ti cermets for nuclear engineering
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3. EXPERIMENTAL PROCEDURES

3.1 Materials and Coeting .Procedure
* In the present study, TiB; has been deposited on AISI 1010 steel substrate using
laser. Commercially availaole TiB, and T i\ 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 um. Figure 3.1 shows the TiB, powder
morphology. TiBz 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 T1B2 powder 1 gm of Ti
powder, 15 ml of water and 10 ml of organic lsolvent were m1xed and sprayed using a
manual spray gun at the room- temperature. The average precursor coating thickness was
156 + 15 um. Sprayed coupons were dﬁed at 70°C for 1 hour prior to laser processing.
Addition of 2 wt. % elemental Tl to TiB, 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 lnay disassociate during laser processing. Thin
plates of AISI 1010 steel of size 7.5 cm x 15 cm x 0.3 cm were eleened using sand
blasting prior to precursor deposition.
A 2.5 kW Hobart HLP 3000 continuous wave bld:YAG laser (1.06 pm
wavelength) equipped with a fiber optic beam delivery system was employed for
synthesis of laser assisted TiB, 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 3.1. SEM micrograph showing morphology of TiB, powder.
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Figure 3.2. A schematic illustration of the laser surface engineering (LSE) process.



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 be_am onto the workpiece. In the present
study, in order to provide a la;ge sweeping coverage (i.e. rapid processing speed) and to
reduce and/or to eliminate overlap-between thf; succéssive laser passes, lenses within the
output-coupling module were configured to provide a line beam of 3.5 mm length in

TEMy; 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.




Table 3.1. Matrix of Processing Parameters, Precursor Composition and
Corresponding Sample Nomenclature

Sample Laser Power Laser Traverse Powder Precursor
Designation (kW) Speed (cm/min) - Composition
(wt. %)
LSE 1 1.5 : 150 2 Ti + 98 TiB;
LSE 2 L5 175 ~ 2Ti+98 TiB,
LSE3 15 200 2 Ti + 98 TiB,

3.2 Microstructural Characterization

Microstructural characterization of the coating and interface of the las;er-
engineered surféce was accomplished using both écanmng 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
inteﬁace (ceramic/metal) during polishing. Nital was used as the etchant for TiB; coated
steel samples. Metallographic épecimens were heavily etched (20-30 seconds) in order
to reveal the fine microstructure obfained during Iaser processing. Moreover, he;vy
etching was required to differenti:ﬁe between TiB, 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 E]ectron Microscope (TEM) Sample Preparation
Laser surface engineering is a non-equilibrium sypthesis that results in formation -
of novel microstructure and metastable phase(s). It is often difficult to characterize such 1
novel phasets) using corlventional techniques like SEM and XRD. Transmission electron {
microscopy is one such characterization technique, whiqh allows observation of structﬁre
and phase(s) even at tl’lev atomic level. Hence, it was essential to investigate the
"composite" coating under transmission electron microscope for a better understanding of .
TiB; particle/Fe intel"face and structural and chemical transformations. TiB, particle/Fe
matrix intérface within ‘the‘ coating and the coating morphqlogy in laser engineered
sample was investigated at High Temperature MaterialshLa‘b.oratory (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 TiB, were sectioned in a plane parallel to the coating/substrate interface

using a slow-speed Buehler Isomet diamoﬁd saw (Figure 3.3). These samples were
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 uin thickness using an Buehler Isomet Minimet Polisher. A Gatan
656 dimple grinder was used for further thinriingihe samﬁé Ep 20um 'ihe Earﬂple was
very fragile at this stage. For final polishiﬁé; :it was mounted oﬁ ;1 carbon ﬂﬁg for Fs‘auxppo‘rt |

and then ion milled for 6 hours at setting of 6.5 kV on a twin gun Gatan 691 Precision Ion
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STEP_1: Sectioning using low speed
diamond saw

( y
s '
s
L / |
Laser
— Engineered ===
Surface
. | Coatin
< o C0ating Thin Laxer_ﬁ
* of Substrate
Substrate
STEP 2: Grinding From STEP 3: Cut Squares (3 mm x 3 mm)

the Substrate Side

w (TEM)
(2 mm x 2 mm x 150 pm)
>
Thin Foil of
{ue  CoOBtING Layer (50 mm x 5 mm x 300 pm)
(150 pm)
(TENSILE TEST)
I

Figure 3.3. A schematic illustration of the sample preparation technique for TEM and
Uniaxial Tensile Test. ~
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polishing System. Due to the “éomposite” nature of laser assisted coating where hard
TiB, parﬁcles were embedded in plain carbon steel matrix, ion milli‘néwas very critical,

as it required differential level of milling.

3.2.2 Structural Characterlzatlon

The properties of a vmaterlal are evaluated. by the phase(s) and their crystal
structure. Identlﬁcatlon of the phase(s) and thelr crystal structure is very essential to
study the phase transformatlons after ]aser surface engmeerrng proeess high temperature
oxidation and corrosrouand dry sliding uvear. Such r1MomaUQu=prov1deS'the insight into
the vposs'ible reacti‘o'n «,n;echanisms occurring duﬂng the above-mentioned operations.
Structural characterlzatlon for phase identification was carned outon a Ph111ps,Norelco X-
ray dlffractometer w1th CuKa radiation (1.54 A) operatlng at 40 kV and 30 mV. The
diffractometer is mterfaced with the personal cemputer that allowed autematlc operation

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

3.3 Mechanical Chziructerization

In most applicuriens;~the minimum criterion for acceptable performance is that
adhesion .of the coating io the substrate should be suffrcient for the entire lifetime of' the
component in its operating enviromrlent. Thus, it rs necessary to measure the interfacial
strength or fracturé tougi;riéss of tfie"'coaﬁng[substrate interface. Th1s meesurement is.
also useful when used in conjunetion 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 supplemeﬁtary mechanical
tests (e.g. microhardness testing, nanoindentation, four-point bend test and uniaxial
tensile test) have been planned for laser deposited TiB;, coating in this study in order to
evaluate the mechani;:al properties viz. hardness, young’s modulus, interfacial
strength/energy and fracture toughnéss. 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 fhe coating.
Hence, microhardness measurements were performed on a Buehler Micromet II
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 a:ffected zone
and unaffected steel substrate. Several indentations were made in each region to achieve
reasonable average value for microhardness.
3.3.2 Modulus of Elasticit& Measurement using Nanoindenter
A.  Background

Nanoindentation is widely accepted as an important tool for measuring the
mechanical properties of thin films and small volume of mateﬁals’. By ;his technique
mechanical properties such as hardness, H and elastic modulus E of thin films aﬁd
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 pfobe a
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surface and map its properties on spatially resolved basis with'a resolution of up to 1 um
(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 proberty
such as hardness, H. |

An indenter (Berkovich or Vickers) is pressed into the §pecimen at the desired
location in a continuous or stepwise mode. The indenter load and displaceinent during
loading and unloading are recorded. Loads used in this technique are in range of 1mN 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)

Area of the contact surface‘ is determined from equation-3.2, where V is the semiapical
angle for conical 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=7h? tan?u/ (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 ir}dentation crack is aésumed to be of
half-penny shape as shown in Figure 3.5. Under such conditions, system behaves like a
ceﬁter-loadéd, half-penny crack for wﬁich stress intensity factor is given by equation

3.4.(73).

K~it (34

C<1.5

Based on another model of Hill’s ~§Xpaf1dingz céyity‘ (14), ] crack 'dpenihg: force P,
produced by residual stress. field is related to-the péék indentation load and the included

angle of the indenter, , through equation 3.5.

0.5

P =P

r 05
H

coty *¢ (3.5)

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 fracture toughness, one can obtain equation 3.6 (73).

0.5
K =aE

P (3.6) -

c
H 0.5 cl.5




The empirical constant o. depends on the geometry of the indenter. The value of o has
been determined by several researchers for various types of indenter including Berkovich
and Vickers indenters (75). - L L

Based on above mentioned models and'eguetions‘,‘ hypothesis’can be ertteude,q to
ceramic coating/metal substrate system to investigatle,,the ygrioug meeh,ani_cal» properties
such ashelas'tic 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

B. Nanoindentation Measurements on Composite' TiB; Coating .

As stated earlier uanoindeutation technique measures the local properties of the
phase. This characteristic of locahzed measurement has been used to measure the elastic
modulus (E) for the 1nd1v1dual phases vrz TiB, particle and Fe-nch matrix. Elastic
modulus of the composite coating has been computedlusing rule of n‘m.i‘xture‘ (ROM). Itis
important to stress here that main constituentj_of,(‘f'composite" boride eoating are TiB,
particles and Fe-rich matrix (see. seetion 41) 'Hence, it is a 'i)erfect'es‘sumption to
compute the elastic modulus of "composne coatmg usmg ROM: Moreover TrBzﬂ

particles were umformly distributed within the Fe-nch mal:rrx wmch further Justlﬁes 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” TiB, 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 @de on large TiB, particles (> 5 um) and the matrix region. Such
experimentation was carried out to assure that data was recorded form the individual
phase. Each relevant microstructural feature of thg coating was indented 15-25 times with
the Berkovich‘ indenter tip for hardness. (H) and ,elqgic modulus (E) measurements.
Indentations were made at various locations in 'theisz_imples to prévide a good statistical
sampling. Results were highly reproducible with an err(;r 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 segmeﬂt to 80 %
of the load. Indenter was still in contact with ~théf 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 computationé were carried out based on the technique
developéd 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 N R o L Zi,“ RS

The adhesion of the coating is the most critical theme of the ceaiing-substrate
syetem. In most apnlications the minjmunl‘ cﬁterion 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 operatmg env1ronment Thus it
is essential to meaenre the level of adhesmn between substrate and coating in order to
guarantee that coating is fit for the purpose. Even thougn there is a wide range of
adhesion tests that exist to determine the adhesion, unfonunntely standardized and
specific experiments to test such combinations of systenl .properties  are not well
developed. Moreover; none of these tests is sufﬁcientvenough' to provide information
anout'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 ny applying a force to the coating-subsnate system. The force is either
applied normal or parallel to the coating -substrate intel;face 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 A(‘iata 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 um), 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 schcrr’latic of a typical four-point bend test set up to evaluate the interfacial properties.
The critical energy release rate is calculated by compaﬁng 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 ‘{‘

e Scotch Tape Test

Direct Pull-off Test

e Abrasion Test e Indentation Test
¢ Bend and Scratch Test | e Bend Test
| o Lasgr Spallation Test
e Scratch Tést
Non-Mechanical Methods Non-Mechanical Methods }
X-ray Difﬁacﬁon | e Thermal Method

e Nucleation Test
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B. Four-Point Bend Test on Composite TiB; 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 overaﬂ
dimensions 50 x 5 x 1.5 mm. Coating thickness was 200'um.‘ 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 craeks- due to grinding and/er polishing,. |

The flexure test_consi'sts 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
on an Instron TT-B Universal Testihg machine until delanlinatipn along the interface
occur or the new .craek 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 delar_nination is determined by the load at which a sharp load drop
occurs. However, as the ceating is only a srrtall part (nearly ohe-eighth thickness of the
total beam thickness) of the total system in the present ease, delamination is not
accompanied by a significant load drop. Hence, point of delamination or crack
propagation was identified by a two-prong techmque Apart from a "small" drop in load,
specimens were unloaded at pre-selected mtermedlate stages to observe the crack
initiation and propagation under the optlcal rrhcroscope At the pomt of delamination

and/or after the new cracks have propagated through the entire thickness of the coating
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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 boint 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 statisticai 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 specirﬂen
rests on two rollers‘ with other two rollers exerting a force on the specimen (Figure 3.3c)
resulting ,‘ in a constant bendin“g' moment M in tﬁe regioii between the inner rollers.
Bending moment M, is expressed as in equation 3.7 (28):

i ' (3.7)

M
where F is the cﬁﬁcal load corresponding to delamination,. w is the width of the‘sz.lmple
and 1 is the distance between outer and mner 1:611ei' as sﬁbwn in Flgure 3.6. | Such
configuration results in the same stress 's’faite'coridiﬁori throvuhghoﬁ'ti the regiog' in between
the inner rollers, making the‘,-experi:ment in'séh,siii@e to- the""e).(a:c_t ‘lc;éétibn of fracture.
Consequently, the strain energy release upon delamination of the coating should exhibit
steady state characteristics. The steédy state energy release rate Gy can be deduced from
the difference in the strain energy in the cracked and uncracked beam. Since there is
negligible strain energy iﬁ 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. h; << h, = h, the strain
energy release rate is approximated by equation 38 (28;79). ‘

_18M(1-V3)’E, k.
*T-v)HEX K

(3.8

As car;,be seen from equation 3.8, the strain energyv’reilca;é rate depends critically on the
measured value of h; = h. Interfacial crack propagatlon décurs §vﬁén the strain eﬁérgy
release rate Gss equals the critical energy reiéase';éie G of : tﬁe iﬁfe;'facial failure. It
should be émphasized that tﬁjs test method does no:t _PdépEnd upon :th‘e ’interfaéiél crack
length (84). Thus, "f(‘mr-p-oint bend test allows the determination of interfacial fracture
energy using easily measurable parameters. As stated eafliér, the de;tailed equations
dealing with fracture méchanics 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.

334 Uniaxial Tensile Test

In the real world, coatings are exposed to various extefnéi stresses that might
cause coating damage. in particular, cracks are developed by:-tensile stress, and this
significantly detériorates the coaiing properties. In the previous section, interfacial
energy (coaﬁhé/éi;bstrate) has been determined by four-point flexure test, which also.
produces tensile stresses on the Aco'ating. However, iﬁ the present ca;sé, effect of uniaxial
tensile stresses on the laser deposited TiB; coating has beén :evaluated. The need of such
study was generated by the curiosity to study thé fraqture morphology of the laser

deposited "composite” TiB; coating.




Sample preparation for te:nsile t'ést‘c;f "éoéiiﬁg;' Wég "si‘jmilz}if :‘t<') ;the TEM sample
preparation (Figure 3.3). The steel samgle;s ééatéd with ’fiﬁj 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 um thickness. First, in 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 was
maintainéd at 300 um; which constituted of 200 pm thick coating and 100 um thick
substrate. It is important to mention at Fhis point that laser surface engineering produced
200 pm thick coating which was “composite” in nature 'witﬁ TiB; 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 Wel;e §ubjected to cross section SEM

examination to understand the fracture morphology of the coating.

3.4 Tribological Characterization

34.1 Mass Loss Analysis

Generally, refractory ceramics are superhard and possess possess excellent wear
resistancé. Hence, it was essential to evaluate the tribological properties (e.g.. wear and

friction) of "composite” TiB; coating. Tribological properties of the TiB, coating were




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.

34.2 Coefficient/of Friction

Coefficient of friction (u) 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 1Hz for a total test time of 20
minutes, only an average of 10 successive points was taken for coinpilting the coefficient

of friction, p.

3.4.3 Surface Roughness Measurements

Surface roughness of the coated surface was examined usiﬁg a WYKO VISION
RST 500 optical proﬁlometer No sample preparatlon 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 af 5-10 nm. Sﬁrface roughness
measurements were performed on as-coated samples, v;/ear 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 tribometer setup.




3.5 High Temperature Oxidation Experiments

Elevated temperature oxidation behavior of TiB; 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" TiB; 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). TiB; 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 um. It is important to mention
again at this point that laser surface engineering produced 200 um thick coating which
was “composite” in nature with TiB; particles embedded in Fe matrix. This ensured that
the left over foil (150 uﬁl 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 recor.ded.' 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 temperaturé was z;ttained. It was held at the test
temperature for 3 hours after the temper’ature was attained. A continuous plot of change
in weight vs. time was recorded fgr each 6f the t;st tempefaturgs. These curves were
used for predicting oxidation kinetics of laser deposited TiB; coating on AISI 1010 steel

substrate.

3.5.2 Long Duration Exposure at Elevated Temperaiure :

Long term éxposure of the TiB, coated surface was carried out to 6bserye the
integrity of the coating, coating/substrate in‘te‘rface, phase transformations and
morphological features of the oxide scale formgd on' the surface. TiB, coated steel
coupons (LSE 3) of size 20 mm x 20 mm x 5 mm were expos;ad in a muffle furnace in air
to temperature Qf 600°C, 800°C and 1000°C for various time intervals. Tabie 3.3 shows
thé experimental matrix with sample nomenclature. Hereafter, samples will be referred
with this nomenclature in the study. It should also be noted thaf such samples were not
used for oxidation kinetic study, as there 1 was a substantial 'wgight gain \d‘ue, to the

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

. to only oxidation of coating.




Table 3.3. Experimental matrix for long duration exposure and
; corresponding sample nomenclature

~ Exposure Time 600°C 800°C 1000°C
(hours) .
10 Al Bl Cl
30 A2 B2 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 IST Super III-A scanning
electron microscope. EDS and x-ray mapping were coupled with SEM to:characterize
the elemental distribution in a semi-qua‘;ititative manner_.‘ Cross sgc'ti_onalke‘)gar'nination of
coated samples after oxidation was also performed. Metallographic samples were
prepared by polishing on Buehler TEXMET 2000 cloth to reveal the microstructure.
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 CuK, 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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_formed in the top layer as well as-the coating/substrate interface. 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 'c;:ramic slurry coatings on molten aluminum delivery systems for
protection against corrosion by>liquid aluminum (82). The ceramic slurry coatings on
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, tﬁgse coatings spall off énd have a poor service life.
Titanium diboride (TiB,) has éxcellent corrosion resistance against metallic aluminum
and cryolite, which makes it suitable candidate as a coating material for inert cathode
used in Hall-Heroﬁlt cell for aluminum électrolysis (44,83). Hence, laser deposited
"composite” TiB, coating was evaluated for its high temperature corrosion prope.rties
against liquid aluminum.

TiB; coated steel coupons (LSE 3 sample) of size 15 mm x 50 mm were sectioned
for dip test in A356 Al (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




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

(immersed for 4 hr) and D24 (immersed for 24 .hr) in this study. These samples were
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 éxamination of the coating and interface was
performed using scanning electron microscope 1(SEM) and EDS. Structural
characterization for phase(s) identification was also carried out on a Philips Norelco x-ray
diffractometer with CuK,, 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.
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Figure 3.10. Schematic illustration of the dip test experimental set-up.
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4, RESULTS AND DISCUSSION

4.1 Thermodynamic Predictioiis

It is essential to study the thermodynamics of the system to understand the nature
of chemical reactions taking place duringnthe 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 therfnophysical 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 considerétion 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-equilibriuin processes, a first approximation that generation ;)f
produ'cts based on equilibrium phase vdiagrams 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 formatioq 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=TiB, (4.2)

. .
3Ti + 4B = Ti3By (4.3)

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

and TiB; will be considered for the further analysis and discussion. -

Fe- B system:
Fe + B = FeB (4.4)
2Fe + B = FezB (4.5)
Fe - Ti system:
Fe + Ti = FeTi (4.6)
2Fe + Ti = Fe,Ti (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 TisBs, FeTi and Fe,Ti 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 | Enthalpy of Formation, AH
(kJ/mol) (kJ/mol)

Phase | 298K | 1000K | 2000K | 298K | 1000K | 2000K
TiB -159.7 1 -1574 | -160.3 | -160.3 | -165.3 -186.0
TiB, | -319.7 | -308.3 | -347.9 | -323.8 | -326.6 -347.9
FeB -69.5 — — -71.1 -72.9 ---
Fe,B -71.8 --- --- -71.1 -77.9 ---




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 TiB; is the most stable phase in the Fe-Ti-B system.
Although theoretical stability of TiB; is confirmed by the thermodynamic considerations,
it is important to experimentally validate the existénce 'o,f laser deposited TiB; coating by
carrying out various characterization techniques such ‘as micrbstructufal characterization,
chemical characterization, structural characterization and mechanical characterization. It
is a well-known fact that a strong correlation exists between material processiné,

microstructure and its properties.

4.2 Microstructural Characterization
The detailed discussion about the microstructural 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 exp'érir'nental matrix

shown in Table 3.1.
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Figure 4.1. Gibb's free energy of formation of borides of Ti as a function of temperature.



4.2.1 Scanning Electron Microscopy

Figure 4.2 illustrates a schematic of the typical microstructure in the éross 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 microstructures with respect to each other
during the following discussion. The discussip'n 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” TiB; coating on AISI 1010 steel substrate. The laser melt zone

constitutes a mixture of TiB, ceramic particles in Fe-rich matrix. A thin layer of steel
substrate melts and mixes with TiB, due to convection currents within the melt zone
resulting in a composite coating. The distribution of TiB, particles in laser melt zone is
more uniform for the samples LSE 2 (Figure 4.3b) and LSE 3 (Figure 4.3c) which are
processed at higher speeds of 175 cm/min and 200 cm/min respectively. 'i‘able 4.2
provides a comprehensive quantitative analysis of the microstructural features
corresponding to all the processing.condition§ 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 bﬁt with a higher
concentration of TiB; particles.
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Figure 4.2. A schematic drawing illustrating the microstructural evolution in the cross-
section of the laser-modified surface of AISI 1010 steel.




Figure 4.3. SEM micrographs of the cross-section of t

he laser engineered samples (a)
LSE 1, (b) LSE 2 and (c) LSE 3.
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Table 4.2. Microstructural Features' of Laser Deposited TiB, Coating

on AISI 1010 steel
Microstructural LSE 1 LSE2 LSE 3
Features
Coating Thickness 21510 210+ 10 185+ 15
(um) L :
Dendrite Zone Size 25-30 - - 10-15 10-15
(Lm) _
Primary Dendrite/Cell 35203 3.0+0.2 3.0+0.1
Spacing, 8p (um) -
Secondary Dendrite 1.1£0.1 1.0£0.1 0.9+0.2
Spacing, &; (um) ‘ ‘
-TiB; Particle Slightly Uniform Uniform Uniform
Distribution :
TiB; Particle Polygon + Acicular Acicular
Morphology Acicular
TiB; Particle Size ¥ | 5-8 for polygon, | Aspectratio 8- | Aspect ratio
(um) Aspect ratio is 6.0 12 8-12
for acicular '
Volume-Fraction of 0.52 0.66 0.69
TiB, in Coating ‘ |

* 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.




Figure 4.4 includes high magnification SEM micrographs that reveal a

continuous, adherent and metallurgically sound interface between laser engineered

"composite” TiB; 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 interfaée is produced in each case. Also, the lath shaped martensite is
seen in the interfacial regioﬁ 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 Quenchjng 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 dueto the
existence of different phases such as TiB;, Fe and other metastable phases.
Consequently, such variations in temperature resﬁlts in variation in ‘the degree of

constitutional supercooling leading to a complex 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 zbne at the interface where as a finer
zone of dendrites is seen in Figure 4.4c. Figure 4.4a shows the mic;ograph of the s;ample,
which was processed at the lowest processing speed of 150 cm/min. Thus, there was a

larger interaction time for the melt zone which implies lower cooling rates as compared
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to the LSE 3 sample which was processed at. hlghest speed of 200 cm/mm A hlgher

degree of cooling rate is achieved for LSE3 sample resultlng 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 'coar’se—cellular dendrites transform into finer dendrites on going further into the
melt zone. This featdre is prominent in Figufe 4.4c. This could again be attributed to the
increasing coolmg rates on gomg away from the interface into laser the melt zone. A
higher coohng rate suggests refinement of microstructure such as cellular to coarse
dendrites which could 'be _further refined mto equiaxed dendrites (62,85). Table 4.2 lists
the secondary dendrite arm spacing in the range of 0.8 -1.3 um. Such fine arm spacing
suggests a very high cooling rate estimated in the range 10 to 10° K/s (86).

The hig;h' magnification nﬁerographs of the structure within the laser melted zone
of LSE sedes samples are presented in Figures 4.5 and 4.6a. The laser melt zone suggests
a composite structure of TiB, particles within fine equiéxed dendritie- fﬁ;ltrix of Fe.
These fine equiaxed dendrites within the melt zone are revealed after heavy etchiné of the
samples. This has been more clearly illustrafed in Figdres 4.5¢ and 4.6a which show fine
dendrites whereas Figure 4.5a does not show the equiaxed dendrites as it was not heavily
etched. Such ﬁhne‘ 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, TiB, particles are surrounded by liquid
melt, which has to be undercooled to form equiaxed dendrites. TiB, particles have a
higher thermal conducfivity~ (65 Wm™ K™) than melt which is essentially liquid Fe
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Figure 4.5. SEM micrographs of the laser melted zone illustrating boride particles in

(b) LSE 1 and (c) LSE 2

samples (a) LSE 1,
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having thermal conducti\}ity of 50 Wm'1 K (64). Thus, TiB; 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
distribut‘ion.of TiB, particles in the melt zone whereas ‘sample LSEI has non-uniform
distribution (Figure 4.35. Figure él.Sa shows the melt zone in L:SE 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 'l‘iBz particles Figure 4.5¢ and 4 6a are the microstructures of the
laser melt zone in LSE 2 and LSE 3 samples wh1ch were processed at hlgher speeds of -
175 cm/rmn and 200 cm/mm respect1vely T1B2 partlcles are umformly dlstnbuted in
the melt zone and the shape of partlcles is highly acrcular in these samples w1th an aspect
ratio between 8 and 12 The volume fractlon of TiB, partlcles is h1gh for the LSE 2 and
LSE 3 samples (Table 4. 2) Thrs suggests that transformatron' into needle shaped
particles is pronounced w1th an 1ncreas1ng laser speed "‘I'he beglnmng of the change in
TiB, particle morphology is clearly 1ndlcated in Flgure 4.5. It shows e)ustence of the

needle shaped partlcles w1th1n a cluster of polygon shaped partlcles (shown by arrow)
This indicates that some of the polygon shaped T1B2 partlcles break down/reform into

“needle shaped partlcles |

Table 4 3 llStS the elemental composﬂton in-the various- rmcrostructural zones of

the coating, 1nterface and the substrate Table 4.3 along with Flgure 4.6b suggest that
although needle shaped bonde partlcles are r1ch in Ti, there is some additional Fe wh1ch
has reacted to f_orm some new phase. It can be observed that equraxed dendrites in melt
zone have 9 to ’1‘57wt.“% T1 Such high contvent'ﬂof ’l‘i in the matrix could possibly be
attributed to the fragrnentation of some ,of the TiBz particles into very fine particles,_
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which have mixed with liquid Fe. Som? of these ffagmentgd TiB; particles are observed
in the region just above the interfacial cgllular dendrites in Figure 4.4c.' This produces a
zone of mixture of Fe and TiBz, which has 35 to 45 wt. % Fe content. It is, therefore,
essential to understand the chemical reactions, if aﬁy, occurring in the melt zone. In the
earlier section (4;1), it was observed that thermo)dynamicaily TiB; is the most stable
phase in Fe-Ti-B vsystem. It is inferred that Fe does not react chemically with TiB, but
:;:lCtS as a binder for TiB, céramic 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 chemiéal reactions between Fe and TiB,
leading to the formation of novel and metastable phase(s) (81). These metastable
phase(s) may be of -various 'stoichiometry and composition such as Fe,By , TinB, or

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

Table 4.3. Elemental Composition in Various Microstructural Zones

Location Wt. % Ti Wt. % Fe

Polygon shaped TiB; 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 9.0-150 85.0-91.0
Mixture of TiB; and Fe just above the interfacial 55.0-65.0 35.0-45.0
cellular dendrites '
Cellular dendrites at the interface ‘ 22-55 94.5-97.8

Martensitic zone in the substrate 10-1.5 98.5-99.0

75



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 TiB; is t.he most prominent phase in coating. However, there are several
other péaks, which confirm formation of metastable phases during laser processing. In an
earlier study based on Pulsed Electrode Surfacing (PES) of TiB, coating-Fe substrate
system, metastable peaks were not observ;ad for TiB, depositéd on steel using PES
methdd (35,81). ;I'he energy der;sity input during LSE process (15 MW/mZ) is several
order of magnitudes higher than PES process (0.IMW/m?) (81). Hence, it supports the
hypothesis that sdme Fe has chemically reacted with TiB, 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)

Phase Crystal Structure Space Group Lattice Parameter (A)
TiB, Hexagonal P6/mmm a=3.03
’ c=23.23
TiB Orthorhombic Pnma a=6.12
' b=13.06
c=4.56
Fe;B + Tetragonal P42/n a=8.69
c=4.31
FeByo Rhombohedral R-3m a=10.95
¢ =23.860
Fe2,12B103_36 Rhombohedral R-3m a=10.95
c=23.861
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Figure 4.7. X-ray diffraction spectrum of LSE 3 sample.




The formation of TiB has been repor;ed elsewhere, as in the 'following equation (87,88).
TiB;+ Ti= 2TlB : (4.8)

This indicates, in some instances, that TiB; has dissociated and then recombined to form
TiB. Excess boron could combine with Fe fo 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)mBn .. Spqh po_ssibility stems from
the fact that very small difference between atormc radu of T1 and Fe can form a
substltutonel compound with TiB; (89). Ti has etorme radlus of 1 45 A whereas Fe has a
radius of 1.24 A. . Furthermore, EDS analys1s preeented earlier in Table 4.3 shows
additional Fe in the needle shaped boride particles.

It is yet not clear whether all TiB, powder melted and reprecipitated during the
laser processing. The acicular shaped morpholoéy suggests some sort of reforming
occurring within the TiB, particles. However, x-ray diffraction epectrum of the acicular -
particles suggeéts that TiB, is the only major phase in the coating. This suggested that
shape change is dominated by some structural phenohneﬁon instead of chemical
phenomenon. The defailed study of phase transformations of TiB, was not the aim of the
present study. However, the issue of metastable phas{e formation in Fe-TiB, 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, coﬁesponding selected area
diffraction (SAD) pattern and microanalysis wili give a better understanding of the novel
phase(s) formed, as a conéequence of eon-equilibﬁum synthesis. It is important to state
at this point of time thaf 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 TiB; 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 iméges of the “composite” coating
morphology. The common morphology suggests that TiB, particles are faceted and .
randomly distributed in the Fe matrix. This implieé that there is no preferred
crystallographic orientation rc;lationship between TiB, particle and Fe matrix. Another
feature is revealed in Figures 4.8a, 4.8b and 4.8c that illuétrate images of hexagonal

shaped TiB, particles distributed in the Fe matrix. These hexagonal shaped TiB; particles

are faceted with fz;lcets on the {1100} prism planes, which are high packing density
planes of TiB; phase (90). Slip line features are observed within the TiB, particles
(Figure 4.8d). These could possibly be artifacts created during TEM sample preparation.
However, all TiB; particles and TiB./Fe interface are free from cracks. Furthermore,
both Figures 4.9b and 4.9c show partial sintering of TiB, particles at the edges. TiB;
particles that exist in close proximity of each other experienc;a high temperature due to
laser energy input tend to fuse/agglomerate at the edges. However, such behavior is not
very promihent due to random distribution of TiB; particles (Figures 4.8 and 4.9) and
rapid heating and cooling rates expeﬁenced during laser prbcessing. Figure 4.9b shows a
crack within the TiB; particle. Such crack could possibly be attributed to Ihechagjcal

damage while grinding, polishing and jon milling during TEM sample preparation. It
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Figure 4.8. Bright field TEM images showing "composite" nature of the coating with
faceted TiB, particles of various shapes and sizes embedded in Fe-rich
matrix.
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Figure 4.9. Bright field TEM images showing "composite" nature of the coating with

faceted TiB, particles of various shapes and sizes embedded in Fe-rich
matrix.
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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 tSection 4;25 it was showed that "compos'ite" coating region
contains TiB, particles of various shapes and size embedded in Fe-rich matrix. It was
also argued that some of the T1B2 partlcles break 1nto ultra fine particles and get
dissolved wrthin the Fe rrch matrix. Figure 4, ll) shows a very small TiB, particle (srze
=200 nm) embeddedr in Fe-rich matrrx. ‘The presence ot such _ﬁne particles in the matrix
eonﬁrms’that some of the TiB, particles disint'egrate into lvery fine :part'icles due to -high
energy density of laser beam Figure 4, 11 is a bnght field TEM i 1mage showing ultra-ﬁne
dendritic network of Fe w1th1n the coatrng region. Ultra fine dendrites w1th1n the coating
region are 1nd1cat1veuof. extremely_ h1gh coohng‘ rates experienced during laser surface -
engineering :(6-9); ' .‘ |
Figure 4.12 is a dark ﬁeld image showmg network of ultra-ﬁne Fe dendntes with
drssolved T1B2 w1th1n dendritic spacmg EDS spectrum correspondrng to spot A on
dendrites show Fe peaks whereas spot B between dendrltes reveals Fe and T1 peaks. Ti

peaks are 1ndicat1ve of dissolved borlde partlcles within Fe dendrites “This fact is further

corroborated by the selected area diffraction (SAD) pattem of the same area as shown in -

Frgure 4, 13 SAD pattern shown in Flgure 4. 13b 1s a combmatlon of hexagonal structure

. of T1B2 along [0001] dlrectlon and BCC structure of Fe along [111] dlrectlon Four letter

1ndex has been used in this partlcular case to. distingulsh between the reﬂections from-
hexagonal Tle and BCC Fe (Flgure. 4.13b). In the later sections, only three letter index
~ has been used to charactenze hexagonal T1B2 ThlS further proves presence of dissolved

bonde partlcles w1thln Fe rich matrlx (91) Also, dlffraction pattern shown in Flgures
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Figure 4.10. Bright field TEM image showing a very small TiB, particle (appx. size
~200nm) suggesting fragmentation during laser surface engineering
process.
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Figure 4.11. Bright field TEM image showing ultra-fine dendritic network of Fe within
the coating region.
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M Fe

Figure 4.12. Dark field TEM image of the ultra-fine Fe dendrites with dissolved TiB,
within the dendritic spacing. EDS spectra corresponding to spot A and B
suggests dissolution of TiB, particles within the dendritic spacing.
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Figure 4.13. SAD patterns from the area shown in Figure 4.12 corresponding to a
combination of HCP structure of TiB, along [0001] direction and BCC
structure of Fe along [111] direction: (a) low magnification and (b) high
magnification.
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.4. 13a and 4.i3b shew some addition reﬂections.i:n for@ ef regular aed centinuous streaks

(merked v&;ith rzirrows) which are neither from TiBi nor Fe. Such diffraction pattern is
generally -obtained by the presence of \}ery fine precipita_tes and tv'vinningv (92-94). A
' highiresolutioﬂ image in Fig‘ufe<4.'14 confirms presence of mic‘ro-twins'( within a TiB,
partlcle These twins,are foi‘rﬁed m a highl); localized ‘fegion of size varylng Between 10
nm.:ZO nm. The mechaiiism of formation of t\yins‘in the TiBi I;article could be explained -
by the foqnation of metaetable.pilase 'o'f‘type FexBy"", TimBs er (Fe,Ti).By,. TiB; is
—hexaglon'alv in nature with a stacking sequnéé on" close paeked plane being
- | ABAB ABAB..:.--.‘.. _Seme ef the Fe reacts with TiB; to fprrﬂ phaees euch as Fe,By and .
TiynB, that ilés been showﬁ in the X-ray spect’rem (Figure 4.7). -Theee metastable kphase‘s
have uhconventional crystal structure such 'as‘ orthorhombic and rhombohedral (Table
4. 4) 'i‘wmﬁmg may be induced .in T1B2 partlele»s during tﬁe sixearmg occurred for the
phese transformatlon from hexagonal to orthorhomblc structure. Similar case of twinning .
also hes been observed in an earher laser based‘ study where Cr,0; reacts-w1th Fe to ffoﬁn
a spinel (20). ‘Also, it has been postulated thfa‘tiheat input can result. in i)recipitation of
different ‘phasfes’ aecompanied Witﬁ hlghly loealized 4twi1jrhling 93). It shpuld be recalled
. ‘that laser brocesjsiﬂg is e high energy - density precess, which . can eaese some
uncoﬁventional' sﬁqctufal transfoﬁnations aleﬁg wifh hucleetioﬂ of metastable phase(s).
Sueh fact is also ev‘ildent from the x-ray :spectrem of the coated surface which shows
traces of metastable. i)hase(s) of type Fe,By and TimBn with unconvemional crystal
structure such as orthorhombic and tetragona! (Figure 4.7). TEM investigations were
carried out to locate the presence of metasteble'phase(s). rCeramic/metal interface is one
of the potentiel site for such phase formation; Ceramic/metal interface also plays an
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Figure 4.14. HR-TEM image showing presence of twins within a TiB, particle.
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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 TiB; particle/Fe interface within the "composite" coating is presented in thel following

. section.

A. Ceramic-Metal Interface

Figure 4.15 shbws the interface between TiB, particles. and Fe matrix, which is
smooth and» does not-indi_cate any eraek or,delamination.' This is an indication of strong |
bond bet’ween.the ‘ceram'ici particle ’(TiBz)'and metai (Fe) ma'tri)r at the mierostructural
1eve1 The strength of a ceramic-metal 1nterface depends upon the wettmg between the
two materials (25 26) The wettlng phenomenon of the ceramics by the metal has ‘been
addressed by several researchers (24 27,95-97). It has been experimentally proven that
refractory ceraimcs are in general wetted by trans1t10n elements (35-37, 98). It is' shown
that Ti based‘ceramiAc. easiiy 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 exnlained by the
electronic' strncture ofr the metals,"which will be discussed in the following section (96).
Table 2.1 lists the wetting angles of certain refractory eeranlics by certain molten metals.
The wetting angle- between. TiBy and Fe is 49 degrees suggesting a good wetting.
Moreover; wetting time is less than 1 minute, which is further accelerated during laser
snrface engineering (16). Work of adhesion between TiB; and Fe is‘ 2955 ml/m?, which |

further suggests a strong metal-ceramic interface (Table 2.1).
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Figure 4.15. Bright field TEM image of TiB,/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 (965. The wetting
phenomenon has been attributed to the unfilled d-orbitals in transition metals and their
compounds such as borides and carbides (57,96)

TiB, 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 TiB;, 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, TiB; has 5.5
d electrons available for bonding _(57).'- ~

Based on the theoretical and experimental results, pn empirical rule for the
suitable choice of binder used in ‘sintering of .transitionﬁmetal based ceramics has been
proposed (96). For a transition metal or compound having an unfilled inner d shell in the
state d* , a transition metal in the state & wc;uld 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=11 (4.9)
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It is atso_‘ snggested,that a selec,tion of ‘I‘naterial system which gives x +y=100orx +y =
" -ll2‘wou1d also providei good bondi'né but it would, be inferior to the system satisfying x +
y =11 condition.

| In the material system T1B2-Fe of the present study, Fe has unfilled d |
subshell yv1th 6 electrons (d6s conﬁguratlon) and T1B2 has 5. 5 d electrons as ass1gned

earlier (57) This satlsﬁes above hypothe51s (96) of- equatlon (4 9)

(x=55)+(y=’6)='115 (4.10).

, Aecordmg to this hypothes1s Fe wets Tle mcely and does not react with TiB, layer but
remains as a binder similar to Co in WC Co system This fact has been earlier
corrobOrated in the analysis based on electronie conﬁguration which says that bonding in
such material systems does not ptomote compound formation (57). Further this
hypothesis has be'en,,vet'iﬁed" and cOnfnfmed' in ,‘another expeﬁmental study based on Cu-
TiB, systéem where Cu acts as a ooot binder fot T iB, due to its cornpletely filled d
subshell (36). It should be recalled‘_that such hypothesis is Atrue for an equilibrium
process. Therefofe, on the conttary;‘ it 1s reasonable to "assurne‘that some Fe may have
chenﬁcaily reacted with TiB, due to non-equilibﬂum_ synthesis experienced- in high
energy ‘input by laser. Such phenor'nenon was_. earlier obseryed in X-ray ~diffraction: :
spectrum tfigufe 4.7) .of LSE salnple, which 'shows formation of some 'Inetastable
phase(s) of type suggesting some chemical reaction betyveen TiBz and Fe. |

After extenswe searchlng‘ efforts such a reaction zone between T1B2 partlcle and
Fe was revealed (Flgure 4. 16) The mterface between T1Bz partlcle and Fe matrix shows

a reactlon zone of approx1mate1y 50 nm: The s1ze of the reaction zone is consistent at
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several interfacial locations (Figure 4.16 and 4.17). The reacti;)n products appeared as a
dark black band on the Fe side and sharp needles growing towards TiB, particle (Figure
4.16a). Figure 4.17 isiranother such reacﬁon zone between a large TiB, particie and Fe--
- rich r_tlatrix. EDS spec&a from the various spots (A, B and C) are also shown in Figure
4.17. EDS spectrurﬁ from the reacﬁqn zone (spot B) shows high ihtensity peaks of both
Ti and Ee whereas EDS 'spectra from Fe matrix (spot A) and TiB; particle (spot C) shows
peaks for only Fe and Ti, respectively. This corroborates our hypothesis of non-
equilibriqm'synthesis during lasér procéssi‘ng. A similar approach has been adopted to
shov&; the existing reaction zone betwet;,n an ultra-fine TiB, particle and Fe-rich matrix.
Figure 4.18 shows an- ultra-fine ’fiBz particle (size = 400 nm) surrounded by a gr;cly
colo.red 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 b(_)th Ti and Fe (Eigure 4.1‘9a). It further proves the presence of a
reaction zone between the TiB, ‘particle aﬁd Fe matrix. It should be noted that reaction
zone is significantly large for this éarticle. Tlus is attributed to the smaller size of the
particle. Reaction product tends to fbx_‘m a bridge betweg'n TiB; and Fe and acts like a
binder. Several researchers have guggested that formation (;f interfacial reaction products
promote wetting between ceramic/metal intérface leadiﬂg to a stronger and adherent
interface (20,25,87,95-100). Moreover, nano-crystalline reaction product and phase(s)
formed at ceramic/metal interface act as stress absorbér, further, reducing the chances of

cfack propagation (20).
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Figure 4.16. HR-TEM images showing a nanosized reaction zone between the TiB,
particle and Fe.
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Figure 4.17. TEM image showing a reaction zone between the TiB, particle and the
corresponding EDS spectrums.

95



Figure 4.18. Bright field TEM image of a nano-size TiB, 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 (TiB,)
particle.




"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’ compoéigibn 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 t‘ype‘ of defect that develops at the interface depends on the

specific material system. For systefns, that form interphase(s) or reaction products, it is
important to dharacfé:ize’ 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. rSt.ructurallv defect such as stéps or facets at the interface, misfit dislocations and

stacking faults caﬁ also be identified from high resolution microscopy. HR-TEM is
possible if the "interféce,is-very thin (less than 20 nm) and is parallel to the incident
electron beam (90). ;Fi’gure 4.20is a high-resolution transmissiop electron microscope

image of two-dimensional lattice fringes on TiB, side and one-dimensional lattice fringes

7911 Fe side.  Dark islands obs_érved on the Fe side are merely’értifacts caused by the

differential thinning of the samplé. The dark band at the interface is atomically smooth »

and sharp (2-3 nm‘tlﬁck) in nature. Also, there is no atorhié level amorphous phase or

' layer at the TiB2/I_5é interface. It suggests good ceramic/metal bond at the interface.

However, two-dimensional lattice fringes extend up to 10-15 nin into one-dimensional Fe

lattice and bonds directly with Fe with a minimal mismatch. Thls lattice mismatch leads

to semi-coherent interfacé at few locations (shown by arrow in Figure 4.20). Such

behavior has earlier been observed in 6061Al/Si3N, composites where nanocrystalline
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MgO and MgAl,O4 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 phgse(s) during laser procéssing. Figure 4.21 is
another high-resolution -TEM imﬁge sﬁowing lattice fringés of TiB, and Fe with the
corresponding SAD pattern from two zones shown in Figure 4.22. Figure 4.22a shows
diffraction pattern obtainéd frorﬁ the Fe-rich side of the interface. It shows SAD pattern
corresponding to BCC. Fe "along [001] direction of zone axis. However, there are
additional diffraction SiJOtS, which ‘do not correspond to Fe. Such spots (marked by
arrow) fiirther correspond to the presence of a reaction- product or precipitate at the
ceramic-metal interface. The SAD pattern obtained from TiB, side of the interface is
shown in Figure 4.22b. It corresponcis to ‘diffractioﬂ spots obtained from TiB, along
[0001] zone axis. vHowever, some of thése diffraction spots have diffused’intensity aiong
with (the presence of douiale 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 paréllel to the planar defect and b) the presence of dislocations and stacking faults

can lead to distortion of volume which may lead into déuble diffraction spots (94). The
presence of the reaction product has created a faulted region with an atomic mismatch at 7
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
TiB, 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 4.21. HR-TEM image of TiB,/Fe interface viewed along [0001] TiB, direction.
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Figure 4.22. SAD patterns obtained from the region shown in Figure 4.21 (a) from Fe
(BCC) side and (b) from TiB, (HCP) side.
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Figure 4.23(a). Bright field TEM image of a TiB, particle containing several faults and
dislocations.
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metastable phase(s), SAD pattern (Figure 4.2315) shows additional satellite reflections

(marked by arrovtzs)L The presence of twins within the TiB; grain is further confirmed by '

the presence of streaks in the dif_fr_éiction 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’i__s' 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

intertace. Such roughness promotes. bonding at_the interface and increases the fracture
resistance of_ the inter'face (26).’ Forrnation of reaction product at the TiB,/Fe interface
has bee'n confirmed by'HR-TEM and suggests a sttong hond between the ceramic and
metal. |

TEM 'samples withjn the coating region were further subjected to se’arch for the

. physical observatlon of metastable phase(s) or pre01p1tates and defect structure. Flgure .
' 4 25 shows sore black color prec1p1tates within a TiB; partlcle Columnar and dendrite
' shaped features were also observed in some other particles as shown in Figure 4.26.

These reglons were further 1nvest1gated at high magnification for chemical and structural ‘

characterlzatlon Flgure 4 27is a h1gh magmﬁcatlon view of such precipitate along with
correspondlng EDS spectra at spots A and B EDS spectrum from the blackish
pre01p1tate reglon (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 T1B2 partlcle This change,
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Figure 4.23(b). SAD pattern corresponding to Figure 4.23(a).
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Figure 4.25. Bright field TEM image of fine black color precipitates within a TiB,
particle.



Figure 4.26. Bright field TEM images of (a) columnar and (b) dendritic features within
the TiB; particles.

109



Figure 4.27. High magnification view of a region within the TiB; particle and EDS

spectra from spot A (TiB; particle) and spot B (black precipitate within the
TiB; particle).
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however, was not very significant suggesting the formation of the columnar and dendritic
features within TiB, particle is dominated by structural changes rathér than chenﬁcal
changes. After extensive search efforts, regions containing these metastable phase(s)
and/or precipitates Were‘ found. Finé precipitateé (size = 50 -100 nm) v;'ithin a TiB,
particle are shown in Figure 4.28 along with the corresponding EDS spectra from the
precipitaté and TiB; particle. EDS spectrum from the nano-sized precipitate within TiB,
grain suggests higher Fe'concentraiion. 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 TiB; ?artibles.

A" HR-TEM image of the nano-sized precipitate can .b_e seen as Moire fringe
pattern in Figure 4.29. Moire ;;attems are formed by the interfering two sets of °
lines/planes which have nearly common periodicities (103). Their appearance looks same
even if the two crystals are not in contact.. SAD pattern from the TiB; particle containing
these Moi_re patterns is shown in Fiéure 4.30. Most of the reﬂections are from hexagonal
TiB, along [1_1—0]. direction. However, a series of fine reflection épots between two
diffraction‘ spots of TiB, are also observed. Such series of fine reflection spots are
indicative of existing periodicity or a short-range order wi;hin the precipitate. Moire
_fringes along with SAD patt'em‘ conﬁrm qbout tile e)A(iste.nc.e.of métastable precipitate with
high Fe concentration and a éﬂériér;lngé order. It is most likeli"that'Fe diffuses into TiB»
particle replacing some of the Ti dt:omé to form a substitutional solid solution of type (Ti,
Fe), By, with a short range order. This phase has possibly precipitated as néno-siéed

particles, which are shown as Moire fringes.
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Figure 4.28. HR-TEM image of the nano-size precipitate as Moire fringes within a TiB,
particle. EDS spectrum from these precipitate suggests high Fe
concentration (spot B).
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Figure 4.30. SAD pattern from the TiB, particle containing Moire fringes. The
periodicity/short range order is revealed by the fine spots between the two
successive larger reflections.
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The reaction mechanism of the metastable phase formation can be ‘understood in
the following manner.. It is assumed 'that‘ sorhe of the TiB, particle will melt dile to high
energy input during lase‘l~ surface engfneering process. However, molten TiB, will
solidify first before;'the‘ "Isuhstrate ‘material "is completely resolidiﬁed. Therefore, the
phslsical picture. that:emérges s -that‘ a solid state diffusfon and compound formation "

| processes may take place either from the ‘liquid or from the resohdiﬁed Fe at‘th'e interface
with TiB,. It must. be etnphasfzed that at the meltihg tempetature the -vacancy
concentratlon of a metal is expected to be at least one order of magmtude larger than that
of a ceramic materlal (20) ‘The Kirkendall effect requ1res a net ﬂux of vacancies across
. the 1nterface and thls w111 alter local equilibrium concentratlons and may influence the
dlffusmn mechamsm con51derab1y By these effects Ti and B could even dlffuse into Fe
+and upon "cooling: become supersaturated solution which crystallizes as non-

stoichiometric phas“es\ (20). Such effect is conﬁrmed by the formatlon of non-

T .StOlChlometl’lC phases such.as Fe; 12B103.36 (Flgure 4.7). The most stnklng dlfference in

metal/ceramlc ‘interface formation compared to the class1cal d1ffus1onal bondmg is the
posslblllty of morphologlcal instahility and int_erface reactions leading to .compound
"for'mation (20). ' Moreover, a 5weeping uniform laser beam alohg the surface creates
theqnaf cycles along‘ﬂthe stlrface and the sabsurface layets! and the process conducted
under tlfese conditioas"is no more -isothermal (20). The classical diffusion equation
becomes 'more.'co‘mplex th"ith ihcltlsion of time‘ dependencevof lte‘mperature. In laser
) meited:stfactutes. the pfediction of 'temperatlllre c);cle is, however, too compﬁcated due to
'j‘sevevral.parameters‘ such as thermophysical properties (t.hermaI‘ conductivity, absorption

coefficient, yiscosity) of the material system, laser power and traverse speed, latent heat

sl

115.




due td 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 cﬁaracterization of TiBz coated AISI 1010
steel ;urface, it can been concluded that TiB,/Fe interface is souﬁd and ffée 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
TiB,/Fe interface. ‘Sucﬁ atomic configuration minimizes the stresses at the interface and
hence prevents crack initiation and propagation. Hence, TiB./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 TiB,/Fe interface through its mechanical properties such as
hardness, elastic modulus, interfacial strength and fracture toughness. Combination of
structural and mechai;ical charactérization of TiBy/Fe.--interface is expected to
demonstrate the effectiveness of the laser surface engineering (LSE) for ceramic coating

on metal.

4.3 Mechanical éharacterization

An ‘exhaustive mecharical characterization ‘of the"'z:bﬁiposite" TiB; coating has
been done using a microharc'lr,lé:s's‘-téste‘_i', naﬁbihdénter, ~fo'ur—poiﬁt"ﬂexure test and tensile
test. There is no single techniql‘le,'l which. coqid’ ‘pfovide ‘the. mechanical properties of
these céafings. 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” TiB, coating within‘a selected envelope of the laser processing parameters.

4.3.1 Microhardness Measurements
Table 4 5' lists the rnicrohardness values (Krioop hardness) at different locations in |
. the coatmg and substrate Figure 4. 31 1nclude the SEM mlcrographs of the cross section

w1th rmcrohardness 1ndentat1ons w1th1n the laser melt zone, 1nterface and the substrate.

Table 4 5. Microhardness Values at Varlous Locatlons in Coatmg
. and Substrate .

.| Location of Microhardness I'ndentation . Microhardness Value (Knoop)
s e |- at 300 gm Normal Load and 15
T ‘ T R . seconds loading time
" - Cluster of TiB, partlcles U B 1742£306

. (Spot A in Figure 4.31a) -’ R '
... Mixture of ( Fe +TiB; ) and TiB; partlcles T 622 +37
(Spot D in Figure 4.31b) | ’ ,
) Interface of laser- melt zone . T 407 +21
" and steel substrate’ R I
" (Spot B in Figure 4. 3la) ' . :
. -Steel substrate ol 140 + 25
* (Spot C.in Figure 4.31a) o

 The srriallest indentation (spot A) in ’Figure 4.31a suggests extremely high
hardness v'alues'within the clustered zone ’of TiB2 particles This is evident from the fact
that most of the 1ndentat10n mark hes on T1B2 pamcles wh1ch have a very high' hardness

. (56). In companson spot Din Flgure 4.31b shows a lower hardness value (622 Knoop)
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Fig 4. 31. SEM micrographs of the cross-section showing microhardness indentations on
(a) cluster of TiB; particles, melt zone/substrate interface and the heat affected
zone in the substrate and (b) mixture of Fe and TiB,.
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as indentation is placeci on a mixture of f‘e and TiBz. _This fuﬁher, insinuates that some
other phase(s) have formed that ha.ve hardness préperties intermediate to that of pure
TiB; and 1010 steel. It has been reported Fe,B, FeB and TiB have hardness values lower
than TiB; but higher than AISI 1010 steel (56,103). Thus, itis a rea;onable assumption
that phases like Fe,By, TimB, or (Fe,Ti),B, may have hardness higher than steel but
lower than TiB,. 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 microstructural
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 mélt 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 me;:hanical 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 hardnéss measurement tools. The greatest advantage of
this technique stems from ‘its ability to probe a surface and map its properties on a
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spa‘ti‘ally-r’e’selv:ed besis with a resolution of better.than' l'\um (6‘9’). Such small. size of
" indentation jallt)v'vs exuct measurement of mechauiCal'prbperties of fine microstructural
features such :as_ultra fine grains, precipitates antl phases. ’l‘his* also enables estimation of
' rnécillaui'c'ul' prope‘rties of “couiposite” materials. Another advantage offered by
h -nanomdentauon-techmque 4IS its ablllty to measure the surface propert1es 1ndependent of .
s »hthe nature of the subs‘trate (68) Since the 1r1dentat10n depth is very small (nm) plastic
deformatlon of substrate is. av01ded and only surface propertles are- measured. Table 4.6
l presents the experlmental results of elast1c modulus (E) and hardness (H) for LSE 1, LSE
2 and LSE'3 samples as obtamed frorn load-displacement curve of nanoindenter. The
: exuenmeutalvalues for E'and H were obtained from the lo‘acling-unloading curves using
the ahaljtléal teehnique developed lly Oliver and Pharr (71). ‘The values of the elastic
-

modulus of the "composite” coating obtained by nanoindentation technique will further

be used to compute the interfacial 1s_'t'rength/energy of the cdating/substrate interface.

Table 4.6. Expe'rimental Elas'ti'e Modulus.(E) and Hardness (H) Values
as Obtained from the Load-Displacement Curves of Nanoindenter

Sample | Volume Volume Elastic Elastic - | Hardness - Hardness
R Fraction Fractio'n", . Modulus | Modulus | of TiB, | of Matrix
- of TiB; | of Matrix | of TiB, | of Matrix" (GPa) (GPa)
, L. ' (GPa) - (GPa) - |
‘LSE 1 0.52 048 558.6 3264 - 332 7.1
LSE 2 0.66 ' 0.34 _ 556.9 3064 - 32.8 7.0
ISE3 | 0.69 031 560.3 292.4 339 6.5

a) Volume fraction of TiB, has been computed using quantitative rmcroscopy (64).
b) E and H values represerit average value of twenty indentations in each sample.

c) * Matrix 1mp11es Fe rich matrix containing ultra-fine dissolved boride particles and |

traces of meétastable phase(s) such as FeaBb and Ti,B,.
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Volume fraction of TiB; increases with the laser traverse speed (Table 4.2). As
explained earlier in section 4.2, this is attributed to the lesser ipteraction time of laser
beam at higher speed of 200 cm/min for LSE 3 sample. At lower speeds, interaction time
of laser beam with TiB, 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 TiB, particles in a large melt volume and hence volume fraction is
low. The variation in experimental E and H values of TiB, 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 TiB; particles and phase transformation, if any. Hardness
value is highest for the LSE 1 sample due to a higher degree of disintegration of TiB,
particles at lower laser traverse speed.

Figure 4.32 shows representative load-displacement curves for an indentation on
TiB, 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 TiB, particles. All
indentations were made to a depth of 300 nm. Although TiB, 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). TiB; particles show high degree of elasticity and recovers 140
nm of displacement. Figilre,'4.32'b: shows .load-displacement .curve for Fe matrix in
coating region. Matrix is highly plastic as compared to TiB, 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 TiB, particle in the
"composite" coating zone.
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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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Figure 4.32 (c). Load-displacement curve from the nanoindentation of unaffected AISI
1010 steel substrate.
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TiB4 particles in the coaling

&

Nanoindentation Mark

Figure 4.33. Nanoindentation marks on a cluster of TiB; 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 (ih unaffected steel substrate) and Fe matrix (in coating region) containing dissolved
ultra-ﬁne; TiB, particles with- traces of metastable phase(s) of type Fe,By and TipBi.
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 reéion constitutes of dissolved TiB, particles and traces
of metastable phase(s) apart from Fe. It is important to observe that Fe,By phase have
elastic modulus and hardness values of 305 GPa and 15 GPa, respectively, which are
intermediate to mecﬁanic_al properties of TiB; and unaffected 1010 steel (56). Table 4.7
lists the experimental and the(;retical values of E and H for TiB,, 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 TiB,, Fe Matrix and AISI 1010 Steel Substrate

Experimental

Location Theoretical E | Experimental | Theoretical H
‘ E (GPa) (GPa) H (Gpa) (GPa)
TiB; particle ~ 560.3 551.5 339 33.1
Fe matrix (in 2924 - 6.5 -
coating region)
1010 steel 240 236.3 2.7 2.4
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A. Elastic Modulus Computation for Cqmposite Cot-zting g

'Elais_tic,modulqs, E of the compbéite Sdride coatAin‘gbh‘asib.eeh computed using rule
"of mi’xturé».”.(ROM). as shown by equation 4.11. The 6vefaliv, microstructure was
v"hémogenedﬁs" with uniform distribution of TiB, particleé w1th1n the Fe-rich matrix

" (Figure 4.35. Such microstructural features suggest that rule of mixture (ROM) is a valid

assumption to estimate the modulus of the "compoéite" coating (91). V, and E, represent

vol;;me fraction and elastic modulus of TiB; particles whereas Vy, and Ep, represents
vqlume }fractioxg and elastic modulus of Fe rich matrix in composite C(;ating region.
Ecoating = VpEp + VB (4.11)
Computations have been performed for various volume fractions (0.52, 0.66 and 0.69) of
‘ 3 : :
TiB; in the composite coating as the final volume fractions varied with the laser traverse
speeds ;/iz.“ 150, 175 and 200 cm/min. A comparison between theoretical and
experimental E values has been made. For theoretical complitations, it haé be;'-:n assﬁmed
that Fe rich matrix in composite coating region consists of only Fe from AISI 1010 steel
substrate. On the ’contrary, for experimental computations, it was considered that Fe rich
matrix in coating region consists of dissolved TiB; particles and traces ‘of metastable
phase(s) such as Fe,By and TihB,. Tables 4.6 and 4.7 list all the experimental ahd
theoretical values required for ROM computations. A comparison of E of the composite
cogting for various laser processing speeds (i.e volume;l fraction of TiB, particles) is
shown in Figure 4.34 and Table 4.8. Experimentél values (Table 4.6 and Figure 4.34)
indicate that there exits a nonlinea; rela;ionslijp bt?tween laser traverse speed within the
range considered in the present study apd resulting volume fféction of TiB; particles in
the "composite" coating. R - | |
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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. Tﬁeoretical and Experimerital Elastic Modulus Valﬁes of
Composite Boride Coating for Various Laser Processing Speed

"Sample ‘ Theoretical -Elastic Modulus | Experimental Elastic Modulus
A (GPa) | ' (GPa)
LSE 1 { 4002 ' 447.1
LSEZ B
LSE 3 S, L4538 e 471.3

.However, éxistencé o% tﬂi"S'non-'linear,relationshjp is not a topic for the present
study. Corﬁputed values of elastic rﬂodillus were higher than theoretical values for all the-
cases. This increésed elastic modulus of ,thé cdating is :attr‘ibAuted. to the é'arlier ,
observation that Fe-rich tpatrix in the 6oating reéion contains dissol\}ed TiB, particlesA aﬁd
tracés of metastable phase(s). ThlS ,i;c»_v;:ontrafy_ to our assumption during theoretical
computations where only Fe is :preséqt in ma}trji‘x‘of “composite” coating.y Regression
analysis was pei'fqrmed on the e;(peﬁrﬁenfal and theoféﬁcal»result_s; which is shown by
equation’ 4.12"énd 4.13, Jrespgctiveiy where Ecgogﬁﬁé is'the effective "corhplited" ‘élastic
linodulus’:‘ of the com;;osite coating and Ecouting-is the "theoretical" elastic modulus of the

composite codting.

E oating = 177.04 V, + 355.01 (4.12)

E" pating = 315.21'V, + 236.29 (4.13)
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From equatibﬁ 4.12, it can be evaluateci tha'lt”ECclom‘ng is same as Ecmamx for V, equal to
zero. Hence, Ecmmx is 355.01 GPa, which is 1.5 times higher than theoretical E value,
236.3 GPa of AISI 1010 steel (Table 4.7). 'i‘his pronqunced effect on elastic modulus of
coating is due to laser processing which causes dissolution of TiB; into Fe matrix and
formation of_ metastable phase(s). |
TEM investigations discgssed in the earlier section (4.2) further confirms the
presence of dissolved boride particlés in Fe-rich matrix, reactivity between Fe and TiB,,
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 boridei coating where TiB; particles of various shapes and sizes are embedded in
Fe matrix has Abeen confirmed b); 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 'dendritéé 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 Figuré 4.13.  Diffraction pattern is a combination of
hexagonal structure of TiB, 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 TiB» i)artiqle and the nucleation of metastable phase(s) of type Fe,By and
Ti.Bp and (Fe,T1)xBy has already been discusséd in great detail in earlier sections of TEM

analysis.
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Even though the "composite" ﬂétﬁre o% tﬁé la;ger eng'ineered\TiBg coating provided
a coating 6f sbund interfaceiwith enhanced mechanical properties (hardness and elastic’
modﬁlus), it will be highly functional only if the vinterface between‘ the coating and the
substrate is sound and strdng. The following se;:tion, 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 foﬁr—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 conditiops
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, G. and ‘ the critical stress intensity factor, K; for the "composite"
éoating/me’tal 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 (285:_

=L -1V _ .
G=—-(Q-U)2——=R (44.14)

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 brittlé
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 stateatthe Cﬂr;lck tip is most lmpo_rtant parameter rather than the far field
applied stress. The s't‘re‘ssvoyy at the craek tin (on a crack plane y = 0) is'c‘haracterized by
the stress 1ntens1ty factor K and fallure under o, fallure stress occurs when K reaches a
- critical value The cntlcal energy release rate for blmaterlal interfaces (1 e. coating-
substrate system): can be ‘expressed as equation 41 5 (287.1 04)t

*2[1“01_'_}"_02). -
_ o H KE “. 1'5 )

¢ 4cosh®(7g) -

where W; and V. represents the shear modulus coating and substrate respectively, v, and
v, are the corresponding Poissen's ratio. € is known as ,bim‘aterial' constant and K is
complex because of mixed mode of fracture (104-105)." - Bimaterial constant, € is

computed as per following equations (105):

s d(1=8) |
o{ih) o

where B (for plane stram condltlon) is deﬁned as the measure of mrsmatch in the m-plane

bulk modulus tis g1ven by equat1on 4 17

1/11(1 21)2) i, (1-2v,).
2 u (= V;)+ U, (1- Ur), .

e 7:”/3 (4.17)

~ Table 49 llStS theoretleal and computed material propertles :(s‘hear modulus and material
constants ,such 'as‘ € and B) for ‘,'l‘iBz-Fe material systern. These Values have »l‘):eenv -
comnuted ustng elastlc modulus data obtained from nanomdentatron and equat1ons 4 16
‘and 4. 17 The theoretlcal values of matenal propertles for T1B2 and AISI 1010 steel are ,
: ‘taken from reference handbooks (56 102) P01sson s ratio for the "composrte" coatmg has
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been computed using rule of mixture (ROM) for LSE 3 samplg (volume fraction of TiB,
particles is 0.69). Poisson's ratio for TiB, 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
TiB; coating/Steel Substrate System (LSE 3 sample)

Matex_‘ial Theoreticgl Value Computational Value
Property/Constant |
Elastic Modulus, E* (GPa) 453.8 4773 .
Shear Modulus, p* (GPa) | 192.3 202.2
Mismatch Constant, B! 0.0185 " 0.0258
Bimaterial Constant, é® -0.0058 -0.0082

* These values have been taken from nanoindentaion data from Table_ 4.8

where v

# Shear modulus, p has been computed using following equation: u = 20+0)
+0

is the Poisson's ratio of the "composite" coating.
! Mismatch Constant,  has been computed using equation 4.17.
® Bimaterial Constant, € has bt;,en computed u_sing equation 4.16.

Cracks in the "composité"- TiB; coating are oriented vertically through the entire
coating thickness and as a consequénée do n‘ét‘cziuse delamination of the coating. Figure
4.35 shows a cross sectional view of such sample. No crack has initiated from the
preérack{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 um 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 cra‘<I:k p4rop'a.gzv1tés thrm‘lgh 5ﬁttle ceramic particle (TiB;) rich
region suggesting that crack energy was not dissipated fully. leading to craék 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 TiB, particles with a small
deflection at certain piéces. This small deﬁection of the crack in the "composite" coating
zone can be attributed to the interparticle region containing Fe-rich 1;natrix. These cracks
are opened by the plastic deformation in a very small zone.

As stated earlie;r, it should be noted that four-point tests were performed only for
LSE 3 samples ;hat wefe processed at the highest laser traverse speed. Also, LSE 3
sample contains the highest volume fraction (0.69) of TiB, pa;tjcles. The critical load
was determined wheﬂ the crack reached the coating-substrate interface. Such observation
was made when there was a small drop in the load. Mofeover, microscopic observation
at this stage also confirmed about t-he crack ;eaching coating-substrate interface. The
critical bending mc;men_t, M corresponding to the delarninati(;n load was computed using
equation 3.7 and was found to be 231 N/m. Critical enereg ‘release rate has been

computed using equation 3.8 as shown below.

G - 18M,°(1-v3)°E, b,

, 3.8
T amoner W Y

It should be e'mfphasize'd hefe that prefix 1 denotes composite TiB, coating and
prefix 2 stands for AISI 1010 steel substrate. The various -parameters needed to compute
the critical strain energy relgase rate are Poisson's ratio (V) of the coating and the
substrate, elasﬁc modulus (E) of the coating and the substrate apart from coating
thickness (h;), Qverall‘ sample thickness (h) and critical bending moment (M,). E for the
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Figure 4.36. SEM micrographs of the cross-section of four-point bend samples showing
(a) crack propagation through brittle TiB, 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 corﬂpositecoating has been cqmputf:d using rule of mixtures (ROM) similar
to equation 4.11. Coating thickness is 200 uin and the total thickness of the four-poiﬁt
bend sémple is 1.5 mm. ’It should be recalled that theoretical as well as computed value
of élastic modulus of the coating were determined in‘s_ection’4.3.2 (Table 4.8) for LSE 3
sample. Theoretical and expeﬁmentaln values- of critical energy release rate G, has been
computed using these ﬁarameters.

G theoretical _ 551 12

G emperimental _ 965 7/
The stress intensity factor cha;acterizing the bimaterial interface is obtained from
equation 4.15. All the parameters néeded to compute stress intensity factor are listed in
Table 4.9.

Ilécltheoretical = 6.55 MPa m2

IKCIexperimental =6.63 MPa Inll2

It should be noted that the energy release rate fo; a perfectly brittle cleavage
fracture is approximately 5 J/m> "v’vrh'e‘reas thé fracfui‘e energy for ductile steel is of the
order of 300 J/m? (25). Critical enérgy féleéSe rate in our case"»i—'s' found to be very high
suggesting a "composite" kind of stféfi‘g 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 J/m? and stress intensity factor of 8.5 MPa m"? produced
a very strong and adherent interface (28). Fracture toughness of the "composite" TiB,

coating is nearly 6.5 MPa m”, which is higher than the literature value (4-5 MPa m'?) of

137




monolitihic TiB, (56). An increase',in the fracture toughness is attributed to the

"composite” nature of the coati'n‘g. It should be emphasized that the computed value of
fracmre"toughnes.s'_‘holds tfuetor. mixed mode of fracture whereas literature values are
duoted for mode one failure;' Howeyer, this is the nearest »possible comparison between
two vaiues of fracture.to‘ughne‘ss, in lack of ayailable data for such materi‘al systems.

| .Severalresear.chers have tried to investigate the correlati-on’ betWeen W:d, work of

adhesion ‘and fracture enefgS}, Ge for 'ceramic metal'vinterface‘ (26). Table 4.10

summarizes the comparlson between ‘the work of ‘adhesion and fracture energy for

various cerannc/rrletal mterfaces, whlch torr_n a reactron product at the 1nterface (26). A
large discrepancy exists between the work of adhesion andl the fracture energy, which is
typically > 50 W.. (26) ‘Similar behav1or is seen for TrleFe 1nterface in Table 4.10. The
expenmental values obtalned for fracture energy, G, (265 J/m®) is nearly 90 times greater

than W (2.85 J/m ). Such dlfferences are attnbuted to the nonplanarrty of the interface at

the atormc level and the possible plastlc deformation w1thln the bond layer (26) This

nonplananty causes surface roughness at the 1nterface, which locally absorb stresses and
results in ‘higher value of fra¢ture 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

y 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 coatmg viz.

residual tensile stresses in the coating and plastic deformation/yielding of the substrate

(25,28,106).




- o
3

Table 4. 10 Work of Adhesion (Wa) and Fracture Energy (G.) of
Metal/Ceramic Interfaces

‘Material System - Work of Adhesion, W, Fracture Energy, G,
- J/m?). | (J/m’)
Nb/ALO; ' 0.8 R -
AWALO; - : 0.5
Ni/AL,Os L 0.2-0.8 : 0-60
Cu/AL03 0.4-0.7 0-45
Fe/TiB; 1 2.85 265

The fheﬁ‘nal loading by the laser beam causes stresses to build up in the coating.--
Thermai .strai.nsy are produced within the coating which' affect the strain energy release
rété. ‘Thermal strain energy caused by laser processing is- of the order of 30-40 J/m’ in
IQO pm thick Cr;O;;/Fe interface (28). Thermal stfain energy is a functi.onvof material
properties, laser processing variaBles éhd is affected by the localized temperature
fluctuations. Computation of the thermal strain energy involves a“lot of tedious
experimentation ar}dl computaﬁons, which was not the objective of the present study.

Anotiler 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 interfac:e. is very strong and.failurei does not occur by delamination of the
coaﬁng, 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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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 thé interface in_ bimaterials.

In the real world, coatings are exposed to various external stresses that migﬁt
cau§e damage. In particular, cracks are developed by the tepsile stresses, which
significantly deteﬁofate»‘tﬁé ;:oating propérty. Four-point bend tests have already been -
conducted to evaluate thc_respoﬁse of coating under such tensile stresses. Uniaxial tensile

stresses are another class of stress experienced by many material systems. Even though

4.36b). For an accurate measurement of elastic energyA release rate, these two factors

uniaxial tensile testing is not so common for the ;:oatings, recently researchers have
| : strgssed fo carry out uniaxial tensile test for ceramic coating (107-109). Hence, it was
| _ thought to investigate the deformation behavior of the éomposite TiB, coating under
uniaxial tensile test. However, it shpﬁld also be emphasized here that uniaxial tensile test
of coating is not as signiﬁ(;ant as four-point bend test because it does not provide detailed
and quantitative information about the céating/substrate intei‘facé, 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 investigaté 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 Smm x 0.3
" mm. First, it was Fhought to carry out the tensile test of the coating material itself (200

um 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 pm, which constituted of 200

um thick coating and 100 pm thick substrate.

Figure 4.37 shows a stress-strain curvé of the "composite" coating under uniaxial
tensile stress. The curve shows a typical stress-strain curve obtgined 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 ‘lo‘ad transfer from soft Fe matrix to high étrength
TiB, particles. Tile failure of the coating occurs at a stress of 282 MPa. It shduld be
observed that failure of the "composite" coating is not catastrophic, which is a general
response of the ceramic materials loaded undel; uniaxial tension (110). The several kinks
obtained after the failure of the coaﬁng suggests load itransfe'r from brittle TiB, particles
to the softer Fé-rich matrix. The stress-strain curve does not show a completely graceful
failure as obtained in fiber reinforced composi;e':s“ ('110). Such behavior Acould be
attributed Ato a very high })olume ﬁaction (0.69) of ~TiB; particles (ceramic) in the
"composite" coating. Elastic modulus of the coating was corriputed from the slope of the .
streés-strain curve (tm‘the fracture stress of 282 i\dPa). It was found to be 355.7 GPa,
which is far, less than vaiiue of 477.3 GPa as obtained by nanoindentaion technique for
LSE 3 sample. Such difference in the values of elastic mo‘dulus\is attributed to the
presence of 100 pwm thick sfeel substrate in the tensile samples. AISI 1010 steel is very
ductile and has a elastic mddulus 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. I£ 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" TiB;
coating under uniaxial tensile stress. :
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Table 4.11 provides a'corhparison among the .fracture stress values for various
ceramic/metal systems under uniaxial test. In lack of standard test system, coating
morphology and othef material parameters, this{comp‘arison does not provide clear insight
about the response of ébatings undgr uﬁiéﬁial iest. However, it can be considered as a
y;.rdstick for the first approximafion of failpr;:-stresées for ‘vari'ous cérarrﬁé/metal systems. -
I;rom Table 4.11, ‘it éa,n l‘)e' inferred tlh‘a‘tn for thick “Fioa‘tings (thickness >100 .pum),
"composite'f TiB, cbating fails at a reasonably ﬁigh fracture stress, suggesting a stronger

coating. -

Table 4.11. Failure Stress for Various ‘Ceramic Coétilig/Metal Substrate
Under Uniaxial Tensile Stresses

Material Coating /| Coati,ﬁg : Failuré Stress Reference
System Method - Thickness (MPa)
U (pm) R ' ::

Glass/Cu | -Screen printing 100 |- 35-50 _ (80)
TIN/304 steel | Arcdonplating | 65 | 350400 |  (107)
Ni-P/1010steel | Electroless | . 10 | 225325 .|  (108)
8 % Y205-Zt0; | Plasmaspray | = 250 | 150 (109)
TiB,/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 evahiated using four-point

143




w0, “
"

’
——

Steel Substrate -
et W : . 2y &

il &= - o

Figure 4.38. Low magnification view of the SEM micrograph showing overall fracture
morphology of the composite TiB; 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 TiB, particles
is essentially brittle and occurs by cleavage. Sﬁcﬁ‘phénprﬁenoh is‘ evidenti from the
faceted and éracked TiB; particles. Fe-rgcﬁ matnx H‘acts‘" as a bﬁ&ge/ﬁihdei‘ between these
TiB, partiéles (marked by arrow). Fe is very ;.c;ft z;h’d‘ dﬁétilé as ‘compa¥ed to TiB,. The
interlinking Fe bﬁdges tend to fail in a ductile manner. But these bridge zones are very
small in size and volurﬁe fraction and hence they are not able to support the load when
cracking of TiB, occurs. The small kinks observed in the stress-str;lin 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 obsei'ved in the fractured surface of some TiB; particles is
the presence of few microvoids (marked lBy arrow). . The details of the fracture
mechanism occurring’in monqlithic TiB; are poorly understood. However, it has been
concluded microcracking occurs within TiB, particles for a critical grain size (111-112).
~ Coalescence of miprocracks can result in Fhe formation of‘ microvoids, which arey seen in

~ some of the TiB, particles. The effects of microcracking on the mechanical properties of

ceramic materials is highly debatable due to mliltiple 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"”
TiB; coating with a strong and adherent coating/substraté interface can be applied using

laser surface engineering technique.
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Figure 4.39. High magnification views of the fracture morphology showing mixed mode
of fracture occurring in "composite" TiB; coating.




Such enhanced mechanical properties of "composite" TiB, coating synthesized
using laser based technique is expected to perform in superior manner for wear
applications. The most important application of ultrahard TiB; coating seems to be wear-
resistant c‘oating for various machine tools 'and parts. Hence, it was necessary to study

the tribological characteristics (wear and friction) of such coating.

4.4 Tribological Characteriiation of the Composite TiB, Coating

Tribologioal properties of the ceramic coatings depend upon several factors such
as hardness and thickness of the coating, coating material, type of the substrate, operating
conditio‘ns’and coating process. Basetl on these variables, several wear mechanisms have
been proposed for different coating-substtate 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-engmeered
surface is shown in Flgure 4.40a. The surface is relatlvely smooth flat and free from
cracks. The profile of the LSE deposited TiB; surface is ﬂlustrated in Flgure 4.40b. The
average surface roughness R, for LSE coating is 6.39 um. 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 condueted 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-minute period.




Figure 4.40 (a). SEM micrograph showing smooth surface topography of the laser
engineered surface obtained in LSE 3 sample.
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Ra = 6.39 micron
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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.
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The cornparative wear rates (obtained by the slope in Figure 4.41) for LSE surface
anci AISI lOiO steel are presented as bar diagram in inset. It can be‘easilvy observed that
weight loss has drastically rednced for LSE coated in comoariSOn 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/or 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 compositelmaterials is very complex which
depends upon several ractors such as volume fraction, distribution and morphology of the
ceramic particles (114). Under ideal conditions, monolithic ceramic snch as TiB, is
expected to fail in a brittle manner (56). However:'ip'resence of the softer matrix phase,
Fe between hard ceramic particles alters the wear nature of »rrfonolithic TiB,. It has i)een
mentioned and validated earlier that Fe acts as an excellent binder for Ti based refractory
ceramics (35,37,98). This prevents debondmg at TiB, particle/Fe matrix interface (100).
The strength of the TiB,/Fe mterface has been addressed at microstructural, chemical and
atomic level in section 4.2. Under such niaterials conditions, Fe-based matrix phase(s)
deforms plastically to accommodate the high stresses experienced by T1B2 particles. This
prevents bnttle fracture and fragmentation of TiB, ceramic particles. Hence, chipping off
is prevented and no lose debris is observed. A composite layer containing hard TiB,
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 are elucidated in Figure 4.42
that shows TiB; particles embedded in Fe matrix. There is no crack formation observed
within the worn area. The interface of the wom/unworn surface is the potential site for
crack to be propagafe 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 rnatri* Fe phase resulting in very little loss of material.
Figure 4.44 is the surface roughness profile of the \x}ord surface of the LSE coated
sample. Wear su;'face is clearly indicated by the depressioes (plastic defofmation) caused
by the rotating disk of the tribometer and relatively small change in the averege surface
roughness, R, from 6.39 urh (as coated) to 4.56 pm.

The x-ray diffraction spectrufn of the LSE coated surface before and after wear is
shown in Figure 4.45. Withiﬁ the limits of resolution of the x-ray diffrac£ometer; the
spectrum does not illustrate evc;lﬁtion of any new phase(s) during the wear process
indicating that wear in LSE coated samples is essentlally physwal in nature ‘Such new

phase(s), if formed could influence the wear behav1or of the coatlngs ’

4.4.2 Coefficient of Friction Measurement i
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 (Wr) equals to the change in the electrical work during loading, given by

.equation 4.18.
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Figure 4.42. (a) SEM micrograph of the worn surface of TiB, coated sample and
corresponding X-ray elemental maps for (b) Ti and (c) Fe.
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Wear Scar

Figure 4.43. Low magnification SEM micrograph of the wear scar showing the absence
of cracks at the worn/unworn interface.
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Figure 4.44. Surface roughness profile of the wear surface for the LSE sample.
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Figure 4.45. X-ray diffraction spectra of the TiB, coated surface: before and after wear.
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W, =Voltage(AV)xCurrent(Al) (4.18)

From friction theory, it is known that
W, = Mv (4.19) -

where N is the normal load, v is the linear speed of the disk and W is the coefficient of
friction. B)} equating above two equations,.coefficient of fﬁq;ion\3is computed. The
computed coefficient of friction for comﬁogite_ TiBy goating has"been plotted for entire
test time of twenty minutes (Figure 4.46). The _bves‘t.‘-ﬁtﬂ line shows éoefﬁcient of friction
to be 0.59 for TiB,/steel coating. The low degree of ﬁuctuations in friction value for LSE
coated sample is accounted by the formation of a "composite" layer on the entire surface.
The wear 5ehavior of the “composite” coating is very cor;lplex, which could be explained
by a model that elucidates frictional behavior of rﬁultiphase and /or composite materials
(114). This model .predicts that friction behavior of a composite/multiphase material is
inﬂuencéd, by the., relative amounts and friction coefficients of the constituérit'phase.
Also, it is affected by the wear resistance of the individual constituent. In Iﬁost wear
situations, the more wear resistant phase(s) carry a: ciiSpropc;riionately larger part of thg
load andlh'en'ce have a larger influence on the friction of the composite. Hence, the
friction coefficient of c'pmposite generally does not féllow a linear rule of mixture, but is
dominated by fﬂéﬁon coefﬁcient of the most wear resistant constituent. | It is well
understood that a refractory ceramic like TiB, has high wear resiétance as compared to
plain carbon steel. Hence, according to the model discﬁsséd above, TiB; particles iﬁ the

coating tend to carry a larger load than Fe and contribute largely towards coefficient of
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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 TiB, Coating and its Tribological

Characteristics
Features LSE Process
Energy Density Input (MW/m®) . 15.0
Nature of the Coating Thick (200 pm ) composite

coating with embedded TiB,
particles in the Fe-rich matrix

Surface Roughness, R, (before wear) 6.39 um
Surface Roughness, R, (after wear) 456 pum
Wear Rate (g/min) 0.00005
Coefficient of Friction 0.59
Wear Mechanism Plastic deformation

It can be conclqded that "composite" IiBz coating has an excellent wear
resistance with a strong coating/substrate interface. TiB, being a ’high temperature
material, it is expected to perform superiorly at high temperature for various appiications
i.e. "composite" TiB; coating should have excellent high temperature oxidation resistance
and corrosion resistance. It is envisaged that TiB; will be deposited on machine parts and
varjous tools as wear and oxidation resistant coating. Another important application of
TiBj 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. TiB; is corrosion resistant to liquid Al, making it an ideal

candidate for protective coating on dies and molds. Such engineering components
experiericé high temperature either due to processing or the environmental conditions.
Hence, high temperature oxidation of laser\ deposited "composite” TiB, coating in air
along with high femperature corrosion by liquid Al has been studied in the following

sections.

4.5 High Temperature Oxidation of TiB, Coating in Air

Elevated temperature oxidation behavior of TiB; 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” TiB; coating has been characterized through
measurements of their mass change per unit surface area (Am/a) during expoéure at
various temperatures and time. Figure 4.47 illustrates mass gain per unit érea during
three-hour exposure for oxidation of the test samples at various temperatures. Oxidation
rate is parabolic for all test tempérétur‘es *dli'ri’n:g-qoristrant 'terr‘lpérdture‘:' exposures. Such
parabolic ra;e of oxidation is rebrééénféd by the"foﬂowing eqﬁalion whc;fe t is oxidation

time and k and C represent oxidation kineﬁc ‘constants. -

2
[ﬂ) =kt+C (4.20)

a

160



2

)

(=]
o
-l
o
Il

0.005 -

(9

600°C

0.000

“(Mass gain/unit area)2
m/cm?2

T T 1 T T ¥ !

T T

0 20 40 60 80 100 120 140 160 180 200

Time of Exposure.(min)-

(Mass gain/unit area)2
(gm/cm 2)2

_ 0.600
0.500 1
0.400 1
'0.300 -
0.200 1
0.100 -

0.000
0

20 40 60 80 100 120 140 160 180 200

Time of Exposure (min)

(Mass gain/unit area)2

30.00
25.00 -
20.00 -
15.00 -
10.00 -

5.00 1

(gm/cm2)2

1000°C

0.00
0

20 40 60 80 100 120 140 160 180 200

Time of Exposure (min)

reaction for 600, 700, 800 and 1000°C.

161

Figure 4.47. Oxidation kinetics for “composite” Tle coating showing parabolic rate of




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 TiB; coating determined from

Figure 4.48 is 205 kJ/mol.

Table 4.13. Oxidation Kinetic Constants for Composite TiB, Coating for
'Various Constant Temperatures of Exposure ‘

" Test Temperature ‘o) k (gm*cm™ min™) C (gm” cm™)
600 | X107 0.0216
700 , 9x107) 0.0420
800 | - 2.5x10° 0.2072
- 1000 0.1307 0.0128

Oxidation kinetics of cornpogite'TiBz coating are found to be parabolic for all the
temperatures between 600°C an& 1000°C. On the contrary, Irving and Worsley suggested
parabolic rate of oxidation for pure TiB, pov;'der samples for all temperatures except
between 900 and_‘95v0°C where rate was cubic (116). Barandika et al. found oxidation
rate for TiB; based cermet (TiB; + 14 wt. % Fe + 6 wt. % Ni + 5 wt. % Al + 3 wt. % Ti)

to be linear bétween 775 and 1000°C and parabolicv below 775°C (117).
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Figure 4.48. Arrhenius plot for the parabolic rate of oxidation of "composite" TiB,
coating.
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In all these studies, however, the physical and chemical nature of samples was far
different from the “composite” c}oating sample under investigation in this work.
Furthermore, activation energy for composite boride cbating was found to be similar to
the earlier study of TiB; based cermet (118). This could be attributed to some deg.ree of
similarity between physical nature of “composite” coating and TiBz based cermet.

The lower values of rate constant k, fqr 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
combined effect of several reasons such as formation of non-protective oxide scales along
with the rapid evaporation of B2O3 (117). The detailed mechénism of the oxidation
reactions occurring within the "composite” TiB; coating/Fé system were understood by
characterizing the oxide scales foﬁned 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 Ocxide Scale Characterization
A. Cross-Sectional Morphology

Table 3.3 should be refer"fe'dv‘_‘for th;a sample n‘omghéla'tﬁre; ifor oxide scale
characterization. Figure 4.49 shows. the low ’magniﬁqaﬁori SEM fhicrographs of the cfoss
section of A-series samples after long duration exposure at 600°C. “Composite” TiB,
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 vlayér ié adherént to the coating and TiB, pa;ticlgs in the cqatipg are still
intact. A crack’is however, seen in the—poatiqg, whjch éasses through ’TiBz partiéles.
Further, increasing seyerity of )oxidati(’)ri Lis gvident ﬁom Figure “4.500 for s;clmple B3
which was exposed for 50 hours -at 800° C. Oxi&e layer has grown thicker and spalled off
the coating frorﬁ éeverél locations. - Weaker interface between oxide layer and composite
coating is revéaled much clearly later in this section Figure 4.53c. Although TiB,
particles are intact in the coating, there is severe damage to coating by crack propagation
through TiB, péﬁicies (Figure 4.50c). C series samples were exposed for oxidation z;t
1000° C (Figure 4.51). C1 sample, which was exposed for 10 hour shows a horizontal
split in the “composite” boride cdéting (Figure 4.51a). Moreover, there is lbt of porosity
at the comp'osite coating/steel subétrate interface. Figure 4.52 presents the X-ray
elemental mapé for Ti and Fe 'distribution corresponding to split coating observed in,
Figure 4.5ia. C2 and C3 samples behaved in a similar manner showing three distinct
léyers in Figuré 4.51b and 4;510. ‘Top moét layer shows oxidized boride coating whereas

i

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)

Al 0sample (b) A2 sample and (c) A3 sample after long term exposure at
600°C.
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Figure 4.50. Low magnification SEM micrographs showing cross sectional view of (a)

B1 gample (b) B2 sample and (c) B3 sample after long term exposure at
800°C.
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Figure 4.51. Low magnification SEM micrographs showing cross sectional view of (a)

Cl1 sgmple (b) C2 sample and (c) C3 sample after long term exposure at
1000°C.
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Figure 4.52. X-ray maps showing elemental distribution of Ti and Fe corresponding to
Figure 4.51(a).




~ layer has occurred due‘to mechanical damage caused by grinding and. p_olishing during
preparation of metallogre;phic sample. Delaminated layer was too fragile and brittle iﬁ
nature. Intermediate iron oxide laye; is infested with porqsity and cracks along the entire
length. | | -

'High magnification view of the oxi;ie lalyer. in"the Cross section of B series
samples is shown in Figure 4.53. Bl sample shows intéct acicular shaped TiB; particles
witilin thq coating with an adherent oxide layer of 15 um thickness (Figure 4.53(a))." In
Figure 4.53b, an adherent O)gidé layer on the B2 samp}e is 40 pm thick with a highly
porous and lan;ellar sv’tru'cture.» A érack propagated through the coating with oxides
formed in the interspaéing of the ‘cr‘a'ck. Sever@:ly darnaged TiB, ‘coatiﬁg in B3 sample is
illustrated in Figure 4.530. Even though individual TiB, particles are still intact, severe
crack propagatién,has damaged the integrity of tl_le coati-r;g. The top oxide layer has a
weaker interfapc*; with TiB; coating in comparisoﬁ to Bl anfl B2 samples that caused its
spallation.r A region of delarrﬁnation of oxide layAe’r‘ fxbm tﬁe .coating is marked wfth an
arrow in Figure 4530

Figure 4.54 shows thp high maghiﬁqatidh cross sectional view of the oxidized
boride layer m C1 sample and coﬁesponding ‘x-ray elemental maps for Ti and Fe
distribution. Oxide is highly porous and lamellar with higﬁ iron content. Ti is uniformly
distributed in the oxide. EDS analysis (spot A) at lamellar regioﬁs suggests 75 to 80 wt.
% Fe and 26 to 25 wt. % Ti uniformly distributed in the'composite oxide. Dark regions
(spot B) are porosity in the oxide. High magniﬁcafion cross sectional views of oxide
morphology for sample C2 and C3 is ﬂot presented here as oxidized boride layer

separated from steel substrate (Figure 4.50a and 4.50b).
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Figure 4.53. High magnification SEM micrographs showing cross sectional view of (a)

Bl gample (b) B2 sample and (c) B3 sample after long term exposure at
800°C.

171



Figure 4.54. (a) SEM micrograph of the cross section of layer oxide formed on Cl
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 SOOOC- for B3 s'ampyle. Figure 4.55b shows a very rough surface with

hiéhly porous and fibrous oxide. C1 sample shows oxide grains growing upwards from
the coated surface (Figure 4.55c). Surface topography of oxide layers in C2 and C3
sarﬁplés céﬁld-not be observed due to extremely brittle nature of separated layer from the
substrate. 'Figure 4.56 illustrates the surface roughn;:ss profiles corresponding to oxide
scales observed in Figure 4.55 for A3, B3 and C1 samples. Average surface roughness,

R, of the oxide scales formed on A3, B3 and C1 sample is 9.54 um, 14.39 um and 23.37

um respectively.

C. Structural Characteﬁzaﬁon of Oxide Scale

Structural cha:actcrizationl of -oxide scales formed on the coated surface was
pérfonned using,.x-ray diffractometry. Several oxides of type Ti,Op, FemOn and Fe,Ti,O,
\J;litﬁ various stoichiometries are formed. Table 4.14 bresents a comprehensive list of all
the major phases preéent in A, B and C series samples. X-ray diffraction spetétra for A
series samples are shown 1n Figure 4.57. TiB, is the major phase along with Fe and TiO,
which is an oxidation product. ‘In B series samples, TiB, peaks are not.observed. TiO,,
Fe,Ti,0, and Fe;BOg are the prominent phases present in B series samples (Figure 4.58).

The major phases present-in C series samples are Ti,O3, Fe,O; and Fe,Tiy0,.
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Figure 4.55. Top surface morphology indicating oxide growth in (a) A3, (b) B3 and (c)
C1 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 C1.
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Table 4.14. Comprehensive List of Major Phases Present in the Oxide Scale

Phases Al | A2 | A3 {B1 B2 ]| B3 | C1 C2. C2 ' C3‘ C3 '
Present : Top | Bottom™ | Top | Bottom'
Fe X X X - - - - - - -
B)| B) | B "
TiB, X X | X | - - - - - - -
(H) | (H) | (H) (H)
TiO, X X X X | X - - - - -
® | @® | B (B B K
Ti,O3 - - - - - X - X _ X
(Rh) (Rh) (Rh).
Fe;05 - X X - - X X |- X - X
(Rh) | (Rh) (Rh) | (Rh) (Rh) (Rh)
B,0s; - ‘ ,
FesTisOq0 - - - X | X - - - - -
) | )
FeTi5010 - - - - - - - - - -
)
Fe,TiOs - - - X | X - - - - -
©) | ()
FeTiO; - - - - - - X - - -
: (Rh)
Fe,TisO - - - - - - - - X -
‘ : (8)
Fe-Ti-O - - - - - - X - X -
' (%) (%)
Fe;BOs - - - X | X , - - - - -
) | )| 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. Ti»O; and -

Fe,0; are formed on‘the bottom side of the.separateid oxide layer of C2 and C3 samples.
X-ray diffraction spectra of C series samples are presented in Figure 4.59.
Oxidation of “composite” TiB; coating occurs in several ways as schematically

illustrated in Figure 4.60. Oxidation of such “composite” coating is very complex as it

leads to formation of several multiple oiides (Table. 4.14).: It is anticipated that glassy

B;Q; formation occufs “at34‘500C, ‘which melts and covers Fhe surface (117-118). B,0; is
“an oxidation product of. TiB, fhat occu’rs‘ through the following reaction:
TiB_? I+ 5/2 02 =Ti0; + B;0; (4.21)
Figure 4.57 shovys few B,0; peaks in A-series samples.“ However, B,Os; was not
detected as mgjor bhﬁse by XRD analysis"due to its glassy nature. At lower temperatures
B20s ha\}’e ]ow oxygen ld_iffusivity véllue and heﬁce act as protective layer against

oxidation (119). This fact is corroborated by Figure. 4.47b that shows very slow

dxidation rate for 600 arid 700°C. Figure 4.49 also does not show any oxide layer on the -

coatihg which fuftﬁér validates the slow oxidation rate at 600'?C. However, oxidation
rate increases at “SOOOIC with a further rapid incréase at 10009(2 (Figuré 4.47b). Such
oxidation behavior is attrii)uted to the properties of oxides formed on the ;e,urface. It is
notev{vorthy' thatv ailthough B,0; has a boiling point of ‘_1250°C, it evaporates at a
temperature ;npéh lower than its boiling point (117, 120).‘ Evaporation of B,O; starts at

750°C which causes increase in oxidatioh rate at 800°C (117). This fact is pronounced in
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Figure 4.59 (a). X-ray diffraction spectra for C1 sample.
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Figure 4.59 (c). X-ray diffraction spectra for C3 top and bottom sample.

184



Possible Oxidation Routes and Producté

TiB2/O; - FelO2

FenOn/O:

MULTIPLE OXIDES

Figure 4.60. A schematic suggesting the possible ox1dat10n routes and products occurring
in “composite” TiB, 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 B,O; at
temperature higher than 950°C (117). Apart from evaporation of B,O3, there are other
factors, which also contribute towards oxieation rate at 800" and 1000°C.  After
evaporation of entire B,O3, a thinner diffusion barrier layer of 'TiOy_ is left behind on the
coated \surface along with Fe,Os. Iroq oxide foﬁns due to oxidation of Fe, which is
present as matrix material in the "composite" TiB, coating. Hence, now only a composite
mixture of TiO; and Fe,O3 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). |

TiO, (rutile) is a non-stoichiometric, metal-excess, n-type oxide, which exhibits
both titanium interstitial ionsland oxygen vacancies. Due to such defect structure, TiO, is
prone to oxidation by cationic as well as anionic movements (121). Moreover, TiO; has
a high Pilling Bedworth ratio of 1.95, which causes microcracks and eores 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, Fe,Os

" 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 Fe,O3; occurs by outward cationic
movement (122). Since Fe*? ions are more mobile in Fe,03 scale, oxide growth occur
oufwards at scale/gas intérface leavmg’behmd iron vacenc1es Coalescence of such
vacancies leads to formation of voids and pores, whlch prov1de new s1tes for direct
oxidation by oxygen molecule. After leng time, these ’vo_ids and‘peres can combine and

form deep cracks. Such phenomenon is clearly evident vin Figure 4.51 for C series
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samples. Figure 4.51a shows the porosity at coating/substrate interface. Migration of

Fe*? jons 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 vacaﬁcy condensatiqn and coalescence (Figure 4.51b
and 4.51c). This is due to severe oxidatioh of steel subsﬁafe, which causes growth of
Fe;O3 between boride layer and substrate. Formation of Fe,0; between boride layer and
substrate is further confirmed by XRD spectra of the bottom portipn of the oxide layer of
C2 and C3 samples (Figures 3.9 and 4.59).

 InB series samples, some porti’on\\of‘ B20; reacts with Fe;03 to form Fe;BOg as

v !

indicated in the following reaction. . ‘
B,0s + 3Fe,03 = 2 Fe3306 )
Synthesis of borates through reaction of B,O3 w1th oﬂ&és Has been feported earlier (120).
Formation of borate vfu‘rther reduces protective covering layer of B;Os; and hence
increases the oxidation rate. FesBOg peaks are indicated in each of B series samples
(Figure 4.58 and Table 4.13)." There is, however, no Fe;BQg formation at IOOOOC, which
is probably due to lack of reaction ﬁme as B,Os evaporates rapidly. Table 4.14 presents
list of other phases pfesent in the oxide séale of B series samples. Complex oxides such
as FezTiog and Fe3Ti30y9 form in Bl a;nd B2 samplés whereas FeTisOy9 forms in B3
sample.l Physical identiﬁéation of each of these phases is difficult as they form
continuous and composite oxide layer. Formation of suéh comple)g multiple oxides is
éxplained through various reactions occﬁrring within the oxide scale. Fe,TiOs forms on
reacting with TiO, through equation 4.23
Fe;03 + TiO2 = Fe;TiOs (4.23)
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Equation 4.24 consists of two reactions which im}olves;‘decompo'sition of Fe,0s (Fe*?

Fe*?) and subsequent reaction with TiO; to form Fe3Ti3010
3Fe203 + 6T102 =(3 Fe2T1207) 2 Fe3Tz30m + ’/z 0: (4.24)

Thermodynamlcally, reductlon of Fe** to Fe*? occurs at temperature greater than 777°C
(117). Such condition holds true in the present case as B ser1es samples were oxidized at
800°C B3 sample forms another compler( ox1de ‘FeT15010 that is shown by equation
(4.25) | |
| " Fe03 + 10 TzOz = 2FeTt5010 + 3/202 (4.25)
Oxygen molccules are hberated within the complex ox1de scale, Wthh further increases

the oxxdatlon rate of B series samples by enhancmg the ox1dat1on 1ntemally (122 123)

Such effect 1s'pronouncecl in Figure 4.53b that shows hrghly porous oxide w1th a lamellar.

structure. Composite and complex nature of o)tide is-evident from Figure 4.54 which
. shows cross section of the oxide scale formed on C1 sample. At 1000°C, oxidation of Fe
in the steel substrate gets aCcelerated such that Fe203 is.the major oxidation product It

also reacts w1th TiO, to form complex ox1des such as 'Fe,Ti30, FeTiO;, Fe-Ti-O and

Fe2T14O s1rm1ar to B series samples Reactions for such oxide formations are listed -

below.
Fe203 + 3T102 = Fe2T1309 (4.26)
’. Fe203 + 2TiO, = 2FeT109 + %0, ' (4 27)
C senes samples also contam T1203 oxide that reacts with Fe;O3 to form Fe2T140 through

reaction 4.28

. Fe;03 +2Ti; O3 = Fe;Ti0 +40;, - (4.28)




It should be understood that most of the oxides are nonstmchlometrle in nature
wlth variable compositions due to excess/deﬁmenc‘y' of metal/oxygen ions (121). Such
vanunce in chemical composition leads to formation of. unconventional oxides, which
causes the chenge in oxidavtion‘ mechanism.. Sirhultaneous' presence of two or more
oxides in the ‘'scale also"cvauses chunge in oxidation kinetics (123)'."~ Herice, oxidation of
“composite”_‘TiBz 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 sarhples A3, B3 ahd Cl. Average surface
roughness R, is least for A3 sample (9.54 pm) as it does not show signiﬁcaut 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 roughhessi(14.39 pm) is observeo for B3 sample (Figure
4.56b). C1 shows upward ngrowth of ‘coa‘rse Fe,;03 gfains leading to very‘ high level of
roughness (22.37 um) It has been shown earlier that Fe,0; grows through compact
Cr;03 scale in FezO3-Cr203 rhombohedral ox1de system and eventually forms an
outermost layer (121-122). Similar-situation holds true for C1 sample where Ee203-Ti203
rhombohedral oxide systerh coexists (Table 4.14) and evehtually Fe,;0; protrusions cover
the entire surface (Figure 4.55¢). Fe;0s grams/protruswns on the surface are the main
cause for extremely rough surface for Cl sample (Flgure 4 550)

The high temperature oxidation behav1or of the " COIIIpOSl-te". T1i32 coatl.ng has‘.
been addressed very critically 1n‘terms of kinetics as well as structural morphology of the

oxide growth. It was shown that oxidation of the composite coating begins in the

189

D



temperature range of 700-800 °C. The theory about evaporation of protective oxide,

B20; has been discussed . and ‘correlated to the TGA experimental observations.
However, to further confirm the evaporation of B,0s, 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 apptoach that is closer to human perception and
recognition than | eonyentional computing. The special characteristics of neural
computing such as learntng 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, uiomedical systems such as
diagnosing coronary artery disease, jet engine diagnostic system and detect aircraft in
synthetic apertu're radar images (125).‘ However, neural network has its own linlitatious
in general. One of the'limitations is that good results can be obtained'only if the data to
be tested is withiu 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 wh1ch cause mcreased error in the output data at the end
points (127). To avoid the end effects 1n tralmng the data theoretlcal data pomts should
be added to the input parameters. | o o |

In the present study, neural compuuué has be:ex} used te detertnine the oxidation
kinetics of the composite TiB, coating. The use of neural network software reduces the
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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 I/ PLUS version 5..23" neural networks software was trained from the
initial experim.entaI results obtained from thermogravimetric analyzer (TGA). The
trained software was used fo 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" TiB, coating.

B. Application of Professional I1/Plus Software

Professional II/PLUS is a powerful and versatile neurﬁ 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 whic13 neural network solutions apply
are limited only by thé imagination. Professional II/Plus uses a graphical network display
and mouse-driven user interface in each version of this product (Neural Ware, Inc.,
1995). The Professional II[PLUS software was supplied with> the results obtained from
fhe thermogravimetric experiments as its input data. The software was trained with these
input data using a Back Propagation (Back-prop) network paradigm. Back-prop
calcglates an error between the desired and the actual output and propagates the error
information back to each node in the network. The back-propagated error drives the
learning at each node. The network was built \.vith one input layer, output layer and one

or two hidden layers. Three input parameters were chosen for this network which
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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 s1gmﬁcantly The expenmental

data was tramed using the neural networks 1nd1v1dually for every two temperature zones

of the oxidation analysis. The reason is due to a large varlatlon in the output values,

determined as the gain ‘ip"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 (tm) was added as a functioﬁal hnk The

output parameter was obtained in the form of the mass gained per unit aréa 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 Llst of Layers and Correspondmg Elements used for Neural

Computations
Trained data | Input layer | Hidden layer 1 Hidden layer 2 | Output layer|
[(Temp®C) " | - - |
600 & 700 E 3 6 3 1
700 & 800 3 4 0 1
800 & 1000 '3 4 0 1




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 activatioﬁ fuhction ‘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 temperatureé 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 ot;sewe 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 ob\;iates the need of performing additional experiments at intermediate
temperatures. | |

The Professional II/Plus Software (Veflsion“‘5.23) ' Waé used to’ train ‘the
experimental data in thret;, sets using the procedure stated m tile"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 Frgures 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)zz.' In all these figures, hollow legends indicate the
experimental data obteined from TGA whereas the filled legends represent the data
simulated from neural networks. Due to very low errors (less than 1%) between the
experirnental and the trained data, the curven seem to merge at several points. The
experimental and the trained neural nétwork data are represented to show the consistency
in the trained software. In Figure 4.61, the nature of the curves appear to be non-ljnear
due to' an enlargement in the y-axis values (in a small range of values) in comparisbn to
Figure 4.62 and 4.63. However, all these curves show a linear fit with errors less than 10
%. An oxidation exberimenth'is conducted in the TGA at 900°C as a test run to obtain
the c()nsisten'cy of the data that was simulated by the s,oftware. The output experimental
curve is included m 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 srmulated data the error in their rate
constants was less than 10%. The relatlvely lnrge errer m the- test run deta in comparison
to the trained data could poss1b1y be because of lnrge vanatlon 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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Figure 4.61. Oxidation kinetics for “composite” -TiBz coating for trained and

experimental data between 600-700°C.
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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 temperatures.

The lower values of rate constant k, for 600°C and 700°C are indicative of very
slow oxidation (Figure 4.61 anfl 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 Composite-Tib, Coating
using TGA Experiments and Interpolated Data using Neural Networks

Temperature, T Rate Constant, k Error (%)
(0 O (gm2 em™ min'l)
Experimental Neural
‘ Network
600 4x10° 4% 10 0
650 5x 107
700 9x 107 9x 107 0
750 4x%10*
800 25x10° 2.5x 107 0
850 6x 10~
900 0.0288 0.0263 8.7
‘950 0.0809
1000 0.1307 0.1304 . 023
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In the earlier discussion it was proposed that evaporation of B,O; start at 750°C,
which causes increase in oxidation.rate at 800°C (117). This fact is pronounced ar;d
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 véry high (Figure 4.63 and Table
'4.15), which is attribixté;l to the rapid increase in evaporatién rate of B,O; at temperature
higher than 9500C (117). Rapid evaporétion of B,0; at 950°C is evident from the
simulated curve in Figure 4.63. Hence, it could be seen fhat oxidation rate curves fbr
750°C and 950°C, which were simulated using ngural networks are in accordance with
the oxidation me'cﬁanism of "composite" TiB, 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. ‘%Bp;qt 210 kJ/fnol fdr;., this system in the
temperature range, 600° to 1000°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 TiBz based cermet (117).
These observations suggest that intcrpolatéd data. using neural networks is in close
éccordance with the experimeqtal data. Moreover, it does not indicate any change in
oxidation mechanism at intermediate temperatpres.

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 TiBz coated
samples exposed to oxidation tests. The same software can be used with changes in the
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Figure 4.64. Arrhenius plot for parabolic rate of oxidation using the neural network data.




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 TiB, oxidation.

Before the advent of modern tools like néural networks, regression teghniques
were used to compute such interpolated data to provide eXpressions for reaction kinetics.
In the present study, as a means of comparis6n with the a_pplication‘of neural ngtworks,
régression techniques were used to obtain a rate expreésioﬁ explaining the kinetics of the

oxidation experiments. However, the results obtained by -this method highly deviated

from 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

ver)‘/ complex unlike neural networks.

Apart from excellent weaf and erosion resistance and sig’hiﬁcantly high oxidation
resistance, Titanium djboﬁdc (TiB3) has exceilen’t corrovsién'resistancg against metallic
aluminum and cryolite, which makes it suitable céndidéte as a coating material for inert
cathode used in Hall—Herouﬁ cell for alunﬁnum electrolysis (44,83). Mofeover, TiB, is

easily wetted by liquid aluminum due to low contact angle (128). Such unique

combination of properties of TiB, makes it an ideal candidate to be used as mold coating - - |

material for aluminum casting industry.



4.6 High Temperature Corrosion Resistance Against Liquid Aluminum

The current operation in aluminum melting and casting fabilities involves the
application of sintered ;>r bonded ceramic parts in molten alunﬁﬂum 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. alumiﬁum meltiﬁg 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 éperation and frequent casting quality problems. Moreover, these
slurry coatings are deposited using plasma spray techxﬁque, 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 réquirements, it is essential to develop a suitable
coating system (material and techniéme) for steel dies, molds and other parts that are
subjected to liquid Al environment. Hence, "composite” TiB, coating deposited by laser
based tecﬁnique was evaluated for its corrosion resistance against liquid Al 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
Al shows differential attack for two samplés viz. D4 and D24 that were immersed in
liquid A356 Al for 4hr and 24 hr ‘respectively. . b24 shows a finich severe attack in
comparis?n to D4. Some sort of locahzea at'tafc'lél '(ﬁecking)‘* is ‘aisd'joﬁserVed at the

midway location of the D24 sample. Figure 4.65b shows similar features for the
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(a)

®)

| 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 D24 saniple,'_ “Top half (25
mm) portion of the uncoated side of the sémpllas show iron oxide; layer with some peels.

Such peel layers were not observed on the coated side, as TiBj is oxidation resistant in air

. upto 1000 °C (56).

Low magniﬁcétion 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 thickﬁess 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 run parallel to the coating/substrate interface and
thereby avoid any chance of delamination of the coating. Figure 4.67a is high
magnification view of o}lé such crack in sample D4. Thé corresponding x-ray maps for
Al, Ti and Fe distﬂbpﬁon are alsq presented in "Figure 4.675, 4.67c and 4.67d
respectively. It is clearly évident that there is no Al penetration into the crack. The crack
formation is solely due to thermal éh’ocking. It should be recalled that after dip test,
sémples were taken out from furnace at 780 °C and cooled in air. Although cooling was
done on ceramic platg, it appeared to be rapid enough to cause thermal cracking.
Mor,eover; 'qoatéd sa.mples were covered with a layer of A356 Al (Figure 4.65) which has

very high thermal conductivity as compared to TiB; (56,102). Such featurés enhance the

thermal shocking and promote crack forming in the coating.




e

oatm ..(.;
g !" h‘t‘ -1,“"&'_%

1' “' m»

Substate

Figure 4.66. Low magnification SEM micrograph of the cross section of TiB, coated
AISI 1010 steel (a) dipped in liquid A356 Al for 4 hours and (c) dipped in
liquid A356 Al for 24 hours.
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Figure 4.67. (a) High magnification SEM micrograph of the crack in the coating and
corresponding X-ray elemental maps for (b) Al, (c) Ti and (d) Fe.
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High magnification SEM micrographs shown in Figure 4.68 and 4.69 elucidate
the nature of attack of liquid Al on TiB; coating in a more significant manner. It can be
clearly observed that erosion of TiB, coatix‘1g due to liquid Al attack on D4 sample was
insignificant (Figure 4.68). X-ray maps show the presence of Al on top surface of the
coating but it has not penetrated the coating (Figure 4.68a and 4.68b). ~Coating is intact,
hard and “compdsite” 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 eample D24. 1t is clearly visible that
nature of_ the attack is far more severe in comparison with D4.sarnp1e. Figures 4.69a and
4.69b show the penetration of liquid Al ﬁpto the depth 50 pm in the coating. A broad
crack is also obeewed but it is free from Al This fuljthe;_eorroberates our earlier
conclusien that c;acks are formed due Fo “th:ex"rgnalvsthcki‘ng.raﬁ‘ler\ thaﬁ ﬁeﬂetration by
liquid Al. Erosion of the coating by 1iqi1idh Al penetration is‘pos’sible ciee to 4several
factors. L1qu1d Al can attack Fe selectively whlch is present in the “corﬁpesite” coating
and in the process can dislodge TiB; particles. Also, TiB, particles get dissolved into '
. smaller particles and to poésibly decrease the corrosion resistance to liquid Al. Figure
4.70 is a high magniﬁcatioxi view of the “corﬁposite” c.o'ating‘zone with a homogeneous
distn'bution of fine TiB; particles. It is evident that TiB; particles have dissolved into
finer particles after being subjected to liquid Al immersion at 780 oC for 24 hours. Figure
4.68a is a similar view of the D4 sample. TiB, partlcles are, however, larger in shape
here as the degree of d1ssolut10n is not as high as observed for D24 sample. This
obseﬁation supports the hypothesis that dissolution of TiB, particles assist in erosion of
coating by liquid Al. |
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Fig 4.69. (a) High magnification SEM micrograph of the cross section of D 24 sample
and corresponding x-ray elemental maps for (b) Al, (c) Ti and (d) Fe.
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Fig 4.70. High magnification view of the dissolved TiB, particles in the laser melt zone
in sample D 24,
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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. Phaée(s) present in various samples are listed in
Table 4.17. Undipped sampie shows all the major peaks of TiB, and Fe. Traces of
metastable phase(s) such‘as Fe,By and TixBy are also indicated which is a consequence of
non-equilibrium synthesis experienced in laser processing. D4 sample also shows\’I\‘iBz
and Fe as major peaks along with few minor peaks of Ti, g7Bso phase. On the contrary, .
D24 reveals most of the peaks of this metastable phasé T1,.87Bs0. Thls observation
suggests that s6me TiB, has transformed into Ti;g;Bsp. Also, degree of such
transférmation increases with time as observed for sample D24. It is quite possible that
such phase transformation from TiB; to Ti;g7Bsp also assists in accelerating the erosion
of coating.

Ti1g7Bso is a low density (2.65 gm/cc) metastable phase w1th tetragonal crystal
structure (129). T11 87B50 has cell dJmensmns of a= 8 83 A and ¢ = 5 07 A. Such large
size cell with low dens1ty suggests porous structure, which could be pervious to hquld Al
when, subjected 't0‘ prbloriged period exposure. It has been observed earlier that TiB,
often transforms to other metastable phase(s) of TixBy type with a' porous crystal strucm;e
(130). D24 sample shows few Al,O; peaks, which are present due to oxidafion of top
surface of liquid Al Formation of brjttle intermetallic pﬁase such as FeAl is also

indicated for the D24 sample that has been discussed below.
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Figure 4.71. X-ray diffraétion spectra from the top surface of TiB, coated AISI 1010 steel’

. ‘sample in (a) undipped condition; (b) after dipping in liquid A356 Al for 4
‘hours and (c ) after dipping in liquid A356 Al for 24 hours.




Table 4.17. Crystal Structure of the Relevant Phases Present in

Different Samples
Undipped Sample D4 Sample D24 Sample
(Coated Side) (Coated Side) (Coated Side)
Phase Crystal Phase Crystal Phase Crystal
Observed Structure Observed Structure Observed | Structure
TiB; Hexagonal TiB, Hexagonal TiB, | Hexagonal
Fe BCC Fe BCC Fe BCC
- TiB Orthorhombic Al FCC Al FCC
FesB | Tetragonal | Tiis7Bso | Tetragonal | Tiyg/Bso | Tetragonal
Fez12B10336 | Rhombohedral | Fe2Als | Orthorhombic | FeAl | Cubic (B2)
ALO; Hexagonal

Figure 4.72a is a SEM micrograph illustrating of the attack of liquid Al 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 hds 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 prolbnged hours of exposure to liquid Al, some Fe may react t6 form Fe-Al based
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Figure 4.72 (a) SEM micrograph showing the attack of liquid A356 Al on uncoated side
of D4 sample and corresponding x-ray elemental maps for (b) Al and (c) Fe.



intermetallics. Table 4.18 and x-ray diffraction spectrum (Figure 4.72b) of sample D4
suggests preéence of Fe;Als intermetallic. In an earlier study based on reactive synthesis
of Fe and Al, formation of FeyAl, type hard intermetallics at a temperature lower than

critical temperature has been indicated (131). |

Table 4 18 Mlcrohardness Values at Various Locations for D4

and D 24 Samples
Sample :| . - Location - - " Microhardness

CoL : (Knoop)

D4 1. Coating (Laser Melt Zone) L © 635%38
2. Heat Affected Zone 1 , 194 + 21

3. Uncoated Steel (spot A in Figure 4.73a) 179 + 25

4. Alrich side (spot B in Figure 4.73a) 104 + 12

5. Alrich side (spot C in Figure 4.73a) 505 + 30

D24 1. Coatrng (Laser melt zone) 485+ 28
2. Heat Affected Zone ’ 148 + 18

3. Uncoated Steél (spot A in Figure 4.75) : 149 £ 21

4. Alrichside (spot Bin Figure 4.75) .| . 539499

The attack of liquid A356 Al increases with time on uneoated 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 magrriﬁcation micrograph with the corresponding X-Tay maps

for Fe and Al elemental distr‘ibution. Liquid Al has attacked uncoated AISI 1010 steel
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Figure 4.73 (a) Low magnification SEM micrograph showing the massive attack of liquid
A356 Al on uncoated side of D 24 sample and corresponding x-ray elemental
maps for (b) Al and (c) Fe.
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and eroded Fe similar to D4 sampie. However, degrée of attagk is fa; more severe for
D24 sample as it was exposed to liqu.i‘d Al for ylo'nlger period. High magr}iﬁcatibﬁ view of
the eroded steel/Al interface is shown in Figure 4.74. formation of hard anci brittlérphase
in Al rich zone is indicéted by the size of microhardnesé indentation. The brifﬁeriess of
the phase is indicated by fhe cracks emanating from and near the edgés of indentation
(spot B in Figﬁré 4.74(a)). X-ray diffraction spect_rum:of C24 samplé (Figure 4.72c)-also‘
confirms formation of hard gnd brittle Fe-Al based intermetallic.

Laser deﬁosited TiB, coating on AISI 1010 steel has shown significant corrosion
resistance to iiquid Al Howeve‘.r,_\it'is enViséggd that by ﬁréper control of processing
parameters s;lch as precursdr cémpositién, 'lllzllser boWerl and‘ traverse speed, TiB; coating

can be tailored with regard to mdrﬁhology and content for.further improvement. in -

corrosion resistance to liquid AL. =~ -, .,
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Fig 4.74. High magnification SEM micrograph showing the microhardness indentations
and massive attack of liquid A356 Al on uncoated side of D 24 sample.
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5. CONCLUSIONS

A study on laser surface engineering of Tle coating on AISI 1010 steel was
carned out at Department of Matenals Scxence and Engmeenng, Center for Laser
Apphcatrons of The University of Tennessee Space Institute. Ultrahard and wear .
k res'istant TiB, was deposited on 1010 steel using industn'a'l grade 2 1% Nd:YAG vlas'er.
Processing parameters_- yvere pptlntized r\.)v.ithinf'a fixed ’envelOpe to‘ syhthesize an adherent -
| and defect f;ree'coa,ting. ,A: detailed characterliat'ion of the coating.'has been perforlned
" using electron mlcroscopy (scanmng and. transmrssron) EDS and x-ray dlffractometry
Several experlments were performed to evaluate the mechamcal propertles (e.g. hardness,
~ elastic modulus lnterfacml strength, fracture morphology), tnbolog1cal propertles (wear
re51stance coeffiaent of friction) and high temperature ox1dat10n ‘and corrosion

propemes. The major conclusions derived from these investigations are,listed below:

A. Microstructural Features

e TiB;, has been deposned on ‘AISI 1010 steel using laser surface processmg A
uniform, contlnuous and’ crack free coatmg is obtamed Coating is “composne” 'in‘
nature -comprising TiB, particles ’and Ee frcm steel trapped in‘laser melt zone.
Needle/acicular shaped boride Pparticles are‘ unifcrmly distributed ln the melt zone. An
adherent and metallurglcally sound interface is obtained.

® Microstructure conS1sts of various cellular dendntes and fine' equ1axed dendntes

indicative of complex sohdlficatlon process and very high coolmg rates W1th1n the

3

melt zone.




¢ Existence of metastable phase(s) such as Fe,By and TimB,, is observed, which is

characterisric feature of non-equilibrium synthesis by laser energy. The presence of
| metastable phase(s) has beén confirmed by HRTEM and SAD patterns.

* A nano-size reaction zone occurs between TiB, partlcle and Fe suggestmg formation .
of metastable phase(s) in trace amount. The size of reaction zone at the
ceramic/metal interface is ,apbroxirnarely 100 nm. The reaction ‘products are nano-
crystalline in nature. | |

o TiBy/Fe interface is atormcally smooth and sharp w1th very 11ttle mlsmatch Also, -
interface is sound w1th no ev1dence of crackrng or delannnatron

e Defects such as stacking faults, twins and dislocation.s‘ are observed within the TiB,
particle.

e Coating is superhard in nature.

B. Mechanical Properties |

e Elastic modulus, E of the composite boride coatrng increases with increasing laser
orocessing 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/rrrin.

¢ Theoretical elastic modulus values are lower than experimental elas‘tic‘ rnodulus as
latter include effect of dissolution. of ultra fine TiB, particles in Fe matrix and
metastable phase formation such as Fe,By, and TiB,. Drssolutlon of ultrafine TiB,

particles in Fe matnx in coating region has been corroborated by TEM rmcrograph

and corresponding EDS analysis and SAD pattern.



Elastic modulus of Fe rich matrix containing dissolved ultra fine TiB, particles and

traces of metastable phase(s) of type Fe,By and Tip,B, is 355 GPa, which is 1.5 times

higher than elastic modulus of AISI 1010 steel.

The interfacial energy for the coating/substrate systeﬁi is very high (265 Jim?)

suggesting a strong and adherent interface. There is no crack propagation along the

coating/substrate interface that confirms the high interfacial energy.
K [oxperimental ¢ 6,63 MPa m'? for the TiB,/Fe interface , which is higher than the
fracture toughness of TiB, ceramic.

Four-point bend test is the most reliable technique to evaluate the interfacial strength

of the laser engineered coatings.

Fracture of the "composite" TiB; coating under uniaxial tensile stresses occurs by

mixed mode but is dominated by brittle fracture. The fracture in TiB; particles is

essentially brittle and occurs by cleavage. Fe-rich matrix acts as a bridge/binder

between th.ese.TiBz paf,ticlés.' o

C. Tribological Propel‘ties

Wear resistance of TiBé coated surface is very high than AISI 1010 steel.

: Coefﬁcient of friction values for LSE codted TiB; coating is 0.59.~

Wear in LSE deposited TiB, coatingioc‘,curs by plastic deformatidn of the soft matrix

phase, Fe from a "composite" layer on the surface.




D. High Temperature Oxidation

Oxidgti_pn rate for “composite” TiB> qqéting was parabolic for all test temperatures of
600, .700,' 806 an& 1000°C. Rate of oxidation was very slow for 600 and 700°C
whereas 800 and 1000°C showed highér oxidation rates. Activation energy, Q, was
computed as 205 kJ/mol. .

Lohgv dg;afion exposure of compdsite,,Tiﬁz coating at 600°C did not show significant
oxide scale formation. »»

A‘prot.ectiVe layer of B,O3 formé which_ evaporates at 775°C causing an incregse in

rate of oxidation at 800°C. A porous and lameller oxide scale forms on “composite

" coating and grows in thickneés’ for longer duration of exposure. . Several complex

mixed oxides of type Ti,Op, FerOy anlee,‘TiyOZ are formed within the séaie; which
further coinplicatés the oxidation mechanism.

Oxidaﬁon is even more severe ;lt 1000°C due to rapid _cvaporatiqn of B20;. The
attack is severe at cbating/substrate interface dlie to formation of ‘Fe’203 tﬁét causes
delaminatior'; of coatin'g‘ layer from the substrate.( Oxide surface. gets( rough in nature
as con‘lple)‘(‘oxidesinuc‘léates and grow u'pv&."ards on the surfz;cc.

Neural network was successfully used to study the oxidation behavior of composite
TiB, cdating at’ intgrniediate tempefatures of 750° and 950°C. It minimizes the
number of experiments and predicts thg trend curves with acceptab}e errors.

There was no change in the oxidation mechanism Qf TiB; coating in the temperature
rangeuo_f GOQOC to 1000°C in comparison to earlier minimal experimental sfudy. The

activation energy for oxidation of composite TiB, coating was 210kJ/mol, which is
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similar to earlier studies. Evaporation of B,03 was sdggested by the simulated curves
at 750° and 950°C rvithout 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” TiB; 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
companson to the sarnple 1mmersed for 24 hour. There was no attack/penetration of
liquid Al in the coatmg layer ch 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 dC was attacked in a much
severe way. Liquid Al has penetrated into top 50 pm of the coating. It has been
attributed to dissolution of TiB, particles and its f)hase transformation to Ti; g7Bso.

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

r1ch zone. It also forms hard and brittle Fe-Al based mtermetalhcs
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6. RECOMMENDATIONS FOR THE FUTURE WORK

As a continuation of the present work on the laser surface engineering of TiB; on AISI

1010 steel, following work is recommended:

e Particle shape,of TiB, has changed from faceted polygons to acicular/needle shaped
after laser surface engineering. The major phase pres;ent in these acicular éhaped '
particles as obtained by x-ray diffraction was hexagonal TiB,. The phenomenon |
behind the shape change of TiBz particles is not thoroughly 'understoﬂod. It is
suggested that a detailed study is required to investigate the solidification and‘ growth
mechanism in TiB; particles as a consequence of LSE. 'I'hough,‘su.ch'study had been
.initiated by the author, it was beyond the scope of the present work to take it Itc') the

| conclusive end.

o Thermal strains are present in the TiB, coating, which causes an increase in the value
of estimated interfacial energy, Gg. 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 TiB; coating. L

e Mathematical modeling of wear and friction in composite coating could be studied.
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APPENDIX 1
INTRODUCTION TO PULSE ELECTRODE SURFACING

TECHNIQUE TO DEPOSIT CERAMIC COATINGS ON METALS

I-1. Pulsed Electrode Surfacing Investlgatlons

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. Thc purpose of these coatings was to
provide the feasiblity study about coating arc-heater segments. Arc heater segments are
made up .of OFHC copper and steel and require effective dissipation of high'heat flux
from the i inner bore whﬂe mamtalmng electncally non-conductmg surfaces. Smooth and
ultrahard coatlngs that ‘have h1gh thermal conduct1v1ty and little electrical conduct1v1ty ,
can prevent these surfaces by ureventrné arc 'eros1on Vanous ceramics viz. TiB,, TiC and
AIN were deposrted on metalhc substrates such as AISI 1018 steel and oxygen free h1gh
conductivity (OFHC) copper. These mvestlgatlons resulted in a series of technical articles
in various journals. Some of these articles have already been pubhshed whereas some of
them areiivn the publication process. It was thougfit to put these collectiorzs of papers as
appehdices it will provide a wide base for the reader of this thesis. Three of these
publications are about TiB, coatingsadep‘osited' by PES process. Such publications will -
provide the reader a compvarative‘ idea about the TiB, coatingl deposited by two high

"energy density processes i.e. pulsed : electrode surfacing (PES) and laser surface .




engineering (LSE). Theré are total of six 'pﬁbli'cations related to PES and ceramic

coatings, which are being added here as Appendix II-VII.

I-2. Pulse Electrode Surfacihg

Pulse electrode deposition (PES) is an effective process for depositing ceramic
coatings on metals for Aemanding environments. This process‘ is a micro-welding
process ‘and makes use of electrical pl;lses of short duration ﬁnd high current to deposit
coatings from a consumable electrode on to the metallic substrate. The variables in the
PES procéss are substrate and electrode materials and power settings. The primary
requirement for the electrode material is that it should be eleétricaily 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 pﬁlsed DC power.l The
pulsed DC power source consists of a pulse generator and a powér controller. The pulse
controller sets a time basis and controls the on and off states of tﬁe'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
effective}y control thg discharge time of the capacitor. The discliarge energy is
detérmined by both the capacitance and the voltage. When the ceramic electrode, having
a positive polarity is brought close to the work piece éurfape (metallic subst‘rété), which

‘has a negative polarity, spark is generated. The intensity of the spark is directly



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 eﬁergy 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 othér‘coating techniques such as
plasma spray, detonation gun, PVD and CVD. Since the process requires very little total
heat input, it minimizes thé chance of thermal distortion. The bulk substrate remains near
ambient température and acts as heat sihk’. 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 ra;pidly dissipated leadipg' 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 coatling 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 coatingél can be depésited in air at room
temperature. This prevents tﬁe need for expensive environmentalychambers 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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Pulse electrode 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 thesé coatings has been studied. A thick, adherent, metallurgically bonded and . |
crack-free coating is obtained. It has been found that Fe intermixes with TiB, layer and acts as an excellent binder for TiB,. It o .
promotes the composite effect of both hardness and toughness in lhese coatings and, hence. provides a crack-free coating with
the sound interface. © 1998 Elsevier Science S.A. T

Keywords: Pulse electrode surfacing (PES); Superhard coating; Thermodynamics; Titanium diboride; Transition metal/compound

1. Introduction
s ' R

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 propesties 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 metal
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 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 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: 41931 454 2271;
e-mail: aagarwal@utsi.edu

0257-8972,98,$19.00 © 1998 Elsevier Science S.A. All rights merved
PII S0257-8972(98)00545-3
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tion gun, PVD, CVD and laser-assisted -coatings. Since
the process requires very little total heat input, it mini-
mizes the cliance 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. Sincé 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 modern sport equipnient.

248




A. Agarwal. N B. Duhotre | Surface and Coatings Technology 106 ( 1998) 242-250 243

The present work deals with the deposition of TiB,
on 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 (TiB,-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 TiB,~Fe system at the interface and in
the coating. Thermodynamic predictions are coupled
with an experimental analysis to characterize the
TiB,-Fe interface and coating morphology.

2. Experimental
2.1. Materials

In the present investigation, TiB, has been deposited
on 1018 steel using PES method. TiB, is ‘the hadrdest
and lightest refractory material with exeellént oxidation-
resistant properties at temperatures up to 1673 K [7].

TiB, is chemically inert in corrosive environments. The .
electrical conductivity of TiB, is high, which makesita ~

suitable choice for deposition by the PES technique

{2,5,7). The salient physical properties ‘of TiB, and 1018 °

steel are listed in Table | [7-9].
2.2. Coating process

TiB, coatings were deposited on 1018 steel coupons
using PES method at Materials Modifications Inc.
(MM]I, 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.

A sintered electrode of TiB, was used to deposit a
coating on these steel coupons. TiB, electrode had Ni
in_the range of -3 wi% 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 uF with a current of 50 A. It should be recalled that
a high current is needed for deposition by the PES
technique [1,10].

2.3. Characterization
Coating and interface characterizations 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 TiB,~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 CuKea 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 15s.

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-Ti-B

Table 1

Physical properties of Fe and TiB,

Properties Fe (1018 steel) TiB,
Crystal structure b.cc hep
Mclting point (°C) 1538 1225
Density (gcm™3) 7.8 4.5
Hardness (kg mm™?) 250 3000
Electrical resistivity (nQ-cm) 12 30
Thermal conductivity (Wm ™' K™%) 55 65
Cocfficient of thermal expansion (1076 K ™") 122 4.6
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as in the present study. For our material system of
TiB,-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=TiB,
3Ti+4B=Ti,B,.

The thermodynamic data for this metastable phase 1

TiB, are unknown. Henceforth, only TiB and TiB, will
be considered for further analysis and discussion.
Fe-B system:

Fe+B=FeB
2Fe+B=Fe,B ,

Fc;'fi system:
Fe+Ti=FeTi
2Fe + Ti=Fe,Ti.

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 Ti,B,, FeTi
and Fe,Tiand 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 frec 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 TiB, is
the most stable boride in the Fe-Ti-B system.

0
’ . —eo-- TiB,
-50 4 —a— TiB
P m e *« — - Fe,B
-100 4 —v— FeB
:-159- - p——— — —=
£
3 -200 4
=
b
-250
-300 4
-350 4 '/\
-4w T T T ] T
400 800 1200 1600 2000

Temperature ( K)

Fig. 1. Free energy of formation of borides of Ti and Fe as a function
temperature.

3.2. Microstructural characterization

Fig. 2(a) shows the topographical features of the top
surface of TiB, 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 PES 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 TiB, 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 TiB,
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 TiB,-coated steel at various magnifications. It

AHC (kJ mol %)

Table 2
Thermodynamic properties of borides of titanium and iron
Phase (K) ~ AG° (KJ mol ~1)
298 1000 2000

298 1000 2000
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Fig. 2. TiB,-deposited steel coupon (a) topographical features,

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-

(b) X-ray elemental map for Ti and (c) X-ray elemental map for Fe.

251

ing that has occurred between Fe and TiB,. 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 coating (80 wt%) and the interfacial
region (>80 wt%). This provides evidence that Fe has
migrated into the TiB, 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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Fig. 3 SEM micrographs of the cross-section of the TiB,-deposited -

steel coupon

T

«

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 formauon of
TiB, is the most thermodynamically favorable reaction.
However, there is some possibility of formation of some
metastable phase(s) such as Fe,Ti,.and Ti B, due to the
kinetics of the PES process. It should be recalled that
PES is a high-energy-density process that feads 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 mn Fig. 6 reveals the present
phase(s) 1n the coating and interface: it shows all the

nuljo} peaks for TiB, and Fe. However, a couple of
low-intensity peaks could not be identified. which may
be attributed to some metastable phase(s). This supports
our earlier thermodynamic prediction of the formation
of TiB, 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 Fe,Ti, FeTi, FeB and Fe,B 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 TiB,-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 {urther 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].

TiB, 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 TiB,, which 1s 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 rmetallic

- 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, TiB, 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
{x and y denoting the number of electrons in the unfilled
d shells) if the following condition is satisfied.

x+r=I1. , ()

"It is also suggested that a selection of a material system
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Fig. 4. Cross-section of TiB.-deposited steel coupon {a) SEM micrograph,

that gives x+y=10 or x+1=12 would also provide
good bonding, but it would be inferior to the system
satisfying the x+ v=11 condition.

In the material system TiB,-Fe of the present study,
Fe has an unfilled d subshell with six electrons (d®s?
configuration), and TiB, has 5.5 d electrons, as assigned
previously [15]. This satisfies the above hypothesis [14]
of Eq. (1):

(x=5.5)+(y=6)=11.5. (2)

The Fe does not react with the TiB, layer but remains
as a binder similar to Co in the WC-Co system. This
fact has been earlier corroborated in the analysis based
on the electronic configuration that states that bonding
in such material systems does not promote compound
formation [15]. Further. this hypothesis has been verified

253

(b) X-ray elemental map for Ti and (c) X-ray elemental map for Fe

and confirmed in another experimental study based on
a Cu-TiB, system where Cu acts as a poor binder for
TiB, due to its completely filled d subshell [20].

3.3. Mechanical characterization

Mechanical characterization of the coating and inter-
face has been performed using a microhardness tester.
Fig. 7 shows the microhardness variation in the coating.
heat-affected zone and substrate material. There is a
gradual decrease in microhardness values going down
from the coating to the substrate. The microhardness
values (Knoop) in the coating are high with an aver-
age value of 1124 kg mm ™2, whereas it decreases to
182 kg mm ™2 in the base material. The microhardness
value at the interface and in the heat-affected zone is
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Fig. 6. X-ray diffraction spectrum of TiB,-deposited steel coupon.
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Fig. 7. Microhardness (Knoop) profile in the coating layer, interface
and substrate.

384 kg mm 2. 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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Fig. 8. SEM micrographs of the cross-section showing microhradness
indentations in the coating, interface and the substrate.

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 TiB, globules. It should be recalled
that TiB, 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
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Fig. 9. SEM micrograph of the cross-section at a higher magnification,
revealing an adherent and continuous interface and crack-free coating.
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Fig. 10. Schematic drawing illustrating the phenomenon of crack initia-
tion and interface delamination due to 2 mismatch in the coefficient
of thermal expansion.

TiB, and steel (Table 1), there is no delamination at the
interface. It is well known that if the coefficient of
thermal expansion of a ceramic material («) is less than
that of the metallic material (2,), then the differential
tensile and compressive stresses are generated at the
interface, as shown in Fig. 10 [22]. These stresses lead

to interface decohesion and crack formation in the
coating. However, none of these failures is observed in
the present study. This is explained as being due to the
presence of Fe in TiB,, which provides toughness to the
ceramic coating layer. Thus, Fe mixed in the TiB, layer
provides a composite effect of hardness and toughness
similar to that of the WC-Co system.

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 1s
no delamination or crack initiation at the interface
which accounts for the high interfacial cohesive strength.
Fe migrates into the TiB, layer and acts as a binder. It
does not react chemically with TiB, 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. TiB, was the
most stable phase formed in the layer.
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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 deposition 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 TiB, deposited on Cu leading to
decohesion at the interface. The present work has been

compared with an earlier study on TiB," 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
Jor TiB; 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-P1
Eskridge Road, Fairfax, VA 22301, USA. Manuscript

" received 20 March 1998; in final form 3 August 1998.

© 1999 JoM Communications Lid.

INTRODUCTION

The applications of high performance ceramic coat-
ings have increased in recent years, 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 spraying
are currently used to deposit 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 clectrode 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 metallurgical bond between coating and sub-
strate ensures excellent adhesion with high spalling
resistance.! Moreover, the low heat input reduces the
heat affected zone (HAZ) 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 cffects or metallurgical changes in
areas other than the fusion zone. Other advantages
of the PES process include the use of rclatively
inexpensive and portable equipment, as PES coatings
can be deposited in' air at room temperature,
climinating 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’ clectrode 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, TiB, was deposited on oxygen
free high 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. Copper 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
clectrical arcing. An clectric 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, TiB, 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
comparison was made with TiB, 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 refractory material which is chemically
inert in corrosive environments and which has

TSSN 0267-0844
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excellent oxidation resistance properties to 1673 K.®
Wear resistance and abrasion resistance of TiB,
coatings are high. In addition, the electrical conduct-
ity of TiB, is high, making it suitable for deposition
by PES.*®" The salient physical properties of TiB,,
OFHC Cu. and 1018 steel are listed in Table 1.58-°

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 1-3 wt-% 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 uF, while the processing of the
1018 steel was carried out with a current of 50 A and
a capacitance of 450 uF.

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 CrO, 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 K, (1:54 um)
radiation operating at 30kV and 40 mA. Micro-
hardness measurements were performed using a
Buehler Micromet II microhardness tester with a
normal load of 200 g applied for 15s.

RESULTS AND DISCUSSION

Microstructural characterisation

Scanning electron micrographs of the cross-section
of the TiB, coated OFHC Cu at low and high
magnifications are shown in Fig. 1. It can be seen
in Fig. la that the coating is thin, irregular, and
does not completely cover the entire Cu substrate.
Figure 1b 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 TiB, coating deposited

Table I Physical properties of OFHC Cu, 1018 steel, and TiB,

a shows thin, irregular coating; b detail, shows high degree of
irregularity in coating thickness

Cross-sectional SEM images of OFHC Cu coupon coated
with TiB,

on 1018 steel.® However. the degree of irregularity of
coating thickness is higher in Cu specimens than in
steel specimens. This is attributed to poor wetting of
TiB, on the Cu substrate and to a large difference in
thermal conductivities and coefficients of thermal
expansion (CTE). The contact angle of TiB, for Cu
1s 143° whereas the contact angle of TiB, on steel is
100°.1° Thus, there is better wetting for TiB, on steel
than on Cu, leading to a more uniform ceramic
coating on steel.

A sharp, distinct, and weak interface between TiB,
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. 2b and
3b illustrate the strong interface of TiB, deposited on
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

Thermal
Melting Electrical Thermal expansion
Crystal point, Density, Hardness, resistivity, conductivity, coefficient,
Material structure € gem™? kg mm ™! HQ cm Wm-tK-! x10°*K"!
OFHC Cu fec 1085 88 S5 2 3%0 178
1018 steel bee 1538 78 250 14 53 12:2
TiB, hep 3225 45 3225 30 63 46
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a OFHC Cu: b 1018 steel

2 Cross-sectional SEM 1mages of TiB, coating on given
substrates
show Ti and Cu distribution in the coaung and

substrate. The high concentration of Ti within the
coating and a sharp interface are evident in Fig 4b
The concentration profiles for Ti and Cu n the
coating and substrate are presented in Fig. 5. Coating
thickness is estimated to be approximately 20 um
The Ti content varies from 83 to 78 wt-% within the
coating, while there is an insignificant amount in the
substrate. The Cu concentration is nearly 15 wt-% in
the coating and 100 wt-% 1n the substrate. suggesting
poor mixing between TiB, and Cu. The presence of
15 wt-%Cu 1n the TiB, layer can be attributed to
instantaneous wetting and to defects. including
porosities, filled by liquid Cu as a result of capillary
action during pulsed electrode deposition. It 1s a well
known fact that metal is a more mobile species than
ceramic in a ceramic-metal mixture.!' However, it
was seen that nearly 80 wi-%Fe was present in the
TiB, layer in TiB, deposited on 1018 steei.® Thus.
intermixing of Cu and TiB, s limited as compared
to Fe and TiB,. This is a pnme reason for the lack
of a chemical bond between TiB, 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 T1B. and

dearwal ot al
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a OFHC Cu; b 1018 steel

3 High magnification cross-sectional micrographs showing
interface between TiB, and given substrates

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 TiB,. Earlier, it was seen that TiB, 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 metastable phase. i.e.
CuTi,, does exist. as shown in the Cu-Ti phase
diagram with 20 wt-%Cu.'? No such phase formation
1s indicated however in the XRD spectrum of this
specimen. In view of these observations, it can be
concluded that the presence of 15 wt-%Cu in a TiB,
coating 1s only physical in nature. Copper acts as a
binder similar to Fe in the Fe-TiB, 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 TiB, The role of Fe as an excellent binder for
Ti based hard ceramics has been shown experimen-
tally in various studies.®'*'* as discussed below

Vol 15 No o
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a scanning electron micrograph. b X-ray elemental map of Ti;
¢ X-ray elemental map of Cu

4 Images of TiB, deposited on OFHC Cu

The roles of Cu and Fe as binders for ceramics are
explained on the basis of their wetting characteristics.
Several researchers have addressed the phenomenon
of wetting of hard ceramics by metals'*'® [t has
been shown that Ti based ceramics easily wet Fe at
high temperatures, and that wetting 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 charactenisucs, based

Surface Engineering 1999 Vol 15 No 1
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5 Elemental depth profile of Ti and Cu in coating and
substrate

on electronic structure, has been addressed else-
where.'®

Titanium diboride is a transition metal based
ceramic with partly covalent and partly metallic
bonding.'®'*-%° The metallic nature of the bonding
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 metal
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.
TiB, has 55 d electrons available for bonding **

Based on theoretical and experimental results, an
empirical rule has been proposed for the choice of
binder used in sintering of transition metal based
ceramics.'® For a transition metal or compound
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

x+y=11 SIH S (1)

This has been explained on the basis of an early
model proposed by Friedel.!? [t is envisaged that the

5

Intensity (counts)
c

§

60
26 (deg)

6 X-ray diffraction pattern for TiB, deposited on OF HC 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 clement, 1e. a filled d shell of 10
electrons and one s shell electron. According to
Friedel’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 x + y =10 or
x + y =12 would also provide good bonding, though
it would be inferior to a system satislying the x + y =
11 condition because of deviation from the empirical
rule mentioned in equation (1).

In the present study of the TiB,-Cu material
system, Cu has completely filled the d subshell with
10 electrons (d'% configuration) and TiB, has 55 d
electrons. as assigned earlier.'” Comparing with the
hypothesis'® in equation (1)

x(= 551+ y(= 10) = 155 il L BT Ky

The results of equation (2) are very different from
the hypothesis in equation (1), illustrating that Cu is
a poor binder for TiB,. However, Fe has 6 d subshell
electrons (d®s? configuration) and satisfies the hypoth-
esis in equation (1) as shown by

x(=55+y=6)=115 TSRS

This accounts for the variation in wetting character-
istics of Cu and Fe. It has been shown that Cu does
not react with the TiB, layer but remains as a binder
similar to Fe in Fe-TiB, 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.!’

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 ~2, dropping to
78 kg mm ~? in the OFHC Cu substrate. The micro-
hardness value at the ceramic/metal interface could
not be measured in the absence of a significant
transition region.

Figure 3a and b reveals the nature of interfaces
developed in TiB,-Cu and TiB,-Fe respectively. It
can be seen that interfacial decohesion occurs with
TiB, deposited Cu whereas TiB, deposited on to
steel has a strong interface with no signs of deco-
hesion. Interfacial decohesion in the TiB,~Cu system
is attributed to the fourfold difference between the
thermal expansion coefficient of TiB, and that of Cu
(Table 11 It is well known that if the thermal
expansion coefficient of a ceramic material z_ is less
than that of a metallic material a,,, differential tensile
and compressive stresses are generated at the
interface.”' These stresses lead to interfacial deco-
hesion and crack formation in the coating, clearly
shown in Fig. 3a. On the other hand, none of these

= Indentations
>

.
5
H

s i A
') 35 e gl . gt % :
OFHC Copper Substratc 5

7 Cross-sectional SEM image showing microhardness

indentations in TiB, coating and OFHC Cu substrate

failures are observed for TiB, coated steel (Fig. 3b).
The presence of Fe in TiB, increases the toughness
of the ceramic coating layer.®

Thus, Fe mixed in the TiB, layer provides both
hardness and toughness similar to the WC-Co
system, whereas poor mixing between Cu and TiB,
prevents similar effects. Instead. Cu acts as a poor
binder for TiB,. The degree of thermal expansion
coefficient mismatch at the interface is higher in the
TiB,-Cu system, leading to delamination of the
coating. Moreover, coating cracks are prominent in
TiB,~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 TiB, and
does not intermix significantly with the ceramic
layer, and as a result 1s a poor binder for TiB,. As
a consequence, the TiB, coating shows interfacial
decohesion and crack formation. [ron mixes easily
with TiB, 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.
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ELSEVIER

Synthesis of Boride Coating on Steel using H"igh |
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 (TiB) coatings are deposited on plain carbon steel substrate
using two high energy density processes, viz. pulsed electrode surfacing (PES) and laser
surface engineering (LSE). These two processes are entirely different in physical nature and
hence result in dissimilar 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. PES produced rela-
tively thinner and less uniform coating than LSE process. The PES coating was, however,

homogeneous and very fine grained. The laser-assisted coating was “composite” in nature

with TiB; particles embedded in Fe matrix. Mechanical characterization of these’ coatings

has been performed using microhardness measurements. © Elsevier Science Inc.,'1999. All

rights reserved.

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 [2-4],-

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 modern sports equipment [7].
Conventionally, there have been several
processes, such as chemical and physical
vapor deposition, thermal spray, and deto-
nation gun 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 TiB; on metallic

MATERIALS CHARACTERIZATION 42:31-44 (1999)
© Elsevier Science Inc., 1999. All rights reserved.  * , °
655 Avenue of the Americas, New York, NY 10010

substrates to produce a coating with a met- °

allurgically sound interface. Such coating
process should also obviate the need for a
vacuum chamber, which often leads to re-

_ striction in size of work-piece and increases
the cost of process. High energy density .

techniques such as Pulse Electrode Surfac-
ing (PES) and Laser Surface Engineering
(LSE) are two 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

- Pulse Electrode Surfacing utilizes high
current electrical pulses of short duration

. to modify the metal surface. A high cur-

rent, short duration pulse via discharge ca-
pacitance and voltage circuit results in melt-
ing the electrode and depositing the
material on the substrate [1, 8-9]. The pro-

_cess is very similar to the arc-welding pro-

cess with the exception of little total heat
input. Hence, PES is also referred as a mi-

1044-5803/99/3-see front matter
PI1 S1044-5803(98)00054-0
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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 thé sub--

strate, the amount of current, and the dura-
tion of current flow, which is known as
pulse time: ‘

Energy of the spark (E) o
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 environment, 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 dependent 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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trodes. Thus, a suitable choice of process-
ing parameters will lead to incipient melt-
ing of the electrode tip and material transfer
will occur through discharge plasma. Several
of such discharges are repeated with a fre-
quency from tens to hundreds of hértz 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

- 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
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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 10° to 108 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
consumed in interacting “directly” with the
precursor and the substrate, resulting in an

intense rise in temperature and heat. A *

very small amount of laser beam ‘energy is
used in interaction with the environment
above the substrate. Hence, in the :present
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 fransfer from laser beam to the
substrate also depends upon material prop-
erties such as absorptivity and thermal con-
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ductivity [13]. The interaction between la-
ser and metal is explained by the free
electron mode! 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
and 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
non-stoichiometric compounds that decide
the adherent strength and other properties
of the coating. Thermodynamic predictions,
coupled- with quantitative characterization

* of the evolved microstructure in the TiB,-Fe

material system, have been presented else-

* where [15-16].

In this study, hard TiB; ceramic has been
deposited on two different plain carbon
steel substrates using the PES technique
and a continuous wave Nd:YAG laser, re-
spectively. The processing parameters have
been chosen on the basis of earlier works
[7-9, 17-18]. An attempt has been made to

Table1 Salient Physical Features of the PES and LSE Processes

Features PES Process

LSE Process

Energy/Beam Source Incoherent

Coherent beam with less divergence

Interaction with Dielectric Significant interaction with Minimal interaction with dielectric
dielectric atoms present between  atoms present as an environment
the electrode and the substrate above the substrate

Energy Transfer to the Indirect transfer through molten ~ Direct interaction with the substrate

Substrate electrode droplet and radiation forming a plume/plasma
from the dielectric atoms

Energy Density Input 0.10

. (MW/m?)

15.0
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Electrode (+)
. (Coating Material )

Molten Droplet

/N

(Plasma\l Energy-Material Plume/Plasma

Interaction Zone .

\

Substrate (-)

A. Agarwal and N. Dahotre

Laser Beam

Precursor Deposit

l‘(Coating Material)

Energy-Material

u/lnteraction Zone

Substrate

F1G. 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.

EXPERIMENTAL PROCEDURE

PULSE ELECTRODE SURFACING

TiB; coatings were deposited on AISI
1018 steel coupons using PES method as
described elsewhere in detail [15]. TiB; is
the-hardest and lightest refractory material,
and has excellent wear and oxidation resis-
tant properties at temperatures up to 1673
K {19]. TiB; 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 rinsed
with acetone. A sintered electrode of TiB;
containing Ni in the range of 1-3wt% 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 ps. The

.
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discharge capacitance used for the PES pro-
cess was 450 F with a current of 50A. Thus,
the energy density input for the PES pro-
cess is 0.10MW/m2.

LASER SURFACE ENGINEERING

Commercially available TiB; and Ti pow-
ders were obtained from CERAC, Milwau-
kee, Wl and used as precursors for this study.
Both powders had a purity of 99.5%. The av-
erage particle size range was 5.5pm =
1pm. Thin plates of AISI 1010 steel of size
7.5 em x 15cm were cleaned using sand
blasting. The precursor of a powder mix-
ture of composition 2wt% Ti and 98wt%
TiB; 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 TiB; 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 (1.06um wavelength)
equipped with a fiber optic beam delivery
system was employed for synthesis of la-
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ser-assisted TiB; 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 1kW {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 15SMW/m?, a couple of orders of
magnitude higher than PES process.

CHARACTERIZATION

Coating topography and microstructural
characterization was performed using a
scanning electron microscope (SEM) and a
transmission electron microscope (TEM).
Metallographic samples for scanning elec-
tron microscopy were prepared by polish-
ing on Buehler TEXMET 2000 cloth during
initial stages of polishing. The etchant used
for TiB; 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 III-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 ona Philips Norelco x-ray diffractome-
ter with'CuK, radiation operatmg at 30kV

and 40mA. Mlcrohardness measurements _
were performed on Buehler Micromet II -

‘mxcrohardness tester using a Knoop in-

denter with a load applied for 15s. The.

normal load applied was 200g for PES sam-"
ples and 300g for LSE samples. A Teclock
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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.

TRANSMISSION ELECTRON MICROSCOPE
SAMPLE PREPARATION

Only LSE samples were investigated 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 TiB, then sectioned using a slow-speed
Buehler Isomet diamond saw. These sam-
ples were further mechanically ground to a
thickness of approximately 300.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 down to 20pum. 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 TiB; particles were embedded in plain
carbon steel matrix, jon milling was very
critical as it required differential level of
milling.

RESULTS AND DISCUSSION

MICROSTRUCTURAL
CHARACTERIZATION

The topographical features of the top sur-

. face of TiB, 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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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 TiB;
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

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.

A. Agarwal and N. Dahotre

from cracks. The surface roughness, R, 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 TiB, coating on AISI
1010 steel substrate. The coating/laser melt
zone is “composite” in nature. It is an inho-
mogeneous mixture of TiB, ceramic parti-
cles of different morphologies (polygonal
and acicular) and Fe. A thin layer of steel
substrate melts and mixes with TiB; due to
convection currents within the melt zone,
resulting in a composite coating. Within the
laser melt zone, the distribution of TiB;
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

FIG. 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  tailed quantitative analysis of microstruc-
for the sweeping laser beam to interact tural evolution as a function of various pro-
with the substrate and precursor. This re-  cessing parameters has been elucidated in a
sults in a melt pool of low depth but witha  separate study [16].

higher concentration of TiB; particles. A de- Fig. 6 is high magnification cross-sec-

Coating
HAZ

Substrate

FIG. 5. SEM micrographs of cross sectional views of (a) PES sample and (b) LSE sample
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tional view of a PES sample, revealing a
strong and contiuous interface along with
a HAZ. There is no delamination or exist-
ence of cracks at 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 intertace 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 which 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 TiBy, Fe and other
metastable phases. Consequently, such dif-
ferences in temperature result in variations
in the degree of constitutional supercool-

-

Interface Ri%;

FiG. 6. High magnification SEM micrographs show-
ing a continuous and adherent interface in the PES
sample
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ing, leading to a complex sohdification
structure in both 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 (0.10MW/m?). Thus,
the microstructures obtained by these two
processes are significantly different.

Dendritic;
4 Interface |

£y H =
I (Martens

2o

FIG. 7. SEM micrographs of the LSE sample (a) low
magnification view of the interface and HAZ and (b)
high magpnification view showing cellular dendrites at
the interface.
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Fig. 8(a) shows the coating structure ob-
tained in the PES sample The coating is ho-
mogeneous, dense and fine grained (ap-
proximately 2-3um) with some surface
porosity. 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 TiB; 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 TiB; particles within a fine
(approximately size 1-2 um) 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

FIG. 8. SEM micrographs showing coating morphol-
ogyv in (a) PES sample and (b) LSE sample.
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rates involved in laser surtace moditica-
tion. There are no cracks or delamination
within the laser melt zone. Thus, the layer
produced by the LSE process is also tough
in nature.

The formation of 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 TiB, and Fe in the layer
[15-16]. It has been shown earlier that in
the PES sample, mixing was purel\ physi-
cal in nature where Fe acts as an excellent
binder for TiB, [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 TiB; 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 TiB, 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. TiB; is
the most prominent phase present. How-
ever, some peaks of metastable phase(s) of
the type Fe,B, and Ti,By, 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 TiB,.

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 TiB; 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
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shapes embedded in the Fe matrin How-
ever. the mode and nature of the reactions
occurring within the laser melt zone are
still not clearly understood. It is expected
that further TEM investigations, such as
high resolution lattice imaging, selected
area diffraction pattern and microanalysis,
will enable a better understanding of the
novel phase(s) formed as a consequence of
non-equilibrium synthesis

MICROHARDNESS

Preliminary mechanical characterization
of 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
are 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 * 21 (Spot B). Fig. 13(a) shows the co-

FIG. 11. TEM micrograph showing a reaction zone
between TiB; particle and Fe matrix in the LSE sample

11
herent and detect-tree nature of the coat
ing. No crack mitiation ¢z propagation s
seen at anv of the indentation sites, which
supports the high cohesnve strength of the
interface and the toughness of the coating
This is attributed to the presence ot fein
the TiB: laver which provides toughness to
the ceramic coating laver. Thus, mixing the
Fe in the TiB, laver provides a composite
effect of hardness and toughness. The mi-
crohardness variations in the LSE sample
are sigmficamly different from those in the
PES sample due to the nature of the micro-
structure in the laser melt zone Fig 13(b)
shows the microhardness indentations amid
a cluster ot TiB: particles (spot A), at the
TiB, particle steel interface (spot B) and in
the HAZ in the steel substrate (spot Q).
Knoop microhardness values are extremely
high within the clustered zone of TiB; parti-
cles, having an average value of 1742 = 306.
Spot B in Fig. 13(b) corresponds to an aver-
age Knoop microhardness value of 622 =
37, whereas spot C, located in the HAZ
(martensitic zone) of the steel substrate, has
an average value of 407 = 21. By compari-
son, the microhardness value In the unaf-

FIG. 12. Bright tield TEM image illustrating embed-
ded TiB: particles in Fe matrix. suggesting composite
nature of laser deposited coatings
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Fic. 13. SEM micrographs of cross-sections showing microhardness indentations in (a) PES sample and (b) LSE

sample.

fected steel substrate was 140 * 25. Pure
TiB, has extremely high hardness of 33 GPa
(3300Kg/mm?) whereas phases such as Fe,By
and Ti,By have hardness values (13-22 GPa),
lower than TiB; but higher than 1010 steel
[27]). The hardness variation in the melt
zone is consistent with the fact that the

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

Table2 Summary of the Microstructural Features, Microhardness Measurements and Phase(s)
Present in TiB, Coatings Deposited by PES and LSE Processes

Features PES Process LSE Process
Average Surface Roughness 238 10.9
‘Ra" (wm)
Nature of Coating Thin (35-40pm), homogeneous, Thick (200um) Composite
dense and very fine grained (2-3um) Coating with embedded
TiB; particles in fine
equiaxed Fe matrix
Tvpe of Interface Adherent and continuous with a small  Dendritic/Cellular interface
heat affected zone (25-30p.m) with a large heat affected
martensitic zone (100pwm)
Microhardness (Knoop) in 1124 = 38 1742 = 306
Coating (kg/mm?)
Microhardness (Knoop) at 384 13 622 + 37
Interface (kg/mm?)
Microhardness (Knoop) in 384 =13 407 = 21
Heat Affected Zone
(HAZ) (kg/mm?)
Microhardness (Knoop) in 185 + 10 140 = 25
Substrate (kg/mm?)
Phase(s) Present TiB,, Fe TiB,, Fe, TiB, Fe;B, FeByg

and Fez12Bi03.3
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provide a better estimation of the hardness
values of the individual phases in a more
precise manner.

Table 2 provides a list of the comparative
differences in the evolved microstructures,
microhardness measurements and phase(s)
observed 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.

CONCLUSIONS

TiB, has been successfully deposited on a
steel substrate using high-energy density
processes such as PES and LSE. Both tech-
niques have produced crack-free coatings
with an adherent and metallurgically sound
interface. )

A homogeneous, dense, adherent, very
fine grained and defect-free hard ceramic
coating is obtained through the PES pro-

cess. The coating produced by LSE is “com- .

posite” in nature, comprising TiB; particles -

and Fe from the steel substrate trapped in
laser mmelt zone. Needlé/acicular shaped
boride particles are uniformly distributed
in the melt zone. o

The interfacial microstructure in‘the 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 in-
dicative of a complex solidification pro-
cess and very high cooling rates within the
melt zone.

In the PES process, Fe migrates into the
TiB; laver 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-
vides 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,B, and TimBx is observed
which is characteristic feature of non-equi-
librium synthesis by laser energy. A small
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reaction zone at the TiBa/Fe intertace was
observed in the TEM investigation.

A coating with a high hardness value is
obtained from the PES process. However,
hardness values are very high in LSE coat-
ings. TEM studies coupled with nanoin-
dentation analysis would give a precise
correlation between the formation of novel
metastable phases and hardness values in
LSE samples.
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In the present study, pulse electrode surfacing (PES) technique was employed to deposit ultrahard and
wear-resistant titanium carbide (TiC) coating on AISI 1018 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 stable 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,

Keywords 1020 steel, pulse electrode surfacing, surface
ineering, TiC, wear resi!

1. Introduction

Surface engineering of the metallic 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 modifications (Ref 2-4). Pulse electrode sur-
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 ca-
pacitance-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 coatings 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 heat sink. Thus, there are no thermal stress
effects or metallurgical changes in areas other than in the fusion

A. Agarwal and N.B. Dahotre, Center for Laser Applications, De-
partment of Material Science and Engincering, University of Tennes-
see Space Institute. Tullahoma, TN 37388, USA.
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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, ex-
cellent adhesion propertics 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-
cral 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, wasle 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 modern sports equipment (Ref 2,
5-7.9-11).

In the present study, TiC has been deposited on AISI 1018
steel using PES technique. Thermodynamic predictions were
coupled with experimental analysis to characterize the TiC-Fe
interface and coating morphology. Dry sliding wear tests were
performed to evaluate the tribological propertics of TiC coating
deposited by PES technique.

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.
Ithas relatively low electrical resistivity and can be used as
a conductor for electricity, especially a1 elevated tempera-
tures. Thus, TiC is a suitable choice for deposit on a structural
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material such as AISU 1018 steel using PES method. The salient
properties of TiC and AlSI 1018 stee! are listed in Table 1 (Ref
1.12). '

2.2 Coating Process

TiC coatings were deposited on AIST 1018 steel coupon us-
ing PES method at Materials Modifications Inc. (MML, Fairfux,
VA). Coupons of AISI 1018 steel 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 TiC
was used to deposit a coating on these steel coupons. The TiC
clectrode had 3 to S wi% 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 oytata 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.

2.3 Characterization

Coating morphology, interface, and surface topography
were studied using a ISI Super II{-A scanning electron micro-
scope (SEM). Samples for metallography were prepared by
polishing on a Buchler 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 I microhardness tester
using a Knoop indenter with normal load of 200 gm applicd 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 cocfficient of friction (1) 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, 2n average of 10 successive points was taken for comput-
ing the coefficient of friction, t.

Tablel Salient physical properties of TiC and 1018 steel

Propertles TiC Fe (1018 steel)
Crystal structure Bl NaCl bee
(cubic)

Melting point, °C 3065 - 1538
Deasity, glem® 49 7.8
Lattice parameter, A 433 2.89
Hardness, kg/mm? 2800 250
Electrical resistivity, f2 cm 60 12
Thermal conductivity, W/m - K 27 55
Coefficient of thermal expansion, 1074/K 7.2 12.2
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3. Results and Discussion

3.1 Thermodynamic Analysis and Predictions

The chemistry of the coating and interface is affected by the
chemical reaction occurring within the deposited layer. These

- reaction products influcnce the mechanical and chemical prop-

erties of the coating. In the present study, therefore, attempts
were made first to thermodynamically predict the possible re-
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 continues toward
understanding Fe-Ti-C interaction, far from a thorough under-
sl:anding has been achieved (Ref 15). It has been concluded that
Feé-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, (x is £1) exists
as a single homogencous 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
carlier similar study where TiB, was deposited on AISI 1018
stec] using PES technique, it was found that unlike the Fe-Ti-C
system, the Fe-Ti-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).
Ti-C system:

Ti+C=TiC,
AG = -182.9 +0.01 TkJ/mol (298 K < T < [155 K)

AG =-186.4 +0.013 Tki/mol (1155 K < T < 2000 K)
The existence of Ti,C and TiC; has not been confirmed (Ref 1).
Fe-C system:

3Fe +C=FeyC
AG =25.92-0.023 TkJ/mol (298 K < T < 463 K)
AG =26.67 -0.025 TkJ/mol (463 K < T < 1115K)

AG =10.34 -0.01 Tk/mol (1155 K < T < 1808 K)
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e+ U =Fe,

AG =193 001 Tki/moli298K < T < 1115K)

AG =153 001 TkM/mol (1155K < T < 1808 K)

Fe-Tisystem:

Fe +-Ti = Fely

e Ti =Fe;Ti

Gibbs free energy data are not available for FeTi and Fe,Ti
Lack of such data makes thermodynamic stability predictions
difficult for many systems Henceforth in this article, discus-
sion is hmited to TiC . Fe,C. and Fe4C. Figure 1 shows the free
energy of formation of carbides as a function of temperature. It
1s evident from the graph that TiC 1s the most stable carbide.
and free energy of formation does not change significantly with
temperature Thi< imphies that the entropy (obtained from the
slope of the curve) of formation of carbides is almost negli-
gible. Hence. it 1+ reasonable to assume that free energy of car-
bides varies in a sumilar manner even at the temperature
attained duning arc formation in PES process. It is also evident
from Fig. | that some possibihity of formation of Fe;C exists at
temperatures higher than 1100 K. [t is noteworthy that apart
from temperature. acuvity of carbon also plays an important
role in formation of various reaction products (Ref 13-16). In
the carlier work 1t has been shown that at higher temperatures
TiC dissociates into Ti and C increasing the activity of carbon
in the melt (Ret 14-16). This results in some of the carbon dit-
fusing into the Fe melt to form Fe ;C whereas the remaining car-
bon recombines with Ti to reprecipitate stoichiometric TiC
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3.2 Microstructural Characterization

The topographical features of the top surtface of ThiC depos-
ited on AISI 1018 stee! are shown in Fig. 2. The surface s 1r
regular with a splash appearance Itis a charactensuc feature ot
PES process. Electricai 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 1s supported by the fact that the PES proc
ess was carried out in air. Dissociable gases like air and nitro-
gen form a plasma of high thermal conducuvity. 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 1s not

Fig. 2 SEM micrograph showing the topographical features of
pulse electrode surfacing (PES) deposited TiC coating on steel

Fig. 3 SEM nucrograph of the cross section of ThiC deposited

steel coupon
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uniform, 1t 1y dense. adherent. and free from detects such as
cracks and porosities. The ieregular coating thickness iy i e
cordance with the nature of the PES process as observed in the
topographical features shown in Fig 2 A strong. continuous

Fig.4 (a) SEM micrograph of the interfacial region of TiC-de-
posited steel coupon and corresponding x-ray elemental map for
(b) Ti and (c) Fe
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and adherent mrerface along with the HAZ s allusteated 1y

a1 Lath shape martensite is also tormed i the HAZ Islands
(particles) of TiC of various size and shape within the coating
are observed in Fig. 4(a) and 5. The coating 1s composite i na
ture with TiC islands acting as hard remforcement in g maix ol
Fe and Ti. Most of these TiC islands have irregular morphol
ogy lthas been postulated that some of TiC particles dissaciate
and reprecipitate from the melt, leading to in situ formation of
islands of TiC of various shape and size (Ref 13-14. 16)

The presence of Ti and Fe in the coating is evident from cle
mental x-ray maps of the cross section corresponding to Tr and
Fe distribution in Fig. 4(b, ), respectively. TiC islands (parti-
cles) are shown by a Ti-rich zone in the x-ray maps. whereas the
matrix contains mostly Fe and a small amount of Ti. EDS quan
titative analysis shows the presence of up to 5 10 25 wt% 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 contentis due to the large differ
ence between the melting points of TiC coating 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 wetting and binding properues for refrac
tory 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 that 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
(T1,Ta)C-Mo and TaC-Ni (Ref 22). Also. in an earhier study
conducted by the present authors where TiB, was deposited on
AISI 1018 steel using PES method, it was obser\ed that Fe acts
as an excellent binder for TiB, (Ref 17). This further validates
the hypothesis of empirical rule suggested for the choice of
binder for transition metal based refractory ceramic. Moreover
TiC particles wet Fe easily at high temperatures and wetting in-
creases at high temperatures (Ref 14. 23). All these factors il
lustrate the role of Fe as an excellent binder for TiC

Fig.5 High magnification SEM micrograph showing TiC 1s
lands of various shapes and sizes in the coating region
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I'he presence of Tiin the matnx could pm’.\zhl_\ be due 1o the
“ollowing reasons. Excess Ti from TiC, gets dissolved in the Fe
-nelt and remains as Fe-Ti solid solution or Fe-Ti-C eutectic

Rel 16) However, the presence of 5 to 25 wi% Ti in the melt
- xceeds the solid solubility limits. which could be attributed to
-he nonequilibrium processing experienced during PES proc-
zssing. Such higher compositions under nonequilibrium proc-
~wing have also been observed earlier (Ref 24). Figure 7
:Jlustrates the x-ray diffraction spectrum of the coated surface
i1 shows all the peaks of TiC, Fe (ferrite). and Fe (austenite).
‘T here is also an indication of possible FeTi formation, as FeTi
~cak overlaps with Fe (austenite) peak. Formation of such
;';h.n\c also accounts for high weight percent of Ti present in the
rmatrix. FeTi formation in Fe-Ti-C system has also been ob-
-erved in earlier studies (Ref 24). Austenite peaks exist because
f-¢ melt retains excess carbon due to rapid solidification. On the
- ontrary. carbon contents might not be high enough to form
f¢,C Thisis also corroborated by the absence of Fe,C peaks in
f1g 7 Furthermore, it has been shown earlier in thermody-
ramic predictions of Fig. 1 that free energy of formation of
f-¢4C does not support its formation. Thus, TiC is the major
phase in the coating in addition to Fe.

3.3 Mechanical Characterization

Mechanical characterization of the coating and interface
. as performed using a microhardness tester. Figure 8 shows a
$1:M micrograph of the cross section of the coating and the
HAZ with microhardness indentations. The relative difference
in the size of microhardness indentations explains the variation
in hardness. Microhardness values (Knoop) in the coating are
high with an average value of 1235 + 86, and they drop down to
152 + 32 in the HAZ. Microhardness in unaffected base mate-
rial is 172 # 12, Such vanation in hardness is attributed to the
presence of TiC particles in the coating and martensite in the
HAZ as observed in Fig. 8. There is no crack initiation or de-
lamination at the site of indentation, which indicates the tough
nature of the coating. It should also be observed that though
T1C and Fe show considerable differences in their coefficients
of thermal expansion, sull there is no delamination at the
TiC/Fe interface. Such toughness combined with high hardness
is attributed to the composite nature of the coating. Thus. TiC

—
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Fig. 6 1-DS spectrum of the matnix regron within the composite
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particles embedded in an Fe-nch matnix produces an effect
similar to that of the WC-Co system

3.4 Tribological Characterization

Wear Test (Weight Loss Analysis). Wear test results are pre-
sented in Fig. 9, which show s the weight loss over a 10 min peniod.
It can be easily observed that the coated surface shows excellent
wear resistance in comparison to uncoated AISI 1018 steel sub-
strate. Wear rate (g/min) of the coated surface has reduced by
almost a factor of 4. and it tends to stabilize after an imtial 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 in 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 in Fig
10(b, c), respectively. These show Ti presence all over the sur-
face along with Fe, which is in accordance with the composite
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Fig. 7 X-ray diffraction spectra before and after wear of TiC
deposited steel coupon

TiC Coating Esf2

Fig. 8 SEM mucrograph of the cross section showing micro-
hardness mdentanions at ditferent locations
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nature of the coaung, as discussed earlier. There is no indica-
tion of brittle failure or loose debris formation of the TiC ce-
ramic phase. The wear phenomenon i, such muluphase
composite materials is fairly complex, depending on several
factors such as volume fraction. distribution, and morphology
of the carbide particles (Ref 25). Under ideal 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 fernite and austenite (as observed in x-ray
diffraction spectrum in Fig. 7) between hard ceramic particles
alters the wear nature of monolithic TiC. Ithas 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 1slands 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 debns 15
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.

Coefficient of Friction Measurement. In the present
work. the coefficient of fniction 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 pri_nciple of energy conservation, the fric-
tional energy (Wy) equals the change in the electrical work dur-
ing loading, as givenby Eq 1. ~ ’

Wr= vollag'é (AV) x cun'eﬁ( (Al‘);‘ o (Eq 1)
From friction theory, it is known thal.
We= ANV (Eq_Z)
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where A is normal foad v as the lincas speed ol the disk and p
is the coellicient of trction By cquating abuve the twa equa-
uons. the coefficient of friction s computed  The measurement
of coeffictent of triction provides direct fomiation abaut the
work done to deform (elastically and/or plastically) the surface
material. However, it i not necessartly a direct mdication of ma-
terual loss o separation as loose debns from the surface. Also.high
friction does not nceessarily imply high wear cate (Ref 28).

The computed coclficient of fricuon for TiC coating has
been plotied for the entire test ume of 10 nun (Fig. 11). Coeffi-
cient of friction values arc constant and do not fluctuate signifi-
cantly. The best fit line shows the coefficient of friction 10 be
0.58. Such behavior of the composite coating could be ex-
plained by a model that illustrates frictional behavior of muhti-
phase and /or composite materials (Ref 25).

This model predicts that fricton of 2 composite/multiphase
material s influenced by the relative amounts and friction coef-
ficients of the constituent phase. Also. friction iy affected by the
wear resistance of an individual consttuent. 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 {riction 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 n 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 {riction 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 supporied 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 stabilizauon of coefficient of friction. which

_1sevident from Fig. 11.

4. Conclusions

e An ultrahard TiC coating has been successfully deposited
over AISI 1018 stee! using a high energy density process
such as PES. The coating is adherent, crack free, and defect
free. However, coating thickness 1s not uniform, which1s a
charactedistic feature of PES process. '

e  The coating 1s 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.

e Wear resistance of the coated surface has increased signifi-
cantly. The wear behavior of the TiC coated surface is ex-
plained by formauon of a composite film, which
accommodates stresses by plastic deformation of softer
phases.

e A coefficient of fnction has been computed and explained
on a model based on the composite/multiphase material.
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COMPARATIVE WEAR IN TITANIUM DIBORIDE COATINGS ON
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Abstract

A comparison between the tribological propcnics‘of titanium diboride (TiB;) deposited
using high cnérgy density processes such as Pulse Electrode Surfacing (PES) and Laser
Surface Engineering (LSE) has been made. The wear resistance of TiB; coated surface is
higher than AISI 1010 steel. Wear resistz’mce of the LSE coated TiB, coating.is even
better than PES d;:posited TiB; coating. Coefficient of friction values for LSE coated
TiB, ’coétihg (Q=6.5'9)' is llaw‘e'r'thari: PES deposited TiB; coating (1=0.68). Wear occurs
in PES -aééositéd TiBz':cdét;ng by B;‘"i.ttle‘ fr;éture and attrition type mechanisms whereas
wear in ‘LSEvdcppsivted TiB, co‘afingg occurs by plastic deformation of the soft matrix

phase, Fe from a "composite" layer on the surface.

Kevwords: TiB, coating, Pulse Electrode Surfacing (PES), Laser Surface Engineering

(LSE), Wear resistance, Coefficient of friction.




1. Introduction

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 [1]. In the present study, wear and friction
characteristics of TiB; coating has been investigated.

Titanium diboride (TiB,) is a transition metal based refractory ceramic which has
unique properties of extremely high hardness, high melting point, wear resistance,
corrosion resistance -and electrical conductivity [2]. It also has excellent corrosion
resistance against metallic aluminum and cryolite, which mékcs it suitable candidate as a
coating material for inert cathode used in Hall-Heroult cell fér aluminum electrolysis [3-
4]. Conventionally, TiB; ceramics are processed by hot-pressing and sintering which are
very cxpeﬁsive, 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 TiB, without altering the bulk
properties of the engineering component or structure. In the present study, TiB; has been
dcposi;ed on ‘plaih carbon ste“cl‘us‘in‘g high energy density processes, Pulse Electrode
Su.rfacipg‘ (PES) aqd‘Lgser Surfz'_lcc‘ Engingering (LSE) techniques. A comparative study
of wear and frictio‘n behavigr of TiB2 cojaiing deposited by these two processes has been
presented. For a better unders'tandin—g of the comparative wear mechanisms, it is essential

to understand the main features of the two coating processes. The detailed comparison of




the two coating processes and the resulting coating morphology has been presented
elsewhere [6-9]. -
Pulse Electrode Sulrfacihg (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 arc-
wcld'ing proccsé with the exception of little total heat input. Hence, PES process is also
referred as micro-weldihg Yproccs's. The main advantage of this process stems from the
fact that metallurgically borided coatings with 4n ‘adherent interface can be produced v‘vith
little heat input to the subétrage at ambient temperature [14]. Since the bulk material
remains near ambient tcr;lpcrature and acts as heat sink, heat is rapidly dissipated leading
to rapid solidification of the mo]tén pool which in turn results in an extremely fine
grained coating of high density, Hmdness and strength. Furthermore, PES process
obviates the need of expensive environmental chambers required in several types of other
coating proces;cs. The primary requirement and the limitation for the PES process are
that electrédc material should be electrice;lly cohductive and thus capable of melting in an
electric arc.

Laser Surface Engineering (LSE)

Laser surface engineering (LSE) is one of the surface modification p'roccsses
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)
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which produces metastable phases by exceeding the solid éolubility limit beyond
equilibrium phase diagram [15]. Ti]is ledds to development of wide variety- of
microstructures with novel properties, which can not be produced by any conventional
processing techniciue. Moreover, these coatings are métallurgically bonded ‘providing a
sound and.adhcreng interface between the coating and substrate. The surface structure
can bé tailored to thé éuffzicé ;éciﬁireﬁléﬁt of ‘the applicaiion by varying procéss variables
such as laser tra_yersia"spcec_i, pp\»;elj, béérfx‘Si;é\ and type and compos{ti‘on of the precursor
[16]. ~ Also? laser:be:am "{ha‘s,;.an excellent spatial resolution that makes it ideal " for
depositing coating on miniaturé size components such as electrgnic 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 ihrough fiber optics.

This allows deposition of coatings on.components or parts that are complex in shape and

remotely located.

2.0 Experimental Procedures
2.1 Pulse Electrode Surfacing (PES) Coating Procedure

Coupons of AISI 1018 steel,of dimensions 25 mm Xx '10 mm X 3 mm were
mechanically polished on emery paper of grit 240 and then rinsed with acetone. A
sintered electrode of TiB, 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 temperatﬁre. Pulsed electrode deposition was carried out at 50 volts alndAspark

duration of 10 us. The discharge capacitance used for the PES process was 450.p.F with
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a_current of 50 amperes. Such processing parameters provide an input energy of.0.10

MW/m?.

2.2 Laser Surface Engineering (LSE, ) Coating Pr-ocedure' ‘

Commercially ;wailable TiBz“z‘md Ti powders obtained from CERAC, Milwz;ukce,
WI were used as precursor material for this study. Both péwders had a purity of 99.5 %.
The average particle size range was 5.5 m ill pm. Thin plates qf AISI 1010 steel of size
75 mm x 150 m‘ni x 3mm were cleaned using sand biasting. The precursor of a powder
mixture of 2 wt % Ti and 98 wt % TiB, composition in a water based organic vehicle was
sprayed on these coupons uéing a paint spray gun. The average preplaced powder bed
had a thicknessyof 15015 um Sprayed coupons were dried at' 70°C for 1 hour prior to
laser processing. The vaddition of 2 wt. % Ti to TiB, was made on the assumption that Ti
ix.1creases the wettabiliiy in the melt zone [17]. It was élsq an;icipated that ad,ditionél Ti
wpuld recombine with aﬁy boron, whicﬁ may disassocia;e during lase‘r processing. A 2.5
kW Hobart HLP 3000 cbntinuous'wave Nd:YAG laser (1.06 pum wavelength) equipped
with a fiber opticn beam delivery systéfn w;as employed for synthésis of laser assisted TiBz
coa;ings: 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 qptics
were conﬁgu}ed to proviae a3.s mmllong line beam in spatial distribution (TEMjy,) onto
the sample surface. Theé processing parameters were optimized in agcordance with earlier
reported litera;uré [8-16]. In the present stu;iy‘, laser bearp pch’r 'fmd laser traverse speed
were kept constant at 1.5kW and 33 mm/s, respectively. Thus, the energy density in[;ut

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
ITI-A scanning electron micfoscope (SEM) coupled with EDAX. Metallographic samples
for scannidg e]ectrod microscopy were prepared by polishing on Buehler TEXMET 2000
cloth during initial stages of polishing. The etchant used for TiB, coated steel sample
was Nital. Laser treated samples required longer etching'time as compared to PES
samples. Such behavior could be explained by the nature of the eoatings obtained in two
processes. Structural characterization for phase(s) identification was carried out on a
Philips Norelco x-ray diffractometer with CuK, radiation (1.54 A) operating at 40kV and
20 mA. Surface roughness of the wear surface was examined dsing a WYKO,VISION
RST 500 optical prdﬁlometer.

2.4 Tribological Characterization

. | Tribological properties of the TiB, coating were measured using a block-on-disk
tribometer. Coated coupons of dxmensxon 25 mm x 25 mm x 3 mm were tested for dry
' slxdmg wear agamst a hardened steel rmg rotatmg at a linear speed of 4.4 m/s Welght
‘loss measurements were made after successive 2 minutes. The dry slldmg wear test was
conducted for a total of 20 minutes duration with an applied normal load of 2 kg.
Coefficient of friction (jt) was also recorded for a 10-minute period by an’interfaeed
computer, which acquired data in the form of electrical output power of the motor. Even -

though data was recorded at a frequency of 1Hz for a total test time of 10 minutes, an

‘average of 10 successive points was taken for computing the coefficient of friction, .-




3.0 Results and Discussion

3.1 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 TiB; deposited on the steel substrate using PES techniqué. 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, v&tnich supports globular mass. transfer mechanism. This ia-attributed to
the fact that dissociable gascs like nitrogen and air form a plasma of high thermal
conductivity, which pyomotes globular mass transfer [13]. A molten globular droplet
forms at the TiB, electrode tip andl impinges on the steel substrate. This produces a
splash appearance on tho top surface. The corrcéponding surface-profile of the coated
surface is illustratcd in Figure l(bs. Surface is very rough in nature with several peaks
and valleys. Tne average surface roughness, R, for PES coating is high (16.91 um) in
tune \t/ith 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 TiB, surface is illustrated in

Figure 2(b). The average surface roughness, Ra for LSE. coating is low (6.39 pm) in
comparison to PES 'surfacc. The importance of the aufface roughness in wear phenomena
will be elucidated i in the followmg sectlons Figure 3 presents the SEM mxcrographs of
thc cross-aectlonal views of the T1B2 coated steel using PES and LSE processes. It can

be secn in Flgure 3(a) that PES dep051ted Tle coatmg is homogcneous dense, adherent

and freé of defécts like cracks. However,'the coatmg thickness is not very uniform
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throughout the crossisection:: Thrs is il accordance with the nature of PES process as
descrrbcd above and as carlrer obscrved m the t0pograph1cal features of the same sample
in Figurc'- 1. Figure 3 (b) 1_s a continuoys, -adnerent and crack free laser dcposrted TiB,
| coating on AISI 1010 steel substratc. Coating/laser-melt-zone is “composite” in nature.
It is a mixture of uniformly distributed TiB, ceramic particles of different morphologies
(polygonal and acicular)-and Fe. Dunng laser processing, a thin layer of stcel ‘substrate
mclts and mixes with TiB; due to convecuon currents within the melt zone resulting in a

composite coatmg Wrthm the laser melt zone, the distribution of TiB, partlcles is

uniform and their content is very high (volume fraction = 0.67).

3.2 Tribological Propertics of TiB; Coating
3.2.1 Weight Loss Analysis

Wcar test results are i)rcscnted in ngilre 4, which shows the weight loss over a
~ 20-minute period. It can belcasily observed that LSE coated surface shows least weighr
loss in companson to the PES coated surfacc 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
surfacc wear rate has decreascd by a factor of 15 in comparison to the uncoated AISI
‘1010 steel substrate. Moreovcr wear rate for LSE coated surface tends to stabilize after
an initial period of 4 minutes suggesting the smoothemng and/or breaking offvof hard
asperities, thcrcby providing a flat contact with the "'composite" composition. The worn
surfaces of PES and LSE coated samples were s_ubjccied to topographic observations in
SEM. Figure 5,~(‘a) shows a low magnification SEM micrograph of the worn region in

PES deposited TiB; sample. Elemental x-ray maps comresponding to Ti and Fe
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mechamsm in PES deposrted TrBz coatrng is essentially brittle in nature. Because of the

lnherent brittleness of the ceramic material wear can occur by chippmg [18] Also,
surface and subsurface cracks form, Jom and release small chips of materral These
chrpped off particles are further crushed into ﬁner pamcles leadmg to formation of wear

debris [18] Such wear- mechanrsm has been termed as attntion type of wear. A

combination of brittle fracture and attrmon wear mechanism is observed in PES coated_ N

TiB, sample. 1As observed earlier, PES surface is very rough in nature showmg peaks
and valleys in the TiBz coating (Figure l)., Under sliding conditions of wear, peaks of
Tle coatmg act as aspentles and reglons of high stress concentration.. The mterfacial
strength between two successrve droplets ofa refractory ceramic like Tle is not high and
prone to crack formation. These small cracks tend to join leading to formation of a rnajor
crack. Such phenomenon is clearly evident in Figure 6 which shows small and thin
cracks merging together to form a wrde crack.. Such wide crack forrnation results in
chipping of TiB; coating as partrcles from the steel substrate. Chlppmg of TiB, particles '
suggest a high wear. rate which Is ev1dent in Frgure 4, Flgure 5(a) shows denuded steel
substrate after the chippmg of particles of Tle coating. Some of these chrpped off
particles are further crushed and form wear debris, whrch is indicated by the presence of
‘Ti over the denuded steel substrate (Frgure 5(b)) and bare regions with loss of TiB;
coatrng on steel substrate (Frgure ‘5(c)). Chippmg of TiB, particles is further
corroborated‘ hy the surface proﬁle of the' worn surface shown in Figure 7. TiB; coating
have chipped off at several jlocations, which is indicated by the deep craters formed on

the surface. Average surface roughness, R,, of the worn surface has reduccd from 16.91
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pm (as eoated) to 6.27 um which is attributed to the flattening of the surface after
sliding wear for twenty-mi.nute period. | |
“The wear phenomenon in LSE coated sample ls significantly different from the ‘
PES coated sample As stated earller LSE deposxted Tle coatmg is "composite"
nature. Wear mechanism in such multlphase composxtc matenals 18 very complex which
depends upon several fac,tors such as volume fraction, distribution and morphology of the
cerarhic' partieles [19]. ,'Uhder ideal conditions, monolithic ceramic such as TiB; is
- expected to fail in a brittle rhahner [2]. However, presence of the softer matrix phase, Fe
between hard ceramic partieles alters the wear nature of monolith'ic TiB,. It has been‘
mentloned earlier that Fe acts as an excellent bmder for Ti based refractory cerarmcs
1 [7 20]. This prevents debondmg at TiB; partlcle/Fe matrix interface [9]. Under such
‘A ‘ matenals conditions, Fe-based matrix phase(s) defon'ns plastlcally to accommodate the
high stresses expenenced} by. Tlev pamcles. This prevents brittle fracture and‘
fragmentation of TiB; cerarrtlc particles. Hence chipping off is prevented and no lose
debris is observed. A composrte layer contammg hard Tle particles and soft Fe phase(s)
covers the entire substrate, whxch assrsts in reducmg the wear rate Such mlcrostructural
features are elucidated in Figure 8 that shows TiB, partrcles embedded in Fe’ matrix.
There is no crack formation observed Wear occurs mamly by plastic deformation of the
softer matnx Fe phase resultmg in very llttle loss of material (Fi gure 4). Figure9is the
surface‘roughness proﬁle of the womn shrface of the LSE coated sample. Wear surface is
clearly mdlcated by the rlepressxons (plastlc defonnatxon) caused by the rotating disk of

the tribometer and relatively small change in the average surface roughness, R, from 6.39

pm (as coated) to 4.56 ym. .
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The x-ray diffraction séectrum of the PES and LSE coatc;,d surfaces before and
after wear is shown inv Figure 10. Witimin the limits of resolution of the x-ray
diffractometer, the spectrum does not indicate evolution‘ of any new phase(s) during the
wear pfoqess indicating that we;ir 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 coatiﬁgs.

3.2.2 Coefficient of Friction Measurement

In the ch“sé"ntﬁ‘ work, the: é@eff{éient of friction is calculated by measuriﬂg the

‘chaqgggf in vpltgggr and current in }hc clcqt‘riﬁé:a‘l' circuit of the motor driving the block-on-

ring tribometer ‘duting"-'loading [21].. Based on the principle of energy conservation, the

[ ¥,

frictional cﬁergy (W f) equalé to thc' cixénge in the electrical work during loading, given by
equatioh (1. |
W; = Voltage (AY) x Current (Al) 1)
From friction theory, it is known that
Wi = jiNv . @
where N is normal load, v is the linear speed of the disk and pis the coefficient of

friction. By equating above two equations, coefficient of friction is computed.

The computed coefficient of friction for TiB; coating for both processes has been

plotted for‘ entire test time. of ten minutes (Figures 11 and 12). For PES process, the
fluctuations in cocfficient of friction values are highér in comparison to thc LSE process.
The best-fit line shows coefficient of friction to be 0.68 for PES process and 0.59 for LSE
process. Such difference in the ‘friction behévior -can be attributed to the coating

morphology and ﬁrevailing wear mechanisms in two coatings. In PES process, surface is

299




inherent]y‘ rough- with peaks and valleys due to the nature of the process supporting a
higher friction value. Moreover, fluctuations in coefficient of frict?on values for PES
process are higher, insinuatiné chipping off TiB; particles (Figures I1).  Such
fluctuations are larger for first 2 minutes of the test. The degree of fluctuation decreases
with time, thch is attributed to the rclétive smo_othening of the surface. In LSE process,
the coated surface is inhcrently smoother than the PES 'surface, 1;:ading to a lower
coefficient of friction value (Figure 12). The Iéwer dggfee of fluctuations in friction
value for LSE coate‘d sample is accounted by the formation of a “composite” layer on the
entire surface. A comparisén between the coatings produced by two prc;cesses and their
tribological characteristics has been summarized in Table 1.

Table 1. Summa;y .of- the TiB, Coatings and their Tribological
- C‘hargcvtgtri's‘t_i‘csi\l)‘gpgsited by PES and LSE Processes E

It

Features - " | -  PES Process LSE Process
- Energy Density Input 0.10 . 15.0
(MW/m?) | |
Nature of the Coating Thin (35-40 um), Thick (200 pm )
homogeneous, dense and Composite Coating with

very fine grained (2-3 pm) | embedded TiB, particles in
- the Fe-rich matrix

Surface Roughness, R, 16.91 pm . 6.39 um
(before wear) ' T |
* Surface Roughness, R, 6.27 um ‘ 4.56 um
(after wear)
Wear Rate (g/min) ‘ 0.0005 0.00005
Coefficient of Friction ‘ 068 0.59

Wear Mechanism Brittle failure in addition to Plastic Deformation

attrition




The wear behavior of the “composite” coating is very complex, which could be explained
by a model that clucidates frictional behavior of multiphase and /or composité materials

[19] ThlS model predlcts that fnctlon bchavxor of a composite/multiphase material is

i

K , i’ T R
mﬂucnced by the relatlve amounts and fr1ct10n coefficients of the constituent phase.

. ".]' u‘, \l'r_\'w‘
Also, |t is affected by thc wesr resistance of the 1nd1v1dual constituent. In most wear

situations, the more wear resxstant phase(s) carry a dlspropomonately larger part of the
load and hence have a larger influence on the fnctxon of the composite. Hence, the
friction coefficient of composite generally does not follow a linear rule of mixt.ure,‘ but is
dominated by friction coefficient of the most wear resistant constituent. It is well
understood that a refractory ceramic like TiB; has high wear resistance as Acompared to
plain carbon steel. Her;ce, according to the model discussed above, TiB; particles in the‘
coating tend to carry a larger load than Fe and céntribute 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 Conclﬁsions .

1. Wear resistvance of TiB; coated surface is higﬂer than AISI 1010 steel. Wear
' resistance of thé LSE coatcd‘Ti‘Bz coating is even better than PES deposited TiB,
coafing.
2. Coefficient of fnctlon values for LSE coated TiB> coatmg (n=0.59) is lower tha.n PES
deposited TiB, coatmg (u=0. 68)
A 3. Wear occurs in PES deposited TiB, coating by brittle frgcture and attrition type

mechanisms.
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v

4. Wear in LSE dcposnted Tle coatmg oceurs; by plastlc deformation of the soft matrix

phasc Fe from a composxte" layer on the surface
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3 List of Figures
Figure 1‘. (a) SEM ‘rnicrogra’ph showing‘the top surface ‘morphology of the TiB; coated 4
| surface using PES process and (b) the ‘correspondin'g surface roughness |
proﬁle for the coated surface ‘
Frgure 2. (a) SEM mrcrograph showing the top surface morphology of the TiB, 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. Cumuiative weight losses over a 20-minute period during dry sliding wear

Pyt

BE blo‘ck-on-' disk testInsetshows wear rates corresponding to various surfac'es:
FrgureS(a) SEM “micrograph ofthe wotn fsurface of TiB; coated PES samole and
i 'co'rre‘sp‘ochi“rrg“'X-ra'jr elemi';;r’ijtalihjap for (i)) Ti and (c) Fe. "

Figure 6. SEM micrograph showing the crack forrnation and ‘propa'gation during the
orittle fracture of TiB, coated PES sample. o

Flgure 7. Surface roughness proﬂle of the wear surface for the PES sample.

Frgure 8. (a) SEM mlcrograph of the worn' surface of T1B2 coated LSE sample and
correspondm g 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 TiB, deposited

(a)PES and (b) LSE steel coupons.
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Figure 11. Variation in coefficient of friction with time during dry sliding test for PES

sample.

Figure [2. Véria_tion in coefficient of friction with time during dry sliding test for LSE

sample.
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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. FesAl based mtermetallxc .
and AIN based ccrarmc coatmgs have bcen synthesized using PES process.

Iron aluminide (Fe;Al) based intc'rmetallics are well known for their excellent resistance to high-
temperature sulﬁdlzmg and oxidizing environment (13). Moreover, they have high hardness with an
excellent wear and crosxon 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).. Though.several have been made in Fe;Al alloy development using
alloying and thermomechanical treatments, it is ‘still far from being used as commercially available
structural material (15 17). Itis cnvnsaged that, coatmg structural steel with Fe;Al based intermetallic
would allow the effective { {isage of its environmental: and.wear resistant properties. FesAl based coating -
would also obviate the problems faced in fabpcat:oq of these alloys into useful shapes.

.
A
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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, FesAl 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

’ Coatihg 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 hand held electrode gun in
localized nitrogen (N>) 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 s,
The discharge capacitance used for the PES process was 300 yF with a current of 50 amperes.

Characterization

- ISI Super II-A scanning electron microscope coupled with EDAX was employed for
investigation 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 II microhardness tester using a Knoop indenter with a load of 200 gm
applied for 15 seconds. ' ' '

- Results and Discussion

~ Figure 1(2) shows x-ray diffraction spectrum of the coated surface in N; environment. Fe3Al is
the major phase present in the coating. However, few peaks of non-stoichiometric phase(s) such as
Fe.Aly are also indicated. Figure 1(b) is x-ray diffraction spectrum of the coated surface in NHj -
environment. Though Fe;Al 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). Fe,N 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 NHj
environment whereas only FesAl peaks are present in the coating synthesized in N; environment. Such
behavior can be understood by the thermodynamic nature of reacting species. Equation 1 represents
dissociation of NH; (20). ,

NH;=N+32H;; AG=4546-0.11T kJ/mol (1)
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Pulse eléctrdde surfacing is a high energy density process, which appears to provide sufficient energy
input to cause dissociation of NHy. Nascent N reacts with Al electrode to form AIN. Formation of AIN

from its parent elements is represented by equation 2 @n.
Al+N=AIN; AG=-322.17 +0.093T kJ/mol 2)

Adding equation (1) and (2) provides synthesis of AIN by PES process in NH; environment, which is
represented by equation (3)

AL+ NH;=AIN +32Hy; AG=-27671+0.104T kl/imol  (3)

Equation 3 is a thermodynamically feasible reaction and ceases AIN formation at 2387°C (AG = 0).
During PES process, consumable Al electrode with 4 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 Al drop reacts with nascent N atom from
dissociated NHj to form AIN as represented by equation 3.

On the contrary, N is a very stable gas and does not dissociate significantly like NH; (22). The
energy of dissociation of N into Ng,s varies between 412-455 kJ/mol for the temperature range of 298-
1000 K (22). It further varies between 1783-1856 kJ/mol and 460-437 kJ/mol within the same
temperature range for other electronic states viz. N'(gas) and N gas) (22). ’

N3 = Ngas + Ngas ; AG = + 473.39 -0.061 T kJ/mol (100 K <T <1300 K)

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 nitrogén (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. FejAl is the most
prominent phase formed represented by equation 4 (24-25).

3Fe+Al=Fes;Al ; AHp=18.0 kj/mol @

Formation .of Fe;Al 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 Fe3Al within few seconds (25). A similar
reaction mechanism occurs during PES process where liquid Al droplet reacts exothermically with steel
substrate to form Fe;Al based intermetallic coating. EDS analysis suggests 13 —16 wt % Al within the
coating region. Such composition is further indicative of Fe;Al formation within the coating (25).

Microhardness values within the coating, interface and substrate are.elucidated in Figure 2.
Coating synthesized in NH; environment has a higher hardness (774 Knoop) than coating formed in N,
environment. This is attributed to the presence of AIN in addition to Fe;Al intermetallic within the
coating. AIN is a hard ceramic (1200 kg/mm?) compared to Fe3Al based intermetallic which has
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hardness in the range of 380-620 kg/mm? (18,26). Presence of this hard phase causes an increased
hardness in coating produced in NHj environment. On the contrary, coating produced in N;
environment does not have AIN phase. Hardness (592 Knoop) of the coating produced in N
environment is mainly due to Fe;Al

800

—e— Nitrogen
—s— Ammonia

600 -

Microhardness

0 L} T T
0 10 20 30 40

Distance (um)

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 NH; 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 FesAl and
AIN (18,26). Similar morphology was observed for the coating deposited in Nz environment except
with an absence of cracks.

Figure 3. Cross-sectional view of the coating deposited in NH; environment.

Conclusions

FesAl based intermetallic and AIN based ceramic coatings have been successfully synthesized
using PES process in N and NH3 environment. AIN is synthesized only in NHj environment due to
availability of N atoms from dissociated ammonia. Fe3Al formation is exothermic in nature and occurs
in both, N, and NH3 environment. Hardness of coating synthesized in NH; environment is higher due to
presence of AIN apart from Fe;Al
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