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Abstract

In this work, both computational heat transfer model and experimental investigations were used for understanding the evolution of

microstructures of the laser processed alumina with a single laser track, subjected to various processing conditions (64–128� 106 J/m2).

The influence of laser energy density on the change of surface temperature and cooling rate of laser processed alumina samples were

extracted. Furthermore, the modeling results were correlated to determine the variation on the surface topography, grain size, and

porosity formation. The results indicated that, by controlling the laser energy density, more multi-faceted grains were formed with less

porosity.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina (Al2O3) is a commonly used material suitable
for various applications such as high temperature and
corrosion environments, biomedical, structural, and sur-
face finishing [1–7]. Al2O3 possesses some significant
mechanical characteristics including high hardness and
high wear resistance at elevated temperatures. Alumina is
synthesized with varying porosity values. Tools made of
alumina material such as a grinding wheel consist of
abrasive grains held in place by a low-melting point bond
material and has a porosity value ranging from 30 to 40%
[8]. As the tool progresses through its life, the abrasive
edges on the surface begin to dull and fracture off. As these
abrasive edges begin to ‘‘dull’’ or fracture off all together,
the surface quality of the work piece and the material
removal efficiency of the tool will deteriorate. Further-
more, as the tool begins to remove chips from the work
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piece, these chips could become embedded in the porous
surface of the tool, degrading its material removal effi-
ciency [8].
In order to improve the abrasive characteristics of the tool,

new abrasive edges need to be revealed, as well as removal of
foreign contaminates embedded in the tool’s surface. For this
to be done, the tool must undergo surface modification.
Surface modification is an operation or process to generate a
specific surface topography [8]. The conventional surface
modification technique using a dresser embedded with dia-
mond particles to mechanically dress the surface of the tool,
revealing ‘‘sharp’’ abrasive features [8,9]. However, this process
results in excessive deterioration and loss of tool material. In
addition, it also requires to upkeep and replace the diamond
dresser in order to maintain for getting adequate consistent
results. Laser surface modification (LSM) is a well-established
technique for tailoring and improving the surface properties of
the tool [8–15]. Furthermore, the high power lasers can ablate
any foreign contaminates embedded in the surface of the tool
[9]. The objective of this study is to understand the significant
effects and fundamentals of LSM of alumina using a single
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laser track for various processing conditions in order to
improve its microabrasive qualities.

2. Experimental procedures

Commercially available alumina (82% Al2O3 and bal-
ance of ceramic/glass bonding material, purchased from
Colonial West Abrasives, CA) at a size of 50� 50� 30
mm3 was used in this study for LSM. An ytterbium doped
Nd-YAG laser system (IPG—YLS 3000), equipped with a
fiber-optic beam delivery system was used in a continuous
mode for processing the alumina sample (Fig. 1). A single
laser track was used on each alumina sample for various
laser processing conditions (Table 1).

The laser energy density (LED) was calculated using the
following equation:

Laser energy density¼
2P

prv
ð1Þ

where P is the laser power (W), r is the beam radius (mm),
and v is the scanning speed (m/s) [16]. A FEI Quanta 200
environmental scanning electron microscope (ESEM) system
in a high vacuum chamber with a low accelerating voltage
(�5 kV) was used to obtain the microstructural features of
the laser processed alumina samples. ImageJ was used to
reveal and statistically determine the grain size and percen-
tage of porosity remaining in the laser modified alumina.

3. Computational modeling

Using a COMSOL Multiphysicss, a two-dimensional
(2-D) heat transfer model was constructed (Fig. 2). The
Fig. 1. Schematic of laser surface modification of an alumina sample.

Table 1

Laser processing parameters.

Laser power (W) Scanning speed (m/s) Be

600 0.020 0.6

800 0.020 0.6

1000 0.020 0.6

1200 0.020 0.6
model was used to predict the change in temperature and
cooling rates for various laser processing conditions. For
simplicity, a continuous mode laser beam with a symme-
trical Gaussian shape energy distribution was incorporated
into the 2-D model. This approach was used to represent
any location that has undergone to the laser interaction
during the residence time (tr, s). By using the laser beam
diameter (D, m) and laser scanning speed (v, m/s), the
residence time (tr¼D/v) can be determined. A porosity
value of 40% was selected for the model.
The phase change of the material was incorporated to

accurately obtain the data from calculations. When the
material has undergone this phase change, a significant
amount of latent heat was released. This has a considerable
effect on the specific heat, Cp, of the alumina. To com-
pensate the latent heat of the phase change, the value of Cp

was changed to Cp1 [17].

Cp1¼CpþdDHþ
DH

Tm

� �
ZððT�TmÞ;DTÞ ð2Þ

d¼
exp �ðT�TmÞ

2=ðDTÞ2
� �

DT
ffiffiffi
p
p ð3Þ

where d is a Gaussian curve, DH is the latent heat of
change, and T, Tm are instantaneous and melting tem-
peratures, respectively. DT represents the phase transition
temperature range, and Z is the smooth Heaviside func-
tion [17]. For this model, constant values of the thermal
conductivity and density were considered (Table 2).
For simplicity, the dimensions of the model were set to

5 mm length and 3 mm width. These dimensions were chosen
specifically to accurately observe the heat transfer physics that
am diameter (m) Laser energy density (106 J/m2)

� 10�3 64

� 10�3 85

� 10�3 107

� 10�3 128

Fig. 2. COMSOL image showing the edge and boundary domains as well

as the cut plane.
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occurred during the laser processing on the samples. The
model used a moving laser beam with a beam diameter of
0.6� 10�3 m that was traveling across the surface of the
sample. Boundary domains and edge domains were used in
the model to measure the temperature changes within the
sample. The boundary domain measured the change in
temperature at the center of the laser track while the edge
domains measured the change in temperature along the sides
of the laser track. A ‘‘cut line’’ containing multiple virtual
probes was also used to measure the temperatures across the
width of the laser track (Fig. 3a). A similar cut line was used
along the z-axis, starting from the top (z¼3.0 mm) and ending
at z¼1.5 mm for the interval of 0.01 mm (Fig. 3b).
Table 2

Material properties of alumina [18].

Property Symbol Value

Absorptivity A 0.25

Thermal conductivity k 35 W/(mK)

Density r 3.8 g/cm3

Latent heat of melting DH 1067.43 J/g

Latent heat of vaporization Lv 1066.5 J/g

Melting temperature Tm 2324 K

Vaporization temperature Tv 3273 K

Half-width of the temperature curve DT 30 K

Fig. 3. Location of cut planes in (a) y and (b) z directions for two-

dimensional model.

Fig. 4. Locations for boundary conditions of the computational model.
3.1. Meshing

Two types of meshing such as an extremely fine and normal
mesh conditions were used for the edge domain boundaries
and the remaining regions. The maximum and minimum sizes
for extremely fine mesh are 0.0201 mm and 6� 10�4 mm,
respectively. The normal mesh elements maximum and mini-
mum sizes are 0.105 mm and 0.03 mm, respectively.

3.2. Governing equations and boundary conditions

The equation (Eq. (4)) that governs the heat transfer for
this model is described as below:

@

@y
k
@T

@y

� �
þ
@

@z
k
@T

@z

� �
þq

00

¼ rcp
@T

@t
ð4Þ

where q00 is the heat flux (W/m2), r is the density of the
material (kg/m3), cp is the specific heat per unit mass
(J/kg K), and k is the thermal conductivity of the material
(W/m K). The boundary conditions used in the computa-
tional model are illustrated in Fig. 4 and defined in
Table 3. Boundary 3 underwent exposure to the laser
beam, convective cooling, and surface-to-ambient radia-
tion simultaneously (Eq. (5)).

�k
@T

@z
¼ bAPg�h T�T0½ ��es T4�T4

0

� �
ð5Þ

where b represents the active state of the laser beam (b¼1
for 0r tr tr and b¼0 for t4tr), h is the convective heat
transfer coefficient (h¼10 W/m2 K), e is the emissivity of
alumina (e¼0.7) for thermal radiation, and s is the Stefan–
Boltzmann constant (s¼5.67� 10�8 W/m2 K4) [18].
The Gaussian power distribution for a moving laser

beam is governed by the following equation:

Pg ¼A
P

p=4D2
� �
" #

exp �
x�locxð Þ

2|2

� �	 

ð6Þ

where Pg is laser power density (W/m2), locx is the location
along the x-axis, P is the laser power (W), and | is the
standard deviation of Pg. Boundaries 1–5 undergo surface-
to-ambient and convection cooling conditions. Boundaries
2–4 followed Eq. (7) while boundaries 1 and 5 followed



Table 3

Boundary conditions.

Description Boundary no. Boundary condition Variable

Laser beam 3 Heat flux Pg

Radiation 1–5 Surface-to-ambient e
Natural convection cooling 1–5 Convective cooling h

Insulation 6 Insulation –

Fig. 5. SEM image of the unprocessed surface of the alumina.

Fig. 6. SEM image of the laser surface modified alumina sample at

64� 106 J/m2.

Fig. 7. SEM image of the laser surface modified alumina sample at

85� 106 J/m2.

Fig. 8. SEM image of the laser surface modified alumina sample at

107� 106 J/m2.
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Eq. (8). Boundary 6 was considered to be an insulated
boundary followed Eq. (9).

�k
@T

@z
¼ h T�T0½ ��es T4�T4

0

� �
ð7Þ

�k
@T

@y
¼ h T�T0½ ��es T4�T4

0

� �
ð8Þ

�k
@T

@y
¼ 0 ð9Þ
4. Results and discussion

Using COMSOL Multiphysicss, the change in temperature
and cooling rate of laser modified alumina samples for various
laser processing conditions (64–128� 106 J/m2) were predicted.
The temperature profile (Fig. 5) across the width of the laser
track was obtained for each laser processed alumina sample.
The center of the laser track is located at 0 m on the y-axis.
The total width of the laser track is 0.6� 10�3 m. The
predicted temperature for all the laser processed samples along
the laser track has indicated that the temperature exceeded the
melting (Tm) and vaporization temperatures (Tv). As the LED
increased, the temperature also increased. The temperature
profile for each laser processed sample resembled the Gaussian
distribution that generated a non-uniform temperature profile
across the laser track. At LED of 64� 106 J/m2, the tempera-
ture of the laser processed sample was above the melting
temperature but a small region experienced vaporization
temperature. The laser processed sample at 128� 106 J/m2
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showed that the entire laser track has undergone for melting as
well as vaporization.

For each processing condition, the temperature readings
taken at the center of the track were different, significantly
from those obtained at the center of the laser track (Fig. 6)
At the center of the laser track, all of the samples exhibited
above melting and vaporization temperatures (Fig. 6b). In
contrary, at the edge of the laser track, the samples processed
at 107� 106 J/m2 and 128� 106 J/m2 only were exhibited
above melting and vaporization temperatures (Fig. 6c),
respectively. It can be noted that, as the LED increases,
more heat was penetrating toward the depth (z-axis)
Fig. 9. SEM image of the laser surface modified alumina sample at

128� 106 J/m2.

Fig. 11. A schematic of (a) the two-dimensional COMSOL model (b) temper

depicts a rise in temperature due to the latent heat released during the phase
of surface, resulting in the increase of temperature (Fig. 7).
It is important to note that as the LED increases, a larger
portion of each respective sample experiences readings
above the melting temperature (Tm) and vaporization tem-
perature (Tv). The melt and vaporization depths increased
steadily as the LED increased (Fig. 8). Subsequently, the
material removal due to vaporization increased as the
LED increased (Fig. 9). Similarly, the area of melting and
vaporization increased as the LED increased. It is necessary
to control the amount of vaporization as much as possible in
order to avoid the material loss and retain the base material
properties.
A non-uniform cooling rate was obtained across the

laser track as the result of using the Gaussian energy
distribution. It was evidently seen that higher cooling rates
Fig. 10. Change in temperature along the width of the laser track.

ature along the center and (c) temperature along the edge. Note: Point X

change from liquid to solid.
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were obtained at the center of laser track and further it
decreased while moving toward the edge (Fig. 10). It was
reported that the laser modified surface topography was
the function of the LED, temperature history and cooling
rate [11,15]. Therefore, analyzing the samples’ surface
topography, correlation with the modeling results could
extract more understanding in this study.

As previously mentioned, alumina is generally a porous
material, consisting of sintered alumina grains (Fig. 11).
The sharp abrasive edges of alumina particles inhabited the
continuous porous surface of the alumina. The grain
boundaries were not clearly defined, but the edges of the
particles were visible. The physical topographical feature
(multi-faceted grains) contributes the enhanced abrasive
qualities of the LSM alumina. After LSM, these grains
were noticeable along the surface of the alumina sample
(Figs. 12–15).

Within the center of the laser tracks, multi-faceted grains
were represented as the main microstructure feature (Figs.
12–15). Columnar primary dendrites are formed along the
boundary of the grain region, extending to the edges of
the track. However, each processed sample has displayed
different topographical characteristics at the center of
the laser track. At higher LED (107 and 128� 106 J/m2),
very clear multi-faceted grains were observed in the laser
Fig. 12. Change in temperature profile at the center of the laser track.

Fig. 13. Melting and vaporization depths as a function of laser energy

density.
modified samples (Figs. 14,15). It can be noticed that,
at these higher LED only, they have generated higher
temperatures above vaporization (Fig. 5) and higher cool-
ing rates (Fig. 10). Even at lower LED (64 and 85� 106

J/m2) also, the multi-faceted grains were seen but with less
distinctive features (Figs. 12,13). The reason could be that
at lower LED (64 and 85� 106 J/m2), the samples did not
experience the higher temperature and cooling rates.
Multi-faceted grains with large diameters were produced in

the center of the laser tracks. Most of the grains were formed
in to symmetrical ‘‘parallelogram like’’ shapes (Figs. 12–15).
A well-formed grain has four faces, four edges and one vertex
where the edges meet (Fig. 15b). After LSM, the porosity of
the alumina’s surface decreased substantially. The LED greatly
influenced the formation of porosity (Table 4). The samples
that were processed with LED of 107 and 128� 106 J/m2,
have shown much larger grains. For these higher LED values,
well defined abrasive edges were obtained (Figs. 14,15). These
edges play a major role to improve the abrasive characteristics.
This is a good indication that these laser processing parameters
can produce the desired change in the microstructure of the
alumina sample.
Using the image-processing program (Image J), the aver-

age diameter of the multi-faceted grains for each respective
Fig. 14. Melting and vaporization areas as a function of laser energy

density.

Fig. 15. The cooling rates for various laser processing parameters along

the width of the laser track.



Table 4

Average diameter of multi-faceted grains and porosity percentage for each

sample.

Laser energy density (106 J/m2) Average diameter (mm) Porosity (%)

64 166.5572.05 2.36

85 168.9471.61 1.19

107 226.9871.95 1.13

128 225.8371.91 0.84
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sample was measured. The porosity percentages of the laser
processed samples were also obtained (Table 4).

As the LED increased, the average diameter of the fine
multi-faceted grains increased. In addition, the surface
porosity of the laser affected region has also substantially
reduced. For this study, a constant laser surface modified
area (0.9871 mm2) was chosen for the calculation of grain
size and porosity percentage for each laser processed
sample. From the SEM analysis, the samples that under-
went the LED of 107 and 128� 106 J/m2 or more demon-
strated a denser and more closely grouped multi-faceted
grain formation. The porosity within the laser processed
alumina’s surface exhibited a decreasing trend as the LED
increases. This is exceptionally important in order to
provide more abrasive edges along the surface in the form
of multi-faceted grains. It can be concluded that as the
LED increased, the surface temperature and cooling rate
increased which in turn directly influenced the formation
of larger size of multi-faceted grains with less porosity.

5. Conclusions

As the laser energy density increased (64-128� 106 J/m2),
the cooling rate increased (1.1-2.9� 104 K/s), that subse-
quently increased the grain size (70-160 mm) and decreased
the porosity (2.4-0.8%). This provided substantial evidence
and supported the claim that the controlled laser energy
density (107–128� 106 J/m2) has generated well-defined
multi-faceted grains (225 mm) with less porosity (1%). The
results of this study have envisaged to pursuit of multiple
laser track work of alumina.
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