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Abstract

Alumina ceramic is an important abrasive material for grinding wheels used for rough
grinding/machining of materials in manufacturing industry. Purpose of this work is to
explore laser surface structuring of alumina grinding wheels for precision
machining/grinding of materials by modifying surface microstructure of wheels. Major
objective of this work is to study the evolution of surface microstructure and depth of
modification such that microstructures/properties of modified wheels can be efficiently
tailored based on fundamental understanding of physical processes taking place during
laser surface structuring.

Surface structuring of alumina using a continuous wave Nd:YAG laser resulted in
significant surface melting and subsequent rapid solidification. The surface modified
alumina consisted of microstructure characterized by regular polygonal and faceted
surface grains with well defined edges and vertices. Such multifaceted grains act as
micro-cutting tools on the surface of grinding wheels facilitating micro-scale material
removal during precision machining. The formation of faceted morphology is explained
on the basis of evolution of crystallographic texture in laser modified alumina.
Furthermore, complete crystallographic description of multifaceted morphology of
surface grains is provided based on detailed analysis of surface micro-texture. Due to
complexity of microstructure formed during laser surface structuring, a fractal analysis-
based approach is suggested to characterize surface microstructures. Detailed analysis of

the effects of laser interaction with porous alumina ceramic indicated that melt surface
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undergoes rapid evaporation resulting in generation of high (>10° Pa) evaporation-
induced recoil pressures. These pressures drive the flow of melt through underlying
porous alumina during modification extending the depth of modification. An integrative
modeling approach combining thermal analysis and fluid flow analysis resulted in better
agreements between predicted and experimental values of depths of melting. Finally,
improvements in microindentation fracture toughness of alumina ceramic are reported
with increasing laser fluence. Such improvements in the fracture toughness seem to be
derived from better surface densification and coarsening of grain structure.

The understanding of the evolution of faceted morphology, depth of surface
modifications and improvements in fracture properties in laser surface microstructured
alumina ceramic reached in this work provides the foundation for tailoring of surface
microstructures/properties of alumina grinding wheels for precision machining

applications.
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Chapter 1

Laser Surface Structuring of Ceramics-An Overview

1.1 Introduction

Ceramic is an important class of material which is finding increased applications as
biomaterials and advanced structural and engineering materials. Industrially important
ceramics include various oxides, carbides, nitrides, and borides [1, 2]. Various properties
exhibited by these materials include high hardness and wear resistance, oxidation
resistance, chemical stability, creep resistance, and thermal shock resistance. In spite of
the attractive properties, actual utilization of ceramics in applications is often limited
primarily due to their inherent brittleness, low flaw tolerance and low reliability [3, 4].
These limiting properties of ceramics are partly derived from bonding characteristics of
the ceramics and from limited number of independent operating slip systems. Often, roots
of ceramic component failure can be traced to the surface defects introduced during
powder processing.

Surface engineering presents novel approaches of improving properties of
advanced ceramics by locally modifying the surface microstructure. Furthermore, surface
modification techniques can be directed to produce functional surfaces for advanced
applications [5, 6]. The properties of these engineered ceramics are then greatly
influenced by surface microstructure in the modified ceramics. The surface
microstructure of engineered ceramics may be defined by various parameters such as

phase, composition, grain morphology and texture at the surface. These microstructural
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features in the modified material are primarily inherited from the nature of surface
modification processes. Laser Surface Modifications (LSM) has emerged as a flexible
and convenient technique for improving surface properties of ceramics [5, 6]. Laser
surface modifications of porous alumina ceramic have recently attracted significant
research interest for improving surface properties for various applications. For example,
laser surface modifications of alumina ceramic linings (used in furnaces, incinerators,
heat exchangers etc.) are expected to extend the life of linings by minimizing localized
thermal and environmental attack due to sealing of the surface pores during surface
modification [7]. Also, laser surface modifications of alumina abrasives wheels have
potential to re-generate the surface topography suitable for precision machining of
materials [8]. Thus, laser surface modifications of porous alumina ceramic exhibit a great
potential in a wide range of applications, with each application requiring the
characteristic microstructure at surface. Hence, optimizing laser processing parameters to
control the microstructural features evolved during surface modifications plays a key role
in tailoring the surface properties for various applications. Despite great potential of laser
surface modified ceramics in various advanced applications, detailed investigations of
microstructure development during laser surface modifications are limited. Keeping this
in view, major efforts of present study are directed towards understanding laser
interaction with an industrially important alumina ceramic and consequent surface

microstructure development during laser surface modifications.



1.2 Laser-material Interactions

Understanding the capabilities laser surface modification of ceramics requires the
knowledge of physical processes occurring during laser beam interactions with material.
When the electromagnetic radiation is incident on a surface of material, various
phenomena that occurs includes reflection, refraction, absorption, scattering and
transmission (Fig. 1.1). One of the most desirable and important phenomena in laser
processing of materials is the absorption of radiation. Absorption of radiation in the
materials results in various effects such as heating, melting, vaporization, plasma
formation, etc. which forms the basis of several laser materials processing techniques [9].
The extent of these effects primarily depends on the characteristic of electromagnetic
radiation and the thermo-physical properties of material. The laser parameters include
intensity, wavelength, spatial and temporal coherence, angle of incidence, polarization,
illumination time, etc.; whereas, the materials parameters include absorptivity, thermal
conductivity, specific heat, density, latent heats, etc. The interaction of laser with material
is a complex interdisciplinary subject and requires knowledge from several branches of
physics. This section briefly explains the important laser material interactions and their
effects which are relevant in the laser surface modification of ceramic materials [10].

The absorption of laser radiation in a material is generally expressed by Beer-

Lambert law [9]:
I(z)=1,e7", (1.1)
where [ is the incident intensity, /(z) is the intensity at depth z and u is the absorption

coefficient. Thus, the intensity of laser radiation gets attenuated inside the material.
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Fig. 1.1 Possible interactions of laser light with material.

The length over which significant attenuation of laser radiation takes place is often
referred as attenuation length and is given by the reciprocal of absorption coefficient
[11]:

=1 (1.2)

)7
For strongly absorbing material, the absorption coefficients are in the range of 10°-10°
cm’! such that the attenuation lengths are in the range of 10°-10° cm [12].

One of the important parameters influencing the effects of laser-material
interactions is the absorptivity of material for laser radiation. It can be defined as a
fraction of incident radiation that is absorbed at normal incidence. For opaque materials,
the absorptivity (A) can be expressed as [12]:

A=1-R, (1.3)



where R is the reflectivity of material. The reflectivity and the absorptivity of material
can be calculated from the measurements of optical constants or the complex refractive
index. The complex refractive index (n.) is defined as:

n, =n—ik (1.4)
where n and k are the refractive index and the extinction coefficient respectively. These
parameters are strong function of wavelength and temperature. The reflectivity at normal

incidence is then defined as:

R:(n—l)—+k2. (1.5)
(n+1) +k>

Since parameters n and k are strong function of wavelength and temperature, the
reflectivity (and hence the absorptivity) of material is greatly influenced by wavelength
and temperature [12].

The laser energy absorbed by material during laser-material interaction is
converted into heat by degradation of ordered and localized primary excitation energy.
The typical overall energy relaxation times are of the order of 10" s for metals (10™%-10
®s for nonmetals). The conversion of light energy into heat and subsequent conduction of
heat into the material establishes temperature distributions in the material. Depending on
the magnitude of temperature rise, various physical effects in the material include
heating, melting, and vaporization of material. Furthermore, the ionization of vapor
during laser irradiation may lead to generation of plasma. In addition to the thermal
effects, the laser-material interactions may be associated with photochemical processes
such as photoablation of material. These effects of laser-material interactions are

schematically presented in Fig. 1.2. All of these effects play important roles during laser
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Fig. 1.2 Various effects of laser-material interaction: (a) heating, (b) surface melting,

(c) surface vaporization, (d) plasma formation, and (e) ablation.



materials processing. There exist distinct combinations of laser intensities and interaction

times where specific effect of laser-material interaction dominates [10].

1.2.1 Thermal Effects
When a laser beam of intensity, Iy, is irradiated on the surface of material, it results in the
excitation of free electrons (in metals), vibrations (in insulators) or both (in
semiconductors). As mentioned in the previous section, this excitation energy is rapidly
converted into heat (time duration in the range of 10" s for metals, 10210 s for non
metals). This is followed by various heat transfer processes such as conduction into the
materials, and convection and radiation from the surface. The most significant heat
transfer process being the heat conduction into the material. The generation of heat at the
surface and its conduction into the material establishes the temperature distributions in
the material depending on the optical and thermal properties of the material and laser
parameters. If the incident laser intensity is sufficiently high, the absorption of laser
energy can result in the physical phase transformations such as surface melting and
evaporation. Generally, these phase transformations are associated with threshold
(minimum) laser intensities referred as melting and evaporation thresholds (Z,, and 1,).
Melting and evaporation are the efficient material removal mechanisms during many
machining processes. In this section, simplified analysis of laser heating, melting and
evaporation of materials is presented [10].

To understand the thermal effects of laser irradiation on the material, it is
necessary to evaluate the temporal and spatial variation of temperature distribution.

Significant progress has been made in the modeling of thermal effects during laser-



material interaction effects. This includes the consideration to three-dimensionality,
phase transformations and temperature dependent properties. For the clarity of concepts,
most simplified thermal analysis based on the solution of one-dimensional heat
conduction equation is presented here. The simplified assumptions for such analysis are
[13]:

1. Material is homogeneous. The thermo-physical properties are independent of

temperature.

2. The initial temperature of the material is constant.

3. Heat input is uniform during the irradiation time.

4. The convection and radiation losses from the surface are negligible.
The schematic geometry of laser irradiation and corresponding surface temperature
during laser heating are presented in Fig. 1.3. The governing equation for the one-

dimensional heat transfer can be written as:

2
or(z.t) _ 9 T(z,t), (1.6)
ot 0z

where T is the temperature at location, z, after time, t; and a is the thermal diffusivity.

The initial condition can be written as:

T(z,0)=T,, for0<z<o,t=0 (1.7)
where T} is the initial constant temperature of the material.
The simple boundary condition at the surface (z = 0) assuming that laser energy absorbed

at the surface equals the energy conducted can be written as:

_ 9100 _ o (1.8)
0z



To
2 Material
Z—a
Laserbeam t=t,
(b)
T.>Tq
= Material
2% T—Tp
(C) t=t,
T's<T,
= Material
2% T Ty

Fig. 1.3 Schematic of the laser irradiation geometry and surface temperatures at various
times: (a) initial condition with uniform temperature, 7y, throughout the material, (b)
laser heating with surface temperature, 7,>Ty, and (c) cooling stage (laser off) with

surface temperature 7’<T; (surface temperatures are less than melting point at all times) .



where k is the thermal conductivity, and H is the absorbed laser energy. The absorbed
laser energy H can be given by the product of absorptivity, A, and incident laser power
density, Iy (i.e. H = Alp). If t, is the irradiation time (beam residence time) then the
parameter 0 equals unity when the laser is on i.e. 0 < ¢ <1t,. It can be taken as zero when
the laser is off i.e. t > 1,,.

The solutions of these equations can be obtained as:

During heating (0 <t < t,):

AT(z,1),. = %(4m)mierfc( (1.9)

i<t,

(4m)l/2j'

During cooling (¢t > t,):

_2H0l1/2 1/2- Z A, _ 1/2. Z
AT (2,15, = . [t 1erfc[(4m)“2j (t t,,) lerfc[(ém,(t_tp))“zﬂ (1.10)

The function ierfc(x) is defined as:

ierfc(x) = %{exp(— x’ )— x(1- erf(x))},

where erf(x)z%je—izda. (1.11)
Ty

The temperature at the surface during heating and cooling can be obtained by substituting

z=0in Egs. (1.9)-(1.10). Thus

1/2
ATO.0),., =7 %’”j , (1.12)
I 2 Caode—1 )\
AT, =2 (4#'”) —(Mj . (1.13)
Tk /4 /4



In the preceding discussion, it was considered that the incident laser power
density was sufficient to heat the material without any melting or evaporation. However,
the surface temperature may reach the melting point or the boiling point at sufficiently
higher laser power densities (Iy >10° W/cm?). The corresponding laser power densities
are often referred as melting and boiling thresholds. The depth of melting can not
increase to infinitely large value with increasing laser power density and residence time
(irradiation time) because the location of melting point inside the sample is limited by the
maximum achievable surface temperature. Once the surface temperature reaches the
boiling point, the depth of melting reaches the maximum value zy4x. Further increase in
the laser power density or the pulse time causes the evaporative material removal from
the surface without further increase in the depth of melting.

When the temperature reaches melting point (7},) at some depth zy4x, the equation

(1.9) becomes:

T, = %(4a't)”2ierfc((:5§/z j : (1.14)

When the surface temperature reaches boiling point (7}), the equation (1.12) becomes:

1/2
T, :ﬂ[%‘tj . (1.15)

Taking the ratio of above equations:

%”z \/Zierfc((:;)’j,z]. (1.16)

From equation (1.15), we get:
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T kNT

1/2
ot 1.17
(o) == (1.17)
Substituting in equation (1.16):
. Hz T
ierfc| —MAX |- __—m (1.18)
(kT,, e J TN7T

Such equations facilitate the calculation of maximum depth of melting (zyax) at which the
surface reaches boiling point during laser irradiation.

Once the vaporization is initiated at the surface of the material, the continued laser
irradiation will cause the liquid-vapor interface to move inside the material. This is
accompanied with the evaporative removal of material from the surface above the liquid-
vapor interface. If V; is the velocity of the liquid-vapor interface into the material during
the laser irradiation, then the mass of material removed per unit area per unit time (71 )
and the depth of vaporization (d) will be Vyp (where p is the density) and Vi,
respectively. The velocity of the liquid-vapor interface and the depth of vaporization can
be calculated by simple energy balance [9]:

H
V=—r——, 1.19
' IO(CTIJ+LV) ( )

where c is specific heat capacity and L, is the latent heat of vaporization.

Solving,

=t (1.20)
~pleT, +L) '

The thermal model explained in the preceding section considers the irradiation of

material where both the laser beam and the material are stationary. Most of the practical
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laser applications such as welding, cutting, shaping etc. require the laser beam to move
relative to the workpiece. Hence calculation of temperature distributions around moving
source of heat (laser) becomes important. The theory of moving sources of heat was first
advanced by Rosenthal in 1946 [14]. The schematic of the model geometry for heating

with moving point source is presented in Fig. 1.4.

’/—b)( *— V
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Fig. 1.4 Schematic of the (a) heating model geometry with a moving point source of heat,
and (b) typical temperature distribution (isotherms) in the x-z plane through the point

source.
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For a point heating source moving with constant velocity, v, in the x-direction, the
three-dimensional heat transfer equation can be written with point source as origin as

[14]:

_vaT(f’y’Z’t)_i_aT(é’y’Z’t):a, BZT(f,y,z,t)+azT(f,y,z,t)+82T(§,y,z,t)
o9& B &2 dy’ 3

(1.21)
where ¢ is the distance of a considered point from the point source. This distance can be
expressed as:

E=x—vr. (1.22)
For a solid much longer than the extent of heat dissipation, the temperature distribution
around the point heat source becomes constant such that an observer located at the
moving point source fails to notice the temperature changes around the point source as it
moves on. This type of heat flow is generally referred as quasi-stationary heat flow. This

state of heat flow is defined as:

ot
Substituting in equation (1.21) yields:
2 2 2
_vaT(f,y,z,t) _ g ? T(f’f’z’t)+ 9°T(¢, f,z,t)+ 9°T(¢, Z,z,t) . (1.24)
o& o& dy 0z

The equation (1.24) can be further simplified by using
T=T,+e " p&.y.2), (1.25)

where T} is the initial temperature and ¢ is the function which needs to be determined to

calculate the temperature distributions.

14



The equation (1.24) becomes:

2
v ’9(¢.y.2) 0*pl&,y.2)  I’0(¢.y.2)
- — ,V,2)= + + . 1.26
[mj o(&. y.2) { S % o (1.26)
2 2
For linear flow of heat where d ¢g§’2y 2 Z) = J ¢g§’2 Y Z) =0, the equation (1.26) reduces
y F
to:
2 2
v d*pl&,y.2)
—|— ,y,7)=—""22 1.27
(Mj 9. y.2) 3 (1.27)

These equations can be solved with appropriate boundary conditions to obtain the
temperature profiles around the moving point source of heat [14]. An important
consideration for accurate determination of temperature distribution during laser
irradiation is the temperature dependence of the thermo-physical and other properties.
Properties such as thermal conductivity, thermal diffusivity, absorptivity, etc. are strongly
temperature dependent and expected to influence the temporal and spatial evolution of
temperature during laser irradiation.

The two important parameters in the analysis of thermal effects during laser-
material interactions are the cooling rate and the temperature gradient. These factors have
strong influence on the development of microstructure (such as those formed by
dendritic, cellular, or planar growth) during solidification of molten material. From the
above thermal analysis, the temperature gradient, G, and the cooling rate, T, can be
calculated as:

G(z,1) :?)_Z’ (1.28)
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T(z,1) = %—f. (1.29)

An important relationship in the solidification theory which relates these parameters is
[15]:
T =GR, (1.30)

where R is the solidification rate.

1.2.2 Vapor Expansion and Recoil Pressures

As explained in the previous section, surface vaporization is initiated when the laser
intensity becomes sufficiently high (I, > 10>-10° W/cm?). The vapor plume consists of
clusters, molecules, atoms, ions, and electrons. In the steady-state evaporation, the vapor
particles escape from the surface (solid or liquid) at temperature 7. Initially, the vapor
particles escaping from the surface have a Maxwellian velocity distribution
corresponding to the surface temperature, Ty with their velocity vectors all pointing away
from the surface. Due to collisions among the vapor particles, the velocity distribution in
the vicinity of the vaporizing surface (layer of the order of several mean free paths)
approaches equilibrium. This region is known as Knudsen layer and often treated as
discontinuity in the hydrodynamic treatment. The detailed analysis of evaporation
problem was conducted by Anisimov in 1968 to determine the structure of this region and
the values of hydrodynamic variables beyond the discontinuity [16]. It was assumed that
the laser power density is not excessively large so that there is no significant absorption

of laser light by the vapor. Further, Anisimov assumed that the distribution function
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within discontinuity region can be approximated by the sum of distribution functions

before and after the discontinuity with coordinate-dependent coefficients [16, 17]:

flev)=alx)f,(v)+[1-a(x)]f, (v), (1.31)
where
m mv2
f1 _HO(ZMBTSJ exp(— ZkBTSj’ Vx>0 (132)
m " m(vy2+vzz+(vx—ul)2)
fLr=8n 7| P T . Ve <0 (1.33)

Here, a(x) is a unknown function satisfying a(0) = 1 and a(x) = 0; kg is the Boltzmann
constant; m is the mass of the vapor molecule; 7 and ny are the surface temperature and
the molecule number density at the evaporating surface respectively; and 7; and n; are
temperature and the molecule number density at the outer boundary of the kinetic layer
formed near evaporating surface respectively. u; is the velocity at the outer boundary of
the kinetic layer; B is the coefficient; and v,, vy, and v, are the velocity components on the
evaporating surface of the material. Assuming that u; is equal to the velocity of sound

within the vapor (Jouguet condition), we get:

U, = 1/M : (1.34)
m

where 7 is the adiabatic index of the vapor.

The conservation laws of mass, energy, momentum hold within the discontinuity region.

Thus,

17



Idvvxf(x,v)z C,
J-dvvxzf(x,v)z C,
[aw v flxv)=c,. (1.35)

Solving the above equations for the monoatomic gas with y = 5/3, Anisimov obtained:

f=629,
T, =0.67T,,
n, =0.31n,. (1.36)

Thus the vapor is significantly cooler and less dense than the vapor in equilibrium with
the surface. Further analysis by Anisimov indicated that approximately 18% of the vapor
particles condensed back to the surface. The velocity of the vaporization front is given
by:

Ia
p(L, +2.2k,T. Im)’

(1.37)

where [, is the absorbed laser power density and L, is the latent heat of vaporization. The
above derivation on the expansion of vapor in the vacuum can also be extended for the
case of vapor expansion into ambient gaseous atmosphere by considering the Mach
number of the external flow. All the quantities 7;, and n; are dependent on the Mach

number of the external flow [16].
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The evolving vapor from the surface exerts the recoil pressure on the surface.
Based on the above relationships, an equation for calculation of evaporation-induced

recoil pressure, p;, at the evaporating surface is given by [16]:

p, _1.69( b j (138)
Q,/S \JL, \1+22p )’ '

where Qy is the incident laser power; S is the area of laser spot; and b” = k,T, /m,L,. For

the surface temperatures equal to boiling point, the evaporation induced recoil pressure
according to Anisimov becomes 0.55 p;, where p; is the saturated vapor pressure. Under
typical materials processing (drilling, cutting, welding, etc.) conditions, this evaporation
induced recoil pressure exceeds the highest possible value of surface tension pressure.
Thus evaporation-induced recoil pressure plays an important role in the removal of

material in molten state during materials processing.

1.2.3 Plasma Formation

When the material is irradiated with sufficiently larger laser intensity (/,), significant
surface evaporation takes place as explained in the previous sections. Once the
vaporization is initiated, the interactions between the resulting vapor and the incident
laser beam become important in determining the overall effect of the laser irradiation on
the material. One of the most important interactions is the ionization of the vapor. The
highly ionized vapor is termed as plasma. In dynamic equilibrium, the degree of

ionization ¢, in a gas is often expressed by the Saha equation [18]:
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> g (2mmk,TY" E,
s _ % | expl ——= |, (1.39)
1-& g.N, h k,T

with ¢ = N/N, and N, = N, + N,. Here, N, and N, are the number densities of electrons
and atoms/molecules respectively; g; and g, are the degeneracy of states for ions and
atoms/molecules; and E; is the ionization energy.

The generation of plasma can greatly influence (or interfere with) the interaction
of laser radiation with the material. It is convenient to define the laser power density /,, at
which the significant ionization of the vapor resulting in the formation of plasma takes
place. The plasma is generally considered to form near the evaporating surface of the
target and remain confined to this region during laser irradiation with intensities just
above [,. This confinement of the stationary plasma near the evaporating surface is
generally referred to as plasma coupling. Plasma coupling plays an important role in
transferring the energy to the dense phase. The energy transfer may be due to normal
electron heat conduction, short-wavelength thermal plasma radiation or condensation of
vapor back to the surface [19]. The plasma coupling is particularly important in the
conditions where normal laser irradiation is not strongly absorbed by the target material.
Such conditions exist during irradiation of highly reflecting materials with infrared
(longer wavelength) laser radiation. Plasma coupling results in the significant increase in
the absorptivity of laser radiation by the material. When the laser power density is
increased significantly beyond I,, the dynamic interaction of the plasma with the laser
radiation causes the rapid expansion and propagation of the plasma away from the
evaporating surface (i.e. towards the laser beam). Eventually the plasma gets decoupled

from the surface and transfer of energy to the dense phase ceases. The laser radiation is
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then essentially absorbed in the plasma. This condition is referred as plasma shielding
where the decoupling of the plasma ceases the interaction of the laser radiation with the
target material via plasma. The propagating plasma is often referred to as laser supported
absorption wave (LSAW). The LSAW’s are generally classified into laser supported
combustion waves (LSCW) and laser supported detonation waves (LSDW) depending on
the speed at which they propagate with respect to gas. The LSAW propagating at the
subsonic speed is termed as LSCW, while, it is termed as LSDW when propagating at

supersonic speed [18].

1.2.4 Ablation

The term ablation is generally used for the material removal processes by photo-thermal
or photo-chemical interactions. In photo-thermal process, the absorbed laser energy gets
converted into thermal energy in the material. The subsequent temperature rise at the
surface may facilitate the material removal due to generation of thermal stresses. This is
more pronounced in the inhomogeneous targets such as coated materials where the
thermal stresses cause the explosive ablation of thin films. When the incident laser energy
is sufficiently large, the temperature at the surface exceeds the boiling point causing rapid
vaporization. These processes of material removal by thermal stresses and surface
vaporization are generally referred as thermal ablation [18]. In photoablation, the energy
of the incident photon causes the direct bond breaking of the molecular chains in the
organic materials resulting in material removal by molecular fragmentation without
significant thermal damage. This suggests that for the ablation process, the photon energy

must be greater than the bond energy. The ultraviolet radiation with wavelengths in the
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range of 193-355 nm corresponds to the photon energies in the range of 6.4-3.5 eV. This
range of photon energies exceeds the dissociation energies (3.0-6.4 eV) of many
molecular bonds (C-N, C-O, C=C etc) resulting in efficient ablation with UV radiation
[20]. However, it has been observed that ablation also takes place when the photon
energy is less than dissociation of energy of molecular bond. This is the case for far
ultraviolet radiation with longer wavelengths (and hence correspondingly smaller photon
energies). Such an observation is due to multi-photon mechanism for laser absorption. In
multi-photon mechanism, even though the energy associated with each photon is less
than dissociation energy of bond, the bond breaking is achieved by simultaneous
absorption of two or more photons.

The laser-material interaction during ablation is complex and involves interplay
between the photo-thermal (vibrational heating) and photo-chemical (bond breaking)
processes. One of the important considerations during the laser-material interaction
studies is the thermal relaxation time (t). Thermal relaxation time is related with the

dissipation of heat during laser pulse irradiation and is expressed as [21]:

dZ

T= ’
4o

(1.40)

where d is absorption depth and a is the thermal diffusivity. For longer pulses (with pulse
time longer than thermal relaxation time), the absorbed energy will be dissipated in the
surrounding material by thermal processes. To facilitate the photo-ablation of material
with minimum thermal damage, the pulse time must shorter than thermal relaxation
times. For such short pulses (pulse times in the range of microseconds), the laser energy

is confined to a very thin depth with minimum thermal dissipation. Thus, efficient
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ablation of the material during laser-material interactions necessitate the laser operating
at shorter wavelengths with microsecond pulses. Pulsed laser ablation is extensively used
in the materials processing and the medical applications. In materials processing, it can
be used for micromachining, marking, grooving, cutting, drilling, and patterning of wide
range of materials; while, in medical applications, it can be used for precision ablation of

tissues such as human corneal tissues.

1.3 Microstructure Evolution

Laser surface processing presents convenient means of microstructure modification for
material surfaces. Such microstructural modifications at the surfaces are expected to
provide ways to control and achieve desired surface properties for wide range of
applications. The evolution of surface microstructure and morphology depends on the
regime of laser-material interactions. Extensive investigations have been done to
understand the development of microstructure and topography during material heating
[22-24], material melting [25-27] and material removal (evaporation/ablation) regimes
[28-30]. In the heating regime (laser heat treatment), the microstructure evolution is
primary due to solid-state phase transformations. In the melting regime, the laser melted
material rapidly solidifies resulting in the formation of recast layer. The microstructures
at the surface and within the recast laser are primarily influenced by the nature of
material and thermal effects during laser processing. Ablation regime is particularly
associated with microstructuring due to localized material removal resulting in the

formation of physical surface features.
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One of the important fundamental studies on phase and microstructure evolution
during rapid solidification of ceramics is conducted by Levi et al [31]. They used
electrohydrodynamic atomization technique to produce micro-droplets of alumina
ceramic which subsequently solidified into collection chamber. Detailed investigation of
phase selection and microstructure evolution in the rapidly cooled alumina droplets of 10
nm to 300 um diameter have shown that amorphous phase forms in droplets below 100
nm, y phase forms between 100 nm and 2 um, partially transformed 6 forms between 2
um and 10 pm, and stable corundum structure forms above 20 pm. Also, the surface of
the coarse droplets exhibited three distinct morphologies: faceted, dendritic, and cellular.
The formation of metastable y phase is also observed during rapid solidification of
alumina particles in plasma spraying [31].

In spite of the wide applicability of the laser surface processing for alumina
ceramics, the detailed studies on evolution of phase and morphology during laser surface
processing are limited. Also, the rapid solidification of ceramics during laser surface
melting is far from the containerless solidification in that the melt undercooling is very
small because the substrate acts as a catalytic site that can lower the nucleation barrier.
Hence, major part of the present study is directed towards understanding microstructure
evolution during rapid solidification associated with laser surface processing of alumina
ceramic compacts. The microstructure evolution is studied in terms of the development of
crystallographic texture and morphology of the surface grains. The microstructural results

are correlated with the cooling rates derived from heat flow model.
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1.4 Laser Surface Structuring Applications

Laser surface structuring of ceramics presents the potential of modifying/improving the
surface properties for broad applications in structural, engineering, electronics and
biomedical industries. Some of these specific potential applications are briefly explained

here.

1.4.1 Laser Dressing of Alumina Grinding Wheels

Alumina ceramic is an important conventional abrasive material used in machining
(grinding) applications. Abrasive grinding wheels consist of irregular alumina particles
(grains) compacted and bonded together with bonding ingredients (typically vitrified
glassy compositions) and contain a certain level of controlled porosity. Each particle on
the surface of the grinding wheel acts as a cutting tool and contributes to the total
material removed during machining. Among various wheel and workpiece parameters,
the performance of grinding wheels is highly influenced by the particle (grain) size and
the sharpness of the abrasive grains. However, the properties of these surface grains
progressively deteriorate as the number of grinding passes increases. During grinding,
due to sliding forces, the surface grains becomes blunt and lose their ability to efficiently
remove the material from the workpiece (Figure 1.5a). The most common practice in
industry is called diamond dressing (mechanical dressing) which uses a single point
diamond tool to fracture and remove the blunt surface grains and expose new sharp grains
thus re-generating the new surface for efficient grinding (Figure 1.5b). However, the

process has many quality and economic disadvantages such as increase in consumable
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Fig. 1.5 Schematic of the dressing set up and surface morphology generated during two
different approaches of wheel dressing. (a) Used grinding wheel surface before dressing
showing blunt surface grains with the metal particles loaded in the interconnected
porosity; (b) surface features of diamond dressed grinding wheel showing newly exposed
irregular, sharp grains obtained by fracturing the surface layer of blunt grains and (c)
surface features of laser dressed grinding wheel obtained by rapid solidification of
alumina grinding wheel surface showing highly refined multi-faceted grains with well

defined edges and vertices.

26



cost due to wear of diamond tool and wheel and decrease of production rate due to
frequent dressing. It has been reported that up to 90% of the wheel material is consumed
in dressing operation compared to the actual grinding of the workpiece [32]. Also, the
diamond dressing imparts various surface and sub-surface defects such as cracks which
may lead to premature fracture of the grinding wheel during machining operation.

Attempts have been made to use lasers as dressing tools for grinding wheels due
to inherent advantages of the laser processing such as non-contact dressing and ease of
automation. The primary motivation for such studies came from the ability of lasers to
selectively ablate the low melting point bonding ingredients and/or blunt surface alumina
grains of the grinding wheels so as to expose the new sharper grains on the surface of
wheel for cutting action. Hence, to carry such an ablation of material, the laser dressing at
high laser intensities such as 4 x 10'® W/m? was suggested [33, 34]. In one of the other
studies, lasers are used in combination with the conventional diamond dressing [35].
Here, a laser selectively heats the grinding wheel surface, which is subsequently dressed
by the diamond tool. The primary purpose in such studies is to reduce the wear of the
diamond dressing tools by preheating the wheel surface by laser ahead of the diamond
tool. Most of these approaches have had limited successes in realizing the full potential of
non-contact laser dressing such as in-process dressing, improved productivity, low cost of
production and consistency in workpiece finish.

Recently, considerable efforts have been made by our research group to develop
the laser dressing method for alumina grinding wheels [36-28]. A novel approach is
proposed for laser dressing technique using laser intensities lower than that is required for

ablation of grinding wheel surface ingredients. The approach is based on the surface
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melting and solidification rather than direct ablation of material. A laser beam is directed
normal to the grinding surface of wheel with laser intensities high enough to cause
melting of the blunt grains on the grinding wheel surface. Also, under these regimes of
laser intensities the low melting point bonding ingredients evaporates thus facilitating the
melting and solidification of high melting point alumina (melting point~2300 K). The
rapid solidification associated with laser melting of alumina results in a wheel surface
morphology characterized by multifaceted grains with micropores between the faceted
grains. Each multifaceted grain exhibit well defined edges and vertex which can act a
single micro-cutting tool on the grinding wheel surface (Figure 1.5c). Additionally, since
these surface features are on the micron scale, such a laser dressed grinding wheel with
these surface microstructural features is well suited for the microscale grinding
application. The solidification microstructures on a surface of grinding wheel can be
efficiently controlled by changing the laser dressing parameters making the lasers reliable

and efficient dressing tools for grinding wheels for precision machining applications.

1.4.2 Tribological Applications

For many tribological applications, it is critically important to maintain the lubricant film
between sliding components that are subjected to high load. Friction behavior and wear
resistance of the sliding components is greatly influenced by topography of the surfaces.
Laser structuring of the sliding surfaces is attracting significant interests for improving
tribological properties of variety of materials such as metals, ceramics and glass [39].
Lasers can produce selective and periodic topographic feature on the flat surfaces by

localized ablation or evaporation mechanism. Such microstructures acts as reservoirs for
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the lubricating fluid and hampers the drain of it. These reservoirs also collect the abrasive
particles during sliding. Some of the possible structures (channels, pits, etc.) produced by
laser surface structuring of 100Cr6 and alumina are presented in Fig. 1.6. The depth of
channels can be controlled by controlling the laser processing parameters. It has been
observed that laser structuring results in the significant reduction of friction coefficient

primarily due to creation of lubricant reservoirs on the sliding surfaces.

Fig. 1.6 Micrographs of laser structured surfaces: (a) micro-channels in 100Cr6 generated
using Q-switch laser mode, (b) micro-channels in 100Cr6 generated using continuous
wave laser mode, (c) micro-pits in 100Cr6, and (d) crossed micro-channels in alumina

[39].
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1.4.3 Biomedical Applications

The surfaces of biomedical implants are often coated with bioceramics like zirconia.
Zirconia offers good fracture toughness and bending strength in addition to the excellent
biocompatibility. However, actual utilization of such coated implants is still not realized
primarily due to lack of understanding about the complexity of interactions taking place
at the implant surfaces in the biological environment. It is, however, realized that surfaces
of artificial implants should have hierarchical structure similar to natural bone material.
Laser surface structuring of biomaterials is attracting significant interests to generate
hierarchical textured bioactive material. Fig. 1.7 presents micrographs of laser textured

zirconia coated titanium-based substrates showing multi-scale nature of the surface [40].

Fig. 1.7 Multi-scale nature of laser textured zirconia coated titanium-based substrates

[40].
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1.4.4 Surface Densification

Refractories are extensively used in crucibles and linings of furnaces and incinerators.
The important properties of refractories for high temperature applications include
excellent thermal shock resistance, chemical inertness and structural stability.
Refractories also exhibit low thermal conductivity and coefficient of expansion.
However, life of the refractories is often limited by ingression of molten slag and
consequent accelerated chemical degradation. Laser surface processing can be effectively
used for crack-free sealing the surface porosity of the ceramic refractories causing
reduction in the penetration of molten slag and chemical degradation. This crack-free
densification of the refractories is based on the surface melting of the ceramics and

subsequent sealing of the pores by the molten material (Fig. 1.8) [41].

Fig. 1.8 Micrographs of 85 % alumina samples surface densified by the CO; laser and the
flame: (a) plan view showing boundary between treated and untreated region, (b), (c)
high magnification views of a region on a laser track, and (d) cross-section of laser

surface densified region [41].
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Chapter 2

Experimental Procedure

2.1 Selection of Materials

Rapid solidification of metallic material is extensively reported in the literature.
However, there are very limited studies devoted to the rapid solidification of ceramics.
This may be partly due to assumption that low thermal conductivity of these materials
makes the rapid solidification less feasible. On the other hand, higher structural
complexity of the ceramics is expected to result in sluggish kinetics thus enhancing
undercoolability. Hence this study is primarily directed towards understanding the rapid
solidification behavior of industrially important alumina ceramics subjected to laser
surface processing.

Alumina-based ceramic compacts (5 cm x 5 cm x 2.5 cm) used for the laser
surface modification experiments were cut from commercially available vitrified grinding
wheels (purchased from MSC Industrial Supply Co.) using a carbide grit rod saw (Make:
STANLEY™) in dry condition. The grinding wheels are commercially made from
artificial aluminum oxide produced by melting bauxite at high temperature in an arc type
electric furnace [42]. The compacts consisted of irregular abrasive grains of average size
around 220 um with average porosity of around 40% by volume. The abrasive grains
were primarily composed of Al,Oz (~99.52 wt%) with traces of Cr,O3 (~0.25 wt%),

Fe,03 (0.05 wt%), and Na,O (0.18 wt%).
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2.2 Optimization of Laser Processing Parameters

A 4 kW HASS continuous wave Nd:YAG laser was used for the laser-assisted rapid
surface microstructuring of alumina ceramic. The laser processing was carried out with
laser fluence in the increment of around 38 J/cm?” above 458 J/cm® up to 726 J/cm®. This
range of laser processing parameters corresponds to significant melting of the ceramic
surface. The schematic of the processing set-up is presented in Fig. 2.1. The laser beam
was fiber optically delivered and focused on the flat surface of the ceramic sample which
was mounted on the translation stage allowing the movements along X-, Y-, and Z-axes.
Entire surface of the alumina ceramic was modified by laying the parallel tracks with
linear translational speed of 100 cm/min. The movements of the translation stage can be
directly controlled through CNC programs such that different 2D geometric data can be

used for microstructuring of surface.

Laser beam Computer

Z-axis

Laser

tracks %Lf::::::::::; , PR

Ceramic compact

X-axis < pal > €
(Direction of laser travel) /
-axis
(Direction of track shift)

Fig. 2.1 Experimental set-up for laser surface structuring of alumina ceramic
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2.3 Modified Surface Characterization

For characterization, the specimens were prepared by cutting small coupons (1.5 cm x 1.5
cm x 1.0 cm) from laser surface modified specimens with a ISOMET™ low speed saw
(Make: BUEHLERTM) using a diamond blade (Make: BUEHLER™) in dry condition.
The surfaces before and after laser surface modifications were preserved during specimen
cutting to ensure that microstructure, surface condition, roughness is unaffected by the
sample preparation methods. The dry condition during cutting is used to prevent the
impregnation of cutting media into porous alumina samples and eliminate the possibility
of undesirable affects during subsequent microstructural characterization. Additional

surface preparation is carried out relevant to each characterization technique.

2.3.1 Microstructural Attributes (Scanning Electron Microscopy)

The characterization of surface morphology of alumina grains before and after laser
surface modifications is conducted using a HITACHI™ S$3500 SEM. The SEM was
operated in high vacuum mode at an accelerating voltage of 15 kV and filament current
of 78 pA. Also, qualitative elemental analysis was conducted using Energy Dispersive
Spectrometer (EDS) system attached to SEM. Due to low conductivity of alumina
ceramic, sample preparation for SEM included an additional step of coating the specimen
with gold to minimize build up of electric charge. The gold coatings on samples of
alumina ceramic were deposited using SPI MODULE™ sputter coater operated at
pressure of 10" Torr and sputtering current of 20 mA for deposition time of 20 s. The

grain size of the surface grains is given as the average diagonal distance of the polygonal
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grain. The surface grain size and the porosity were determined by the image analysis of
several (more than five) SEM micrographs and the average value along with the positive

and negative error bars is reported.

2.3.2 Phase and Micro Texture Evolution (X-ray Diffraction and Orientation

Imaging Microscopy)

Detailed characterization of the phase and micro-texture before and after laser surface
modifications of alumina ceramic compacts was conducted using x-ray diffraction
technique. The preliminary X-ray diffraction analysis of the laser surface modified
alumina coupons was carried out using Philips Norelco x-ray diffractometer operating
with Cu K, (A=1.54178 A) radiation at 20 kV and 10 mA. The diffraction angle was
varied between 20 and 100 degree 2-theta at a step increment of 0.02 degree 2-theta with
a count time of 1 s. The surfaces of alumina ceramic before and after laser surface
modification (without any pulverizing into powder) were directly examined by x-ray
diffraction to facilitate the study of development of preferred orientation.

For detailed texture analysis, Philips X’Pert Analytical Diffractometer with Cu K,
radiation as a point source operating at 45 kV and 40 mA was used. Reflection method
was used to obtain the pole figures by varying rotation angle, ¢, between 0 and 360
degrees and varying tilt angle, y, between 0 and 85 degrees. Schematic of the typical
diffraction geometry along with various rotation and tilt axes for texture analysis is
presented in Fig. 2.2 [43, 44]. For texture measurement, each coupon of un-modified and
laser surface modified alumina ceramic was mounted directly on the specimen holder

using adhesive binder such that surface of the sample is as flat as possible. During texture
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analysis, the counter is fixed in the 2-theta position corresponding to the planes which are
expected to exhibit the preferred orientation. In the present study, texture analysis is
conducted for determining preferred orientation of various planes corresponding to
respective diffraction angles (2-theta). Once the counter is fixed at diffraction angle (2-
theta), the sample holder is slowly rotated about the diffraction axis such that surface of
the sample is equally inclined to the incident and diffracted beam directions. This
corresponds to initial position of the sample. The sample is then slowly rotated about the
rotation and tilt axes to obtain a series of ¢-scans at different tilt angles. The step size for
the rotation and tilt axes was 5 degree and the time per step was 1 s. The diffraction data
obtained from these experiments was used to generate the pole figures presented as

contour plots with zero angle at the center using the method described in reference [43].

Normal, N

Incident beam, / Reflected beam, R

Salﬁple, S

Fig. 2.2 Schematic of the diffractometer geometry for texture analysis.
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The pole figure analysis explained in the previous section provides useful
information about the overall texture evolution as function of laser processing parameters
in the laser surface modified alumina ceramic. In order to evaluate the micro-texture
evolution during directional rapid solidification of alumina ceramic during laser
processing, localized crystallographic information is needed. Orientation Imaging
Microscopy (OIM) gives local crystallographic information using Kikuchi patterns. This
information can be used to obtain crystallographic orientation maps from the larger area
of the sample thus giving more global information regarding micro-texture at the surface.

For successful characterization of micro-texture in laser surface modified alumina
using OIM, the sample preparation is critically important. The surfaces for the OIM
analysis must be flat in the nanometer levels to generate good quality Kikuchi patterns. In
the present studies, sample surfaces were wet polished using a series of SiC grinding
papers (600, 800, 1200 mesh) followed by polishing on micro-cloth with colloidal silica
slurry (0.05 micron abrasive size). Since, alumina is non-conductive, the samples were
carbon coated to uniform thickness of 3 nm and grounded with copper tape to the sample
stage in the SEM. Kikuchi patterns and subsequent orientation maps were generated
using a commercial Philips XL30 FEG SEM equipped with a TSL orientation imaging
microscopy system using a special CCD camera. During OIM experiment, SEM was
operated at 20 kV accelerating voltage and the sample was tilted to about 70° from the
horizontal. Kikuchi pattern quality is strongly influenced by tilt angle, accelerating
voltage and sample surface quality. OIM patterns are produced by a very small fraction

of total scattered electrons signal. OIM procedure involves obtaining background image
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which is subsequently subtracted from each acquired pattern prior to indexing. To obtain
the crystallographic orientation information from a larger surface area of the sample, the
electron beam is scanned over a selected area of laser modified surface with a step size of
3.75 um. The quality and sharpness of the individual Kikuchi pattern is judged by
Confidence Index (CI). Since the initial x-ray analysis suggested the formation of
equilibrium o-alumina phase, indexing of the kikuchi patterns is carried out using

hexagonal crystal structure.

2.3.3 Surface Morphology (Stylus Profilometry and Atomic Force Microscopy)
Surface morphology of the laser modified alumina ceramic was characterized using
stylus profilometry and Atomic Force Microscopy (AFM) to get the microscopic
behavior of the

A stylus-based Mahr Federal Perthometer M1 with stylus tip radius of 2 pm was
used for the measurement of surface roughness parameter, R, (arithmetic mean deviation
of the roughness profile). The measurement was conducted for a tracing length of 1.75
mm on the surface of five laser surface modified specimens and the average value along
with positive and negative error bars is reported. During the measurements, the sample
was firmly mounted on the horizontal stage with adhesive binder to prevent the
movement of specimen during traversing of stylus tip. Autoprobe M5 (Park Scientific
Instruments, Sunnyvale, CA) Atomic Force Microscope (AFM) was used in contact
mode to determine the topography of surface micro-features of the laser structured

alumina. The maximum lateral and vertical resolutions of the instrument were 0.5 and
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0.025 A respectively. AFM measurements were conducted to profile the individual

faceted polygonal grains within modified surface region.

2.3.4 Fracture Behavior (Micro-indentation)

To evaluate the influence of laser surface modification on the fracture properties of
alumina ceramic, micro-indentation experiments were conducted. A microhardness tester
(BUEHLER™, Lake Bluff, IL) was used for measuring hardness by performing
indentations at a load of 19.6 N and holding time of 15 s. Fracture toughness (Kic) was
obtained using direct crack measurement method. The fracture toughness, Kic (MPa.m

) 'is given by:

1/2
E P

3/2 7
C

where E is the Young’s Modulus (380 GPa), H is the Vickers hardness (GPa), P is the
applied load (N), and c is the diagonal crack length (m) [45]. The fracture toughness was
obtained for five indentations on each sample and the average value is reported along

with positive and negative error bars.
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Chapter 3
Laser Process Parameter Dependent Transitions in Rapidly

Solidified Alumina

This chapter present the results of laser surface modification of porous alumina ceramic
carried out with a range of laser fluences. Major focus of this chapter is on the study of
evolution of surface microstructure (phase, faceted surface grain morphology, and
crystallographic texture) following laser surface modifications. Most importantly, this
chapter discusses the formation of faceted morphology of surface grains and its
correlation with the crystallographic texture, and effect of laser fluence on variation in
extent of faceted morphology in terms of curvature factor. Finally, a fractal analysis
based approach is introduced to characterize the complexity of surface microstructures in

laser surface modified alumina.

3.1 Evolution of Morphological Texture

When the porous alumina ceramics are irradiated with a high power laser beam, the
energy is absorbed into the material. The interaction of the laser beam with porous
ceramic is a complex phenomenon due to effects of surface porosity. The surface porosity
can cause the multiple reflections of the incident beam from the pore walls resulting in
enhanced overall absorption of the laser energy. Depending on the incident laser fluence,

the absorbed energy causes the heating, melting and vaporization at the surface of
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ceramic. For densification of surface porosity of the alumina ceramic, the regimes of
laser processing which cause the surface melting are desirable. The molten material
formed at the surface flows in the surface pores and subsequently undergoes rapid
solidification forming a dense resolidified surface layer. A low magnification photograph
of alumina ceramic before and after laser processing is presented in Fig. 3.1. The figure
indicated the parallel tracks of resolidified material over a large area of alumina specimen
resulting in crack free sealing of porosity on the surface of alumina.

A typical microstructure in the cross section of the laser surface modified alumina
ceramic (with laser fluence of 535 J/cm?) in half laser track is presented in Fig. 3.2 along
with corresponding schematic of the surface modification process. The figure clearly
shows the highly dense semi-elliptical resolidified area and a highly porous underlying
substrate separated by a well defined interface between them. The semi-elliptical shape of
the resolified layer is a direct consequence of near Gaussian energy distribution of energy
in the laser beam. The maximum melting depth corresponded to the energy maxima at the
center of laser beam.

The effects of laser irradiation on the surface microstructure of the alumina
ceramic are illustrated in Fig. 3.3. The figure presents a set of SEM surface micrographs
corresponding to the untreated alumina substrate (Fig.3.3a) and laser surface modified
alumina at laser fluence in the range of 458-687 J/cm’. (Fig.3.3b-h). The untreated
substrate consisted of irregular alumina grains with a high degree of interconnected
porosity. The surface modification of such highly porous alumina substrate with high
power laser resulted in highly dense surface microstructure characterized by systematic

development of surface morphologies as a function of laser fluence. It is evident that the
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Fig. 3.1 Low magnification picture showing alumina ceramic before (upper portion) and

after (lower portion) laser surface modification.

R ' Laser—

~ Laser Melted Region Surface Beam
S Modified Tracks

S gy i ol Ilnte._rface
o) s |
'-m"l- Substrate

- J

Fig. 3.2 Schematic of laser surface modification process for alumina ceramic and

corresponding SEM image of cross-sectional view indicating distinct interface between

laser melted region and substrate.
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surface microstructure of laser modified alumina ceramic is characterised by faceted
polygonal surface grains with varying sizes and extent of surface faceting depending on
laser fluence. Based on these microscopic observations, two distinct regimes of explored
laser processing conditions can be identified: one corresponding to the laser fluence less
that 573 J/cm® and the other corresponding to laser fluence greater than 573 J/cm®. Below
573 J/em® (Fig.3.3b-c), the laser surface modified alumina underwent progressive
development of faceting on polygonal surface grains. The surface grain morphology
corresponding to laser fluence of 573 J/cm® is characterized by highest extent of faceting
with well defined multi-faceted microstructure of each polygonal surface grain.
Interestingly, above 573 J/cm?, the surface grains tend to deviate from polygonal shapes

transitioning from irregular to near circular shapes.

Fig. 3.3 SEM micrographs of surface of (a) untreated alumina substrate and laser surface

modified alumina at laser fluence of (b) 458 Jem?, (c) 496 Jem?, (d) 535 Jem?, (e) 573

Jem?, (f) 611 J/em?, (g) 649 J/cm® and (h) 687 J/cm®
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The surface of the laser surface modified alumina ceramics was characterized by
the formation of faceted surface grains by the virtue of development of texture as will be
discussed in next section. In addition to faceting, these surface grains were also
characterized for size and shape. Furthermore, the SEM micrographs and the
corresponding 3-D topographical maps presented in Fig. 3.4 indicate that the surface
morphology of the laser modified surfaces is greatly influenced by the laser processing
fluence. As the laser fluence increases, the size of the polygonal surface grains increases
as indicated by the progressive increase in the flat crater like areas in the topographical
maps. The variation in grain size with laser fluence is in direct accordance with the
established relationships between the grain size and the cooling rates [46]. As the laser
fluence increases for the same traverse speed, the cooling rate decreases resulting in
larger grains at higher laser fluences. Also, the surface porosity in the laser treated
alumina decreases with laser fluence as indicated by the progressive flattening of the
topographical map and the disappearance of contrast peaks corresponding to the surface
porosity.

The evolution of shape of the surface grains can be expressed in terms of a
curvature factor. The curvature factor of the faceted surface grain is defined as:

K R
Curvature Factor (CF)=—2%=—1, (3.1)
Kl R2

where K and R are the curvature and radius of curvature respectively measured at corner
(subscript 1) and side (subscript 2) of the polygonal faceted surface grains (Fig. 3.5). For
a nearly perfect polygon, with a very small value of R; (radius of curvature at the corner

of the polygonal grain) and a very large value of R, (radius of curvature at the side of the
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Fig. 3.4 SEM micrographs and corresponding 3D topographical maps showing the
evolution of surface morphology in laser surface modified alumina ceramics. (a) Alumina
ceramic substrate before laser surface modification and (b-d) after surface modification

with laser fluence of 496 J/cm?, 573 J/cm? and 649 J/cm’ respectively.
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CF=0 CF=1

Fig. 3.5 Schematic representation of the polygonal surface grains used for curvature

factor calculation. Curvature factor is given by ratio R; /R,.

polygonal grain), the curvature factor yields the value close to zero, whereas, for a
perfectly circular grain with equal R; and R, the curvature factor equals unity (Eq. 3.1).
Hence, evolution of shape of surface grains from polygonal to nearly circular grains can
be characterized by considering the variation of curvature factor from zero to unity.
Curvatures of each individual grain are calculated using ImageJ software by fitting circles
of varying sizes at the corner and side of grain.

The effect of laser processing parameters on the evolution of morphology of the
surface grains can be visualized in the relationship between the curvature factor and the
grain size of the faceted surface grains presented in Fig. 3.6 along with the corresponding
SEM micrographs of surface morphology of the laser surface modified alumina. The
increase in laser fluence increased the grain size of the faceted surface grains (Fig. 3.6).
Also, the curvature factor showed a consistent low value (~ 0.1) up to the laser fluence of

611 J/cm? indicating polygonal faceted surface morphology of the surface grains. Above,
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Fig. 3.6. Grain size, curvature factor, and corresponding SEM micrographs of the surface
grains in laser surface modified alumina at various laser fluences [(#) grain size and (m)

curvature factor].
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611 J/cm?, the curvature factor deviated towards larger values suggesting the initiation of
the change in morphology of grains from polygonal towards nearly circular grains. The
observation of the SEM micrographs in Fig. 3.6 indicates that well developed faceted
surface grains form at the laser fluence of 573 J/cm®.

The faceted surface grains are also characterized by the presence of underlying
cuboidal crystallites (Fig. 3.7), which are the basic building blocks for the formation of
faceted polygonal surface grains. There are various theories of faceted crystal growth
during solidification [47-49]. The first model is related to the formation of metastable
phases at large undercooling. This is based on a theory of faceted growth during
solidification proposed by Cahn [47], which takes into account the undercooling as a
driving force. It was proposed that there exists a critical undercooling, AT, below
which the driving force is not sufficient to move the interface normal to itself resulting in
non-faceted grain morphology. In the context of our specimens, it seems at first that the
faceted morphology of polygonal surface grains with underlying cuboidal crystallites is
the direct consequence of the phase transformation of a-Al,Os to y-Al,O3 at large
undercooling rates. However, during laser surface modifications, the underlying substrate
is expected to provide the catalytic nucleation sites for the growth of stable a-Al,Os; and
accompanying low undercooling in constrained solidification. This is confirmed by the
observation of stable a-Al,O3 phase in the laser surface modified alumina ceramic. The
above discussion rules out the faceted growth model based on metastable phase formation

at large undercooling [47, 48] for the present experimental conditions.
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The faceting behavior of the a-Al,Os phase in the present investigations is in
accordance with the solid-liquid interface model of Jackson [49]. According to this
model, a faceted interface is formed when the dimensionless parameter, J, is greater than

2. This dimensionless parameter is given by

E(

where AS, AH, T,,, and R are the entropy of fusion, the heat of fusion, the melting point,
and the gas constant respectively; ¢ is a parameter close to unity [13, 14]. For a-Al,Os,
the heat of fusion (AH) is 26 kcal/mol and the melting point (7},) is 2323 K such that
AS/R and hence J are equal to 5.63, suggesting the faceted growth in alumina [50]. The
formation of morphological texture marked by faceted grains at the surface can be the

consequence of crystallographic texture evolved at the surface of laser modified alumina

under the rapid solidification conditions.

Fig. 3.7. Faceted morphology of polygonal surface grains associated with laser surface

modification of an alumina ceramic.
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3.2  Evolution of Phase and Crystallographic Texture

Previous section discussed the formation of faceted surface grains in laser surface
modified alumina ceramic in view of general theories of faceting. Ruling out the
formation of metastable phase, development of crystallographic texture seems to be the
highly possible mechanism for the formation of faceted surface grains. To get insight into
the development of characteristic faceted surface microstructure, detailed x-ray
diffraction analysis was conducted. X-ray diffraction technique is a powerful technique
for determining the development of crystallographic texture from the surface of ceramic.
The x-ray analysis indicated the formation of stable o-alumina phase at all the laser
fluences employed in the present study. During laser surface melting (rapid processing)
of ceramics the solidification can proceed by direct growth of the crystalline phases from
the solid liquid interface into the melt without nucleation within the melt pool. Hence the
substrate below the melted region can act as catalytic sites for the growth of stable a-
alumina. The observation of a-alumina in the present study is supported by the previous
observations which indicated that the formation of metastable phases require the
elimination of the catalytic sites for nucleation of a-alumina [51] which is not likely to
happen during the surface melting of alumina ceramic such as in the present case. Also,
studies have indicated that laser surface processing can transform the metastable y-
alumina in plasma sprayed coatings into more stable a-alumina [52]. Hence the laser
processing regimes employed in the present work for surface modification of alumina
ceramic resulted in formation of a-alumina due to availability of the catalytic sites at the
melt-substrate interface for growth of stable phases and consequent low undercoolings in

the constrained solidification.
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Fig. 3.8 X-ray diffraction patterns of (a) untreated alumina substrate and laser surface

modified alumina at laser fluence of (b) 458 J/em?, (c) 496 J/em?, (d) 535 J/em?, (e) 573

J/em?, (f) 611 J/em?, (g) 649 J/em?® and (h) 687 J/cm™.
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The development of characteristic surface microstructures in o-alumina (Fig. 3.3)
can be explained on the basis of development of crystallographic texture in the laser
surface modified alumina ceramic. The x-ray diffraction spectra of the surface of alumina
substrate (Fig.3.8a) and the laser surface modified alumina at laser fluence varying from
458 to 687 J/cm® (Fig.3.8b-h) can assist in evaluation of crystallographic texture. In order
for the relative comparison among x-ray spectra of surface modified alumina using
various laser fluences, the raw intensity counts data was normalized to obtain relative
intensities of peaks in each spectrum. Both the substrate and laser surface modified
specimens indicated the presence of highly stable a-Al,O3 phase (ICDD PDF#: 46-1212).
The reformation of such a stable phase even under the rapid solidification rates prevailing
during laser surface processing was due to the presence of underlying substrate that
provided heterogeneous nucleation sites for the formation of stable a-Al,O3 phase.

Further analysis of the x-ray spectra revealed a systematic variation of relative
intensities of (1 1 0) and (1 0 4) planes with laser fluence. The details of intensity
variation corresponding to (1 1 0) peaks in representative x-ray diffraction patterns is
presented in Fig. 3.9. The substrate showed a strongest peak corresponding to (1 0 4)
reflection in agreement with the standard randomly oriented reference pattern (ICDD
PDF#: 46-1212) and the absence of peak corresponding to (1 1 0) reflection. Earlier
described two regimes of laser fluence (less and greater than 573 J/ecm?) also indicated the
systematic variation of relative intensity of (1 1 0) plane. The relative intensity of (1 1 0)
reflection increased progressively with laser fluence up to 573 J/em?® followed by a

gradual decrease above the fluence of 573 J/cm” (Fig. 3.9). This is accompanied by the
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Fig. 3.9 Relative intensity of (1 1 0) reflection (28 = 37.785°) of a-Al,O3 substrate and

laser surface modified alumina with various laser fluences.
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general reverse trend of variation of the relative intensity of (1 0 4) plane compared with
the trend of variation of the relative intensity of (1 1 0) plane with laser fluence.
Intensities corresponding to other planes did not indicate any specific trend in variation of
peak intensity as a function of laser fluence. Thus, there existed an intermediate value of
laser fluence (573 J/cmz) which showed strongest (1 1 0) peak and weak (1 0 4) peak
(This (1 0 4) peak is the strongest peak in pattern of substrate and also in the reference
pattern of randomly oriented sample corresponding to ICDD PDF#: 46-1212).

The development of texture with the laser fluence can be quantified in terms of

the texture coefficient (TC) given by [53]:

- kD (1 1GkD |
Texture Coefficient (TC) (hkl) = 1 (hkl) {n z I (hkl)} , (3.3)

where I(h k [) are measured intensities of (A k [) reflection; Iy(h k [) are powder diffraction
intensities of a-alumina according to the JCPDS (card no. 46-1212); and n is the number
of reflections used in the calculations. Following (4 k [) reflections corresponding to a-
alumina were used in the texture coefficient calculations: (012),(104),(110), (11 3),
024),(116),211),(214),(1010),(220)and (22 3). Table 3.1 summarizes the
results of texture coefficient calculations for the observed (% k [) reflections in o-alumina
at various laser fluences. In order to select the dominant reflections which show the
strong texture in the laser surface modified alumina, an average texture coefficient is

defined:

C (hk) ZW’ (3.4)

avg
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Table 3.1 Texture coefficients (TC) of various (& k [) planes for alumina substrate and

laser surface modified alumina at various laser fluences.

Plane Texture Coefficient Average Texture

(hk1)  Substrate 496 J/cm®> 573 J/cm®> 649 J/em®> 726 J/cm®>  Coefficient

(012) 0.14 0.74 0.02 0.13 0.00 0.22
(104) 0.35 1.13 0.17 0.49 0.02 0.42
(110) 0.00 1.73 3.52 1.16 0.30 1.39
(113) 0.17 0.16 0.17 0.06 0.91 0.36
(024) 0.56 1.36 0.13 0.90 0.22 0.74
(116) 0.04 0.17 0.16 0.72 0.08 0.23
(211) 0.00 1.13 222 2.26 0.00 1.53
(214) 0.22 0.16 0.09 1.42 0.05 0.83
(1010) 0.92 0.25 0.04 0.10 0.00 0.22
(220) 0.00 3.45 4.84 2.55 1.58 2.54
(223) 0.22 1.24 0.81 2.15 0.28 1.05
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where N is the number of laser fluences used in the study. The results of these
calculations are also presented in Fig. 3.10, which indicate that the (1 1 0), (2 2 0) and (2
1 1) are the strongest reflections which corresponded to higher values of average texture
coefficients. Hence these reflections were selected for further analysis of texture
evolution during laser surface modification of alumina ceramic with various laser
fluences. The variations of texture coefficients (TC) for (1 1 0), 22 0)and 21 1)
reflections of a-alumina with laser fluence are presented in Fig. 3.11. The figure clearly
indicates the systematic variation of the texture coefficients of these planes with laser
fluence. The texture coefficient of the (1 1 0), (2 2 0) and (2 1 1) reflections increased
with laser fluence, reached maximum around 573 J/cm? and then decreased at high laser
fluences. This can also be observed from the x-ray diffraction spectra (Fig. 3.8) which
show the absence of (1 1 0) and (2 2 0) reflections in the substrate (corresponding to
TC(1 1 0) and TC(2 2 0) = 0) and very low intensity at high laser fluence (corresponding
to small values of TC(1 1 0) and TC(2 2 0)). The intensities of (1 1 0) and (2 2 0)
reflections reached maximum around the laser fluence of 573 J/ecm® resulting in
correspondingly maximum texture coefficient. The (2 1 1) reflection also exhibited the
nearly similar trend of variation of texture coefficient with the laser fluence. The
development of strong texture at 573 J/cm” can be related with the formation of highly
faceted morphology of the surface grains as discussed in next sections.

The evolution of crystallographic texture during solidification or film growth has
strong effect on evolution of resultant surface features such as faceted morphology of the
surface grains. Early model of faceted growth was proposed by van der Drift [54]. The

model considers that each crystallite or grain grows with each crystallographic facet
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Fig.3.11 Texture coefficients (TC) of (1 1 0), (22 0) and (2 1 1) planes of a-alumina as a
function of laser fluence. (Note the data point corresponding to the texture coefficients of

substrate).
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moving with a known normal velocity until a facet meets the surface of another growing
crystallite. The grain boundaries are thus formed when surfaces of different grains
impinge upon each other. The evolution of the faceted morphology then depends on the
relative growth velocities of the various facets. This is schematically illustrated for the 3-
dimensional case with (1 0 0) and (1 1 1) as growing facets (Fig. 3.12). The figure
indicates that the surface morphology is determined by the ratio of velocities (azp) of (1 0

0) and (1 1 1) facets (v;90 and v;;; respectively). The ratio is given by:

@, =32, (3.5)

Vi

where /3 is numerical factor chosen such that simple, highly symmetric morphologies
occur at integer values of azp. Hence, if a crystal with facets (1 0 0) and (1 1 1) and
velocity ratio described by azp is allowed to grow without impingement, it will

asymptotically approach a characteristic, idiomorphic crystal shapes [55].

q@@@Q@@@$

Fig. 3.12 van der Drift model illustrating the evolution of idiomorphic crystal shapes with
the ratio of relative velocities (a3p) of the {1 1 0} and {1 1 1} facets for 3-dimensional

case [55].
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For intermediate velocity ratios (a3p between 1.0 and 3.0) multiple planes will grow
dominantly until they impinge upon each other thereby providing a multi-plane faceted
grain. From this discussion, in the context of laser surface modification of alumina
ceramic the evolution of (1 1 0) or (2 2 0) and (2 1 1) texture may be related with the
relative growth of (1 1 0) or (22 0) and (2 1 1) planes in hexagonal lattice. A schematic
of the formation of faceted crystal from the intersection of {1 1 0} and {2 1 1} planes in
hexagonal lattice is presented in Fig. 3.13. The corresponding shape is compared with the
SEM micrograph of the faceted morphology of the surface grains in laser surface

modified alumina ceramic.

Fig. 3.13 Schematic of the development of faceted morphology from crystallographic

texture in laser surface modified alumina.
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From the previous discussion, it is clear that the faceted morphology of the
surface grains is associated with the evolution of crystallographic texture as determined
by preliminary x-ray diffraction analysis. To get local crystallographic information from
faceted grains, advanced EBSD analysis based on generation of Kikuchi patterns have
been performed. One representative example of a Kikuchi pattern obtained from the
surface of laser surface modified alumina is presented in Fig. 3.14. The Kikuchi patterns
obtained at different positions on the sample confirmed the presence of a-Al,O3; and were
indexed according to the corresponding hexagonal crystal structure. The EBSD
orientation maps based on a number of such Kikuchi patterns from the surface revealed
the crystallographic orientations of the large surface grains formed during laser surface

modification of alumina ceramic.
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Fig. 3.14 Example of Kikuchi pattern used for the calculation of the EBSD orientation
map from the surface of laser surface modified alumina ceramic. Inset shows the

unindexed Kikuchi pattern.
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Pole figures corresponding to planes {0001}, {1210}, and {2310} calculated

from EBSD orientation maps are presented in Fig. 3.15. The figure indicates a high

density of {0001} poles perpendicular to the surface normal which are concentrated in
two opposite directions following the hexagonal representation of the unit cell. It also

shows 6 to 7° tilt between the surface normal and the (1210) pole and a non-tilted
(2310) pole. Based on the calculations from the crystallographic model (Fig. 3.13), the

tilt angle between {1210} and {2310} is found to be 6.6°. All these observations are in

close agreement with the proposed correlations for faceting based on the evolution of
crystallographic texture. Thus, complete crystallographic description of faceted
morphology of surface grains by assigning specific planes to the individual facets is
reached based on detailed x-ray diffraction and OIM analysis. In addition to the faceted
grain morphology, the surface microstructure presents additional complexity due to multi
levels of microstructural features such as microporosity, grain shapes, and sizes (Figs. 3.3
and 3.4). It is important to characterize such microstructural complexity to understand the
overall development of microstructure during laser surface microstructuring. This is

discussed in detail in next section.

3.3  Processing Parameter-microstructure Correlations based on Fractal Analysis
As discussed in the previous section, the laser surface microstructured alumina ceramics
presents substantial variation in microstructural features such as grain size, shape, texture,
etc. even within a limited range of laser fluences explored in the present study. Hence to

provide early handle over such variation within and possibly beyond the set of parameters
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Fig. 3.15 Calculated pole figures showing the distribution of {0001}, {1210}, {2310}
poles with respect to surface normal. Maximum intensities are circled and show the
(2310) texture as discussed in the text.
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use, a concept of fractal analysis is used. The concept of fractal geometry which was
originally developed for analysis of irregular features in nature, is finding increased
applications in the fields of materials science for the characterization of microstructures
[56-61]. Fractal dimensions effectively describe the complex and geometrically irregular
microstructure and have been successfully applied in the characterization of grain
boundaries [57], fracture surfaces [58], dendritic microstructures [59], and precipitates,
[60] etc. The effectiveness of this approach for characterization of microstructures is
derived from the ability to establish the useful numerical correlations between the fractal
dimensions and the various properties of the material such as fracture toughness, creep
strength, etc [61]. In view of present study, the concept of fractal dimension is adopted to
develop correlations between few key microstructural parameters and laser fluence.
However, the concept can also be extended to estimate the behavior of several other
parameters as a function of laser fluence.

Fractal dimensions can be calculated using image processing of SEM micrographs
in combination with the implementation of box counting algorithm using a public-domain
software, Imagel (available from National Institute of Health, USA). In box counting
technique, the fractal dimension (Dy) is measured from the number of square boxes, N ()
required to completely cover the surface profile and size of the boxes, r [62]. The basic

fractal equations using Haudorff measure can be written as:

N(r)=Cr", (3.6)

logN =logC - D, logr, (3.7)
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where, C is constant. The process is repeated for calculating the number of boxes N(r)
required to cover the surface features with different sizes of the boxes (r). The slope of
the straight line obtained by plotting the number of boxes (N(r)) against its size (r) for
various box sizes on a double logarithmic scale yields the fractal dimension of the surface
features in the microstructure.

In this study, the concept of fractal geometry is applied to characterize the surface
microstructure and derive the useful correlations between fractal dimensions and the
surface microstructural features. Fig. 3.16 represents the important steps in the
calculation of fractal dimension using a SEM micrograph from laser surface modified
alumina ceramic with a laser fluence of 458 J/cm®. Fractal dimension of 1.4611 was
determined for this case. Similarly, fractal dimensions for all other laser fluences were
computed and correlated with various physical attributes such as roughness, porosity,
grain size of laser modified region.

The variation of fractal dimension with the laser processing fluence used for
surface modification of alumina is presented in Fig. 3.17. For all laser processing fluence,
corresponding SEM images with same magnification were given as input to avoid any
magnification related errors. Fractal dimensions of the surface microstructures of the
laser surface modified alumina ranges between 1.46 and 1.71. The figure indicates that
the fractal dimensions increased with laser processing fluence suggesting the increased
complexity of the surface microstructural features at higher laser fluences. This
complexity of microstructure arises from the combination of surface microstructural
features such as porosity, roughness, and grain and subgrain dendritic structures. Similar

studies on characterization of surface morphologies of thin films have demonstrated
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Fig. 3.16 Calculation of fractal dimension from SEM micrograph using image processing

and box counting algorithm. The slope of the log-log plot shown in the figure

corresponds to the fractal dimension.
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Fig. 3.17 Variation of Fractal Dimension with laser processing fluence used for surface

modification of alumina ceramic.

that the complexity of thin film morphology were fractal in nature and can be better
characterized quantitatively using fractal dimensions than the conventional approaches
[63].

Various correlations between the fractal dimension and the microstructural
features such as porosity, polygonal grain size and surface roughness are presented in
Figs. 3.18-3.20. As indicated in the Fig. 3.18, the fractal dimension of the laser surface
modified alumina is negatively and linearly related to the amount of porosity with a
correlation parameter of data fitting (R*) of 0.9735. Such a relationship between the
fractal dimension and the porosity is in agreement with the previous studies on the fractal

analysis of porosity in polished samples of plasma-sprayed yttria-stabilized zirconia
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coatings [64]. Fig. 3.19 shows the variation of polygonal surface grain size with the
fractal dimension. The following power relationship with a correlation parameter of data

fitting (R*) of 0.9385 can be drawn from Figure 3.19:

d = kD>'® (3.8)

where, d is size of polygonal surface grains and D is fractal dimension. The relationship
between the fractal dimension and the surface roughness of the laser surface modified
alumina followed the negative and linear relationship with correlation parameter of data

fitting (R?) of 0.9456 (Fig. 3.20).
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Fig. 3.18 Variation of surface porosity of the laser surface modified alumina with fractal

dimensions (Correlation parameter of data fitting, R*=0.9735).
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Fig. 3.20 Variation of surface roughness of the laser surface modified alumina with

fractal dimensions (Correlation parameter of data fitting, R?=0.9456).
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Such relationships can be effectively utilized in predicting the porosity, surface roughness
and grain sizes of the surface microstructure from the fractal dimension obtained by
direct image analysis of the SEM micrographs. Thus fractal-geometry based approach for
characterization of complex irregular microstructures serve as an tool for establishing the

structure-property correlations in the various materials processing techniques.

34 Summary

Laser surface modification of porous alumina ceramics caused significant melting and
rapid resolidification resulting in formation of highly densified surface layer. Most
important observation of this work is related with the formation of polygonal faceted
surface grains through development of crystallographic texture in laser modified alumina.
The degree of faceting and associated strength of (1 1 0) crystallographic texture was
found to be highest at intermediate laser fluence (573 J/cm?) of the range used in present
work. Complete description of faceted morphology is provided by assigning specific
crystallographic planes to individual facets. The morphology and associated
crystallographic texture of the surface grains were found to be influenced by the laser
processing fluence. Finally, the concept of fractal analysis was implemented to
characterize the complexity of surface microstructures. Useful correlations were found
between fractal dimensions and surface microstructural features. Most of this chapter
dealt with evolution of surface microstructure and its correlation with the development of
crystallographic texture. It is important to understand the evolution of depth of these
surface modifications during laser surface structuring of alumina. This forms the subject

of next chapter.
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Chapter 4
Laser Process Thermal Effects on Physical Attributes of

Surface Modified Region

Most of the discussion in the previous chapter dealt with the evolution of microstructure
through development of micro-texture at the surface of the laser modified alumina. To
tailor the microstructure for useful applications, it is important to understand the
evolution of depth of modification in addition to the surface microstructure. Due to
thermal nature of the process, surface microstructure and depth of modification in the
surface modified alumina are expected to be influenced by thermal aspects of the process.
This chapter models the thermal and consequent hydrodynamic effects, and discusses its
influence on the evolution of microstructure (primarily depth of modification and surface

grain structure) during laser interaction with porous alumina ceramic.

4.1 Integrative Modeling Approach

During laser surface modification of alumina ceramic, a part of the laser energy is
absorbed into the material. The amount of absorbed energy depends on several factors
such as laser wavelength, temperature, surface roughness, and surface chemistry. In case
of highly porous substrates such as alumina ceramics, absorptivity of the surface for 1.06
um wavelength is expected to be as high as 0.8 due to multiple reflections from the walls

of pores [50]. The absorption of the laser radiation causes the rapid heating, melting and
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evaporation of the material depending on the incident laser energy. The molten material
rapidly solidifies forming surface recast layer. One of the important microstructural
parameters in the cross-section of the laser modified alumina is the depth of melting. A
typical cross sectional microstructure of the laser surface modified alumina at laser
fluence of 535 J/cm? is presented in Fig. 4.1. The semi-elliptical shape of the recast layer
is a consequence of distribution of energy in the laser beam such that maximum depth of
melting at the center of melt pool corresponds to the energy maxima along the axis of the

laser beam.

e p)elted region

Fig. 4.1 Typical polished cross section of laser surface modified alumina ceramic
mounted in epoxy mould. Surface modification was carried out at a laser fluence of 535

J/cm?.
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Accurate prediction of depth of melting (depth of laser modified layer) is
important for many applications for implementing the intelligent manufacturing. This
requires the understanding of physical processes during laser-material interaction.
Schematic of the physical processes taking place during laser interaction with the porous
alumina substrates is illustrated in Fig. 4.2. The processes are operative for the laser
fluences above the threshold value of laser fluence required for evaporation to be initiated
at the melt surface. Also, the rapid evaporation at the surface of the melt generates the
recoil pressure which drives the flow of molten material into the porous substrate, thus
further extending the depth of melting. The overall depth of melting is then given by the
sum of maximum depth of melting calculated from temperature distribution within the
material and the depth of melt infiltration in the porous substrate induced by recoil
pressure due to rapid evaporation at the melt surface. Thus, an integrative modeling
approach is proposed to calculate the overall depth of melting from heat transfer
equations given by Fourier’s law and fluid flow equations derived from Darcy’s law (Fig.

4.3).

4.2 Temporal Distribution of Temperature

First step in the prediction of depth of melting is the determination of temperature
distribution in the materials during laser irradiation. For this purpose, a three-dimensional
thermal analysis is presented in this section. A control volume of 1 x 1 x 1 cm’® was
considered for thermal analysis with the laser being irradiated on the top surface for

irradiation time of 90 ms. Based on the experimental observations, selected control
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Fig. 4.2 Physical model showing the interaction of laser beam with porous ceramic
substrate during the laser surface modification. Various effects such as surface melting,

evaporation, generation of evaporation recoil pressure, and melt infiltration are shown.
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Fig. 4.3 Schematic of an integrative modeling method for predicting the overall depth of

melting in laser surface modified alumina ceramic.
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volume appeared to be large enough to include the entire depth of melting, the heat
affected zone, and the depth of the substrate that did not reach the temperature high
enough to cause any noticeable microstructural changes. The governing three-

dimensional heat conduction equation is given by [13]

oT(x, y, z,1) _ O{GZT(x, 1) N aZT(y, 1) + 0°T(z, I)j 4.1)

ot ox’ dy’ 9z
where a is the thermal diffusivity of the material and is equal to K/pc,; K is the thermal
conductivity; and ¢, is the specific heat of the material. The initial condition of 7' = T =

298 K was applied at time ¢ = 0.

Boundary condition 1: At the surface of the sample, the heat transfer equation is given by

the balance between the laser energy absorbed by the sample and the radiation losses:

_ K(aT(x,t) LT () 9T(0,0)

=Ml -eol\l(x, y,0,0)" =T,"
ax ay aZ j 80-( (Xy ) 0)

o=1 for0<t<t,

o

0 fort>t,, (4.2)

where A is the absorptivity of alumina; / is the laser intensity; ¢ is the emissivity of
alumina for thermal radiation; o is the Stefan-Boltzman constant; and ¢, is the irradiation

time.

Boundary condition 2: Convective boundary condition at the bottom surface of sample:

j =h(T(x,y,L,1)-T,), (4.3)

_x oT (x, 1) N oT (y, 1) N oT (L, t)
ox dy 0z
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where £ is the convective heat transfer coefficient; and L is the thickness of the sample.

Major assumptions in the thermal analysis are listed here:

Thermo-physical properties of the alumina are taken as independent of the
temperature in view of difficulties associated with getting actual data and scarcity

of adequate published literature on temperature dependent properties of alumina.

Ceramics are highly absorbing materials. Absorptivity of alumina ceramic is
considered constant and equal to 0.8 [50]. Due to high initial porosity, such high
absorption of radiation is expected. Absorptivity of a material is a complex
function and depends on temperature, surface condition, and wavelength of
radiation. Due to lack of data on variation of absorptivity of alumina with these

parameters, only constant value of absorptivity is used in the calculations.

Effect of initial porosity in the alumina ceramic is considered while selecting the

density and thermal conductivity used in the calculations [50].

Initial condition corresponded to temperature of 298 K.

The solutions of the above heat transfer equations were obtained using heat

transfer module of COMSOL Multiphysics™™ modeling package, which is based on finite

element approach. The results were post processed to obtain the temporal and spatial

distribution of temperature for the experimental laser processing fluences used for surface

modifications of alumina. The properties of porous alumina used in calculations are

presented in Table 4.1.
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Table 4.1 Properties of alumina used in mathematical calculations.

Density, p (kg/mS)

Thermal Conductivity, K (W/m K)

Mass of the vapor molecule, m, (Kg/atom)
Latent heat of evaporation, L, (J/ gl)

Convective heat transfer Coefficient, 4 (W/m? K)
Emissivity, &

Specific heat, C, (J/kg K)

Kinematic viscosity, v (cmZ/s)

2280
14.6 [50]

1.693 x 107 [50]
1066.5 [50]

200 [65]

0.7 [66]

800 [67]

0.15 [68]

In the present context of laser surface modification of alumina ceramic, the
temperature history is important for prediction of overall depth of melting from the
temperature distribution inside the material and the fluid flow in the porous substrate
assisted by evaporation-induced recoil pressure. The variation of surface temperature as a
function of time for various laser fluences calculated from a three-dimensional thermal
model is presented in Fig. 4.4. The figure indicated that at each laser fluence, the surface
temperature rapidly increased with time, and reached maximum at a time corresponding
to the irradiation time of the laser (# = 90 ms). Beyond irradiation time, the temperature
decays until the room temperature is reached. Also, the temporal dependence of

temperature increased rapidly with increasing the laser fluence employed for surface
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modification. This resulted in higher maximum surface temperature at higher laser
processing fluence (Fig. 4.5).

One of the significant observations in the temporal distribution of temperature is
that the calculated maximum surface temperatures (Fig.4.4) exceeded the boiling point of
alumina, 7, (~3800 K). Contrary to this, the various models of laser cutting, drilling, and
welding have assumed that the surface temperature can not exceed the boiling point of
the material and it always remain either equal to or less than the boiling point [69, 70].
Most of these models assumed the volumetric evaporation during the laser-material
interaction and the evaporating front was simulated in terms of traditional ‘Stefan

problem’. However, during laser surface modification, the surface temperature can
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Fig. 4.4 Computed temporal evolution of surface temperature during laser surface
modifications of alumina ceramic processed with a range of laser fluence from 458 J/cm®

to 764 J /cm?>.
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Fig. 4.5 Computed variation of maximum surface temperature with laser processing

fluence during the surface modifications of alumina ceramic.

significantly exceed the boiling point provided the absorbed laser intensity is high and,
therefore, only the evaporation at the surface is likely to occur. This is in agreement with
the theoretical studies which indicated that volumetric evaporation can not take place
during typical laser-material interactions observed in laser surface modifications [71].
Also, recently Semak et al. have suggested that evaporation front can not be simulated in
terms of ‘Stefan problem’ and this approach can introduce significant errors in the
prediction of temperatures [72]. Thus, the maximum surface temperatures in the range of
4000-6000 K, predicted from the thermal model employed in the present work are
reasonable in view of laser surface processing with high power lasers.
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The distribution of temperature below the surface of alumina material processed
with various laser processing fluences is presented in Fig. 4.6. The figure indicated that
the temperature gradually decreases below the surface of material and becomes uniform
by reaching the initial temperature of the sample at about 2.5 mm below the surface. The
depth of melting due to thermal effects corresponds to the distance from the surface to
inside point of the material where temperature becomes equal to melting point. This can

be easily obtained by tracing melting point the temperature distribution inside the

material.
6000 1.
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Fig. 4.6 Computed temperature distribution below the surface of alumina ceramic surface

modified with a range of laser processing fluence from 458 J/cm® to 764 J /cm”.
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4.3 Temporal Evolution of Recoil Pressure

In addition to the thermal effects, the depth of melting is also influenced by hydro-
dynamic effects during laser-material interactions. Particularly for the porous substrate,
effects such as surface evaporation play important role in determining effective depth of
melting. Early analysis of the evaporation process from the surface of material irradiated
with laser radiation of intensity as high as 10"°-10'* W/m?” was carried out by Anisimov
[16, 17]. Based on the assumption that the absorption of laser radiation by the generated
vapor plume as a result of surface evaporation is not appreciable, Anisimov proposed the
velocity distribution functions for the vapor molecules [16]. For vapor molecules emitted

from the evaporating surface, the velocity distribution function (f;) is expressed as

f m, )" mlel vt for v. > 0 (4.4)
=n L exp| — , orv,> .
b T P 2kT ’

s

and, for vapor molecules returned to the evaporating surface, the velocity distribution

function (f>) is expressed as

3/2 2 2 2
m mv(vx +v, +(v, —u,) )
=0n L exp| — ' , forv,<O 4.5
1 IB 1(2711{7,1J p AT, b4 4.5)

where £ is the Boltzmann constant; m, is the mass of the vapor molecule; T, and n are the
surface temperature and the molecule number density at the evaporating surface
respectively; and 7; and n; are temperature and the molecule number density at the outer
boundary of the kinetic layer formed near evaporating surface respectively. u; is the
velocity at the outer boundary of the kinetic layer; B is the coefficient; and vy, vy, and v,

are the velocity components on the evaporating surface of the material. Based on these
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relationships, an equation for calculation of evaporation-induced recoil pressure, p;, at the
evaporating surface from the surface temperature, which in turn depends on the incident

laser energy density is given by [16]

p, _1.69( b j 46)
Q,/S \JL, \1+22p* )’ '

where Qp is the incident laser power; S is the area of laser spot; L, is the latent heat of
evaporation; andb> = kT, /m,L, . Thus, the temperature fields determined from the three

dimensional thermal analysis can facilitate the calculation of evaporation-induced recoil
pressure at the evaporating surface during laser surface modifications of alumina ceramic
using the experimentally verified physical model of melt hydrodynamics and laser-

induced evaporation proposed by Anisimov.

The temporal evolution of the evaporation-induced recoil pressure during laser
surface modification of alumina ceramic with laser processing fluences employed in the
present effort is presented in Fig. 4.7. As indicated in the figure, during surface
modification, the recoil pressure rapidly increases and reaches maximum value at the
time corresponding to the laser irradiation time (¢ = 90 ms). The temporal evolution of
recoil pressure showed the similar trend as obtained in the temporal evolution of surface
temperature (Fig. 4.4) suggesting the strong dependence of evaporation-induced recoil
pressure on the surface temperature. The observation is in agreement with the physical
model of melt hydrodynamics and laser-induced evaporation proposed by Anisimov [16].
The variation of maximum evaporation-induced recoil pressure with the laser processing

fluence during laser surface modification of alumina ceramic is presented in Fig. 4.8.
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Fig. 4.7 Computed temporal evolution of evaporation-induced recoil pressure during the
laser surface modification of alumina ceramic processed with a laser processing fluence

of 458 J /cm?.
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Fig. 4.8 Computed evaporation-induced maximum recoil pressure as a function of laser

processing fluence employed during the laser surface modifications of alumina ceramic.
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The recoil pressure generated due to surface evaporation during surface modifications is a
strong function of laser fluence and increases almost linearly with laser fluence. The
values of evaporation pressures are in strong agreement with the analysis of Anisimov,
which suggested that the if surface temperature reached above the boiling point of
material, the recoil pressure must be equal or higher than 0.55 p,, where p; is the saturated
vapor pressure, which by definition, is 1 atm (~1.01325 x 10° N/m? at boiling

temperature [16].

4.4  Melt Infiltration and Effective Depth of Melting

As explained in the previous section, the evaporation-induced recoil pressure generated at
the surface during laser-material interaction is expected to drive the flow of the molten
material into the porous substrate. This effect is clearly seen in Fig. 4.9, which presents a
high magnification SEM micrograph in the interfacial region between the laser modified
surface region and the underlying porous material. The figure also indicates the dendritic
microstructure corresponding to the rapidly solidified molten alumina around the un-
melted alumina particles. The dendritic microstructure of rapidly solidified alumina is
characteristic of the laser surface processing which is associated with rapid cooling rates

of the order of 10% K/s.

The influence of melt infiltration on the depth of melting requires the modeling of
fluid flow effects under the regimes of evaporation induced recoil pressures. The
calculation of depths of infiltration in the porous substrate based on fluid flow models.

An analysis of viscous fluid flow through porous media is generally described in terms of
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Fig. 4.9 High magnification SEM micrograph of the interfacial region of the laser surface
modified alumina illustrating the infiltration of molten material into the underlying

porous material assisted by evaporation-induced recoil pressures.

Darcy’s law which states that average fluid velocity vector is proportional to the average
pressure gradient, Ap. The fluid flow problem was modeled by Carman and Kozeny for
calculation of flow rate by representing the porous media as an array of cylindrical tubes.
The Carman-Kozeny equation which is derived from the Darcy’s law can be expressed as

[73]

dp  180uu (1- w)>
T 4.7)

where dp/dz is the pressure gradient across the melt depth; u is the dynamic viscosity; u is

the flow rate; o is the porosity; and d; is the average alumina particle diameter. The
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pressure difference across the melt is given by the head of melt (corresponding to melt

depth) and the evaporation induced recoil pressure:
Ap =—(pgh, + p,) (4.8)

where g is the acceleration due to gravity; and /; is the head of melt corresponding to
the depth of melting. The above equations result in the calculation of linear flow rate, u
(m/s) of molten alumina through the porous substrate. Actual depth of melting due to
infiltration can then be obtained by multiplying the linear velocity with the time during
which the material remains above the melting point determined from the temporal
temperature distribution. Finally, the overall depth of melting can be calculated by
integrating the depth of melting due to recoil pressure-induced infiltration with the depth
of melting calculated from thermal analysis by tracing the melting temperature inside the
material during surface modification. It has been reported that under certain thermal
conditions shape of the melt pool is also affected by the surface tension effects in
addition to the presence of recoil vapor pressure and thermocapillary forces. Surface
tension and viscosity are determined by the same intermolecular forces [74]. Hence
surface tension varies directly with the viscosity. A direct proportion between the two
quantities has been established with a hard sphere model based on the fact that the
surface tension and viscosity can be expressed as integrals over the product of
interatomic forces and the pair distribution function [75]. The kinematic viscosity of
alumina at the melting temperature (~2323 K) is approximately 0.15 cm?/s which is very
negligible. Hence by taking into account the direct variation of surface tension with

viscosity, it was assumed that the corresponding effect of surface tension on the melt pool
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geometry would also be negligible under the processing conditions employed in the
present work. Hence the surface tension related effects were not considered in the
calculation of melt infiltration.

Comparison of experimental values of depth of melting with the values calculated
from the heat transfer and the fluid flow equations are presented in Fig. 4.10. The
maximum depth of melting was calculated from the thermal model by tracing the melting
point in the temperature distribution below the surface of molten alumina ceramic
corresponding to the irradiation time (Fig. 4.6). As shown in the Fig. 4.10, the calculated
depth of melting increases with laser processing fluence due to melting front advancing
deeper into the material with increasing laser processing fluence. However, the thermal
model underestimates the depths of melting compared to the experimental values. From
the previous discussion, the laser-material interactions during the laser surface
modification of porous alumina ceramics are associated with the evaporation-induced
recoil pressures. These recoil pressures determined by the surface temperature, plays the
vital role in driving the flow of fluid into the porous substrate. Such a recoil pressure
assisted infiltration of fluid in the porous substrate tends to increase the observed values
of depths of melting. Fig. 4.10, therefore, also presents a set of data points for the depths
of melting calculated from the integrated approach involving the Carman-Kozeny
equations (for the infiltration effects due liquid head and evaporation-induced recoil
pressure) and the thermal analysis (for the effects of temperature distribution below the
surface of alumina material). As indicated in the figure, such an integrated approach
provides a better agreement between the experimental and predicted depths of melting.

However, deviation of the predicted depths of melting from the experimental values
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Fig. 4.10 Comparison of computed depth of melting from thermal and fluid flow model
with experimental depth of melting (¢, Experimental; m, thermal model; and A,

integrative thermal and fluid flow model).

especially at the higher laser processing fluence may be due to the simplification of
assumptions in the thermal model such as temperature independence of the thermo-
physical properties and the idealized model of melt infiltration. Also, due to the dynamic
nature of physical, chemical and microstructural phenomena associated with the laser
interactions particularly with porous alumina, the accuracy of predictions is expected to

be influenced by how well the complex interactions are defined in the mathematical

calculations.
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4.5  Influence of Thermal Effects on Evolution of Grain Structure

The thermal effects explained in the previous sections in the context of predicting the
depth of melting also influences evolution of surface grain structure. The most important
thermal parameter for such analysis is the cooling rate. The solution of the heat flow
equation gives the temperature distribution within the material from which the
temperature gradient (G) and the velocity of solid/liquid interface (R) can be calculated
by the procedure outlined in reference [76]. Finally, cooling rate is given by the product
of G and R. The well established relationship in the solidification theories exists between
the secondary dendrite arms spacing (SDAS) and the cooling rates (7,.) and is given by
[46]:

SDAS =A(T.)™", (4.9)
where A and n are material related constants. Grain size depends on the conditions of
both nucleation and growth, of which, only the conditions of growth are explicitly
dependent on the cooling rate. Hence under identical nucleation conditions during
solidification, the similar equation can be written for the relationship between the grain
size and the cooling rate with different values of constants [77]. The calculated values of
cooling rate are presented in Table 4.2. The table clearly indicates that as the laser
fluence increased the cooling rate decreased resulting in larger grain size of the faceted
surface grains at higher laser fluences (Fig. 4.11). This is in general agreement with the
solidification theories which indicate the decrease in grain size with increasing cooling
rate. The cooling rates in the range of 2-6 x 10> K/s corresponding to laser fluences 458-

573 J/cm® appeared to be conducive to the growth of well defined multi-plane faceted
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Table 4.2 Summary of the values of temperature gradient (G) at solid/liquid interface,
solidification rate (R) and cooling rate calculated from thermal model for laser surface

modified alumina at various laser fluences.

Laser G (K/m) R (m/s) Cooling
Fluence (J/cmz) Rate (K/s)
458 9.79 x 10* 6.07 x 10°° 5.94 x 10°
496 8.30 x 10* 6.05 x 107> 5.02 x 10°
535 6.81 x 10* 542 %107 3.69 x 10°
573 5.16 x 10* 5.05x 107 2.60 x 10°
611 4.04 x 10* 4.88 x 107 1.97 x 10?
649 3.12 x 10* 4.56 x 107 1.42 x 10?
687 2.57 x 10* 421 x 107 1.08 x 10?
726 1.99 x 10* 3.54 x 107 0.70 x 10°
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Fig. 4.11 Grain size, cooling rate, and corresponding SEM micrographs of the surface
grains in laser surface modified alumina at various laser fluences [(#) grain size and (m)
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grains (Fig. 4.11); whereas, further drop in cooling rates to the range 0.7-2 x 10> K/s
corresponding to laser fluences 611-726 J/cm?” generated the near circular grains of ill-
defined facets (Fig. 4.11). Such a transition from well defined to ill-defined facets in the
grain may be due to simultaneous growth of multiple planes at intermediate ratio of

growth velocities at lower cooling rates.

4.6 Summary

Analysis of thermal effects during laser interaction with porous alumina ceramic
indicated that surface of the molten material undergoes surface evaporation. It was found
that rapid surface evaporation generated high (> 10° Pa) recoil pressures during laser
surface modification. Such high recoil pressures seemed to drive the flow of molten
material into the underlying porous substrate, thus extending the depth of melting. An
integrated modeling approach combining thermal and fluid flow analysis predicted the
overall depth of melting. The integrated approach was found to yield better agreements
between predicted and experimental values of depths of melting compared to thermal
modeling approach alone. Such predictions of the depths of modification based on
fundamental physical processes during laser-material interactions are important in
tailoring the microstructure/properties during surface modification experiments. The
mechanical property modification, especially the fracture toughness relevant to this type
of material (ceramic) and intended application (machining), based on the type and extent
of laser surface structuring are explained in detail in next chapter with focus on fracture

toughness improvements.
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Chapter 5

Fracture Properties of Laser Surface Modified Alumina

Previous chapters dealt with the analysis of the type and extent of physical effects during
laser surface modification of alumina ceramics and its influence on microstructure
evolution. These physical and microstructural effects are expected to influence a host of
mechanical properties of laser surface modified alumina ceramic. One of such important
properties relevant to alumina ceramic material and its intended application is the fracture
toughness. Thus, the microstructure of the laser modified alumina ceramic is expected to
influence fracture properties of the ceramic.

The fracture toughness of materials is generally determined using two methods:
bending method and indentation method [78]. In bending method, a V-notch of finite
dimensions is introduced in the beam of sample which is then tested in bending test
arrangement. The fracture toughness is determined from maximum load, specimen
dimension and notch dimensions. The method produces highly reproducible results for
highly dense monolithic material. However, the simplest and most popular technique for
measuring the fracture toughness of ceramic materials is based on indentation method. In
this technique, no standard test samples have to be prepared saving time and costs. Only
polished and flat surfaces (less than 1 mm?) are required and fracture toughness
measurements can be directly calculated from surface crack lengths, hardness and
Young’s Modulus of the sample. A voluminous literature is available on the evaluation of

fracture toughness of ceramic material using indentation technique [79-84]. In case of the
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laser surface modified alumina ceramic, indentation is most suitable for determining the
fracture toughness of the modified alumina ceramic. As discussed earlier, the typical
depths of modification is in the range of 500-800 um, whereas, typical depths of Vickers
indentation is in the range of 8-10 um. Thus, the depth of surface modified alumina is
significantly larger than the depth of indentation and hence Vickers indentation technique
is expected to give representative fracture toughness of the surface modified region
without interference from the underlying porous alumina. This chapter discusses the
results on fracture toughness of laser surface modified alumina obtained using
microindentation technique. Also, the influence of solidification microstructure on the

fracture behavior of laser surface modified alumina ceramics is discussed.

5.1 Influence of Microstructure on Fracture Toughness
A typical Vickers hardness indentation in the polished laser surface modified
alumina ceramic is presented in Fig. 5.1. Vickers hardness, H (GPa) was determined from

the diagonal length measurements using the relationship:

H = 0.0018544( P j, (5.1)

d*
where P is the applied load (N) and d is the mean indentation diagonal length (mm)."*

Fracture toughness can be obtained by measuring the length of the radial cracks emerging

172

from the corners of the indentation. The fracture toughness, Kic (MPa.m™ ), is given by:

1/2
EN? P
K, = 0.016[Ej (5.2)

CB/Z ’
where E is the Young’s Modulus (380 GPa) and c is the diagonal crack length (m) [45].
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Fig. 5.1 Typical Vickers hardness indentation in laser surface modified alumina ceramic.

The variation of fracture toughness with laser processing fluence is presented in Fig. 5.2.
The figure indicates that fracture toughness increases with laser fluence employed for
surface modification of alumina ceramic. It seems that such improvements in fracture
toughness with increasing laser fluence resulted from associated microstructural changes.
One of the important microstructural parameters during rapid solidification of alumina
ceramics is secondary dendrite arms spacing (SDAS). SDAS depends on the thermal
effects during solidification and influences the mechanical properties of the solidified
material. Fig. 5.3 indicates that SDAS increases with increasing laser fluence. Fig. 5.3
also presents variation of calculated cooling rates with laser fluence based on the thermal
analysis presented in previous chapter. Increasing laser fluence corresponded to
coarsening of the SDAS. Such coarser microstructure is expected to offer increased
resistance to initiation and propagation of cracks resulting in better fracture toughness
[85].

95



__N_T-‘h
E &
©
o
= 4
»
»
c
= 37
o
o
27
2
@
| =
T
0 T 1
450 550 650 750

Laser Fluence (chmz)

Fig. 5.2 Variation of fracture toughness (Kjc) of laser surface modified alumina ceramic

with laser fluence.

12 6
10 - 5
L
X
— 8 1 - 4 o™
E 2
= o
v 6 -3 ®
g o
{o)]
N
41 Lo =
o
(o]
o
2 - 1
0 . ; 0
450 550 650 750

Laser Fluence (J!cmz)

Fig. 5.3 Variation of secondary dendrite arms spacing, SDAS (¢) and calculated cooling

rate (m) with laser fluence employed for surface modification of alumina ceramic.

96



High magnification micrographs near the indentation corners of the alumina
samples surface modified with lower (535 J/cmz) and higher (649 J/cmz) laser fluence are
presented in Fig. 5.4. The figure clearly indicates that at lower laser fluence, the fracture
mode is predominantly mixed (transgranular and intergranular). However, the fracture
modes changes to predominantly intergranular at higher laser fluence. Such transition of
fracture mode from mixed (fast fracture) to intergranular (slow fracture) with increasing
laser fluence seems to be due to coarsening of the microstructural features such as SDAS.
Thus laser surface modification of alumina ceramic to produce faceted and
crystallographically textured surface microstructure present a highly flexible technique
for improving the fracture toughness by controlling the thermal effects and

microstructural parameters.

Transgranular 4

=

Lt
Intergranular X SHm .
3 L : s N
(b)
,__”J

Intergranular

A

,-_/ 5 pum

Fig. 5.4 High magnification scanning electron micrographs of laser surface modified

alumina ceramic after indentation fracture: (a) 535 J/em? and (b) 649 J/em?.
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5.2 Summary

Laser surface modification of porous alumina ceramic resulted in the crack-free
densification of surface while retaining the bulk porous structure. The densified surface
was characterized by formation of faceted and crystallographically textured surface
mocrostructure. It was found that fracture toughness of the laser structured alumina
ceramic increased with increasing laser fluence. Improvement in the fracture toughness is
primarily due to better surface densification of the ceramic. This may also due to
coarsening of the microstructural feature (SDAS) at higher laser fluence. Coarser
microstructural features in faceted and crystallographically textured surfaces were found
to offer better resistance to the initiation and propagation of cracks as indicated by
transition in fracture mode from predominantly mixed (fast) to predominantly
intergranular (slow) at higher laser fluence. Laser surface modification thus established
the feasibility of improving the properties of lightweight structural alumina ceramics by

optimizing the laser processing parameters.
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Chapter 6

Conclusions and Suggested Future Work

6.1

Conclusions
Laser surface modification of porous alumina ceramics resulted in formation of
highly dense and refined microstructure characterized by multifaceted pyramidal
grains with well defined edges and vertices.
In spite of rapid cooling rates (~10° K/s) encountered during laser surface
modifications, stable a-alumina phase was observed primarily due to availability of
catalytic nucleation sites provided by underlying material.
The faceting of the surface grains was associated with the development of surface
crystallographic texture corresponding to (1 1 0) planes. Laser processing parameters
strongly influenced the surface crystallographic texture and the associated faceting of
the grains. Intermediate laser fluence (573 J/cm?) within a range 458 J/cm® to 726
J/cm? fluences resulted in most pronounced surface texture.
Grain size of the faceted surface grains was found to be increased with increasing
laser fluence. This was primarily due to slower cooling rates associated with higher
laser fluences in accordance with the established solidification theories.
Fractal analysis of series of digitized surface microstructures from the laser surface
modified alumina indicated that useful correlations can be derived between the fractal
dimensions and the surface microstructural features such as grain size, porosity and

roughness.
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6.2

An integrative modeling approach combining the thermal and the fluid flow analysis
resulted in better agreement between the predicted and experimental values of depths
of melting.

Within a range of laser processing parameters, the maximum depths of melting in
laser surface modified ceramics was found to be increased with increasing laser
fluence. This was due to deeper penetration of thermal energy at higher fluences.
During surface modifications, the surface of the melt was subjected to very high
recoil pressures (> 10° Pa) induced by rapid surface evaporation. The temporal
evolution of recoil pressure indicated that recoil pressure reaches maximum value for
irradiation time of laser beam. Such high recoil pressure seemed to drive the flow of
molten material into the underlying porous substrate, thus extending the depth of
melting.

Laser surface modifications resulted in improvements in micro-indentation fracture
toughness with increasing laser fluence primarily due coarsening of grain structure.
The coarser grains seem to offer increased resistance to initiation and propagation of
cracks indicated by transition in fracture mode from predominantly mixed
(intergranular and transgranular) to predominantly intergranular resulting in better

fracture toughness.

Suggested Future Work

Most of the present work dealt with the evolution of surface microstructure during laser

surface modification of alumina ceramic grinding wheels for precision machining
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applications. Also, attempts had been made to develop simplified models taking into

consideration physical effects during laser interaction with porous alumina ceramic.

Having established the feasibility of this technique and gained the understanding of

microstructure development, implementation of this technique in actual manufacturing

environment necessitate the detailed studies on other important aspects of the process. In

view of this, following major directions for future research work are suggested:

Advanced modeling of the physical processes taking place during laser interaction
with porous alumina ceramic. Thermal modeling should take into account
temperature dependent thermo-physical properties and effects such as capillary
effects, shear stresses, etc.

Detailed characterization of mechanical properties of the laser modified alumina
ceramic to establish the integrity of the surface modified layer on the alumina
grinding wheel during machining/grinding application.

Detailed experimental studies on the effectiveness of the laser surface modified
grinding wheel in the micro-scale removal of material. Within the laboratory setting,
it is necessary to determine material removal rates, surface finish of the workpiece,
life of the laser surface modified alumina grinding wheel, and processing speeds
during precision grinding/machining of advanced materials.

In view of the varying abrasive sizes, porosities and wheel thicknesses, it will be
important to understand the microstructure evolution in laser modified grinding
wheels with varying surface microstructures. This may facilitate the implementation

of laser surface modification for wide range of commercial grinding wheels.
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Abstract

Alumina-based grinding wheels are dressed by modifying the surface of the
wheels through laser surface melting and solidification with laser powers of
S00W (343Jcm™2), 750 W (514T em=2) and 1000 W (686 J cm=2) with

an irradiation time of 14.4 ms. The rapid solidification rate associated

with laser processing results in significant refinement of the surface

grains characterized by well-defined regular facets and vertices. Such
microstructures are helpful in finish/micro-scale grinding applications. In
order to predict the microstructure from the laser processing parameters and
the thermo-physical properties of materials, a one dimensional heat flow
model is proposed. The effective thermal conductivity of the porous alumina
ceramic, which is incorporated in the heat flow model, is calculated using
fractal dimensions from analytical correlations. The proposed thermal
model predicts the general trend of increasing melt depth with increasing
laser power, which is in reasonable agreement with experimental
observations. Also, the cooling rates are derived from the thermal model by
calculating the values of the temperature gradient (G) at the solid/liquid
interface and the velocity of the solid/liquid interface. The calculated values
of the cooling rate decrease with increasing laser power in agreement with
the established values in the literature. An attempt is made to correlate the
observed secondary dendrite arm spacing with the calculated cooling rates.

1. Introduction

Various types of alumina-based abrasive materials such as
regular alumina, semi-friable alumina, white alumina and pink
alumina are traditionally used in grinding applications [1, 2].
Grinding is a complex thermo-mechanical process. The
wheel surfaces are subjected to high material removal rates
and frictional heat generation, leading to loss of dimensional

* Currently with Milwaukee Electric Tool Corporation, Brookfield, W132003,
USA
4 Author to whom any correspondence should be addressed.

stability and effective number of cutting edges in the wheel
surface in addition to poor form tolerance and the appearance
of surface and subsurface defects in the ground products. The
most important step in the grinding process is the restoration of
the cutting efficiency of the wheels by periodical re-sharpening
of the wheels using a diamond dresser, which mechanically
removes material from the surface of the wheel and thus
exposes the new abrasive grains for cutting action [3]. Even
though conventional diamond dressing is still used extensively
in industrial grinding practice, the operation has its own
demerits. This includes the uncontrolled fracture of the bond

0022-3727/06/081642+08330.00  © 2006 IOP Publishing Ltd  Printed in the UK 1642
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material and break-off of abrasive grains [4]. Also, it has been
reported that 90% of the wheel material is removed in the
dressing operation, thus increasing the consumable costs in
addition to the costs of process down-time for the dressing
operation [5].

The use of lasers was first proposed by Babu et al
for the in-process dressing of grinding wheels.  The
advantages offered by this non-contact process include ease
of automation, improved productivity and consistent quality
of wheel surface topography [6-9]. These preliminary studies
have suggested that laser dressing causes the generation
of well-defined grooves by locally damaging the worn-out
grits and/or dislodging the chips loaded during grinding
operation. The performance of laser dressing has been
compared with diamond dressing by studying the surface
topography with varying dressing feed and laser intensity.
Also, the grinding forces and the finish obtained with
laser dressing and conventional diamond dressing have been
compared at different laser intensities for different durations
of grinding. The result showed that for finish machining
lower laser intensities in the range of 4.0 x 10'° W m~ gives
better results [7,8]. A thermal model has been propesed to
predict the groove shape on the wheel surface during laser
dressing in an attempt to arrive at the suitable laser parameters
for dressing [9]. An alternate approach, commonly referred
to as laser-assisted dressing, integrates the laser technology
with conventional dressing [10]. The focused laser beam is
used to locally heat the surface of the rotating grinding wheel
ahead of the dressing tool (typically a single point diamond
dresser). With a suitable laser energy density and heating
time the vitrified bond of the wheel gets softened or even
melted, facilitating the removal of bonding material. The main
objectives behind such processes are to reduce the wear of the
dressing tool and to improve the surface quality of the wheel
by locally heating and thus changing the material removal
mode at the ceramic wheel surface from brittle fracture to
ductile flow. The wear rate of the diamond dresser and hence
the life can be well controlled by controlling the temperature
at the tip of the diamond by adequately selecting the laser
dressing conditions. Extensive experiments have been carried
out to investigate the feasibility of the laser-assisted dressing in
terms of truing efficiency, truing accuracy, wear of the diamond
dresser and truing force characteristics [11]. The results shown
that the laser-assisted dressing and truing offers a number of
advantages over the conventional diamond dressing.

While most of the previous studies have been concerned
with the assessment of the grinding characteristics of the
laser dressed grinding wheels, very little interest has been
directed towards understanding the laser interaction with
the grinding wheel material and the subsequent evolution
of the surface topography. Recently, our research group
has carried out a systematic and detailed characterization of
the surface topography and the microstructural evolution of
laser dressed grinding wheels. The most important findings
are the refinement of grains and the formation of well-
defined cutting edges and vertices on the wheel surface ideal
for precision grinding [12-14]. The formation of such a
desirable microstructure is correlated with the evolution of
crystallographic texture during the rapid solidification process
associated with the laser dressing operation. The present

study aims at extending our understanding of the solidification
characteristics of alumina grinding wheels based on the
temperature history during laser processing and predicting the
micro-structural features such as the re-solidified melt depth
from the laser processing parameters. The calculated melt
depths are compared with experimentally obtained values for
various laser powers, taking into consideration the effect of
porosity on the thermo-physical properties of an alumina-
based grinding wheel material. A one dimensional unsteady
state thermal model is presented from which the cooling rates,
the temperature gradients and the melt interface velocities are
calculated. The integration of computational modelling and
experimental efforts is expected to provide a model that leads
to better control over the outcome of the laser based dressing
technique.

2. Experimental procedure

2.1. Materials

Commercially available alumina-based grinding wheels
(purchased from MSC Industrial Supply Co.., Melville, NY)
doped with 0.25% chromia were used for the laser dressing
studies. The chemical composition of the abrasive grain
material was 99.52A1,05;-0.05Fe;05;-0.18Na; 0-0.25Cr,0,
(wt% ) and the grain size was 220 pzm. The bonding ingredients
were compacted and sintered in a high temperature furnace
such that the relative proportions of grains and porosity were
about 60 and 40% by volume, respectively. Although the
laser setup was configured for in-process dressing of the entire
grinding wheel surface, the present study used flat coupons
of area 5 x Scm? and thickness 2.54cm cut from standard
grinding wheels for subsequent laser surface processing.

2.2, Laser surface processing

The surface of the alumina grinding wheel coupon was
dressed with a fibre optically delivered beam of 2.5 kW Hobart
continuous wave Nd: YAG laser. The laser beam was radial
to the grinding wheel surface, and details of the laser dressing
setup are given in [14]. A rectangular beam of dimensions
3.5 mm %600 pem and a scan velocity of 250 em min~! would
dress the entire surface of the grinding wheel by parallel
laser tracks. The dressing is carried out at three different
laser powers of 500 W (343Jem=2), 750W (514Jcm—2) and
1000 W (686 T cm™2).

2.3. Characterization

For microstructural characterization, specimens from the laser
dressed samples were sectioned perpendicular to the laser
processing direction. These cross sectional specimens were
mounted in epoxy moulds and polished using 400, 600, 800
and 1200 grit SiC pads with final polishing in alumina slurry on
a microcloth. Microstructural characterization of the polished
samples was done on a Hitachi S3500 SEM. Low magnification
pictures of the cross sections of the resolidified layer in the
laser dressed samples were obtained. The maximum melt
depth was measured at five locations in three different cross
sectional areas, and the average value of the melt depth with
scatter was reported for each laser power used (figure 6).
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Also, high magnification pictures were obtained to calculate
the secondary dendrite arm spacing (SDAS) using the linear
intercept method.

3. Thermal model

Fourier’s second law was used to model the heat transfer
phenomena taking place during the laser processing of
alumina-based grinding wheels. In previous work, the authors
examined the solidification structure in a single track as a
function of the distance from the centre of the track (in the
direction orthogonal to the laser beam traverse) [12]. In the
majority of the volume around the centre of the laser track,
grains were multifaceted and equiaxed, having a dendritic
structure on them. Further analysis of the cross section of the
melt depth (laser treated volume) [12] showed a microstructure
consisting of uniformly distributed multifaceted equiaxed
grains. The same microstructure is observed in the present
study. Therefore, a one-dimensional heat flow model was
developed. The temperature distribution within the material
and the meltdepth within a track from the surface was predicted
from this model. Although multiple tracks with nearly no
overlap between them were laid down for coverage of the entire
surface, the model considers the effects of heat flow only in
a single track. Such an approach was considered reasonable
because the low thermal conductivity of alumina limits thermal
effects from the previously laid tracks. Assuming a laser
processing speed of 250 cm min~! and beam width of 600 pm,
the laser beam irradiation time (residence time) is 14.4 ms in
this study.
The governing equation is as follows [15]:

.ty _ T, 1)

1
ot da? @)

where ¢ is the thermal diffusivity of the material and is equal
to k/pCp: k is the thermal conductivity of the material; p is the
density of the material and Cp is the specific heat. The initial
condition of T = Ty = 298 K was applied at time t = 0.
The convection and radiation effects were also considered.
If L is the length of the sample, then the convection
occurring at x = L is given by

aT (L, t)

—k =h(T(L,t)—Ty), (2)

where & is the convective heat transfer coefficient.
For radiation, the following equation holds true:

aT (0,1
—k% =8AIl —eo (T, 1)* = TH
b=1 0<r<p
5=0 t=1, (3)

where 1, is the irradiation time; [ is the laser power intensity
(power per unit area) of the incident beam: A is the absorptivity
of alumina: ¢ is the emissivity of alumina for thermal
radiation and o is the Stefan-Boltzmann constant = 5.67 x
100 ¥ Wm—2 K,

In this investigation, FEMLAB's heat transfer transient
mode was employed to obtain the temperature distribution
within the material using the finite element approach. Six
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vital modes were used to solve the problem. In the draw
mode, the geometry of the sample was specified, whereas
the boundary mode permitted specification of all the boundary
conditions as discontinuous functions that were used to model
the heating and the cooling processes. The different terms
involved in the governing equation that defined the different
material properties were presented by the subdomain mode.
The different characteristics of the finite element mesh were
specified in the mesh mode, and Lagrange elements were used
to mesh the model. The parameters of the solver and the solver
type were set in the solver mode. The ‘time dependent” solver
was used in FEMLAB. A time step of 1 ms was used in the
present study. Finally, the post mode was used to analyse the
results given by the solver. The temperature distribution and
the temperature gradient were visualized in this mode.

As mentioned earlier, the commercially obtained alumina
grinding wheels contained 40% porosity by volume. Such
a large volume of porosity is expected to play a vital role
in influencing both the temperature profiles and the melt
depths obtained during laser processing. Hence, considering
the effects of porosity was a crucial part of the work. The
effects of porosity were considered by appropriately adjusting
the material properties such as the density and thermal
conductivity. A model proposed by Sabau er al which can be
generalized for any porous media, was employed in the present
study to determine the effective thermal conductivity [16]. The
model considers a rectangular box representing a continuous
matrix (porosity in the present case) and dispersed or solid
phase (alumina particles in the present case) at the centre
of the unit cell. In this model, the effective and solid
thermal conductivities were nondimensionalized with the
matrix thermal conductivity:

T kEX

==, 4
o= 4
— ok -
k= k—f (5)

where key is the effective thermal conductivity, ks is the thermal
conductivity of the dispersed phase and k; is the thermal
conductivity of the continuous matrix. The effective thermal
conductivity is given by

— b, 2 2
kex=l—T‘(l+C—+f—2]0g(]—f‘)). (6)
X X

where b, and ¢, are defined as follows:

1= (1=17d,)
b.\' = (ﬁ) , (?)

1\ / s Sil—1/d;)
O

where ¢ is the fraction of dispersed phase (0.6 considering
40% porosity by volume) and i is the shape factor ( /6
for the representative unit cell in which the dispersed phase is
represented by a sphere) and

1
T 3= (1/dx) — (1/dy) — (1/dz)’

8¢ ()]
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Figure 1. Determination of the fractal dimensions using the box cou
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nting technique. {a) SEM micrograph: (b) corresponding binary image

and (c) log-log plot giving the fractal dimension from the slope of the line.

where dx,dv.dz are the local fractal dimensions. To
determine the local fractal dimensions, the SEM image of
the porous ceramic is converted from a spatial domain of
brightness to a frequency domain using Fourier transforms.
The image is then filtered to remove noise followed by
thresholding to convert it to a binary digital image (figure 1)
using a public domain software called Image J (available with
National Institutes of Health, USA). The fractal dimension of
1.77 in figure 1 was determined by using the box counting
method, which places a grid of N boxes of size r over the two-
dimensional surface being examined. The number of boxes
(N(r)) required to cover the feature of interest are counted.
Using the Hausdroff measure, the basic fractal equation may
be written as

Nir) = CrP, (10)
logN =logC — Dylogr. (11)
D is the box dimension, while C is a constant. The

process is repeated with different box sizes (r). The fractal
dimension is then determined from the slope of the plot
between log N(r) versus log r (figure 1(c)). Substitution of the
above fractal dimension in the above equations gives a thermal
conductivity of 12.1 Wm~' K~' for alumina ceramic with
40% porosity by volume. Furthermore, although the thermo-
physical properties of binding material are also expected to
affect the thermal conductivity of the wheel material, they are
not taken into account in the present computations due to the
following reasons: (1) the abrasive wheel material consists
of 99.52 wt% alumina and a negligible amount of bonding
material {explained in section 2.1): (2) the bonding material

1

Table 1. Properties of alumina used in the mathematical
calculations.

P k h Cp
(kgm™) (Wm™ 'K (Wm2K! ¢ Jkg 'K
22800 12.1° 200¢ 0.7¢  800¢

* Computed using the weighted average method applied to fully
dense alumina (p = 3800 kgm™) and 40% porosity by volume.
® Computed using the model presented in [16].

¢ Reference [17].

4 Reference [18].

¢ Reference [ 19].

mainly consists of oxides and silicates having comparable
thermal properties (the thermal conductivities of Cr;0z; and
AlyO; are 32.94Wm~! K=! and 29 W m~! K~!, respectively)
and (3) the thermal properties of complex compositions such
as present in the bond materials are often difficult to find in
the literature or they are simply not estimated. In light of this,
the properties used in computational modelling are listed in
table 1.

4. Results and discussion

Laser dressing causes localized melting and resolidication
of the surface layer of the grinding wheel. The surface
microstructures of alumina grinding wheels before and after
laser dressing are shown in figure 2. Although the molten
alumina does flow into the wheel pores, due to extremely
rapid cooling rate (> 10%°C s~ the molten material solidifies
rapidly without filling in the entire pore. Therefore, the
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(b)

Figure 2. Scanning electron micrographs of the alumina samples
(a) before dressing and (b) after dressing.

porosity drops down substantially from ~40 to <3% in the
laser melted region (figure 2). Laser dressing results in
substantial grain refinement at the surface in addition to the
appearance of a characteristic morphology of the surface grains
(figure 2(b)). The refinement of the surface grains is a result of
the high cooling rates associated with rapid solidification. The
surface grains have a wide range of size distributions; however,
the shape of the surface grains is regular, with well-defined
edges and vertices. The laser dressed grinding wheels are
not completely free of porosity and exhibit distributed micro-
pores between the multifaceted surface grains (figure 2(5))
which can be helpful for micro-scale precision machining
by collecting the microparticles removed during machining
and also the removed tips of faceted surface grains of a laser
dressed grinding wheel. Such a faceted microstructure with
reduced porosity can be beneficial for precision/micro-scale
machining applications. Furthermore, the rapid quenching
rate solidifies the molten surface layer into a faceted structure
before coming into actual contact with the workpiece if a
simultaneous dressing and grinding approach is adopted. X-
ray diffraction studies have revealed the presence of the
equilibriuma-alumina phase, the most stable phase of alumina,
in the laser dressed samples. Detailed investigations of the
evolution of the microstructure and the micro-texture in the
laser dressed alumina-based grinding wheel material have
already been carried out [12, [3].
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Figure 3. Calculated surface temperature profiles showing heating
during laser irradiation (f < 14.4 ms) and cooling after irradiation

(t z 144 ms).

The calculated surface temperature profiles for laser
powers of 500W (343Jcm=2), 750W (514Jem=2) and
1000 W (6861 cm—2), assuming a 14.4ms laser irradiation
time, are plotted in figure 3. The absorptivity value of
the surface strongly depends on the wavelength of the laser
beam, initial surface roughness and temperature. Due to
the high porosity, the grinding wheel surface has an open
structure with a high roughness (figure 2): consequently, for
the present laser source (1.06 pm wavelength) an absorptivity
value of 0.8 is assumed for the temperature calculations [20].
The temperature profiles show that the surface temperature
increases with time and reaches a maximum value at a time
equal to the irradiation time. After the irradiation time
the temperature decreases rapidly, which is typical of rapid
solidification processes. The maximum temperature at the
surface increases with increasing laser power. The variation
of the melt depth was calculated as a function of time by
tracing the melting point in the temperature versus the distance
from the surface profiles for different times (figure 4). These
profiles indicate that the melt interface penetrates inside the
material, reaches a maximum and retreats during solidification.
The maximum calculated melt depth increases with increasing
power.

Figure 5 shows SEM microstructures of melt depth
profiles for laser powers of S00W (343Jem=2), 750 W
(514Jem=2) and 1000 W (686J cm=2). The semi-spherical
shape of the recast layer is due to the distribution of the laser
beam energy such that the energy maximum corresponds to
the maximum depth. The micrographs show the increasing
melt depth with laser powers varying from 500 W (343 Jem~2)
to 750W (5141 cm_z) due to increased penetration of the
laser energy inside the material. However, the change in the
melt depth corresponding to a power variation from 750 W
(514Jcm=2) to 1000 W (686J cm™2) is not very significant.
It seems that the melt depth reaches a maximum value for a
certain laser energy, beyond which no significant increase in the
melt depth occurs. This may be due to the higher temperatures
associated with greater laser power and consequent decreased
thermal conductivities at higher temperatures. The thermal
conductivity is a strong function of the temperature and
decreases rapidly with increasing temperature. Also, for
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Figure 4. Calculated melt depth profiles as a function of time.

(b)

Figure 5. Polished cross sections of the laser dressed samples
mounted in epoxy moulds for laser values power of (a) S00W, (b)
T50W and (c) 1000 W,

alumina ceramics the thermal conductivity is proportional to
the inverse temperature above the Debye temperature [21].
Hence, at higher laser fluences the decrease in thermal
conductivity limits the increase in melt depth, and the melt
depth is determined mainly by the contribution of the molten
material flow in the porous substrate region during laser
dressing. Such an observation provides the possibility of a
tool for finding the laser energy that achieves the maximum
melt depth.

The experimental and calculated values of the melt depth
as a function of the laser fluence are compared in figure 6.
The experimental values are factored out to consider the
effect of the porosity. The calculated and experimental melt
depth values have a similar increasing trend with increasing
laser fluence. The difference in the values can be attributed
to the simplifying assumptions in the computational model
such as the temperature independence of the thermo-physical
properties and the omission of the heat of fusion associated
with the liquid—solid phase transformations. One of the effects
of porosity is the flow of molten material through the pores,
which will increase the effective melt depth in the laser dressed
samples. The SEM micrograph in figure 7 illustrates this
effect: the single large alumina particle is surrounded by
highly dense molten material. The dendritic growth in the
microstructure is also evident.

To obtain the thermal aspects of the solidification process
that in turn has a bearing on the resulting grain size, the
cooling rates were calculated from the thermal model for
laser powers of S500W (343Jecm™2), 750W (514Jem™2)
and 1000W (686Jcm=2). The temperature gradient (G)
within the solid at the solid/liquid interface and the velocity
of the solid/liquid interface (R) were determined from the
computed temperature distribution (figure 3) and melt pool
depth (figure 4), respectively. The average cooling rate is
then given by the product of G and R. Average SDAS
(secondary dendrite arm spacing) values corresponding to
each laser fluence were obtained using the linear intercept
method. Figure 8 is a schematic of the SDAS measurement
on a high magnification SEM image. The linear intercept
method involves measuring the distances (spacings) between
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Figure 6. Comparison of experimental and calculated values of melt depths for three laser fluences.

Figure 7. SEM micrograph showing the flow of molten material
around alumina particles which would contribute to an increase in
the effective melt depth.

secondary dendrite arms along a line normal to the dendrite
arms. This procedure is repeated for anumber of image frames,
and an average secondary dendrite arm SDAS is calculated.
Table 2 summarizes the calculated values for the temperature
gradient, melt velocity, and cooling rate and the experimental
values for SDAS. The SDAS value for 500 W is the smallest
due to the higher cooling rate for 500 W. This agrees with the
solidification theory that relates SDAS and the cooling rate
according to [22] SDAS = B(cooling rate)~'/3, where B is
a proportionality constant. However, the SDAS values for
T50W (514Jecm~2) and 1000W (686Jcm~2) do not differ
significantly from each other as would be expected. Like
the melt depth, the change in SDAS corresponding to the
change in laser fluence from 750 W (514Jcm™?) to 1000 W
(685Jcm2) is also not very significant (table 2). This may
be related to dynamic physical, chemical and microstructural
changes that influence heat transfer and warrant further
studies.

In general, a one-dimensional heat flow model can be
used to successfully predict the solidification characteristics
during laser dressing of alumina-based grinding wheels. The
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Figure 8. Secondary dendrite arm spacing (SDAS) measurement
from a high magnification SEM image using the linear intercept
method.

accuracy of the predictions depends on how well the complex
interactions between the laser beam and the porous wheel
structure are defined.

5. Conclusions

Dressing of porous alumina grinding wheels using lasers
resulted in a highly dense and refined surface microstructure
characterized by multifaceted surface grains with well defined
cutting edges and vertices. In general, an increase in laser
power results in an increase in the maximum melt depth
(recast layer) of the laser dressed specimens; however, the
increase in maximum melt depth is not significant above a
laser power of 750 W (514Jcm=2). This may be due to a
decrease in thermal conductivity at high power due to an
inverse temperature dependence of the thermal conductivity
above the Debye temperature. The proposed one-dimensional
thermal model predicts the temperature history during the
laser processing. It takes into account the effects of porosity
on thermal conductivity using analytical correlations between
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Table 2. Summary of the calculated values of the temperature gradient (G) at the solid/liquid interface, solidification rate (R) and cooling
rate; and experimental value of the SDAS for alumina grinding wheels dressed at three different laser powers.

Laser Cooling
Power (W)  fluence Jem=2) G (Km=') R (ms™!) rate (Ks™')  SDAS (pum)
500 343 1.24 x 10° 2295 x 1073 2860 = 10° 3.5
750 514 110 > 10° 20,07 « 1073 2225 = 10° 47
1000 686 1.20 x 107 16,20 1077 1.961 = 10° 4.4

the fractal dimensions of the porous material and thermal
conductivity. The calculated values of the melt depths are
in reasonable agreement with the experimentally determined
values at each power. The rapid solidification microstructures
were predicted in terms of SDAS from the cooling rate
calculations derived from the heat flow model. The heat
flow model indicates larger SDAS at lower cooling rates.
However, not much change is observed in both the SDAS and
the melt depth as a function of the laser fluence above 750 W
(514Jem™).
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Laser surface modification is an advanced technique for improving the surface performance of
alumina ceramics in refractory and abrasive machining applications. Surface performance is
expected to be greatly influenced by the crystallographic and morphological textures of surface
grains generated during rapid solidification associated with laser processing. In this study, an
investigation of the evolution of crystallographic and morphological textures during laser surface
modifications of alumina ceramic was carried out using a 4 kW Nd:YAG laser with fluences in the
range of 458 =726 J/cm?. In these regimes of laser surface processing, the formation of equilibrium
a-alumina was found to be assisted by catalytic sites provided by the substrate. Microstructure
evolution was explored in terms of the development of crystallographic and morphological (size and
shape) textures of surface grains as a function of laser processing parameters. The interdependence
of erystallographic and morphological textures of the surface grains is discussed within the
framework of faceted growth model suggesting that the formation of crystal shapes is governed by
the relative velocities of certain crystallographic facets. Also, the effect of thermal aspects of laser
processing on the morphology of the surface grains is discussed from the viewpoint of existing

solidification theories. © 2006 American Institute of Physics. [DOL 10.1063/1.2214365]

I. INTRODUCTION

Alumina ceramic is an important class of materials
which encounters rapid solidifications during various pro-
cessing such as plasma spm).-‘ing]‘2 and laser surface
treatment.”" These rapid solidification techniques are the
convenient means of developing unconventional phases and
morphologies in the microstructure of materials.* ™ These
techniques have been extensively utilized in the nonequilib-
rium processing of metallic materials. Along with crystalline
phases, the metastable or amorphous phases obtained by
rapid solidification have been potentially useful in improving
the mechanical, magnetic, electrical, and other properties of
materials.'! In the case of alumina, among several phases,
the most important are the stable phase, a-alumina and a
metastable phase, y-alumina. The stable phase e-alumina has
a corundum structure with aluminum atoms in octahedral
sites surrounded by six oxygen neighbors at a mean distance
of 1.91 A, whereas the y-alumina is described by a defect
spinel structure in which the aluminum coordination varies
from 3-5 with tetrahedrally coordinated AP* predomin-
aling.l Solidification characteristics of the alumina ceramics
have been studied by electrohydrodynamic atomization
which is a containerless solidification lcchniu]uc.”"14 Detailed
investigation of phase selection and microstructure evolution

SRS

in the rapidly cooled alumina droplets of 10 nm to 300 gzm
diameter have shown that amorphous phase forms in droplets
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100, 0249011

below 100 nm, vy phase between 100 nm and 2 gem, partially
transformed & between 2 and 10 wm, and stable corundum
structure above 200 wm. Also, the surface of the coarse drop-
lets exhibited three distinct morphologies: faceted. dendritic,
and cellular." Also, the formation of metastable y-alumina is
observed during the solidification of alumina particles in
plasma sprayed coatings on copper.

In spite of the wide applicability of the laser surface
processing of alumina ceramics, the detailed studies on evo-
lution of phase and morphology during laser surface process-
ing are limited. Also, the rapid solidification of ceramics dur-
ing laser surface melting is far from the containerless
solidification in that the melt undercooling is very small be-
“ause the substrate acts as a catalytic site that can lower the
nucleation barrier. Hence, the present study was directed to-
wards understanding microstructure evolution during rapid
solidification associated with laser surface processing of alu-
mina ceramic compacts. The microstructure evolution was
studied in terms of the development of crystallographic tex-
ture and morphology of the surface grains. The microstruc-
tural results are correlated with the cooling rates derived
from heat flow model.

Il. EXPERIMENTAL PROCEDURE
A. Materials

The commercially available alumina-based grinding
wheel compacts (purchased from MSC Industrial Supply
Co., Melville, NY) made of alumina doped with 0.25% chro-

© 2006 American Institute of Physics
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mia were used for the laser surface modification studies. The
alumina grains consisted of 99.52% Al,0O4 and the average
grain size was around 220 gm. The alumina compacts were
prepared by compacting and sintering the bonding ingredi-
ents in a high temperature furnace such that the relative pro-
portions of alumina grains and porosity were about 60% and
40% by volume, respectively. Flat coupons of area of 5
X5 cm? and thickness of 2.54 cm were used for laser sur-
face processing.

B. Laser surface processing

The surface of the alumina compact was irradiated with
a fiber optically delivered beam of 4 kW HAAS continuous
wave Nd:YAG (yttrium aluminum garnet) laser. An elliptical
beam with major and minor axis dimensions of 5.0 and
1.5 mm, respectively, and laser scan velocity of 100 cm/min
would modity the entire surface of the compacts by parallel
laser tracks. In subsequent trials, the surface modification
was carried out by the laser powers in increments of 100 W

above 1200 W (458 J/em?) up to 1900 W (726 1/cm?).

C. Analysis

X-ray diffraction analysis of the laser surface modified
alumina compacts was conducted using Norelco (Philips
Electronic Instruments, Mount Vernon, NY) x-ray diffracto-
meter with Cuk, (A=1.54 A) radiation at 20 kV and
10 mA. Each specimen was scanned at a step size of (L.02°
and for a count time of 1 s with diffraction angles varying
between 207 and 100°, X-ray diffraction data were used for
calculating the surface texture coefficients. Hitachi 53500
scanning electron microscope (SEM) was used to character-
ize the morphological features of the surface grains in laser
surface modified alumina. A detailed investigation of the
morphology of the surface grains formed during the laser
surface modification of alumina was carried out in terms of
curvature factor and size of grains. Public domain software
IMAGEJ (National Institute of Health, USA) is used for image
processing. The grain size ol the surface grains is given as
the diagonal distance of the polygonal grain. For both curva-
ture factor and grain size, several (more than five) measure-
ments were done and the average value along with the error
bar is reported.

lll. RESULTS AND DISCUSSION

X-ray diffraction spectra of alumina ceramic substrate
surface and the laser melted surfaces at various powers are
presented in Fig. 1. The x-ray analysis indicated the forma-
tion of stable a-alumina phase at all the laser fluences em-
ployed in the present study. During laser surface melting
(rapid processing) of ceramics the solidification can proceed
by direct growth of the crystalline phases from the solid lig-
uid interface into the melt without nucleation within the melt
pool. Hence the substrate below the melted region can act as
catalytic sites for the growth of stable a-alumina. The obser-
vation of a-alumina in the present study is supported by the
previous observations which indicated that the formation of
metastable phases require the elimination of the catalytic
sites for nucleation of a-alumina'® which is not likely to
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FIG. 1. X-ray diffraction patterns of alumina substrate and laser surface
modified alumina at laser fluences of 458, 573, and 687 J/em?.

happen during the surface melting of alumina ceramic such
as in the present case. Also, studies have indicated that laser
surface processing can transform the metastable y-alumina in
plasma sprayed coatings into more stable a-alu mina.!’
Hence the laser processing regimes employed in the present
work for surface modification of alumina ceramic resulted in
the formation of @-alumina due to the availability of the
-atalytic sites at the melt-substrate interface for growth of
stable phases and consequent low undercoolings in the con-
strained solidification.

Careful analysis of the x-ray diffraction data also re-
vealed the systematic variation of the intensities of some of
the (1 k {) peaks with laser fluence which can be related with
the evolution of crystallographic texture during laser surface
processing of alumina material. In this regard, a detailed cal-
culation of texture coefficients have been done for predomi-
nant (h k {) peaks observed in the x-ray diffraction spectra.
The texture coefficient (TC) for cach (h k 1) reflection is de-
fined as

kD |1 Ihki |

TC(hkl):IO(hk{) EEID(izkz) ' M

where I(h k 1) are measured intensities of (h k {) reflection,
Iy(h k 1) are powder diffraction intensities of a-alumina ac-
cording to the JCPDS (Card No. 46-1212), and # is the num-
ber of reflections used in the calculations. Following (4 & {)
reflections corresponding to e-alumina were used in the tex-
ture coefficient calculations: (01 2), (1 04), (1 10), (11 3),
(024),(116),211),(214).(1010),(220),and (22 3).
Table I summarizes the results of texture coefficient calcula-
tions for the observed (/1 k [) reflections in a-alumina at vari-
ous laser fluences. In order to select the dominant reflections
which show the strong texture in the laser surface modified
alumina, an average texture coefficient is defined:

TC(h k1) = W (2)

where N is the number of laser fluences used in the study.
The results of these calculations are also presented in Fig. 2,
which indicate that the (1 1 0), (22 0). and (2 1 1) are the
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TABLE 1. Texture coefficients (TCs) of various (h k [) planes for alumina substrate and laser surface modified
alumina at various laser fluences.

(Rk D) Substrate 496 J/em? 573 J/em? 649 J/cm? 726 J/em? TC, (h k1)
(012) 0.14 0.74 0.02 0.13 0.00 0.22
(104) 0.35 1.13 0.17 0.49 0.02 0.42
(110) 0.00 1.73 3.52 1.16 0.30 1.39
(113) 0.17 0.16 0.17 0.06 091 0.36
(024) 0.56 1.36 0.13 0.90 0.22 0.74
(116) 0.04 0.17 0.16 0.72 0.08 0.23
(211) 0.00 1.13 222 226 0.00 1.53
(214) 0.22 0.16 0.09 1.42 0.05 0.83
(10 10) 0.92 0.25 0.04 0.10 0.00 0.22
(220) 0.00 345 484 2.55 1.58 2.54
(223) 0.22 1.24 0.81 215 0.28 1.05

strongest reflections which corresponded to higher values of
average texture coefficients. Hence these reflections were se-
lected for further analysis of texture evolution during laser
surface modification of alumina ceramic with various laser
fluences. The variations of TC for (1 10),(220), and (21 1)
reflections of a-alumina with laser fluence are presented in
Fig. 3. The figure clearly indicates the systematic variation of
the texture coeflicients of these planes with laser fluence.
The texture coefficient of the (1 10), (22 0), and (21 1)
reflections increased with laser fluence, reached maximum
around 573 J/cm?, and then decreased at high laser fluences.
This can also be observed from the x-ray diffraction spectra
(Fig. 1) which show the absence of (1 1 0) and (2 2 0)
reflections in the substrate [corresponding to TC(1 1 0) and
TC(2 2 0)=0] and very low intensity at high laser fluence
[corresponding to small values of TC(1 1 0) and TC(2 2 0)].
The intensities of (1 1 0) and (2 2 0) reflections reached
maximum around the laser fluence of 573 J/cm? resulting in
correspondingly maximum texture coefficient. The (2 1 1)
reflection also exhibited the nearly similar trend of variation
of texture coeflicient with the laser fluence. The development
of strong texture at 573 J/em? can be related with the for-
mation of highly faceted morphology of the surface grains
(discussed in next sections).

The evolution of crystallographic texture during solidifi-
cation or film growth has a strong effect on the evolution of
resultant surface features such as faceted morphology of the
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FIG. 2. Average texture coefficient for various (h k ) planes of a-alumina
calculated over a range of laser fluences used for surface modifications.

surface grains. Early model of the faceted growth was pro-
posed by van der Drift.'® The model considers that each crys-
tallite or grain grows with each crystallographic facet mov-
ing with a known normal velocity until a facet meets the
surface of another growing crystallite. The grain boundaries
are thus formed when the surfaces of different grains im-
pinge upon each other. The evolution of the faceted morphol-
ogy then depends on the relative growth velocities of the
various facets. This is schematically illustrated for the three-
dimensional case with (1 0 0) and (1 1 1) as growing facets
(Fig. 4). The figure indicates that the surface morphology is
determined by the ratio of velocities (aap) of (1 0 0) and (1
1 1) facets (v o and vy, respectively). The ratio is given by

a3p = VI}UI_OO, (3)
Ul

where V3 is the numerical prefactor chosen such that simple.
highly symmetric morphologies occur at integer values of
asp. Hence, if a crystal with facets (1 0 0) and (1 1 1) and
velocity ratio described by a;p is allowed to grow without
impingement, it will asymptotically approach a characteris-
tic, idiomorphic crystal shapes shown in Fig. 4.2 For inter-
mediate velocity ratios (asp between 1.0 and 3.0) multiple
planes will grow dominantly until they impinge upon each
other thereby providing a multiplane faceted grain. From this
discussion, in the context of laser surface modification of
alumina ceramic the evolution of (1 1 0) or (22 0) and (2 1
1) texture may be related with the relative growth of (1 1 0)

6 -
—— 110 =220 —a211
5

Y N
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Texture Coefficient (TC)

Laser Fluence (J/cm?)

FIG. 3. Texture coefficients (TC) of (1 1 0), (2 2 0), and (2 1 1) planes of
a-alumina as a function of laser fluence. (Note the data point corresponding
to the texture coefficients of substrate.)
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FIG. 4. van der Drift model illustrating the evolution of idiomorphic crystal
shapes with the ratio of relative velocities (asp) of the {1 0 0} and {1 | 1}
facets for the three-dimensional case (Ref. 20).

or (2 20) and (2 1 1) planes in hexagonal lattice. A sche-
matic of the formation of faceted crystal from the intersec-
tion of {1 1 0} and {2 1 1} planes in hexagonal lattice is
presented in Fig. 5. The corresponding shape is compared
with the SEM micrograph of the faceted morphology of the
surface grains in laser surface modified alumina ceramic.

The surface of the laser surface modified alumina ceram-
ics was characterized by the formation of faceted surface
grains by the virtue of development of texture as discussed in
the previous section. In addition to facets, these surface
grains were also characterized for size and shape. The evo-
lution of shape as function of laser fluence can be expressed
in terms ol a curvature factor. The curvature factor of the
faceted surface grain is defined as

curvature factor (CF) = —=—, (4)

where K and R are the curvature and radius of curvature,
respectively, measured at the corner (subscript 1) and side
(subscript 2) of the polygonal faceted surface grains (Fig. 6).
For a nearly perfect polygon, with a very small value of R,
(radius of curvature at the corner of the polygonal grain) and
a very large value of R, (radius of curvature at the side of the
polygonal grain), the curvature factor yields the value close
to zero, whereas for a perfectly circular grain with equal R,
and R., the curvature factor equals unity [Eq. (4)]. Hence
evolution of shape of surface grains from polygonal to nearly
circular grains can be characterized by considering the varia-
tion of curvature factor from zero to unity.

The effect of laser processing parameters on the evolu-
tion of morphology of the surface grains can be visualized in
the relationship between the curvature factor and the grain
size of the faceted surface grains presented n Fig. 7 along
with the corresponding SEM micrographs of surface mor-
phology of the laser surface modified alumina. Figure 7 in-
dicates that the increase in laser fluence increased the grain

FIG. 5. Schematic of the development of faceted morphology from crystal-
lographic texture in laser surface modified alumina.

J. Appl. Phys. 100, 024901 (2006)

>

FIG. 6. Schematic representation of the polygonal surface grains used for
curvature factor calculation. Curvature factor is given by ratio R /R,.

size of the faceted surface grains. Also, the curvature factor
showed a consistent low value (~0.1) up to the laser fluence
of 611 J/em?® indicating polygonal faceted surface morphol-
ogy of the surface grains. Above 611 I/em?®, the curvature
factor deviated towards larger values suggesting the initia-
tion of the change in morphology of grains from polygonal
towards nearly circular grains. The observation of the SEM
micrographs in Fig. 7 indicates that well developed faceted
surface grains form at the laser fluence of 573 J/cm? This
may be due to the evolution of strong crystallographic tex-
ture related to {1 1 0} and {2 1 1} planes of a-alumina and
correspondingly highest values of texture coeflicients for
these planes (Fig. 3). Above 573 I/em?, the degree of face-
ting progressively decreased and surface grains grew towards
nearly circular shape with correspondingly higher values of
curvature factor (>>0.3) (Fig. 7). The progressive decrease in
faceting follows the diminishing trend of texture coeflicients
of {1 1 0} and {2 1 1} planes above 573 J/em® (Fig. 3). At
laser Muences less than 573 T/em?, the shapes of the surface
grains were polygonal as suggested by the low values of
curvature factor. However, the small grain size indicated that
the grains were still in the initial stage of faceting with cor-
respondingly lower values of texture coefficients of {1 1 0}
and {2 1 1} planes (Fig. 3). Although these sets of planes ({1
1 0} and {2 1 1}) appeared to produce multiplane faceted
grains under laser fluences employed in the present work, it
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FIG. 7. Grain size, curvature factor, and corresponding SEM micrographs of
the surface grains in laser surface modified alumina at various laser flu-
ences[( #) grain size and (M) curvature factor].
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is still not completely understood as why these particular sets
of planes grow predominantly. This remains a major focus of
authors’ ongoing research efforts. It is, however, understood
that rapid quenching rates associated with laser surface pro-
cessing can freeze the multiplanar growth process at any in-
termediate stage to provide idiomorphic crystal shapes such
as observed in the present case.

In order to get insight into the evolution of surface mor-
phology in the laser surface modified alumina, thermal as-
pects of the laser processing such as cooling rates need to be
considered. Hence a simple one-dimensional thermal model
was proposed to estimate the cooling rates associated with
the laser processing. The consideration of one-dimensional
model is reasonable from the viewpoint of uniformity of mi-
crostructure consisting of distributed multifaceted equiaxed
grains in the majority of laser treated volume and low ther-
mal conductivity of alumina. The governing equation is*!
aT(e,f) & T(x.1)

a T ad ©)

where e is the thermal diffusivity of the material and is equal
to k/pCy, k is the thermal conductivity of the material, p is
the density of the material, and C,, is the specific heat. The
effective thermal conductivity of the porous alumina is cal-
culated based on the analytical correlations based on fractal
dimensions. The details of assumptions and the properties of
alumina used in the model are presented in the authors’
work.” The solution of the heat flow equation gives the tem-
perature distribution within the material from which the tem-
perature gradient (G) and the velocity of solid/liquid inter-
face (R) can be calculated by the procedure outlined in Ref.
7. Finally, cooling rate is given by the product of G and R.
The well established relationship in the solidification theories
exists between the secondary dendrite arm spacing (SDAS)
and the cooling rates (T,.) and is given hy22

SDAS = A(T,)™, (6)

where A and n are material related constants. Grain size de-
pends on the conditions of both nucleation and growth of
which only the conditions of growth are explicitly dependent
on the cooling rate. Hence under identical nucleation condi-
tions during solidification, the similar equation can be writ-
ten for the relationship between the grain size and the cool-
ing rate with different values of constants.”® The calculated
values of cooling rate are presented in Table II. The table
clearly indicates that as the laser fluence increased the cool-
ing rate decreased resulting in larger grain size of the faceted
surface grains at higher laser fluences (Fig. 7). This is in
general agreement with the solidification theories which in-
dicate the decrease in grain size with increasing cooling rate.
The cooling rates in the range of (2—6) X 10> K/s corre-
sponding to laser fluences of 458573 I/em?® appeared to be
conducive to the growth of well defined multiplane faceted
grains; whereas further drop in cooling rates in the range of
(0.7-2) X 10° K/s  corresponding 1o laser fluences of
611-726 Jiecm® generated the near circular grains of ill-
defined facets (Fig. 7). Such a transition from well defined to
ill-defined facets in the grain may be due to simultaneous

J. Appl. Phys. 100, 024901 (2006)

TABLE II. Summary of the values of temperature gradient (G) at solid/
liquid interface, solidification rate (R), and cooling rate calculated from
one-dimensional thermal model for laser surface modified alumina at vari-
ous laser fluences.

Laser & R Cooling
fluence (J/cm?) (K/m) (m/s) Rate (K/s)
458 9.79 % 10* 6.07x 10°3 594 102
496 8.30% 10* 6.05 % 107 5.02%10°
535 6.81 % 10* 5.42x 107 3.69X 10%
573 5.16%10* 5.05 %107 2.60% 10°
611 404 % 10 488 %107 1.97 % 107
649 312X 10% 4.56 % 10- 142 10?
687 257x10* 421x107? 1.08 % 107
726 1.99 % 10* 3.54% 107 0.70% 107

growth of multiple planes at intermediate ratio of growth
velocities (asp) at lower cooling rates.

IV. CONCLUSIONS

Laser surface modifications of alumina ceramic with the
4 kW continuous wave Nd:YAG laser with fluences in the
range of 458-726 I/cm? resulted in the formation of stable
a-alumina phase. The growth of stable @-alumina was gov-
erned by the catalytic sites provided by the substrate which
lowered the nucleation barrier for the nucleation of stable
phase. The surface grains evolved into the highly faceted
morphology at the laser fluence of 573 Jfcm® and corre-
spondingly highest values of texture coefficients for {1 1 0}
and {2 1 1} planes. Evolution of such faceted surface mor-
phology can be due to relative growth velocities of the {1 1
0} and {2 1 1} facet planes as suggested by the van der Drift
model of faceted growth. This also explains the progres-
sively decreasing degree of faceting above and below
573 J/em? as indicated by SEM micrographs and corre-
sponding progressively decreasing values of texture coeffi-
cients for {I 1 0} and {2 1 1} planes. The morphological
evolution of the faceted surface grains in terms of the size
and shape showed a strong dependence on the laser process-
ing parameters. The grain size of the surface grains increased
with increasing laser fluence. This i1s supported by the ther-
mal analysis indicating the lower values of calculated cool-
ing rates associated with higher laser fluence which is in
agreement with the established solidification theories.

iY. Gao, X. Xu, Z. Yan, and G. Xin, Surf. Coat. Technol. 154, 189 (2002).
“X. Lin, Y. Zeng, X. Zhou, and C. Ding, Mater. Sci. Eng., A 357, 228
(2003).

°D. Triantafyllidis, L. Li, and F. H. Stott, Thin Solid Films 433454, 76
(2004).

“D. Triantafyllidis, L. Li, and F. H. Stott, Appl. Surf. Sci. 186, 140 (2002).
A Khangar and N. B. Dahotre, J. Mater. Process. Technol. 170, 1 (2005).
°A. Khangar, E. A, Kenik, and N. B. Dahotre, Ceram. Int. 31, 621 (2005).
s p Harimkar, A. N. Samant, A. A. Khangar, and N. B. Dahotre, J. Phys.
D 39, 1642 (2006).

Y. Liu, F. Lan, G. Yang, and Y. Zhou, J. Cryst. Growth 271, 313 (2004).
°s. Bysakh, K. Chattopadhyay, T. Maiwald, R. Galun, and B. L. Mordike,
Mater. Sci. Eng., A 375-377, 661 (2004).

R, Tewari, G. K. Dey, and N. Prabhu, Mater. Sci. Eng., A 304-306, 548
(2001).

o, Uzun, T. Karaaslan, M. Gogebakan, and M. Keskin, J. Alloys Compd.
376, 149 (2004).

138



024901-6 S. P. Harimkar and N. B. Dahotre J. Appl. Phys. 100, 024901 (2006)

'35 Ansell, S. Krishnan, J. K. R. Weber, J. . Felten, P. C. Nordine, M. A.
Beno, D. L. Price, and M. L. Saboungi, Phys. Rev. Lett. 78, 464 (1997).

By, Jayaram, C. G. Levi, T. Whitney, and R. Mehrabian, Mater. Sci. Eng.,
A 124, 65 (1990).

Raj, Surf. Coat. Technol. 200, 2791 (2006).
185 Ruppi, Int. J. Refract. Met. Hard Mater. 23, 306 (2005).
4. van der Drift, Philips Res. Rep. 22, 267 (1967).

Y. G. Levi, V. Jayaram, J. J. Valencia, and R. Mehrabian, J. Mater. Res. 3 ;TF Paritosh and D. J. Stolovitz, I. Appl. Phys. 89, 4857 (2001).

9é9 ilQSS)’. ’ T ’ ’ o e “'H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids (Oxford,
YR Krishnan, §. Dash, C. B. Rao, R. V. S. Rao, A. K. Tyagi, and B. Raj,  ,h" York, 1967). -

Scr. Mater. 45, 693 (2001). ““W. Kurz and D. 1. Fisher, Fundamentals of Solidification (Trans Tech,
M. Li, K. Nagashio, and K. Kuribayashi, Mater. Sci. Eng., A 375-377. Zurich, 1998).

528 (1990).

2p. Eskin, Q. Du, D. Ruvalcaba, and L. Katgerman, Mater. Sci. Eng., A
'TR. Krishnan, S. Dash, R. Kesavamoorthy, C. B. Rao, A. K. Tyagi. and B. 405, 1 (2005).

139



Leramic ?echnology

Ceramic Product Development and Commercialization

Int. J. Appl. Ceram. Technol., 3 [5] 375-381 (2006)

Evolution of Surface Morphology in Laser-Dressed
Alumina Grinding Wheel Material

Sandip P. Harimkar and Narendra B. Dahotre*
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An approach to laser dressing of alumina grinding wheels is proposed based on solidification microstructures associated
with rapid cooling rates obtained in laser surface processing. Laser dressing of alumina grinding wheels forms surface micro-
structures characterized by multifaceted grains that are expected to facilitate the micro-scale material removal during precision
machining, A detailed investigation of variation of grain size and melt depth with laser fluence is conducted. The results are
correlated with calculated cooling rates derived from a thermal model. In addition, based on microscopic observations, the
formation of surface grains by stacking of individual multifaceted grains formed during laser dressing is suggested.

Introduction

Lasers surface engincering (LSE) is a well-estab-
lished technique for achieving improved surface prop-
erries of marerials.)™ The high cooling rates associated
with the laser surface processing resule in the formation
of various novel phases and morphology with improved
pl‘o}')crtics.‘i Moreover, the advantages of laser surface
processing stem from its amenability in controlling the
surface properties by varying the laser processing pa-
rameters systematically. Lasers have been successtully
used to improve the wear and corrosion resistance of
metallic materials either by surface melting or cladding/
coating high-performance materials on the metallic sub-
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serates.® Laser surface processing of mertallic materials
has been extensively reviewed in the literature in the
context of various techniques such as laser hcating.?
alluying\g C(Jati11g5.6 cladding,,9 and so forth. Ceramic
material is an important class of engineering materials
where the improvement in the surface properties is of
particular interest in specialized applications.'® How-
ever, relatively less attendon has been directed toward
laser surface modifications of ceramics compared with
metallic materials.

Alumina ceramic is an important conventional
abrasive material used in machining (grinding) applica-
tions. Abrasive grinding wheels consist of irregular alu-
mina particles (grains) compacted and bonded together
with bonding ingredients (typically vitrified glassy com-
positions) and contain a certain level of controlled por-
osity. Each particle on the surface of the grinding wheel
acts as a cutting tool and contribures to the toral ma-
terial removed during machining. Among various wheel



376

and workpiece parameters, the performance of grinding
wheels is highly influenced by the particle (grain) size
and the sharpness of the abrasive grains. However, the
properties of these surface grains progressively deterior-
ate as the number of grinding passes increases. During
grinding, due to sliding forces, the surface grains be-
come blunt and lose their ability to remove efhciently
the material from the workpicce (Fig. 1a). The most
common practice in industry is called diamond dressing
(mechanical dressing), which uses a single point dia-
mond tool to fracture and remove the blunt surface
grains and expose new sharp grains, thus regenerating
the new surtace for efficient grinding (Fig. 1b). How-
ever, the process has many quality and economic dis-
advantages such as an increase in consumable cost due
to wear of diamond rool and wheel and decrease of
production rate due to frequent dressing. It has been
reported that up to 90% of the wheel marterial is con-
sumed in dressing operation compared to the actual
grinding of the \\«'01'lqjiccc.11 In addition, the diamond
dressing imparts various surface and sub-surface defects
such as cracks, which may lead to premarure fracrure of
the grinding wheel during machining operation.

Attempts have been made to use lasers as dressing
tools for grinding wheels due to the inherent advantages
of the laser processing such as noncontact dressing and
case of automation. The primary motivation for such
studies came from the ability of lasers to ablate select-
ively the low melting point bonding ingredients and/or
blunt surface alumina grains of the grinding wheels so as
to expose the new sharper grains on the surface of wheel
for cutting action. Hence, to carry out such an ablation
of material, the laser dressing at high laser intensities
such as 4 x 10" W/m?* was suggested. 1213 11 one of the
other studies, lasers are used in combination with the
conventional diamond c_h'c:i:sing.14 Here, a laser select-
ively heats the grinding wheel surface, which is subse-
quently dressed by the diamond tool. The primary
purpose in such studies is to reduce the wear of the
diamond dressing tools by preheating the wheel surtace
by laser ahead of the diamond tool. Most of these ap-
proaches have had limited success in realizing the full
potential of noncontact laser dressing such as in-process
dressing, improved productivity, low cost of produc-
tion, and consistency in workpiece finish.

Recently, considerable efforts have been made by
our research group to develop the laser dressing method
for alumina grinding wheels.'> % A novel approach is
proposed for laser dressing technique using laser inten-
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Fig. 1. Schematic of the dressing set up and surface morphology
obtained in two different approaches of wheel dressing. (a) Used
grinding wheel surface before dressing showing blunt surface grains
with the metal particles loaded in the interconnected porosity; (b)
surface features of diamond-dressed grinding wheel showing newly
exposed irregular, sharp grains obtained by removing the blunt
surface layer; and (c) surface features of laser-dressed grinding wheel
obiained by rapid solidification of atumina grinding wheel surface
showing highly refined multi-faceted grains with well defined edges

and vertices.

sities lower than that required for ablation of grinding
wheel surface ingredients. The approach is based on the
surface melting and solidification rather than direct ab-
lation of marterial. A laser beam is directed normal to the
grinding surface of wheel with laser intensities high
enough to cause melting of the blunt grains on the
grinding wheel surface. In addition, under these regimes
of laser intensities, the low melting point bonding in-
gredients evaporate, thus facilitating the melting and
solidification of high melting point alumina (melting
point ~2300K). The rapid solidification associated
with laser melting of alumina results in a wheel surface
morphology characterized by multifaceted grains with
micropores between the faceted grains. Each multifacet-
ed grain exhibits well-defined edges and vertex that can
act as a single micro-curtting tool on the grinding wheel
surface (Fig. 1¢). Additionally, as these surface features
are on the micron scale, such a laser-dressed grinding
wheel with surface microstructural features is well suited
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for the microscale grinding application. The solidifica-
tion microstructures on a surface of grinding wheel can

be efficiently controlled by changing the laser dr
parameters, making the laser

ssing
reliable and efficient

dressing tools for grinding wheels for precision machin-
ing applications. The present study is directed toward a
detailed morphological characterization of the laser-
dressed grinding wheel obtained using this novel dress-
ing method.

Experimental Procedure

Materials

Commercially available alumina grinding wheels
(of size 8 x 1 x 1-1/4" and grade 601 purchased from
MSC Industrial Supply Co., Melville, NY) made of
alumina-based material doped with chromia were used
for the laser dressing studies. The abrasive grain material
consists of 99.52% Al,Os, and the average grain size
was around 220 pm. The relative proportions of grains
and porosity were about 60% and 40% by volume, re-
spectively. Although the laser setup was configured tor
in-process dressing of the entire grinding wheel surface,
the present study used flat coupons of area Scm % 5 cm
and thickness 2.54 cm cut from new standard grinding
wheels for subsequent laser surface processing. Here, the
laser dressing is intended to refine the surface micro-
structure of the grinding wheel for applications in
micro-scale material removal during grinding.

Laser Surface Processing

The surface of the alumina grinding wheel coupon
was dressed with a fiber optcally delivered beam of a
4 kW HAAS continuous wave Nd:YAG laser. The laser
beam was directed normal to the grinding wheel surface.
An elliptical beam with major and minor axes dimen-
sions of 5.0 mm and 1.5 mm, respectively, and a laser
scan velocity of 100 cm/min would dress the entire sur-
face of the grinding wheel by parallel laser tracks. In
subsequent wials, the dressing was carried out by in-
creasing the laser powers in steps of 100W above

1200 W (458 J/cm?®) up to 1900 W (726 J/cm?).

Characterization

For microstructural characterization, specimens
from the laser-dressed samples were sectioned perpen-
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dicular to the laser-processing direction. These cross-
sectional specimens were mounted in epoxy molds and
polished using 400, 600, 800, and 1200 grir SiC pads
with final polishing in alumina slurry on a microcloth.
Microstructural characterization of the polished samples
was performed on a Hirachi §3500 SEM (Hirachi,
Ibaraki, Japan). Low-magnification pictures of the cross
sections of the resolidified layer in the laser-dressed
samples were obrained. Maximum mele depth was
measured at five locations in three ditferent cross-sec-
tional areas, and the average value of the melt depth
with scatter was reported for each laser Huence used.

Results and Discussion

The eftect of laser dressing on the microstructure of
the alumina grinding wheel surface is illustrated in Fig.
2. The figure clearly shows that the surface morphology
of the grinding wheel before laser dressing (left-hand
side of Fig. 2a) consists of coarse irregular grains marked
with high porosity. Such a highly irregular, coarse sur-
face morphology is suitable for the rough machining of
material where the main focus is the bulk removal of
material. The high porosity of the surface helps in col-
lecting the removed material particles (swart). However,
such a coarse microstructure results in a rough surface
finish of the workpiece due to the large chip size gen-
erated and material removal by the ploughing action of
the protruded grains. In contrast, laser dressing resules
in the formation of a highly dense and refined surface
microstructure consisting of multifaceted grains with
well-defined edges and vertices (Fig. 2b). Such a micro-
structure with multi-faceted grains and micro-porosity
(marked in Fig. 2a) between the grains is expected to be
helpful for finish/precision machining applications
where the main goal is not the volume of material re-
moved but the achievement of a fine surface finish by
the cutting action of these microcutting edges and tips.
Hence, in view of the characreristic surface microstruc-
ture of laser-dressed grinding wheels (multi-faceted sur-
face grain morphology for micro-scale material removal
and micro-porosity for collection of micro-particles dur-
ing precision grinding), the present approach of laser
dressing of grinding wheels offers tremendous potential
for precision grinding applications. Preliminary grind-
ing studies on steel with laser-dressed wheels produced a
smooth workpiece finish with low cumulative material
loss, thus, supporting the role of faceted grains on the

wheel surface in the precision machining applications.”’
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Fig. 2.

Scanning electron microscopy micrographs of sample treated at laser fluence of 573 j/cmz (a) refined microstructure obtained by laser

dressing along with the untreated area and (b) high magnification view of laser-dressed surface showing multifaceted grains with well defined

edges and vertices.

The micro-scale material removal during grinding with a
laser-dressed grinding wheel is likely to occur by chip
formation. Initial understanding of the material removal
mechanisms during grinding can be formulated using
indentation fracture mechanics, which considers each
abrasive grain as a square pyramidal indentor with tan-
gendal motion along the surtace of the Worlq)iccc.18 In
the context of these models based on indenrtation fracrure
mechanics, the present laser dressing approach offers tre-
mendous potental due to regular pyramidal multifaceted
shapes of the grains formed during solidification of alu-
mina during laser dressing. The detailed evaluation of
grinding performance of these faceted grain structures is
ongoing and will be reported in due course of time.
Furthermore, as mentoned ecarlier in secton ‘Mare-
rials’, the abrasive grain material consists of 99.52%
Al O; and the rest consists of the low melting bonding
material. In the present laser-processing regimes, the high
melting point ingredient such as o-alumina particles
(Melting point ~2300K) melted and re-solidified and
most of the low melting bonding ingredients appeared to
have evaporated. Thus, the re-solidified layer consisted of
mainly %-alumina. In the present study, as well as in
carlier cfﬁ)l‘ts.m this was confirmed by the observation of
only peaks corresponding to o-aluminum during X-ray
diffraction (XRD) analysis of the surface of laser-dressed
alumina. The absence of any peaks in the XRD spectrum
corresponding to any bonding material species in wheels
prior to and after laser surface processing may be due to
the very small volume of the material that was outside of
the detection limits of these analysis techniques. Detec-
tion of a miniscule amount of bond material is possible
by techniques such as wansmission electron microscopy

(TEM), which will be considered during future efforts.
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The performance of the grinding wheel is highly
determined by the grain size and grain morphology of
the surface grains. The grain size of the surface of wheel
is directly related to the achievable surface finish of the
workpiece in surface grinding applications. Hence, in
order to arrive at the optimum laser dressing parameters,
a derailed investigation of the eftect of laser parameters
on the morphology of the surface grains of the laser-
dressed grinding wheel needs to be conducted. In this
study, the grain size of the laser-dressed wheel is repre-
sented as the average diagonal distance of the polygonal
grains. Several measurements are performed and the
average value of the grain size with error bars is reported.
Increasing laser Huence progressively increases the grain
size of the multifaceted grains (Fig. 3). Laser surface
processing is a thermal process and such a behavior of
increasing grain size with laser fluence can be the result
of thermal aspects of the process. To gain more insight
into such a behavior, cooling rare calculations have been
performed based on a one-dimensional thermal model.
The consideration of a one-dimensional model is rea-
sonable from the viewpoint of the uniformity of the
microstructure consisting of distributed multitaceted
equiaxed grains within the laser-treared surface volume.
Although muldiple tracks with nearly no overlap be-
tween them were laid down for coverage of the entire
surface, the model considers the etfects of heat How only
in a single track. The low thermal conductivity of alu-
mina limits the thermal effects from the previously laid
tracks. The governing equation is??

d*7(x. 1)
o

dx?
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where o is the thermal diffusivity of the material and is
equal to &/pC,; k is the thermal conducrivity of the
material; p is the density of the material; and C, is the
specific heat. The effective thermal conductivity of the
porous alumina is calculated based on the analytical

correlations based on fractal dimensions. The details of
assumptions and the properties of alumina used in the
model are presented in the authors” wo k.2 The model
gives the temperature distribution within the marerial
from which the temperature gradient (G) and the vel-
ocity of solid/liquid interface (&) can be calculated by
the procedure outlined in reference. >’ Finally, the cool-
ing rate is given by the product of G and R A well-
established relationship in the solidification theories ex-
ists between the secondary dendrite arms spacing

(SDAS) and the cooling rates (7¢) and is given byZI

SDAS = A(T}) (2)

where A and # are material-related constants. The grain
size depends on the conditions of both nucleation and
growth, of which, only the conditions of growth are ex-
plicitly dependent on the cooling rate. Hence, under iden-
tecal nucleation conditions during solidification, a similar
equation can be written for the relationship between the
grain size and the cooling rate with different values of the
constants. The calculated values of cooling rate are plotred
on the same plot (Fig. 3) to indicate the correlation be-
tween the faceted surface grain size and the cooling rates
obtained at different laser fluences. The figure dearly in-
dicates that as the laser Huence increases, the cooling rare
decreases, resulting in a higher grain size of the faceted
surface grains at higher laser Huences. This is in general
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agreement with the solidification theories that indicate
the decrease in grain size with increasing cooling rate.?

One of the important parameters in the laser sur-
face processing is the interaction depth of laser energy
with the grinding wheel. In the context of laser dressing,
this can be given by the depth of melting (thickness of
resolidified layer) on the alumina wheel surface. The
performance of laser-dressed grinding wheels may also
be affected by the thickness of the resolidified layer at
the wheel surface in terms of the life of the laser-dressed
wheel with consistent performance. A typical cross sec-
tion of the laser dressed grinding wheel consists of a re-
solified layer above highly porous alumina material with
a well-defined intertace (Fig. 4). The variation of depth
of melting during laser dressing with laser fluence is
given in Fig. 5. As the laser luence increases, the melt-
ing depth increases and reaches a maximum value
around a laser fluence of 700 J/em®, above which the
change in depth of melting is marginal. The reason for
such an observation is the limit of maximum wempera-
ture that the surface can reach during laser processing.
The maximum temperature at the surtace defines the
location of the melting temperature in the temperature
distribution within the marterial. As the maximum tem-
perature reached at the surface is limited by the evap-
oration, further increase in the laser luence would start
evaporating material from the surface grinding wheel
and the surface will still be at its evaporation tempera-
ture. Hence, once the surface evaporation is iniriated,

Lasermelted
region

Poroi‘lty. '

b -

Subs rate,

o

«——Interface
l{
e

Fig. 4.
wheel showing dense resolidified layer above highly porous alumina
(laser fluence of 573]/.:7)12).

Typical cross-section of laser-dressed alumina grinding
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the melt depth would remain constant with a further
increase in laser fluence because the surface would al-
ways be at its maximum temperature (evaporation tem-
perature). In addition, the thermal conductivity of
alumina ceramics decreases rapidly with increasing tem-
pcmturc.zs Hence, at high laser fluences (> 700 J/em?),
the decrease in thermal conductivity limits the further
increase in melt depth.

An attempt is made to understand the evolution of
the morphology of the surface grains during laser pro-
cessing. Figure 6(a) presents a microstructure showing

(b)
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the carly stages in the arrangement/assembly of faceted
grains. The microstructure obtained at a laser Huence of
382]/0112 is marked with uniformly distributed fine
grains. A careful examination of the surface microstruc-
ture shows a systematic arrangement/assembly of small
cuboidal crystallites from under the grains on the top
surface layer (Fig. 6). Surface grains thus secem to be
assembled from the systemaric stacking of the cuboidal
crystallites, which come together to form the surface
layer (Fig. 6¢). The formation of such distributed
assemblies of crystallites may be due to the porosity
of the alumina substrate and the rapid solidification
rates associated with laser processing such that the
solidification is governed by the hydrodynamics of
melt flow in the pores, whereas the faceting of the sur-
face grains can be due to the competitive growth of
various crystallographic planes that determine the ener-
getically favorable shape of the crystals during solidifi-
cation. Based on this observation, a schematic of the
formation of surface grains is suggested (Fig. 0b). So-
lidification during laser processing proceeds by the den-
dritic growth due to the rapid solidification rates
associated with the process. The cuboidal crystallites
are the parts of these dendrites growing toward the

Fig. 6. Formation of faceted surface grain by systematic assembly of cuboidal crystallites (laser fluence 382 Jlem2). (a) Individual small grains
(cuboids), (b) and (c) schematic and corresponding photograph of the assembly of small individual cuboids respectively, and (d) fully developed

surface grain.
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surface of the sample in the direction opposite to the heat
flow. At the end of the solidification, such an assembly of
stacked grain forms at the surface of laser-dressed
alumina (Fig. 6d). As the laser luence increases, the
cooling rate decreases (Fig. 3), resulting in the spadally
efficient (densely packed) assembly of stacked crystallites
(Fig. 2b). Such dense assemblies of grains are likely to be
energerically (thermodynamically) ethicient arrangements.
In contrast, at the lower laser Huence (382_]fc1112), the
assembly of grains leads to a more open surface structure
with less effident spatial stacking that in turn is likely to
be energetically less efficient arrangements (Fig. Ga).

Conclusion

A novel approach of laser dressing is suggested based
on the characteristic solidification microstructures formed
on the surface of an alumina grinding wheel surtace. Rapid
solidification rates associated with laser dressing result in
the formation of highly refined multifaceted grains, which
facilitate the micro-scale material removal during precision
machining of marerials. A detailed investigation of the ef-
fect of laser dressing parameters on the microstructural
features indicated an increase in faceted surface grain size
with laser fluence from 458 to 726 J/cm?. This increase in
grain size with fuence is atwributed t the slower cooling
rates associated with higher laser fluences. Increase in laser
fluence increases the spatially efficient assembly of faceted
grains in the surface layer. The meldng depth in laser-
dressed wheels is found to increase with laser Huence up to
700 J/em?; thereafter, the change in melt depth is insig-
nificant because of the maximum limir of the surface tem-
perature associated with laser processing. Hence, the
surface characteristics of the laser-dressed grinding wheel
(faceted grain size and the depth of meltng) can be well
contolled by the laser processing parameters, rendering
lasers as convenient and flexible tools for process dressing.
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Effect of laser fluence on surface
microstructure of alumina ceramic

S. P. Harimkar" and N. B. Dahotre***

The present study discusses the microstructure development during surface modifications of
alumina ceramic using high power continuous wave Nd:YAG laser. Laser fluence influenced the
microstructure in terms of changes in morphology and (1 1 0) crystallographic texture of the
surface grains. The microstructural observations can be used to establish the guidelines for
optimising the laser fluence to achieve the desired morphology of the surface grains and extent of

texture in the surface modified alumina ceramic.

Keywords: Laser surface modification, Ceramic, Alumina, Texture, Microstructure

Introduction

Ceramic is an important class of material which is
finding increased applications as biomaterials and
advanced structural and engineering materials where
surface modifications becomes important."? The surface
properties of these engineered ceramics are greatly
influenced by the surface microstructure defined by the
morphology and crystallographic texture of the surface
grains. Such surface microstructural features are pri-
marily inherited from the surface modification pro-
cesses. Laser surface modifications (LSM) has emerged
as a flexible and convenient technique for improving the
surface properties of ceramics.>* Laser surface modifi-
cations of porous alumina ceramic have recently
attracted significant research interest for improving the
surface properties for various applications. For example,
LSM of alumina ceramic linings (used in furnaces,
incinerators, heat exchangers, etc.) are expected to
extend the life of the linings by minimising the localised
thermal and environmental attack owing to sealing of
the surface pores during surface modification.® Also,
LSM of alumina abrasives wheels have the potential to
regenerate the surface topography suitable for precision
machining of materials.’ Thus, LSM of porous alumina
ceramic exhibit a great potential in a wide range of
applications, with each application requiring the char-
acteristic microstructure at the surface. Hence optimis-
ing the laser processing parameters to control the
microstructural features evolved during surface modifi-
cations plays a key role in tailoring the surface proper-
ties for various applications. Despite great potential of
laser surface modified ceramics in various advanced
applications, detailed investigations of microstructure
development during LSM are limited. Keeping this
in view, the present study is directed towards
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understanding the laser interaction with an industrially
important alumina ceramic during LSM. To the
authors’ knowledge, this is the first study which handles
the LSM of alumina ceramics in a systematic manner
taking into account the influence of laser fluence on the
morphology and texture of alumina surface.

Experimental methods

In the present study, alumina compacts used were
obtained from commercial source (MSC Industrial
Supply Co.). These alumina compacts were cut from
the industrial grinding wheels of grade 60 1. The
maximum grain size in this grade is determined by sieve
number 60, whereas, the minimum grain size is
determined by the sieve number 70. This corresponds
to the grain size 211-255 pm and the porosity of
~40 vol-% in the initial ceramic compacts. The
chemical composition of the compacts consisted of
99-52 wt-%Al1,05, 025 wt-% chromia and other pro-
prietary trace components as binding agents. A 4 kW
HAAS continuous wave Nd:YAG (1-06 um wavelength)
laser with fibre optically delivered beam was used to
irradiate the surface of alumina ceramic compacts. In
general, alumina has higher absorptivity (~0-68) at
1:06 pm  wavelength of Nd:YAG laser™® and it is
expected even more for porous alumina used in the
present study. The laser surface processing is carried out
with an elliptical laser beam (major and minor axes
dimensions of 5-0 and 1-5 mm respectively) and laser
scan velocity of 0:0166 m s~ (100 cm min) such that
entire surface of the ceramic compact would be modified
by parallel laser tracks (Fig. 1). The laser fluence in the
increment of around 38 above 458 up to 687 J cm ™ was
used in the present investigation to modify the surface of
2-5 ¢m thick and flat ceramic compact of area 5 x 5 em”.
X-ray diffraction analysis of the laser surface modified
alumina compacts was conducted using Norelco (Philips
electronic instruments, NY) X-ray diffractometer with
Cu K, (A=1-54 A) radiation at 20 kV and 10 mA and
diffraction angles varying between 20 and 100°. Hitachi
S3500 SEM was used to characterise the morphological

@ 2006 Institute of Materials, Minerals and Mining
Published by Maney on behalf of the Institute
Received 7 July zo06; accepted 2 September 2006
DOl 10.1179/174367606X152688



Surface
Modified Tracks

Laser Melted Region

; N 7
200 UM S, ctrate

1 Schematic of laser surface modification process for
alumina ceramic and corresponding SEM image of
cross-sectional view indicating distinct interface
between laser melted region and substrate

features of the surface grains in laser surface modified
alumina. A public domain image processing software,
image J (available from National Institute of Health)
was employed for the determination of surface porosity
and the surface grain size in the laser surface modified
alumina. The measurements were carried out on five
specimens and an average value was reported along with
positive and negative error bars.

Results and discussion

Laser surface modification of porous alumina ceramics
with the range of laser fluence (458687 Jcm 7)
emploved in the present study results in the melting
followed by formation of thin resolidified layer at the
surface. Figure 1 presents the typical microstructure in
the cross-section of the laser surface modified alumina
ceramic (with laser fluence of 535 J em™?) in half laser
track as indicated in the corresponding schematic of the
surface modification process. The figure clearly shows
the highly dense semi-elliptical resolidified area and a
highly porous underlying substrate separated by a well
defined interface between them. The semi-elliptical shape
of the resolidified layer is a direct consequence of near
Gaussian energy distribution of energy in the laser
beam. The maximum melting depth corresponded to the
energy maxima at the centre of laser beam. Also, the
maximum depth of melting (~600 pm) in case of porous
ceramics is expected to be greater than that in highly

Harimkar and Dahotre Effect of laser fluence on alumina ceramic

dense alumina for the similar laser fluence due to
complex interaction of the laser beam with the porous
materials. Also, the previous investigations have shown
that the depth of melting increased with the increasing
laser processing parameters until the evaporation thresh-
old is reached. At the laser processing parameters
corresponding to the evaporation threshold, the melt
depth reaches the maximum value.** High conductivity
(~0-8), high surface roughness and high porosity
(~40 vol.-%) of the porous alumina used in the present
study are expected to facilitate the higher laser energy
absorption and flow of material through the porous
structure resulting in higher effective melt depth.® Also,
even though the present experiments are carried out with
no overlap between the adjacent tracks, the uniformity
of the thickness of laser surface modified layer can be
controlled by controlling the degree of overlap between
the adjacent laser tracks.

The effects of laser irradiation on the surface
microstructure of the alumina ceramic are illustrated in
Fig. 2. The figure presents a set of SEM surface images
corresponding to the untreated alumina substrate
(Fig. 2a) and laser surface modified alumina at laser
fluence of 458-687 J em™* (Fig. 2b-h). The untreated
substrate consisted of irregular alumina grains with a
high degree of interconnected porosity. The surface
modification of such highly porous alumina substrate
with high power laser resulted in highly dense surface
microstructure marked by systematic development of
surface morphologies as a function of laser fluence. It is
evident that the surface microstructure of laser modified
alumina ceramic is characterised by faceted polygonal
surface grains with varying sizes and extent of surface
faceting depending on laser fluence. Based on these
microscopic observations, two distinct regimes of
explored laser processing conditions can be identified:
one corresponding to the laser fluence <573 J em™* and
the other corresponding to laser fluence >573 J em ™2,
Below 573 J cm ™2 (Fig. 2b—c), the laser surface modified
alumina underwent progressive development of faceting
on polygonal surface grains. The surface grain morphol-

ogy corresponding to laser fluence of 573 Jem 2 is

2 Images (SEM) of surface of a untreated alumina substrate and laser surface modified alumina at laser fluence of b
458, ¢ 496, d 535, e 573, 611, g 649 and h 687 J cm™2
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characterised by highest extent of faceting with well
defined multifaceted microstructure of each polygonal
surface grain. Interestingly, =573 J em ™2, the surface
grains tend to deviate from polygonal shapes transition-
ing from irregular to near circular shapes. Such an
analysis is particularly useful for applications where
alumina ceramics are used as abrasives for machining of
materials. The intermediate laser powers are expected to
provide the better surface topography for the microscale
material removal owing to highly well defined faceted
morphology of the surface grains. The laser processing
of ceramics, by the virtue of rapid solidification rates is
expected to facilitate the formation of unconventional
phases and morphologies of the grains. Previous
investigations of the authors have shown that laser
surface processing of alumina ceramic is associated with
the surface cooling rates of the order of 107 K s™'
calculated from the heat transfer model® Also, the
cooling rates decreased with increasing laser processing
fluence.”

The variation of surface porosity and the grain size of
the faceted grains with laser processing fluence is
presented in Fig. 3. In general, the polygonal surface
grain size (average of diagonal dimensions) increased
with increasing laser fluence. This is a direct conse-
quence of decreasing cooling rate with increase in laser
fluence. This general trend of increase in grain size with
increasing laser fluence (i.e. decreasing cooling rate) is in
agreement with the established solidification theories.'”
The surface porosity showed the decreasing trend with
increasing fluence. This also seems to be the consequence
of increasing the surface grain size resulting in enhanced
space filling on the surface of alumina processed with
higher laser fluence. Thus, for the applications requiring
sealing of surface porosity, selection of higher laser
powers, which results in minimum surface porosity, are
desirable. In addition to the development of surface
microstructural features desired for a specific applica-
tion, important considerations needs to be given to the
inherent tendency of brittle ceramics to cracking owing
to thermal stresses associated with laser processing. The
present experimental investigations did not show severe
cracking in substrate surface. This may be due to
accommodation of thermal stresses due to porous nature
of the substrate. Also, nearly crack free surface
modification were obtained at higher laser processing
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fluence seems to be the consequence of slower cooling
rates associated with higher processing fluence.® Thus,
tendency to cracking of the ceramics can be minimised
by optimising the laser processing parameters and also
by employing additional methods such as preheating of
the specimens before the laser processing.

The development of characteristic surface microstruc-
tures (Fig. 2) can be explained on the basis of develop-
ment of crystallographic texture in the laser surface
modified alumina ceramic. The X-ray diffraction spectra
of the surface of alumina substrate (Fig. 4a) and the
laser surface modified alumina at laser fluence varying
from 458 to 687 J em ™ (Fig. 4b—h) can assist in evalu-
ation of stallographic texture. In order for the
relative comparison among X-ray spectra of surface
modified alumina using various laser fluences, the raw
intensity counts data was normalised to obtain relative
intensities of peaks in each spectrum. Both the substrate
and laser surface modified specimens indicated the
presence of highly stable 2-Al,O; phase (ICDD
PDF#: 46-1212). The reformation of such a stable
phase under the rapid solidification rates prevailing
during laser surface processing was due to the presence
of underlying substrate that provided heterogeneous
nucleation sites for the formation of stable z-Al-O5
phase. ! 13

Further analysis of the X-ray spectra revealed a
systematic variation of relative intensities of (1 1 0) and
(1 0 4) planes with laser fluence. The substrate showed a
strongest peak corresponding to (1 0 4) reflection in
agreement with the standard randomly oriented refer-
ence pattern (ICDD PDF#: 46-1212) and the absence
of peak corresponding to (1 1 0) reflection. Earlier
described two regimes of laser fluence (less and greater
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with various laser fluences

than 573 J em™?) also indicated the systematic variation
of relative intensity of (1 1 0) plane. The relative
intensity of (1 10) reflection increased progressively with
laser fluence up to 573 J em ™2 followed by a gradual
decrease above the fluence of 573 J em™? (Fig. 5). This
is accompanied by the general reverse trend of variation
of the relative intensity of (1 0 4) plane compared with
the trend of variation of the relative intensity of (1 1 0)
plane with laser fluence (Fig. 4). Intensities correspond-
ing to other planes did not indicate any specific trend in
variation of peak intensity as a function of laser fluence.
Thus, there existed an intermediate value of laser fluence
(573 J em %) which showed strongest (1 1 0) peak and
weak (10 4) peak (This (1 04) peak is the strongest peak
in pattern of substrate and also in the reference pattern
of randomly oriented sample corresponding to ICDD
PDF+#: 46-1212). The development of texture with the
laser fluence can be quantified in terms of the texture
coefficient (TC) given by

() Ik ™!
S S In(hk.f){nzln(hk.’)} M

where Ik &k [) are measured intensities of (& k /)
reflection; Ip(h k [) are powder diffraction intensities of
w-alumina according to the ICDD PDF#: 46-1212; and
n is the number of reflections used in the calculations.
Following (h k [) reflections corresponding to x-alumina
were used in the TC calculations: (01 2), (1 04), (1 1 0),
(113).(024),(116),(211).(214),(1010),(220)and
(2 2 3). The results of TC calculations for (1 1 0)
reflection are presented in Fig. 6. The figure indicates
that the TC increased gradually with increasing laser
fluence up to 573 Jem % reached maximum at
573Jem™  and  then  decreased  progressively
>573J cm™?, thus substantiating the formation of
strong (1 1 0) texture at the intermediate laser fluence
(5730 em™?). These two regimes of explored laser
fluences (less and greater than 573 Jem %) for the
variation of TCs and the relative intensity of (I 1 0)
plane corresponded closely with the regimes of laser
fluences which showed a distinct variations in the
morphology of surface grains in laser surface modified
alumina ceramic (discussed in the previous section).
Thus the formation of highly ordered microstructure
with well defined multifaceted grains in laser surface
modified alumina at laser fluence of 573 J cm ™~ seemed
to be due to development of strong texture (,mlcspond—
ing to (1 10) plane. Below and above 573 J cm™~, the
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6 Variation of (1 1 0) TC of laser surface modified
alumina ceramic with laser fluence (arrow indicates
(1 1 0) TC of untreated substrate).

microstructure is relatively less well defined with a less
extent of faceting of surface grains that corresponded to
the diminishing (1 1 0) texture as indicated in Fig. 6.

The evolution of texture and its effect on the
morphology of surface grains have been extensively
studied in case of chemical vapour deposition of thin
films."* The effect of vapor deposition reactor conditions
on the texture and morphology of the films have been
discussed within the framework of van der Drift model
of evolutionary selection.'” The model predicts the
evolution of faceted surface microstructure based on
the ratio of velocities of fast growing facets determined
by the deposition reactor conditions. The principle of
this model has been verified earlier by the authors for
evolution of faceted grain structure in laser surface
modifies alumina'® and for the first time systematic
study of variation of texture and morphology with the
laser fluence is presented here. However, such a
variation of texture and morphology in laser surface
modified alumina from the thermal aspect of laser
processing are very complex and forms the basis of
authors” continuing research work along with the
development of relevant model for selection of laser
processing conditions for controlling the surface micro-
structure. The control of surface microstructure plays a
key role in determining the surface properties for various
applications.

Conclusions

Laser surface modifications of alumina ceramic with
continuous Nd:YAG laser results in the formation of
surface microstructure consisting of faceted surface
grains. Laser powers emploved for the laser surface
modification strongly influence the microstructure in
terms of texture and morphology of the surface grains.
Highly ordered and well defined faceted microstructure
at the intermediate laser power (573 J em™ %) corresponds
to the formation of strong (1 1 0) texture as indicated
by strongest relative intensity of peak corresponding to
(1 1 0) reflection and the highest value of (1 1 0) TC.
Above and below this laser processing power, the order
and degree of faceting of the surface grains decreases
progressively accompanied with progressively diminish-
ing value of relative intensity of peak corresponding to
(1 10)plane and the (1 1 0) TC thus reinforcing the role
of texture in determining the surface microstructure in
laser surface modified alumina ceramic.
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Surface modification ol alumina ceramics using high energy-density lasers is associated with the formation of highly faceted
pyramidal surlface grains. Recently, we have developed a phenomenological crystallographic correlation that explains the faceted
morphology by a (1210) texture. Based on high-resolution electron back-scattered diffraction, the present work proposes a precise
correlation showing that faceting ol surface grains is closely linked with the evolution of a texture with (23 10) parallel to the surface

and the (0001) normal to the direction of laser treatment trace.

Published by Elsevier Lid. on behall of Acta Materialia Inc.
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Rapid solidification of materials during laser surface
engineering (LSE) has long been recognized as a conve-
nient means for developing unconventional (metastable
and non-equilibrium) phases and morphologies in the
microstructure of materials. Such microstructures in
rapidly solidified materials are potentially useful for
improving the mechanical and magnetic properties of
materials [1,2]. Rapid solidification of metallic systems
has been extensively reviewed in the literature from the
viewpoint of the evolution of characteristic microstruc-
tures [3.4] Most of such unconventional microstructures
are derived from the high undercooling prior to nucle-
ation and high cooling rates during subsequent rapid
solidification. Recently, the utilization of laser surface
engineered ceramic materials is steadily increasing in
structural, electronic, engineering and biomedical appli-
cations where rapid solidification microstructures are
expected to influence the properties of functional sur-
faces [5.6]. However, studies on rapid solidification of

* Corresponding author. Address: Department of Materials Science
and Engineering, University of Tennessee, Knoxville, TN 37996,
USA. Tel.: +1 865 974 3609; e-mail: ndahotre@utk.edu

! Present address: Schleifring und Apparatebau GmbH, Am Hardtan-
ger 10, D-82256 Furstenfeldbruck, Germany.

ceramics are limited, primarily due to the proposition
that the low thermal conductivity of most ceramics
inhibits rapid solidification. In contrast, the structural
complexity of advanced ceramics is expected to facilitate
the comparatively sluggish kinetics and consequently en-
hance the ability for undercooling, and hence suppress
the nucleation of equilibrium phases [7].

Among the various ceramic materials, alumina
ceramics constitute an interesting system for rapid solid-
ification experiments due to the abundance of metasta-
ble crystalline phases. Furthermore, some of these
phases are of significant commercial importance as
catalysts or catalyst supports. A prior study of rapid
solidification of alumina ceramic was conducted using
electro-hydrodynamic atomization of alumina particles.
It was observed that, depending upon the particle size of
the atomized powders, these particles solidify into three
distinct surface morphologies: faceted, dendritic and cel-
lular [7]. However, the development of such characteris-
tic morphological features has not been discussed in
terms of the characteristic crystallographic information
associated with them. Recently, significant research ef-
forts have been directed by our group towards under-
standing the rapid solidification characteristics of
alumina ceramic subjected to laser surface modifica-
tions. One of the most important microstructural
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changes observed in rapidly solidified alumina is the for-
mation of polygonal surface grains with well-defined
facets [8]. These surface microstructures have the poten-
tial to provide unique functional surfaces desirable in
various manufacturing processes. For example, the fac-
eted microstructure of a laser-modified alumina grinding
wheel has demonstrated the ability to facilitate the
microscale material removal during precision machining
applications [9-11]. However, in order to reliably utilize
these faceted surface microstructures, it is necessary to
achieve a complete understanding of their crystallo-
graphic nature. In previous investigations, it was
proposed that the faceted morphology of the surface
grains is associated with the evolution of higher texture
coeflicients corresponding to {1120} and {2131}
planes [8], based on preliminary analysis of X-ray dif-
fraction (XRD) patterns. However, based on high-reso-
lution electron back-scattered diffraction (EBSD), the
present work proposes the existence of a more pro-
nounced fiber texture that corresponds to calculation
of the crystallographic correlations.

Alumina ceramic compacts were obtained from MSC
Industrial Supply Co. The material consisted of about
40 vol.% porosity with an average particle size of around
220 um. The chemical composition of the compacts
primarily consisted of w-Al,05 (>99.5%) and other trace
components as binding agents. Flat specimens with a
thickness of 2.5 cm and a surface area of 5 x 5 cm? were
surface modified using a 4kW continuous wave
Nd:YAG laser (HAAS Laser Technologies Inc.) with a
beam delivered via fiber optics. An elliptical laser beam
spot shape (with major and minor axes dimensions of
50mm and 1.5mm, respectively) was scanned over
the surface of ceramic compacts at a linear velocity of
100 cm min Based on earlier observations, faceted
surface morphology is predominantly formed at a
laser fluence of ~573 Jecm 2 [8]. A Hitachi $3500 scan-
ning electron microscope (SEM) was used to character-
ize the morphological features of the surface grains.
XRD analysis of the laser surface modified alumina
compacts was conducted using a Norelco (Philips Elec-
tronic Instruments, NY) X-ray diffractometer with Cu
K, (4A=1.54 A) radiation at 20 kV and 10 mA, and dif-
fraction angles varying between 20° and 100°. EBSD
patterns were obtained using a field emission electron
microscope in a dual beam workstation (FEI Strata
DB235) equipped with an orientation imaging micros-
copy system (TSL). During EBSD, the sample was tilted
by 70° to the horizontal plane, and the electron beam
was scanned over a selected surface area. The crystallo-
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graphic data obtained using EBSD were indexed accord-
ing to hexagonal w-Al,0; and presented as calculated
pole figures.

When alumina ceramics are irradiated with a high-
power laser, the absorption of laser energy causes the
melting and subsequent rapid solidification of alumina.
Figure 1 presents the microstructure of rapidly solidi-
fied alumina ceramic after irradiation with the laser
beam. As indicated in the figure, the surface micro-
structure is characterized by dendritic polygonal grains
with well-defined facets. The faceted surface grains are
also characterized by the presence of underlying cuboi-
dal crystallites, which seem to be the basic building
blocks for the formation of faceted polygonal surface
grains.

There are various theories of faceted crystal growth
during solidification [12-14]. The first model is related
to the formation of metastable phases at large underco-
oling. This is based on a theory of faceted growth during
solidification proposed by Cahn [12], which takes into
account the undercooling as a driving force. It was pro-
posed that there exists a critical undercooling, ATy, be-
low which the driving force is not suflicient to move the
interface normal to itself, resulting in non-faceted grain
morphology. In the context of our specimens, it seems at
first that the faceted morphology of polygonal surface
grains with underlying cuboidal crystallites is the direct
consequence of the phase transformation of a-AlO; to
v-Al05 at large undercooling rates. However, during
laser surface modifications, the underlying substrate is
expected to provide the catalytic nucleation sites for
the growth of stable -Al;0; and accompanying low
undercooling in constrained solidification. This is con-
firmed by the observation of stable @-Al,O; phase in
the laser surface modified alumina ceramic [8]. The
above discussion rules out the faceted growth model
based on metastable phase formation at large underco-
oling [12,13] for the present experimental conditions.
However, faceting behavior of the x-Al,0O; phase in
the present investigations is in accordance with the so-
lid-liquid interface model of Jackson [14]. According
to this model, a faceted interface is formed when the
dimensionless parameter, J, is greater than 2. This
dimensionless parameter is given by:

(1)

where AS, AH, T, and R are the entropy of fusion, the
heat of fusion, the melting point and the gas constant,
respectively;

£ is a parameter close to unity [13,14].

Figure 1. Faceted morphology of polygonal surface grains associated with laser surface modification of an alumina ceramic.

153



S. P. Harimkar et al. | Scripta Materialia 57 {2007 ) 401404

For a-Al5Os. the heat of fusion (AH) is 26 kcal mol
and the melting point (Ty,) is 2323 K such that AS/R
and hence J are equal to 5.63, suggesting faceted growth
in alumina [15].

Previous investigations by the authors based on XRD
studies have indicated that faceted surface grains in laser
surface modified alumina ceramic can be closely linked
to the evolution of the crystallographic texture [8]. The
crystallographic texture was indicated by the highest
values of texture coeflicients corresponding to {1120}
and {2131} planes in regular XRD patterns. Based on
this observation, it was proposed that the formation of
regular polygonal surface grains with well-defined facets
is associated with the multiplanar growth of alumina
grains during rapid solidification at cooling rates in

(2311}

Figure 2. Schematic showing the development of faceted morphology
of a surface grain from the evolution of crystallographic texture. The
indices are represented in a hexagonal crystal system corresponding to
a-alumina [8].

2 mﬁm tmmn-
:

phil = 146.3°

PHI= 629"

Figure 3. Example of Kikuchi pattern used for the calculation of the
EBSD orientation map from the surface of laser surface modified
alumina ceramic. Inset shows the unindexed Kikuchi pattern. The
ceramic samples were coated with about 10 nm carbon and unpolished
because important surface features and morphology contribute to
lower-quality patterns which had to be manually checked for accuracy.
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the range of 10> K s~ ! [16]. Figure 2 presents the sche-
matic of a multiplanar faceted surface grain constructed
by the intersection of (2311), (2311}, (2110) and
(2110) planes ({2131} and {1120} type planes, respec-
tively) corresponding to the hexagonal representation of
the crystal structure of o-Al;O5 phase. The base of the
pyramidal construction corresponds to the (2310)
plane. The actual shape of the surface grains as seen in
an SEM micrograph (Fig. 1) closely follows this scheme.
Therefore, a (2310) fiber texture should be obtained
according to this correlation.

One representative example of a Kikuchi pattern
obtained from the surface of laser surface modified
alumina is presented in Figure 3. The Kikuchi patterns

0001

min=-4.472

Figure 4. Calculated pole figures showing the distribution of {0001},
{1210}, {2310} poles with respect to surface normal. Maximum
intensities are circled and show the (2310) texture as discussed in the
text.
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obtained at diflerent positions on the sample confirmed
the presence of x-Al,O; and were indexed according
to the corresponding hexagonal crystal structure. The
EBSD orientation maps based on a number of
such Kikuchi patterns from the surface revealed the
crystallographic orientations of the large surface grains
formed during laser surface modification of alumina
ceramic.

Figure 4 presents the {0001}, {1210} and {2310}
pole figures calculated from EBSD orentation maps.
The figure indicates a high density of {0001} poles
perpendicular to the surface normal; these poles are
concentrated in two opposite directions following the
hexagonal representation of the unit cell. It also shows
6°-7° tilt between the surface normal and the (1210)
pole and a non-tilted (2310) pole. Based on the calcula-
tions from the crystallographic model (Fig. 2), the tilt
angle between {1210} and {2310} is found to be
6.6°. Thus, all these observations are in close agreement
with the proposed correlations for faceting based on the
evolution of crystallographic texture.

In summary, we report that rapid solidification
encountered during the laser surface modification of alu-
mina ceramic facilitates the development of microstruc-
ture characterized by well-defined faceted polygonal
surface grains. The morphology of the faceted grains is
closely linked with the evolution of a texture with
(2310) parallel to the surface and the (000 1) normal in
the direction of the laser treatment trace. A combination
of theoretical structure correlations and experimental ori-
entation data allows a complete description of the faceted
morphology of the surface grains in laser surface engi-
neered alumina ceramic. In addition, such an understand-
ing might lead to improved tailoring of alumina ceramic
surfaces in applications where surface texture plays an
important role in determining functional properties.
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Abstract

Surfaces of alumina ceramic compacts were modified by irradiating with a high-power continuous wave laser to form a rapidly
solidified continuous surface layer. A detailed characterization of the laser surface modified alumina using X-ray diffraction (XRD)
and scanning electron microscopy (SEM) revealed a development of (110) crystallographic texture and a systematic evolution of
surface microstructure in terms of surface grain size, porosity and roughness with laser processing fluence. Also, due to complexity
of surface microstructures, a fractal based approach is suggested to completely describe the surface state of laser surface modified
alumina. The results indicated that fractal dimensions of the surface microstructures can be effectively comrelated with the surface

features of laser surface modified alumina.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Alumina; Laser surface modification; Microstructure; Texture; Fractal dimension

1. Introduction

Surface modification of alumina ceramics is rapidly
gaining importance due to increased utilization of
alumina ceramics in structural, electronic and biomed-
ical applications where performance is determined
primarily by the surface properties [1-3]. Lasers have
emerged as effective tools for the surface modifications
of alumina ceramics for improving the surface proper-
ties through structural, microstructural and chemical
transformations [4—8]. In this context, laser surface
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modifications of alumina ceramic are utilized for
transformation of metastable y-phase into equilibrium
wa-phase in ceramic coatings [5], sealing of surface
porosity and surface cracks in refractory ceramics [6],
reconditioning of'the ceramic grinding wheel surface for
micro-cutting action during laser dressing [7,8]. Laser
processing parameters during such surface modifica-
tions are expected to influence the surface microstruc-
ture of laser modified alumina which in turn influences
the surface properties. Hence in order to augment our
understanding on the influence of laser processing
parameters on the surface properties, the first step and
challenge is to characterize the microstructure of the
surface modified alumina.

Recently, a concept of fractal geometry which was
originally developed for the analysis of irregular
features in nature is finding increased applications in
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the fields of materials science for the characterization of
microstructures [9—13]. Fractal dimensions effectively
describe the complex and geometrically irregular
microstructure and have been successfully applied in
the characterization of grain boundaries [10], fracture
surfaces [11], dendritic microstructures [12], and
precipitates, [13] etc. The effectiveness of this approach
for the characterization of microstructures is derived
from the ability to establish the useful numerical
correlations between the fractal dimensions and the
various properties of the material such as fracture
toughness, creep strength, etc. [14].

The present study is intended to completely charac-
terize the surface microstructure of the laser modified
alumina in terms of the surface morphology and
crystallographic texture. Also, detailed analysis on the
evolution of surface microstructural features (porosity,
grain size and roughness) with laser processing fluence
used for surface modification is conducted. Finally,
concept of fractal geometry is applied to characterize the
surface microstructure and derive the useful correlations
between fractal dimensions and the surface microstruc-
tural features.

2. Materials and methods
2.1. Materials

Alumina-based ceramic compacts (5 cm*35 cmx
2.5 cm) used for the laser surface modification experi-
ments were cut from commercially available vitrified
grinding wheels (supplied by MSC Industrial Supply Co.)
using a carbide grit rod saw (Make: STANLEY ™) in dry
condition. The cuts were made only in the cross sections
of the grinding wheel and the as-compacted surfaces were
subjected to laser surface modification. The grinding
wheels are commercially made from artificial aluminum
oxide produced by melting bauxite at high temperature in
an arc type electric furmace [15]. The compacts consisted
of irregular abrasive grains ofaverage size around 220 pm
with average porosity of around 40% by volume. The
abrasive grains were primarily composed of Al,O4
(=99.52 wt. %) with traces of Cr,0Os.

2.2. Laser surface modification

A 4-kW HASS continuous wave (cw) Nd:YAG laser
with optically delivered beam was used for surface modi-
fication of alumina compacts. Flat surfaces of alumina
ceramic compacts were irradiated with an elliptical laser
beam and the scan velocity of 100 cm/min such that the
entire surface of specimen would be modified by laying
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Fig. 1. Schematic of the diffractometer geometry for texture analysis.

subsequent parallel laser tracks with minimal overlap
(<10%). The laser processing was carried out with laser
fluence in the increment of around 38 J/em® above 458 J/
em?® up to 649 Jem®. Below 458 Jem?, there is no
significant coupling of laser energy with the ceramic
substrate resulting in no observable surface melting.
Hence laser fluence is selected above 458 J/om? up to
649 J/em? such that effective surface modification of the
alumina ceramic surface is achieved by surface melting.
The selection of experimental laser fluences for surface
modification of alumina in the present study is based on
the previously published results which suggested the
initiation of surface melting of alumina ceramic around
458 J/em® indicated by minimum observable depth of
melting [8].

2.3. Characterization

Detailed characterization of the microstructure before
and after laser surface modifications of alumina ceramic
compacts was conducted using scanning electron micros-
copy (SEM) and X-ray diffraction techniques. For
microstructural analysis, the specimens were prepared
by cutting small coupons (1.5 cm> 1.5 cm> 1.0 em) from
laser surface modified specimens with a [ISOMET™ low
speed saw (Make: BUEHLER™) using a diamond blade
(Make: BUEHLER™) in dry condition. The surfaces
before and after laser surface modifications were pre-
served during specimen cutting to ensure that microstruc-
ture, surface condition, roughness is unaffected by the
sample preparation methods. The dry condition during
cutting is used to prevent the impregnation of cutting
media into porous alumina samples and eliminate the
possibility of undesirable affects during subsequent
microstructural characterization.

The characterization of surface morphology of
the alumina compacts before and after laser surface
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Increasing Laser Fluence

Fig. 2. SEM micrographs and corresponding 3D topographical maps showing the evolution of surface morphology in laser surface modified alumina
ceramics. (a) Alumina ceramic substrate before surface modification and (b—d) after surface modification with laser fluence of 496, 573 and 649 Jem®

respectively.

modifications is conducted using a HITACHI™ S3500
SEM. The SEM was operated in high vacuum mode at
an accelerating voltage of 15 kV and filament current of
78 1A, Also, the qualitative elemental analysis of laser
modified alumina was conducted using Energy Disper-
sive Spectrometer (EDS) system attached to the SEM.
Due to low conductivity of the alumina ceramic, sample
preparation for SEM included an additional step of
coating the specimen with gold to minimize the build up
of electric charge. The gold coatings on the samples of
alumina ceramic were deposited using SPLMODULE™
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sputter coater operated at pressure of 107" Torr and
sputtering current of 20 mA for deposition time of 20 s

X-ray diffraction analysis of the laser surface
modified alumina coupons was carried out using Philips
Norelco X-ray diftfractometer operating with Cu Ka
(4=1.54178 A) radiation at 20 kV and 10 mA. The
diffraction angle was varied between 20 and 100° 2-
theta at a step increment of 0.02° 2-theta with a count
time of 1 s. The surfaces of alumina ceramic before
and after laser surface modification (without any pulver-
izing into powder) were directly examined by X-ray



Table 1
Average values of porosity, grain size and surface roughness of laser
surface modified alumina ceramic with a range of laser processing
fluence

Laser fluence Porosity Grain size Surface roughness, Ra
(J/em®) (vol.%) (pm) ()
458 16.12 102 3.49
496 11.17 150 2.76
535 8.40 178 1.95
573 7.30 219 1.66
611 4.66 229 1.18
649 5.10 238 1.93

diffraction to facilitate the study of development of
preferred orientation.

For detailed texture analysis, Philips X Pert Analytical
Diffractometer with Cu Ko radiation as a point source
operating at 45 kV and 40 mA was used. Reflection
method was used to obtain the pole figures by varying
rotation angle, ¢, between 0° and 360° and varying tilt
angle, i, between 0° and 85°. Schematic of the typical
diffraction geometry along with various rotation and tilt
axes for texture analysis is presented in Fig. 1 [16,17]. For
texture measurement, each coupon of un-modified and
laser surface modified alumina ceramic was mounted
directly on the specimen holder using adhesive binder
such that surface of the sample is as flat as possible.
During texture analysis, the counter is fixed in the 2-theta
position corresponding to the planes which are expected
to exhibit the preferred orientation. In the present study,
texture analysis is conducted for determining preferred
orientation of (110) plane corresponding to diffraction
angle of 37.785° 2-theta. Once the counter is fixed at
diffraction angle (2-theta), the sample holder is slowly
rotated about the diffraction axis such that surface of the
sample is equally inclined to the incident and diffracted
beam directions. This corresponds to initial position ofthe
sample (Fig. 1). The sample is then slowly rotated about
the rotation and tilt axes to obtain a series of ¢-scans at
different tilt angles. The step size for the rotation and tilt
axes was 5° and the time per step was 1 s. The diffraction
data obtained from these experiments were used to
generate the pole figures of (110) planes presented as
contour plots with zero angle at the center using the
method described in reference [16].

A stylus-based Mahr Federal Perthometer M1 with
stylus tip radius of 2 um was used for the measurement
of surface roughness parameter, R, (arithmetic mean
deviation of the roughness profile). The measurement
was conducted for a tracing length of 1.75 mm on the
surface of five laser surface modified specimens and the
average value along with positive and negative error
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Fig. 3. EDS spectrum from laser surface modified alumina ceramic
illustrating the presence of Al and O elements.

bars is reported. During the measurements, the sample
was firmly mounted on the horizontal stage with
adhesive binder to prevent the movement of specimen
during traversing of stylus tip. The grain size of the
surface grains is given as the diagonal distance of the
polygonal grain. The surface grain size and the porosity
were determined by the image analysis of several (more
than five) SEM micrographs and the average value
along with the positive and negative error bars is
reported.

For fractal analysis, the SEM images were converted
from spatial domain of brightness to frequency domain
components using Fourier transforms and then filtered
from noises followed by thresholding to convert them
into binary digital images using a public domain
software, Imagel (available from the National Institute
of Health, USA). Fractal dimensions were calculated
using image processing of SEM micrographs in
combination with the implementation of box counting
algorithm using the software, Imagel. In box counting

Indexing cf. ICDD PDF 46-1212

(110)
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Fig. 4. XRD spectra from untreated (substrate) and laser-treated
alumina ceramic surface (with laser fluence of 573 J/em®) showing the
emergence of strong (110) peak in laser surface modified alumina.
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Fig. 5. Pole figures corresponding to (110) reflection in the untreated (substrate) and laser-reated alumina ceramic surface (with laser fluence of 573 J/em?)
showing the development of strong (110) texture in laser surface modified alumina.

technique, the fractal dimension (D) is measured from
the number of square boxes, N(#) required to completely
cover the surface profile and size of the boxes, » [18].
The basic fractal equations using Hausdortf measure can
be written as:

N(r)=CrP»
log N=1log C—Dy logr,

where, C is constant. The process is repeated for
calculating the number of boxes N(r) required to cover
the surface features with different sizes of the boxes (r).
The slope of the straight line obtained by plotting the
number of boxes (N(r)) against its size () for various
box sizes on a double logarithmic scale yields the fractal
dimension of the surface features in the microstructure.

3. Results
3.1. Microstructural characterization

SEM micrographs of alumina ceramic before and
after laser surface modifications are presented in Fig. 2.
The surface of alumina substrate consisted of irregular
abrasive grains with a high degree of interconnected
porosity (Fig. 2a). Fig. 2 also indicates the morpholog-
ical changes at the surface of the alumina ceramic
associated with the laser surface modifications (Fig. 2b—
d). Upon surface modifications, the surfaces of alumina
ceramic undergo significant refinement in the micro-
structure with a considerable reduction in the surface
porosity. Also, the laser modified surface is character-
ized by the formation of the multi-faceted surface grains
with polygonal shapes [7].
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Furthermore, the SEM micrographs and the corre-
sponding 3D topographical maps presented in Fig. 2 also
indicate that the surface morphology of the laser modified
surfaces is greatly influenced by the laser processing
fluence. As the laser fluence increases, the size of the
polygonal surface grain increases as indicated by the
progressive increase in the flat crater-like areas in the
topographical maps. Also, the surface porosity in the laser-
treated alumina decreases with laser fluence as indicated
by the progressive flattening of the topographical map and

SEM Micrograph Binary Image
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Box Counting Algorithms
g 1
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3
° T v =-1.4611% + 10,034
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3 T r .
0.6 1.6 2.6 3.6
Log (box size)

Fig. 6. Calculation of fractal dimension from SEM micrograph using
image processing and box counting algorithm. The slope of the log—
log plot shown in the figure corresponds to the fractal dimension.
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Fig. 7. Wariation of fractal dimension with laser processing fluence
used for surface modification of alumina ceramic.

the disappearance of contrast peaks corresponding to the
surface porosity. Table 1 summarizes the results of
microstructural characterization such as surface porosity,
polygonal grain size and surface roughness of the laser
surface moditied alumina with a range of laser processing
fluence employed in present work. As indicated in the
table, the surface porosity and the surface roughness show
a general decreasing trend with increasing laser processing
fluence. The only exception to this trend is the values of
surface porosity and roughness of laser surface modified
alumina at the highest laser fluence (649 Jem?). A typical
EDS spectrum of the laser surface modified alumina
presented in Fig. 3 illustrates the presence of primarily Al
and O elements comresponding to alumina.

Fig. 4 presents the X-ray diffraction spectra obtained
from the surface of alumina substrate and the surface of
laser-treated alumina. The XRD spectra show the
presence of equilibrium a-alumina indexed according
to ICDD PDF card no. 46-1212. It is evident that the
intensity of (104) reflection is strongest in the XRD
spectrum of the substrate in accordance with the
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Fractal Dimension
Fig. 8 Variation of surface porosity of the laser surface modified

alumina with fractal dimensions (correlation parameter of data fitting,
R=0.9735).
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Fig. 9. Variation of polygonal surface grain size of the laser surface
modified alumina with fractal dimensions (correlation parameter of
data fitting, R*=0.9385).

reference pattern from randomly oriented sample
(ICDD PDF card no. 46-1212). However, the strongest
peak in the laser surface modified sample corresponds to
the (110) reflection. Furthermore, the X-ray pole figure
analysis of the substrate shows widely distributed (110)
poles corresponding to the (110) reflections, whereas
laser surface modified alumina exhibits highly concen-
trated (110) poles suggesting the development of (110)
texture in the laser-treated alumina sample (Fig. 5).

3.2. Fractal characterization

The important steps in the calculation of fractal
dimension using image processing of SEM micrograph
in combination with implementation of box counting
algorithm (using public-domain software, Imagel, avail-
able from the National Institute of Health, USA) are
presented in Fig. 6 for laser surface modified alumina
ceramic with a laser fluence of 458 J/cm®. Fractal

dimension of 1.4611 was determined for this case.
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Fig. 10. Variation of surface roughness of the laser surface modified
alumina with fractal dimensions (correlation parameter of data fitting,
R2=0.9456).
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Fig. 7 presents the variation of fractal dimension with the
laser processing fluence used for surface modification of
alumina. For each laser processing fluence, corresponding
SEM images with same magnification were given as input
to avoid any magnification related errors. Fractal dimen-
sions of the surface microstructures of the laser surface
modified alumina range between 146 and 1.71. The
figure indicates that the fractal dimensions increased with
laser processing fluence.

Various correlations between the fractal dimension
and the microstructural features such as porosity, poly-
gonal grain size and surface roughness are presented
in Figs. 8-10. As indicated in the Fig. &, the fractal
dimension of the laser surface modified alumina is nega-
tively and linearly related to the amount of porosity witha
correlation parameter of data fitting (R%) 0f0.9735. Fig. 9
shows the variation of polygonal surface grain size with
the fractal dimension. The following power relationship
with a correlation parameter of data fitting (R%) of 0.9385
can be drawn from Fig. 9:

d = kD>'®, (3)
where d is the size of polygonal surface grains and D is
fractal dimension. The relationship between the fractal
dimension and the surface roughness of the laser surface
modified alumina followed the negative and linear
relationship with correlation parameter of data fitting
(R*) 0f 0.9456 (Fig. 10).

4. Discussions
4.1, Microstructure evolution

When the surface of highly porous alumina ceramics
are irradiated with a high-power laser, the absorption of
energy at the surface results in heating and subsequent
melting of material at the surface. In addition to the high
absorptivity (~0.8 for 1.06 um wavelength) [19] of the
alumina ceramics, the energy absorption is further
enhanced by the high surface roughness and high porosity
(~ 40%) of the material (Fig. 2a). The porosity facilitates
the energy absorption due to multiple reflections of the
laser radiation from the surface of the alumina particles.
The solidification of the molten material at the surface
proceeds from the interface between the porous substrate
and the molten material without homogeneous nucleation
within the molten material. This interface provides the
catalytic nucleation sites for the heterogeneous nucleation
and growth of the crystals. The molten material at the
surface thus results in the formation of resolidified layerat
the surface. The solidification during the laser processing
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is often characterized by the rapid cooling rates of the
order of 10% K/s. Such rapid cooling rates are known to
result in the formation of novel phases and morphologies
in the microstructure of materials. Thus, the refinement of
microstructure and the formation of multifaceted polyg-
onal surface grains in the laser surface modified alumina
seem to be the direct consequence of rapid cooling rates
associated with laser surface modification and associated
effects on microstructure development.

The thermal conditions during laser surface modifica-
tions are expected to be greatly influenced by the laser
processing fluence. These thermal conditions, in turn,
determine the evolution of surface microstructures during
the solidification associated with laser surface modifica-
tions. As presented in Fig. 2, increasing grain size with
increasing laser fluence is in direct agreement with the
established relationships between the grain size and the
cooling rates [20]. As the laser fluence increases for the
same traverse speed, the cooling rate decreases resulting
in larger grains at higher laser fluences. Also, as the laser
fluence increases, the energy input during the laser surface
modification increases resulting in the melting of larger
volume of surface alumina material. Subsequent dynamic
melt flow and rapid solidification of the melt result in the
reduced porosity and surface roughness in the surface
modified alumina ceramic at higher laser fluence
(Table 1). The only exception, to the reasoning of reduced
surface porosity and surface roughness at higher laser
processing fluence, observed at highest laser fluence
(649 J/em®) may be due to the initiation of the surface
vaporization causing turbulence at the molten surface
layer and consequent increase in the surface porosity and
surface roughness. Also, observation of strong peaks
corresponding to Al and O elements in the EDS spectrum
suggests that composition of the laser surface modified
alumina ceramic consisted of alumina as a primary
phase (Fig. 3). At the thermal conditions during surface
modifications where the alumina (melting point
~2323 K) melts, the low melting point bonding
ingredient such as Na,O in the initial alumina compacts
evaporate away and hence does not show any
corresponding elemental peaks in EDS spectrum.

The observation of equilibrium alpha alumina phase
in the X-ray spectrum from the laser surface modified
alumina ceramic (Fig. 4) indicates that the thermal
conditions during laser surface modification preclude
the formation of metastable alumina phases. This is
expected from the viewpoint that during laser surface
modifications the underlying substrate provides the
nucleation sites for the growth of equilibrium alumina
phase and decreases the undercooling in constrained
solidification. It is well established that formation of



metastable phases during solidification is facilitated by
high undercoolings obtained by eliminating the poten-
tial nucleation sites. The XRD spectrum from the
substrate (Fig. 4) showing strongest (104) peak has the
relative intensities close to that of standard randomly
oriented polycrystalline sample (ICDD PDF card no.
46-1212) indicating the random crystallographic orien-
tations or absence of texture in the initial substrate. Also,
XRD spectra and pole figure results (Figs. 4 and 5)
indicate the development of strong crystallographic
texture corresponding to (110) plane in the laser surface
modified alumina. During laser surface modification,
the solidification proceeds from the melt-substrate
interface towards the surface of the melt as governed
by the directional heat flow processes. Even though the
underlying substrate (which provides random nucleation
sites) shows the random orientation, the passive
solidification mechanism of the laser melted surface
alumina develops the (110) texture due to geometric
selection of the orientation of crystals during growth
resulting from differences in the growth rates along the
different crystallographic directions in the crystal [21].
Such competitive growth of crystallites and eventual
evolution of the fastest growing planes at the surface of
rapidly solidified alumina melt is facilitated by the rapid
cooling rates (~~102 K/s) characteristic of the laser
surface processing. Furthermore, the morphological
changes in the surface microstructure of alumina
ceramic indicated by the development of multifaceted
polygonal faceted surface grains after laser processing
seems to be derived from the development of (110)
crystallographic texture in the resolidified surface layer.

4.2. Fractal analysis

The surface microstructures of laser surface modified
alumina are complex and this complexity of micro-
structure arises from a combination of surface micro-
structural features such as grain size, grain shape, grain
shape factor, pore volume, pore distribution, pore
morphology, surface roughness, grain and subgrain
dendritic structures, etc. As indicated in Fig. 7, the
fractal dimensions of the surface microstructures
associated with laser surface modifications increased
with increasing the laser processing fluence suggesting
the increased complexity of the surface microstructural
features at higher laser fluences. At higher laser
processing fluence, increased complexity of the surface
microstructure may arise from increased complexity of
the physical phenomena during laser—material interac-
tion. Thus, fractal geometry approach provides a
practical tool for the complete characterization of
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complex surface microstructures developed during
laser surface modifications of alumina ceramic. Similar
studies on the characterization of surface morphologies
of thin films have demonstrated that the complexity of
thin film morphology was fractal in nature and can be
better characterized quantitatively using fractal dimen-
sions than the conventional approaches [22].

The fractal analysis presented in Fig. 8 indicated that
the fractal dimension of the microstructure is greatly
influenced by the percentage of surface porosity. The
fractal dimension increases with decreasing surface
porosity suggesting the increased microstructural com-
plexity of the smaller pores. Such a relationship between
the fractal dimension and the porosity is in agreement
with the previous studies on the fractal analysis of
porosity in polished samples of plasma-sprayed yttria-
stabilized zirconia coatings [23]. The approach of fractal
dimension for the surface porosities can be further
extended to the characterization of internal structure of
porous material for predicting the permeability [24]. As
observed in the Figs. 8—10, the fractal dimensions of the
surface microstructures of the laser surface modified
alumina can be effectively correlated with the surface
microstructural properties such as surface porosity,
polygonal grain size, and surface roughness indicated
by the high correlation parameter of data fitting
(R?>0.9). Such relationships can be effectively utilized
in predicting the porosity, surface roughness, and grain
sizes of the surface microstructure from the fractal
dimension obtained by direct image analysis of the SEM
micrographs. Thus fractal geometry based approach
for the characterization of complex irregular micro-
structures serves as an assessment tool for establishing
the structure—property correlations in the various
materials processing techniques.

5. Conclusions

1. Laser surface modification of alumina ceramics
result in the development of (110) crystallographic
texture and the systematic evolution of the micro-
structure (grain size, surface porosity, etc.) with the
laser processing fluence.

. The fractal analysis of a series of digitized surface
microstructures from the laser surface modified
alumina indicated that useful correlations can be
derived between the fractal dimensions and the
surface microstructural features such as porosity,
grain size and the roughness.

. The fractal approach is more appropriate in the
characterization of complex and irregular surface
microstructures observed in the surface modified

o]
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alumina and can be effectively utilized for predicting
the properties of material from fractal dimensions of
the microstructure.
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Alumina ceramics are extensively used in structural components due to excellent thermal and mechanical
properties. The effective utilization of alumina ceramic in these applications necessitates the minimization
of inherent processing defects such as porosity. Laser processing can be effectively used for densification
of the surface porosity of these ceramics especially desirable for the applications where ceramics are ex-
posed to high temperatures and aggressive environments. The present study discusses the influence of la-
ser processing fluence on the surface porosity of the alumina ceramic irradiated with a continuous wave
Nd:YAG laser beam. A detailed scanning electron microscopy characterization was carried out to indi-
cate the mechanism of densification of porosity during laser irradiation based on development of solidifi-
cation microstructures. Finally, a fractal geometry based approach was intreduced to characterize the sur-
face microstructures such that usetul correlation can be developed for the prediction of surface porosity
directly from the fractal dimensions.

@ 2007 WILEY-YCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Structural ceramics are the advanced materials, which are increasingly used for manufacturing of com-
ponents under various load combinations at elevated temperatures and aggressive environments. Various
properties exhibited by these materials include high hardness and wear resistance, oxidation resistance,
chemical stability, creep resistance, and thermal shock resistance [1, 2]. Industrially important structural
ceramics include various oxides, carbides, nitrides, and borides [3, 4]. In spite of the attractive properties,
the actual utilization of structural ceramics in applications where high fracture strength is desirable is still
limited primarily due to their inherent brittleness, low flaw tolerance and low reliability. These limiting
properties of the structural ceramics are partly derived from the bonding characteristics of ceramics and
from limited number of independent operating slip systems. In addition, fracture strength is also influ-
enced by the defects such as pores introduced during processing of ceramics [1].

In general, porosity in the structural ceramics is detrimental in many applications. For example in
applications where ceramics are exposed to fluid environment, ceramic tends to absorb fluid or water due
to capillary action of the pores. When such soaked ceramics are exposed to freezing temperatures, the
build up pressures due to expansion associated with liquid to ice transformation may cause the cracking
and ultimate fracture of ceramics [5]. Also, the porosity and defects at the surface can cause the acceler-
ated corrosion due to preferential chemical attack at these inhomogeneities [6]. Hence, considerable
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research has been directed towards improvements in the processing of ceramics such that the formation
of defects such as porosity are prevented and/or minimized. Such a flaw diminution approach is based on
reduction in defects by using improved powder properties and powder processing, clean room manufac-
turing, etc. [7]. Recently, secondary processing approaches for selective minimization of the defects
introduced in primary ceramic processing are attracting increased research interest particularly for spe-
cialized applications [8-10]. One of such approaches is the laser surface engineering of ceramics where
the surface properties of the structural ceramics are modified by localized surface melting [10-12]. Laser
assisted surface melting of the ceramics causes the sealing of surface inhomogeneities such as pores,
cracks and pits resulting in conseguent reduction in localized chemical degradation and elevated tem-
perature cracking. Applications of such laser surface engineering approach for crack free sealing of the
refractory ceramics used as lining in furnaces and waste incinerators can be cited [11, 12]. The sealing of
surface porosity in ceramics causes the reduction in the penetration of molten slag and chemical degrada-
tion. Such an approach can also be used for improving the corrosion behavior of ceramics used as heat
exchanger components under severe environment [ 12].

In spite of the great potential of the laser surface engineering approach for sealing surface porosity of
structural ceramics and consequent improvement in the surface properties for variety of applications,
detailed studies on the effect of laser processing parameters on the surface densification of the ceramics
are limited. Hence, the present work is directed towards systematic study of effects of laser processing
parameters on the surface porosity of industrially important alumina ceramic so as to arrive at optimized
laser parameters. This is also intended to provide the insight into mechanism of surface densification.
Finally, a fractal geometry based approach is introduced for microstructural characterization of laser
surface modified alumina ceramic such that direct correlations between the surface porosity and laser
processing parameters can be derived.

2  Experimental

Alumina-based ceramic compacts with initial porosity of 40% by volume were used for the laser surface
densification studies. The ceramic compacts were the part of commercially available vitrified grinding
wheels of grade 60 1 supplied by MSC Industrial Supply Co. Maximum and minimum grain size in this
grade is determined by sieve numbers 60 and 70 respectively corresponding to the grain size between
211255 um. The compacts were made of irregular alumina grains (average grain size around 220 pm)
and were primarily composed of alpha alumina with traces of chromium which imparts characteristic
pink color to it. The chemical composition of the ceramic compacts consisted of 99.52% Al,0O,,
0.25% Cr,0, and other trace binding ingredients.

The schematic of an experimental set up for laser surface processing is shown in Fig. 1. The flat sur-
faces of the porous alumina compacts were sealed by scanning the surface with a fiber optically deliv-
ered continuous wave Nd: YAG laser beam (HAAS Laser Technologies Inc). The laser beam is scanned
on the surface with a linear speed of 100 cm/min such that entire surface of the specimen would be
sealed by laying adjacent parallel tracks. The laser processing was carried out with laser fluence in the
increment of around 38 J/em® above 420 J/iem® up to 649 Jiem?®.

Laser
Surface <+—Beam
Maodified Tracks

Fig. 1 (online colour at: www.pss-acom) Schematic of the
|\-/ set up for the laser-assisted surface sealing of alumina ceramic.
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Morphological characterization of alumina ceramic surface before and after laser processing was car-
ried out using Hitachi 83500 scanning electron microscope (SEM). The surface porosity of the laser
processed specimens was determined by the image analysis of several SEM micrographs and the average
value along with the error bars is reported. For fractal analysis, the SEM images were converted from
spatial domain of brightness to frequency domain components using Fourier transforms and then filtered
from noises followed by thresholding to convert them into binary digital images using a public domain
software, ImageJ (available from National Institute of Health, USA).

3  Results and discussion
3.1 Microstructural analysis

When the porous alumina ceramics are irradiated with a high power laser beam, the energy is absorbed
into the material. The interaction of the laser beam with porous ceramic is a complex phenomenon due to
effects of surface porosity. The surface porosity can cause the multiple reflection of the incident beam
from the pore walls resulting in enhanced overall absorption of the laser energy. Depending on the inci-
dent laser fluence, the absorbed energy causes the heating, melting and vaporization at the surface of
ceramic. For densification of surface porosity of the alumina ceramic, the regimes of laser processing
which cause the surface melting are desirable. The molten material formed at the surface flows in the
surface pores and subsequently undergoes rapid solidification forming a dense resolidified surface layer.
Figure 2 presents a low magnification photograph of alumina ceramic before and afier laser processing.
The figure indicated the parallel tracks of resolidified material over a large area of alumina specimen
resulting in crack free sealing of porosity on the surface of alumina.

Figure 3 presents the high magnification SEM micrographs of the surface of alumina substrate and the
ceramic surfaces irradiated with a range of laser processing fluence. The figure indicated that, upon laser
irradiation, the alumina ceramic substrate with a high surface porosity undergoes an interesting morpho-
logical change with a formation of refined polygonal surface grains on the surface accompanied with a
marked decrease in surface porosity. The micrographs also indicated a systematic development of sur-
face microstructure with progressive disappearance of surface porosity as the laser processing fluence
was increased. The effect of laser fluence on the calculated surface porosity is presented in Fig. 4. In
general, the surface porosity of alumina ceramic decreased with increasing laser fluence. The decrease is
more progressive from lower to the intermediate values of laser fluence (420535 J/em?). Above
535 J/em’®, the surface porosity did not show substantial variation with laser fluence and it seems that
very high increase in laser fluence is required to achieve the perfectly sealed surfaces with no apparent
porosity.

Based on these observations, a schematic of the suggested mechanism of porosity densification at
various laser processing fluences is presented in Fig. 5. The lower laser fluences melted less volume of
the material and also provided higher cooling rates that generated fine polygonal grains [13] with densely
solidified surface layer of less porosity (<40%) compared to that in the untreated material. This effect is

Fig.2 (online colour at: www.pss-a.com) Low magnification picture
showing alumina ceramic before {upper portion) and after (lower portion)
surface modification.

WWW.pss-a.com @ 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

167



1108

S. Harimkar and N. B. Dahotre: Laser assisted densification of surface porosity

Fig. 3 Surface microstructures of the alumina ceramic substrate (a) before laser treatment; and after la-
ser treatment with laser processing fluence of (b) 420 Jem®, (c) 535 Jem® and (d) 649 Jiem” (arrows indi-
cate the porosity).

consistent with the observation of surface microstructures of alumina ceramic irradiated with low values
of laser processing fluence {420 J/em®) indicated in Fig. 3(b). As the laser processing fluence increased,
more volume of the substrate material was melted and lesser cooling rate was associated with it [13].
This resulted in further growth of the polygonal grains that covered or filled the larger area of the surface
thus reducing the interconnected surface porosity. Eventually, at higher fluences and associated slow
cooling rates the grains grew larger [ 13] to impinge upon each other resulting in the final minimum value
for surface porosity located between the edges of impinging grains. Also, as the laser fluence increases,
the surface grains deviate from the polygonal shapes resulting in the enhanced ability to arrange in more
compact manner to cover the surface arca. This suggests that for efficient surface densification of the

301 Substrate
alumina Laser surface modified alumina

40 - .
p—
=
2
g 30 4
g
§ 20 1 f
£ t
D 404 f ;

t s
0 T T T 1
420 520 620 720

Laser fluence (Jicm?)

Fig. 4 Effect of laser processing fluence on the surface porosity of laser surface modified alumina ce-

ramic.
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Fig. 5 (online colour at: www.pss-a.com) Schematic of mechanism of surface sealing of alumina ceramic as func-
tion of laser fluence.

porous ceramics, the laser processing fluence should be sufficiently high to fill in the complete surface
area with resolidified grains. The mathematical formulations of such grain growth model for efficient
densification of ceramics can be derived from the established solidification theories. It has been observed
that the increasing laser processing fluence corresponds to the decreasing values of cooling rates calcu-
lated from thermal model [14]. This, in tum, can be directly correlated with the grain sizes of the re-
solidified alumina through a relationship of the type:

Grain size = k (Cooling rate)™ , (1)

where & and » are material related constants. This relationship is directly evident from the SEM micro-
graphs which indicate the increasing size of surface polygonal grains with increasing laser processing
fluence i.c. decreasing cooling rates.

The cross section of the alumina ceramic surface sealed by laser assisted surface melting is presented
in Fig. 6. The figure indicated the formation of highly dense surface layer of resolidified alumina (pro-
cessed at 649 J/em® of laser fluence) above a highly porous alumina substrate. Similatly, the cross see-
tions of the samples processed at other laser fluences showed the same trend for variation of porosity (or
density) in the solidified layer as that in the observations made for surface porosity. A careful observa-

Fig. 6 Cross section of the alumina ceramic surface irradiated with laser fluence of 649 J/em?® for sealing
the surface porosity.
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tion of the micrograph in Fig. 6 indicated that the interface between the substrate and the solidified mate-
rial is not distinct as observed in the laser surface melting of homogeneous material. The interface is
diffused due to flow of molten material into the pores during laser surface treatment. Hence, the overall
depth of melting in the material should be given by the sum of depth of melting due to absorption of
energy and the increase in melting depth due to flow of molten material into the pores in the subsirate
material below the melt-solid interface prior to its complete solidification. Thus the overall depth of the
laser modified surface region is observed to increase with increase in laser fluence [14]. Previous inves-
tigations of the authors have indicated that the observed depth of melting (and hence the depth of densi-
fied surface layer) in the alumina ceramic ranges around 520-930 pm depending on the laser fluence
used for surface modification experiments. Also, the depth of melting was found to be increased with
increasing laser fluence before reaching the maximum value (~930 pm) beyond which no significant
change in depth of melting was observed. Such an observation may be due to initiation of surface evapo-
ration such that the depth of melting bound by solid-liquid and liquid-vapor interface remain essentially
constant and travel into the material with further increase in laser processing fluence [15].

An important practical consideration while designing laser-assisted surface porosity densification of
ceramics is the in-service fracture failure of the ceramics. This consideration becomes even more serious
in view of brittle nature of the ceramics and the rapid solidification associated with laser processing.
Figure 6 also indicates the fracture failure modes across the cross section of the alumina ceramic surface
sealed by laser irradiation. The substrate portion of the figure indicated the fast fracture features such as
virgin surfaces of alumina particles suggesting the intergranular fracture. Near the interface, the fracture
mode changes to the transgranular as indicated by the partially fractured alumina particles surrounded by
resolidified material. In the resolidified portion of the figure, fracture features revealed the dendritic
network characteristic of rapid solidification associated with laser surface melting. The inset of Fig. 6
presents a high magnification micrograph of dendritic network in fracture features of a resolidified layer.
The dendrites in the microstructure are known to act as obstacles to the propagating cracks resulting in
eventual bypassing or the stopping of the cracks [16]. Hence, transgranular fracture features in the inter-
face area and the dendritic fracture features in the resolidified surface layer are expected to improve the
fracture resistance of the ceramics irradiated with laser for sealing the surface porosity.

3.2 Fractal analysis

The performance of the surface sealed ceramics is expected to be influenced by the geometric aspects of
the surface porosity. As discussed in the previous section, alumina ceramic irradiated with various laser
fluences exhibited porosity over a range of dimensions and shape. Fractal dimension has successfully
evolved as a useful parameter for the characterization of geometrically complex microstructures in po-
rous material [17, 18]. In the present study, the fractal dimensions were calculated using image process-
ing of SEM micrographs in combination with the implementation of box counting algorithm using a
public-domain sofiware, Imagel (available from National Institute of Health, USA). In box counting
technique, the fractal dimension (D) is measured from the number of square boxes, M) required to
completely cover the surface profile and size of the boxes, » [19]. The basic fractal equations can be
written as:

N(r)=Cr™, (2)
log N =log C— D, log r, (3)

where C is constant. The process is repeated for calculating the number of boxes N(r) required to cover
the surface features with different sizes of the boxes (r). The slope of the straight line obtained by plot-
ting the number of boxes (N(r)) against its size (#) for various box sizes on a double logarithmic scale
vields the fractal dimension of the surface features in the microstructure. Figure 7 represents the impor-
tant steps in the calculation of fractal dimension using a SEM micrograph from laser surface modified

@ 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.pSS-a.com

170



phys. stat. sol. (a) 204, No. 4 (2007) 1111

SEM Micrograph Binary Image
Threshold
—
Box Counting
Algorithms
-
g -
g y=14372% + 10.336
S 77
o
—
3 s
|
3 . . T
0.6 1.6 26 3.6

Log (box size)

Fig. 7 Calculation of fractal dimension from SEM micrograph using image processing and box counting
algorithm. The slope of the log—log plot shown in the figure corresponds to the fractal dimension.

alumina ceramic with a laser fluence of 420 J/em®. Fractal dimension of 1.4372 was determined for this
case.

The variation of calculated fractal dimension of the surface microstructure with the surface porosity of
the alumina ceramic irradiated with a range of laser fluence for sealing the surface porosity is presented
in Fig. 8. The fractal dimension of the laser surface modified alumina is negatively and linearly related to
the amount of porosity with a correlation parameter of data fitting (R*) of 0.9504. Such a relationship
between the fractal dimension and the porosity is in agreement with the previous studies on the fractal

25 4
20 4
15 1

10 4

Surface Porosity (%)

o T T T
14 1.5 1.6 1.7

Fractal Dimension

Fig. 8 Varation of surface porosity of the laser surface modified alumina with fractal dimensions (cor-
relation parameter of data fitting, R* = 0.9504).
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analysis of porosity in plasma-sprayed vitria-stabilized zirconia coatings [20]. Thus fractal geometry
based approach can be helpful in establishing the useful correlations for predicting the surface porosity
directly from the digital image based characterization of the surfaces.

The properties of the surface densified alumina are expected to be influenced by the surface micro-
structure resulted from laser-material interactions. Due to complexity of the laser-material interactions
and resultant complexity of surface microstructure, the prediction of surface properties necessitates the
complete description of the microstructure in terms of a convenient parameter representative of the given
microstructure. The stereological analysis of such irregular microstructural features is often difficult
because it assumes the repetitive pattern in the microstructure. Fractal analysis provides a precise way of
guantitatively describing such complex, irregular microstructures in terms of single parameter (fractal
dimension). Also, determination of fractal dimension is relatively easy and precise. Fractal dimension
can be directly measured from the digital images using standard image processing based techniques. The
fractal dimensions of the surface microstructure are found to have direct correlation with surface porosity
characteristic of the microstructures.

Correlation between laser fluence and porosity can be further extended to prediction of fracture tough-
ness of these laser surface modified ceramics. The follow-up efforts are on going to evaluate the fracture
toughness of laser surface processed alumina materials and will be characterized in light of existing po-
rosity. Such approach will allow prediction of fracture toughness as function of laser fluence based on
porosity (measured by fractal analysis) without the need for direct measurement of fracture toughness.
Results of these efforts will be presented in future publications.

4 Conclusions

Lasers can be efficiently used for densification of the surface porosities of the structural ceramics. The
surface porosity of the laser treated alumina ceramics is found to decrease with increasing the laser flu-
ence. The densification of the surface porosity is exhibited by the surface melting and subsequent rapid
solidification. The effect is further assisted by the infiltration of the molten material into the porous
structure. The concept of fractal dimension is introduced for the characterization of surface microstruc-
tures of laser densified alumina ceramic surfaces. The fractal dimension is found to increase with de-
creasing porosity in the microstructure suggesting the increased complexity of microstructures associated
with denser surfaces. The proposed concept of fractal geometry can be effectively used to characterize
the surface porosity in terms of fractal dimension so that useful correlations can be derived for direct
prediction of the surface porosity from the laser processing parameters.
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Temporally evolved recoil pressure driven melt infiltration during laser
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sociated with a
series of physical processes such as heating. melting, and evaporation of material. Above certain
threshold laser intensity (~10'° W/m?2), rapid evaporation at melt surface generates strong recoil
pressures. These laser-induced evaporation recoil pressures tend to drive the low of molten material
into the porous substrate thus contributing to the overall observed depth of melting. This paper
presents a three-dimensional thermal model to calculate the temporal evolution of temperature
during laser surface modifications of alumina ceramic. This is followed by the determination of
recoil pressures at the evaporating surface based on experimentally verified physical model of melt
hydrodynamics and laser-induced evaporation proposed by Anisimov [Sov. Phys, JETP 27, 182
(1968)]. Finally, Carman-Kozeny equations were employed to analyze the effect of recoil pressure
on the depth of infiltration which is subsequently integrated with the calculated depth of melting
from thermal model. Such an integrative approach results in better agreement of the predicted values

Laser surface modification of porous alumina ceramic with a high power laser is a

of depths of melting with the experimental values. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2710288]

I. INTRODUCTION

When a laser beam interacts with the solid, the primary
effect is the heating of the solid surface. At sufficiently high
generally  in the neighborhood of
10'° W/ m?, surface material melts and the rapid evaporation
takes place at the surface of the melt. The evaporation at the
melt surface is associated with the emission of neutral atoms
or molecules into the gas or vacuum around the solid by
Langmuir \-‘upori/.alion.l The escaping vapor at the surface
exerts recoll pressures exceeding 0.55p,, where p, is the

laser intensities,

saturated vapor pressure on the melt surface which exceeds
the highest value surface tension pressure.® This evaporation
recoil pressure induces the hydrodynamic melt motion which
plays an important role during the material removal pro-
cesses such as laser cutting and drilling.}_D

During interaction of laser beam with highly porous sub-
strates, the melt pool formed on the surface of the material
also experiences the evaporation recoil pressure exerted due
to rapid evaporation at the surface of the melt. Due to highly
porous substrate below the solid-liquid interface, the evapo-
ration recoil pressure is expected to drive the fluid flow into
the porosity resulting in overall increase in the depth of mol-
ten material into the substrate.® The phenomenon is of par-
ticular importance during the laser surface modifications of
porous material where the accurate prediction of the depth of
modified layer by melting is desired. Porous alumina ceram-
ics are extensively used in the structural and engineering
application. Laser surface modifications of these alumina ce-
ramics offer a great potential to improve the performance of
the ceramic components. For example, laser surface modifi-
cation of the alumina ceramic linings used in furnaces and

“Author to whom correspondence should be addressed: electronic mail:
ndahotre @utk.edu

0021-8979/2007/101(5)/054911/7/$23.00

101, 054911-1

incinerators minimizes the localized thermal attack at the
surface pores and also prevents the penetration of corrosive
liquid media thus extending the life of the Iinings.7 Also,
laser surface modifications of alumina ceramic grinding
wheels recondition the surface for microscale material re-
moval during precision surface grinding of material.*® The
depth of laser modified surface layer in these applications is
expected to influence the performance of the ceramic by con-
trolling surface morphology and topography of the rapidly
solidified surface grains, thermal stresses in the resolidified
layer, and tendency to surface and subsurface crm.‘kin:.d_r.q']D
Hence accurate prediction of the depth of laser modified
layer during laser interaction with porous substrates plays an
important role in intelligent manufacturing.

The present paper is directed towards understanding the
iteraction of laser beam with highly porous alumina sub-
during modifications. A three-
dimensional thermal model is presented to predict the tem-

strates laser surface
poral evolution of temperature and evaporation-induced
recoil pressure resulting from the rapid surface evaporation.
This paper presents the account of the
evaporation-induced recoil pressure on the hydrodynamic

influence of

melt motion into porous substrate during laser surface modi-
fication. It is surprising to note that, even though laser inter-
action with porous ceramics is encountered in various prac-
tical applications, the effect of recoil pressure-assisted
infiltration is long been ignored in the traditional models of
laser processing. Finally, the paper presents an integrative
approach based on heat transfer equations and the Carman-
Kozeny fluid flow equations to predict the depths of melting
in the laser surface modified alumina taking into account the
evaporation-induced recoil pressures acting on the melt sur-

face.

© 2007 American Institute of Physics
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FIG. 1. Physical model showing the interaction of laser beam with porous
ceramic substrate during the laser surface modification. Various effects such
as surface melting, evaporation, generation of evaporation recoil pressure,
and melt infiltration are shown.

Il. EXPERIMENTAL PROCEDURE

The experimental investigations were carried out on the
commercially available alumina ceramic compacts (pur-
chased from MSC Industrial Supply Co., Melville, NY). The
composition of the alumina grains consisted of primarily
a-alumina with an average alumina grain size around
220 wm. The alumina grains were compacted and sintered
such that relative proportions of grains and porosity were
about 60 and 40 vol %, respectively, in the compacts. The
surface of the flat coupons of the area 5% 5 cm? and thick-
ness 2.54 cm was modified by scanning a rectangular beam
(of dimensions 5.0 1.5 mm?) of uniform intensity with a
linear scan speed of 100 cm/min. The surface modifications
were carried out using 4 kW continuous wave neodymium-
doped yttrium aluminum garmet (Nd:YAG) laser at laser pro-
cessing fluences in increments of around 38 J/em? above
458 J/em? up to 764 1/em? corresponding to the irradiation
time of 90 ms. Following the surface modifications, the char-
acterization of cross sections of the specimens was con-
ducted under Hitachi S3500 scanning electron microscope
(SEM). Image analysis of the SEM micrographs was con-
ducted to determine the maximum depth of melting. For each
laser processing fluence. the depth of melting was measured
at five locations and average value of the melt depth was
reported with positive and negative error bars.

lll. MODEL DESCRIPTION

Schematic of the physical processes taking place during
laser interaction with the porous alumina substrates 1s 1llus-
trated 1n Fig. 1. The processes are operative for the laser
fluences above the threshold value of laser fluence required
for evaporation to be initiated at the melt surface. The depth
of melting is determined by the location of melting point in

J. Appl. Phys. 101, 054911 (2007)

the temperature distribution within the material. Since the
temperature distribution into the material evolves as a func-
tion of time, maximum depth of melting corresponds to the
irradiation time (in the present case, the time of 90 ms).
Also, the rapid evaporation at the surface of the melt gener-
ates the recoil pressure which drives the flow of molten ma-
tertal into the porous substrate, thus further extending the
depth of melting. The overall depth of melting is then given
by the sum of maximum depth of melting calculated from
temperature distribution within the material and the depth of
melt infiltration in the porous substrate induced by recoil
pressure due to rapid evaporation at the melt surface. Thus,
an integrative modeling approach is proposed to calculate the
overall depth of melting from heat transfer equations given
by Fourier’s law and fluid flow equations derived from Dar-
cy’s law.

A three-dimensional thermal analysis presented in this
paper is the extension of the one-dimensional heat flow
model proposed earlier by Harimkar er al.® A control volume
of 1% 1% 1 em® was considered for thermal analysis with
the laser being irradiated on the top surface for irradiation
time of 90 ms. Based on the experimental observations, se-
lected control volume appeared to be large enough to include
the entire depth of melting, the heat affected zone, and the
depth of the substrate that did not reach the temperature high
enough to cause any noticeable microstructural changes. The
governing three-dimensional heat conduction equation is
given h_\-'“

aT(x,y.2.1) FT(e)  FT(v.1)  FT(z0)
a T a ay? P

)

where a is the thermal diffusivity of the material and is equal
o K/pcy, K is the thermal conductivity, and ¢, is the specific
heat of the material. The initial condition of T=T,=298 K
was applied at time r=0.

At the surface of the sample, the heat transfer equation is
given by the balance between the laser energy absorbed by
the sample and the radiation losses:

aT(x.) aT(y.t) aT(0,8)
+ +—

, , =8AI
ox oy [24
- o T(x.y.0,0)* - T4l
S=1 forO0=r= lps
8=0 fort>1, (2)

where A is the absorptivity of alumina, 7 is the laser intensity,
£ 1s the emissivity of alumina for thermal radiation, o is the
Stefan-Boltzmann constant, and i, 1s the irradiation time.

Convective boundary condition at the bottom surface of
the sample is given by

aT(x.t)  aT(y.t) dT(L,t)
ax * dy * az

=h[T(x,y.L.t) - Ty].

(3)

where h is the convective heat transfer coefficient and L is
the thickness of the sample.
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TABLE I. Properties of alumina used in mathematical calculations.

Density p (kg/m?) 2280°
Thermal conductivity K (W/m K) 14.6°
Mass of the vapor molecule m, (kg/at.) 1.693 % 1072%

Latent heat of evaporation L, (J/z) 1066.5"
Convective heat transfer coefficient i (W/m” K) 200°
Emissivity £ 0.7
Specific heat €, (J/kg K) 800°
Kinematic viscosity v (cm?/s) 0.15F

“Calculated using weighted average method applied to fully dense alumina
(p=38%00 kg m~*) and porosity of 40% by volume.

"Reference 12.

“Reference 13.

“Reference 14.

“Reference 15.

'Reference 16.

The solutions of the above heat transfer equations were
obtained using the heat transfer module of comMsoL Mult-
iphysics™ modeling package, which is based on finite ele-
ment approach. The results were postprocessed to obtain the
temporal and spatial distribution of temperature for the ex-
perimental laser processing fluences used for surface modi-
fications of alumina. The porosity in the alumina specimens
that influence the properties of alumina, which in turn, is
expected to influence both the temperature profiles and the
depth of melting obtained during laser processing. Hence,
the properties of the alumina such as conductivity and den-
sity have been appropriately selected to consider the effect of
porosity. The properties of the porous alumina used in the
calculations are presented in Table L

Early analysis of the evaporation process from the sur-
face of material irradiated with laser radiation of intensity as
high as 10°-10" W/m? was carried out by Anisimov.'
Based on the assumption that the absorption of laser radia-
tion by the generated vapor plume as a result of surface
evaporation is not appreciable, Anisimov proposed the veloc-
ity distribution functions for the vapor molecules. For vapor
molecules emitted from the evaporating surface, the velocity
distribution function (f}) is expressed as

N 2 2 2 2
m, \*? my (v, + v, +v;)
expl -—————-——

— v _
fi= ”D(szcr,, 24T,

forv.=0

4)

and, for vapor molecules returned to the evaporating surface,
the velocity distribution function (f5) is expressed as

an
iy,
fa= ﬁnl(”wk?'] ) exp

my[v] +v]+ (v, — )]
2kT,

forv. <0 (5)

where k is the Boltzmann constant, m, is the mass of the
vapor molecule, T, and ng are the surface temperature and
the molecule number density at the evaporating surface, re-
spectively, and Ty and n; are temperature and the molecule
number density at the outer boundary of the kinetic layer
formed near evaporating surface, respectively. u; is the ve-
locity at the outer boundary of the kinetic layer, B is the

J. Appl. Phys. 101, 054911 (2007)

coelficient, and v,. v, and v_ are the velocily components on
the evaporating surface of the material. Based on these rela-
tionships, an equation for calculation of evaporation-induced
recoil pressure p, at the evaporating surface from the surface
temperature, which in turn depends on the incident laser en-
ergy density, is given b)"l

P mo( b )
1+2282)

0yS L,

where Qg is the incident laser power, § is the area of laser
spot, L, is the latent heat of evaporation, and b*=kT,/m,L,.
Thus, the temperature fields determined from the three-
dimensional thermal analysis can facilitate the calculation of
evaporation-induced recoil pressure at the evaporating sur-

(6)

face during laser surface modifications of alumina ceramic
using the experimentally verified physical model of melt hy-
drodynamics and laser-induced evaporation proposed by
Anisimov.

The above analysis can be further extended to calcula-
tion of depths of infiltration in the porous substrate based on
flund Aow models. An analysis of viscous fluid flow through
porous media is generally described in terms of Darcy’s law
which states that average fluid velocity vector is proportional
to the average pressure gradient Ap. The fluid flow problem
was modeled by Carman and Kozeny for calculation of flow
rate by representing the porous media as an array of cylin-
drical tubes. The Carman-Kozeny equation which is derived
from Darcy’s law can be expressed as’’

dp 180uu(1 — w)?
dz dw’

. o)

where dp/dz is the pressure gradient across the melt depth, p
1s the dynamic viscosity, u is the flow rate, @ is the porosity,
and d; is the average alumina particle diameter. The pressure
difference across the melt is given by the head of melt (cor-
responding to melt depth) and the evaporation induced recoil
pressure,

Ap=—(pgh +p,), (8)

where g is the acceleration due to gravity, and Ay is the head
of melt corresponding to the depth of melting. The above
equations result in the caleulation of linear flow rate, 1 (m/s),
of molten alumina through the porous substrate. Actual depth
of melting due to infiltration can then be obtained by multi-
plying the linear velocity with the time during which the
material remains above the melting point determined from
the temporal temperature distribution. Finally, the overall
depth of melting can be calculated by integrating the depth
of melting due to recoil pressure-induced infiltration with the
depth of melting calculated from thermal analysis by tracing
the melting temperature inside the material during surface
modification. Schematic of this integrative approach is pre-
sented in Fig. 2.

IV. RESULTS AND DISCUSSION
During the laser surface modification of alumina ce-

ramic, a part of the laser energy is absorbed into the material.
The amount of absorbed energy depends on several factors
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Thermal Model
Egs. (13)
(Termperature distribution and depth of thermal meling)

Anisimov Model
Eqs. (4)-(6)
(Evaparafion-induced recoil pressure)

Carman-Kozeny Model
Eq. (7)48)
{Calculation of depth of liquid pressure and reccil
pressure induced infiltration)

Effective depth of melting

FIG. 2. Schematic of an integrative modeling method for predicting the
overall depth of melting in laser surface modified alumina ceramic.

such as laser wavelength, temperature, surface roughness,
and surface chemistry. In the case of highly porous substrates
such as alumina ceramics, absorptivity of the surface at
1.06 wm wavelength is expected to be as high as 0.8 due to
multiple reflections from the walls of pores.'* The absorption
of the laser radiation causes the rapid heating, melting, and
evaporation of the material depending on the incident laser
energy. The molten material formed during laser-material in-
teraction subsequently solidifies resulting into the formation
of recast layer. A typical cross sectional microstructure of the
laser surface modified alumina at a laser fluence of
535 I/em? is presented in Fig. 3. The semielliptical shape of
the recast layer is a consequence of distribution of energy in
the laser beam such that the maximum depth of melting at
the center of melt pool corresponds to the energy maxima
along the axis of the laser beam. Previous investigations
have shown that the experimentally observed maximum
depth of melting increases with increasing laser processing
fluence due to increased penetration of laser energy into the
material.'®

FIG. 3. Typical polished cross section of laser surface modified alumina
ceramic mounted in epoxy mould. Surface modification was carried out at a
laser fluence of 535 J/cm?.
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FIG. 4. Computed temporal evolution of surface temperature during laser
surface modifications of alumina ceramic processed with a range of laser
fluence from 458 to 764 J/cm?,

An mmportant consideration during the laser surface
modifications of materials 1s the prediction of temporal evo-
lution of the temperature. The temperature history during
laser surface modification determines the phase transforma-
tions, dimensional changes, distribution of stresses, and mi-
crostructure. In the present context of laser surface modifi-
cation of alumina ceramic, the temperature history is
important for prediction of overall depth of melting from the
temperature distribution inside the material and the fluid flow
in the porous substrate assisted by evaporation-induced re-
coil pressure. The variation of surface temperature calculated
from a three-dimensional thermal model is presented in Fig.
4 as a function of time for various laser fluences. The figure
indicated that at each laser fluence, the surface temperature
rapidly increased with time and reached maximum at a time
corresponding to the irradiation time of the laser (r=90 ms).
Beyond irradiation time, the temperature decays until the
room temperature is reached. Also, the temporal dependence
ol temperature increased rapidly with increasing laser flu-
ence employed for surface modification. This resulted in
higher maximum surface temperature at higher laser process-
ing fluence (Fig. 5). Figure 6 presents the distribution of
temperature below the surface of alumina material processed
with various laser processing fluences. The figure indicated
that the temperature gradually decreases below the surface of
material and becomes uniform by reaching the initial tem-
perature of the sample at about 2.5 mm below the surface.

One of the significant observations in the temporal dis-
tribution of temperature is that the calculated maximum sur-
face temperatures (Fig. 4) exceeded the boiling point of alu-
mina, T, (~3800 K). Contrary to this, the various models of
laser cutting, drilling, and welding have assumed that the
surface temperature cannot exceed the boiling point of the
material and it always remains either equal to or less than the
boiling poinl.m‘20 Most of these models assumed the volu-
metric evaporation during the laser-material interaction and
the evaporating front was simulated in terms of traditional
“Stefan problem.” However, during laser surface modifica-
tion, the surface temperature can significantly exceed the
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FIG. 5. Computed variation of maximum surface temperature with laser
processing fluence during the surface modifications of alumina ceramic.

boiling point provided that the absorbed laser intensity is
high and, therefore, only the evaporation at the surface is
likely to occur, This is in agreement with the theoretical stud-
ies which indicated that volumetric evaporation cannot take
place during typical laser-material interactions observed in
laser surface modifications.”! Also, recently Semak et al.
have suggested that evaporation front cannot be simulated in
terms of Stefan problem and this approach can introduce
significant errors in the prediction of temperatures.” Thus,
the maximum surface temperatures in the range of
4000-6000 K, predicted from the thermal model employed
in the present work, are reasonable in view of laser surface
processing with high power lasers.

The temporal evolution of the evaporation-induced re-
coil pressure during the laser surface modification of alumina
ceramic with laser processing fluences employed in the
present effort 1s presented in Fig. 7. As indicated in the fig-
ure, during surface modification, the recoil pressure rapidly
increases and reaches maximum value at the time corre-
sponding to the laser irradiation time (£=90 ms). The tempo-
ral evolution of recoil pressure showed the similar trend as

6000
\
\‘\‘
B \\“
v W 764 Jiem’
g 4000\ 4 687 Jicm?
= K
B \Q\XA\* 611 Jiem?
)
& w535 Jem?
£ SN 5
o i 458 Jiem
= 2000+ \
\M
o T T
0.00 1.00 2.00 3.00

Distance, mm

FIG. 6. Computed temperature distribution below the surface of alumina

ceramic surface modified with a range of laser processing fluence from
458 to 764 J/cm?.
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FIG. 7. Computed temporal evolution of evaporation-induced recoil pres-
sure during the laser surface modification of alumina ceramic processed
with a laser processing fluence of 458 I/cm?2.

obtained in the temporal evolution of surface temperature
(Fig. 4), suggesting the strong dependence of evaporation-
induced recoil pressure on the surface temperature. The ob-
servation is in agreement with the physical model of melt
hydrodynamics and laser-induced evaporation proposed by
Anisimov.! The variation of maximum evaporation-induced
recoil pressure with the laser processing fluence during laser
surface modification of alumina ceramic is presented in Fig.
8. The recoil pressure generated due to surface evaporation
during surface modifications is a strong function of laser flu-
ence and increases almost linearly with laser fluence. The
values of evaporation pressures are in strong agreement with
the analysis of Anisimov, which suggested that if surface
temperature reached above the boiling point of material, the
recoil pressure must be equal or higher than 0.55p,, where p,
is the saturated vapor pressure, which by definition is 1 atm
(~1.01325%10° N/m?) at boiling temperature."

In the case of highly porous alumina substrate, the
evaporation-induced recoil pressure is expected to drive the
flow of the molten material into the substrate. This effect is
clearly seen in Fig. 9. which presents a high magmification
SEM micrograph in the interfacial region between the laser
modified surface region and the underlying porous material.

2.0

- - = -
) = Ed w
h s i s

*
*
+

Recoil pressure, 10% N/m?
=
i

=
w©

: :
500 600 700 800
Laser fluence, Jicm?

-
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FIG. 8. Computed evaporation-induced recoil pressure as a function of laser
processing fluence employed during the laser surface modifications of alu-
mina ceramic.
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FIG. 9. High magnification SEM micrograph of the interfacial region of the
laser surface modified alumina illustrating the infiltration of molten material
into the underlying porous material assisted by evaporation-induced recoil
pressures.

The figure indicates the dendritic microstructure correspond-
ing to the rapidly solidified molten alumina around the un-
melted alumina particles. The dendritic microstructure of
rapidly solidified alumina is characteristic of the laser surface
processing which is associated with rapid cooling rates of the
order of 102 K/s."" In the case of metallic materials signifi-
cantly higher cooling rates (~10°=107 K/s) are reported
during laser surface processing.gg The relatively lower cool-
ing rates in the alumina ceramics are primarily due to low
thermal conductivity (14.6 W/m K) of the porous ceramic
material.

It has been reported that under certain thermal conditions
shape of the melt pool is also affected by the surface tension
effects in addition to the presence of recoil vapor pressure
and thermocapillary forces.®* Surface tension and viscosity
are determined by the same intermolecular forces. Hence
surface tension varies directly with the viscosity. A direct
proportion between the two quantities has been established
with a hard sphere model based on the fact that the surface
tension and viscosity can be expressed as integrals over the
product qc‘:f interatomic forces and the pair distribution
function.™ The kinematic viscosity of alumina at the melting
temperature (~2323 K) is approximately 0.15 cm?/s which
is very neghgible. Hence by taking into account the direct
variation of surface tension with viscosity, it was assumed
that the corresponding effect of surface tension on the melt
pool geometry would also be negligible under the processing
conditions employed in the present work. Hence the surface
tension related effects were not considered in the calculation
of melt infiltration.

Comparison of experimental values of depth of melting
with the values calculated from the heat transfer and the fluid
flow equations is presented in Fig. 10. The maximum depth
of melting was calculated from the thermal model by tracing
the melting point in the temperature distribution below the
surface of molten alumina ceramic corresponding to the irra-
diation time (Fig. 6). As shown in Fig. 10, the calculated
depth of melting increases with laser processing fluence due
to melting front advancing deeper into the material with in-
creasing laser processing fluence. However, the thermal
model underestimates the depths of melting compared to the
experimental values. From the previous discussion, the laser-
material interactions during the laser surface modification of
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FIG. 10. Comparison of computed depth of melting from thermal and fluid
flow model with experimental depth of melting ( 4. Experimental; B, ther-
mal model; and A, integrative thermal and fluid flow model).

porous alumina ceramics are associated with  the
evaporation-induced recoil pressures. These recoil pressures
determined by the surface temperature play the vital role in
driving the flow of fluid into the porous substrate. Such a
recoil pressure assisted infiltration of fluid in the porous sub-
strate tends to increase the observed values of depths of melt-
ing. Figure 10, therefore, also presents a set of data points for
the depths of melting calculated from the integrated ap-
proach involving the Carman-Kozeny equations (for the in-
filtration effects due to liquid head and evaporation-induced
recoil pressure) and the thermal analysis (for the effects of
temperature distribution below the surface of alumina mate-
rial). As indicated in the figure, such an integrated approach
provides a better agreement between the experimental and
predicted depths of melting. However, deviation of the pre-
dicted depths of melting from the experimental values espe-
cially at the higher laser processing fluence may be due to
the simplification of assumptions in the thermal model such
as temperature independence of the thermophysical proper-
ties and the idealized model of melt infiltration. Also, due to
the dynamic nature of physical, chemical, and microstruc-
tural phenomena associated with the laser interactions par-
ticularly with porous alumina, the accuracy of predictions is
expected to be influenced by how well the complex interac-
tions are defined in the mathematical calculations.

V. CONCLUSIONS

During the laser surface modification of porous alumina
ceramic with high power laser (delivering incident laser flu-
ence of 458—764 J/em?), the surface of the material melts
and subsequently solidifies into a highly dense recast layer.
During surface modification, the surface of the melt is sub-
jected to very high recoil pressures (=>10° Pa) induced by
rapid surface evaporation. The magnitudes of such
evaporation-induced recoil pressures were estimated from
temperature history derived from a three-dimensional ther-
mal model. The temporal evolution of the evaporation-
induced recoil pressures indicated that the recoil pressure
reaches maximum value for irradiation time of the laser
beam. Such high recoil pressures tend to drive the flow of
molten material into the porous substrate, thus extending the
depth of melting estimated from the temperature fields alone.
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An integrative modeling approach combining the thermal
analysis (three dimensional heat transfer model) and the fluid
flow (Carman-Kozeny equations) results in better agreement
between the predicted values of depths of melting with that
obtained from experimental investigations.
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