Journal of Manufacturing Processes 19 (2015) 49-58

Contents lists available at ScienceDirect

PROCESSES

Journal of Manufacturing Processes

A\ g
@ CrossMark

journal homepage: www.elsevier.com/locate/manpro L

Technical Paper

Surface topography in three-dimensional laser machining of
structural alumina

Hitesh D. Vora!, Narendra B. Dahotre*

Laboratory for Laser Aided Additive and Subtractive Manufacturing, Department of Materials Science and Engineering, University of North Texas,
1155 Union Circle # 305310, Denton, TX 76203-5017, USA

ARTICLE INFO ABSTRACT

Article history:

Received 18 July 2014

Received in revised form 10 February 2015
Accepted 13 April 2015

An integrated experimental and computational approach was adopted to study the influence of
moving laser beam (with lateral and transverse overlap) on the generation of corresponding sur-
face finish//profile/roughness during three-dimensional laser machining of structural alumina. A
multiphysics-multistep computational model was developed to understand the influence of various phys-
ical phenomena such as recoil pressure, Marangoni convection, surface tension, and cooling rates over the
surface morphology of alumina and eventually establish the relationship between the surface finish and
process parameters of laser machining. Both experimental and computational results evidently revealed
that the selection of appropriate laser machining conditions can machine the structural ceramics with
higher material removal rates (60 -+ 2.70 mm?/min) for initial rough cuts as well as produced higher sur-
face finish (39.9 £+ 2.29 pm) for final finishing. The results of the computational model are also validated
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by experimental observations with reasonably close agreement (£6%).
© 2015 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Structural ceramics (alumina, magnesia, zirconia, silicon car-
bide, and silicon nitride), can be considered as an effective solution
in a variety of industries including automobile, aerospace, med-
ical, printing, textile, and electronic because of their ability to
resist deformation at elevated temperature, excellent wear and
thermal shock resistance, chemical inertness, superior electrical
properties, and lower density [1-5]. On contrary, hard and brittle
nature (~1200-2200 Knoop hardness and ~3-5MPa-m': frac-
ture toughness) of structural ceramics causes serious limitations
toward machining into desirable components using conventional
machining techniques such as grinding, cutting, polishing, and
their derivative processes [5-11]. In addition, these processes are
inherently associated with several disadvantages such as unde-
sirable tool wear, inadequate dimensional accuracy, mechanical
or thermal damage to workpieces, lower material removal rates,
and surface and subsurface micro-cracks [5,12-16]. Among these
conventional machining techniques, grinding is the most popular
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method to fabricate structural ceramics with good surface finish
and higher dimensional accuracy regardless of their longer machin-
ing time and higher operating costs [6-8,17]. Hence, for various
industrial applications a more efficient and economical machining
technique is sought.

In this regard, laser based unconventional machining (non-
contact laser beam) can be considered as an effective solution
to manufacture complex components from the structural ceram-
ics [1,2,5,17-29]. The main characteristics of laser machining,
which are practically not possible to attain by conventional tech-
niques, are (i) laser beam is highly directional, coherent, and
monochromatic (same wavelength), (ii) laser beam delivers a high
energy/power in a small concentrated area (~0.1 mm?3), (iii) gener-
ates higher temperatures (>5000K) in a very short laser-material
interaction time (<1ms), (iv) higher heating and cooling rates
(~104K/s) due to absorption of high energy laser beam and self-
quenching by bulk material, respectively [17-21].

To improve the quality of laser machining, the consider-
able amount of experimental and numerical/computational works
[1,2,5,15,21-23,30-46] were carried out by employing various
types of lasers (CO,, excimer, and Nd:YAG) and their operating
modes (continuous wave (CW) or pulse mode (PM)). Especially,
for structural ceramics, the PM lasers (pulse width in millisecond
range) are more suitable since the lasers concentrate their output
energy into series of shorter time high-power (~107 ]/m?2) pulses
at regular intervals (1-100Hz) [1,2]. As a result, significant volume
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of material is removed at higher material removal rates predomi-
nantly by evaporation and partly by melt ejection and dissociation
[1,2]. However, to achieve higher material removal rate along with
the desired surface finish is still a challenging task. In the past, many
researchers[1,2,5,30,31] used the experimental and computational
approaches to investigate the mechanisms of material removal dur-
ing laser machining of various structural ceramics [1,2,9,35,47].
Although, the main focus of their works was to increase the mate-
rial removal rates by selecting optimal laser processing parameters,
they have completely disregarded the issues related to surface fin-
ish. Hence, the undesirable surface finish produced during PM laser
machining is still one of the critical issues to be resolved.

Pulse mode (PM) laser machining can be categorized for one-
, two-, or three-dimensional machining (Fig. 1a) to replicate a
generic drilling, cutting, and milling (and/or turning) processes,
respectively. Although, this classification is just for simplicity, the
applications of laser machining are not kept limited to these pro-
cesses only. In the past, the present authors have already employed
an integrated experimental and computational methodology for
PM one- and two-dimensional laser machining of structural alu-
mina to investigate the influence of stationary (single [48] or
multiple laser pulses [49]) and moving (multiple laser pulses with
lateral overlap [50]) laser beam and its effects on evolving sur-
face topography/physical texture/roughness (Fig. 1a). The detailed
discussion of laser-material interaction and physical phenomena
involved during one-dimensional (stationary laser beam with sin-
gle [48] or multiple laser pulses [49]) and two-dimensional laser
machining (moving laser beam, multiple laser pulses with lateral
distance/overlap or center-to-center distance between two laser
pulses [50]) and their combined influence on the process of gen-
erating surface topography can be found in the authors’ previous
publications [48-50]. Based on the results of these works, the sur-
face roughness was found to increase with an increase in average
laser energy density [48], pulse rate (10, 20, 30, 40, and 50 Hz) [49],
and lateral distance (dist=0.6, 0.5, 0.4, 0.3, 0.2, 0.1 mm) or laser
beam overlap (0, 17, 33, 50, 67, and 83%) [50]. It was also observed
that the increase in crater depth and pile-up height of the machined
material around the machined cavity was mainly due to the evapo-
ration induced material lost and recoil pressure-induced fluid flow,
respectively.

In an extension of these works and to complete the final cate-
gory of three-dimensional (3D) laser machining, the present article
presents the study on the effect of PM moving laser beam (multiple
laser pulses) on the surface topography (finish/roughness) during
three-dimensional laser machining to mimic/replicate a generic
three-dimensional milling process (Fig. 1a). Particularly, the 3D
laser machining is specifically intended to process large area or vol-
ume and complex geometries. However, due to the smaller beam
diameter (~0.6 mm), the laser machining of large area or volume is
carried out by successive laser racks with the combination of lateral
overlap distance (center-to-center distance between two consec-
utive laser pulses, D;) and transverse overlap distance (transverse
distance between two laser tracks, Dr) with various scanning con-
figurations (long run, sort run, cross run, spiral run, etc.) (Fig. 1a
and b).

In light of this, the present article investigated the influence of
PM moving laser beam (multiple laser pulses) with combination
of both lateral overlap distance (D) and transverse overlap dis-
tance (Dr) and its corresponding lateral overlap (OL = D"DDL X 100)

and transverse overlap (OT = D_DDT X 100) , in % respectively, on

the surface topography (physical texture/roughness) during 3D
laser machining (Fig. 1b) via an integrated experimental and com-
putational approach. This integrated approach can overcome the
difficulties associated with the in situ measurements of thermo-
physical properties (temperature, cooling rates, surface roughness,

etc.) during laser machining because heating/melting/vaporization
occurs in a small confined zone for very short time duration.
In this way, this approach can provide more insight into under-
standing the laser-material interactions during subsequent laser
tracks and their consequent effects on evolving surface rough-
ness/topography/profile/physical texture. Hence in this work,
unlike authors’ previous two-dimensional laser machining com-
putational model [50], an advanced computational model was
designed and developed to incorporate the combine effect of both
lateral and transverse overlaps (Fig. 1b) with incorporation of tem-
poral and spatial heat built up during multiple laser tracks by using
the multiphysics finite-element modeling approach followed by its
validation with the experimental observations.

2. Multistep computational model

As explained earlier, 3D laser machining can be carried out
with various scanning configurations. However for simplicity, in
the present case, the PM 3D laser machining, the laser beam is
moving continuously along the principle longitudinal axis (X-axis)
with predefined scanning speed (Vin) and pulse rate or pulses per
second (f) to complete each laser track (1st laser track — A, laser
beam is ON in forward direction) (Fig. 1). The laser beam overlap
or lateral overlap distance (D; = Vin/f) is the center-to-center dis-
tance between two consecutive laser pulses, which is estimated
based on the selected scanning speed (Vin) and pulse rate or pulses
per second (f). Once the laser beam completes the laser track, the
laser beam is turned OFF and the focusing head or workpiece is
programmed to index along Z-axis by the preset transverse over-
lap distance (Dr) followed by the consecutive laser track (2nd laser
track - B, laser beam is ON in forward direction) (Fig. 1). Similarly,
this cycle continuously runs for ‘n’ number of laser tracks along
the surface profile to machine the large surface area and therefore
resultant surface topography is evolved (Fig. 1).

Based on the selected transverse overlap value, the interaction
of these consecutive laser tracks (e.g. 1st laser track - A and 2nd
laser track - B, or successive laser tracks) dramatically influence
the resultant surface topography (Fig. 1b). In this regard, the selec-
tion of laser machining parameters and their effect on overlapping
region caused by lateral overlap distance (D; ) and transverse over-
lap distance (Dt) and its corresponding lateral overlap (O;) and
transverse overlap (Or), in % respectively, are very crucial and they
play a significant role in generating the resultant surface rough-
ness. Therefore, in 3D laser machining, both lateral overlap (D)
and transverse overlap (Dr) can be appropriately varied by select-
ing appropriate laser parameters (scanning speed and pulse rate)
to achieve the desired surface topography.

In view of this, a computational model was designed and devel-
oped on the basis of a multiphysics approach on commercially
available COMSOL™ finite-element platform to precisely mimic
the moving PM 3D laser machining process for structural alumina
by incorporating both lateral (O;) and transverse (Or) overlaps (in
%). To achieve higher modeling accuracy, the present multiphysics
(heat transfer and computational fluid dynamics) computational
model incorporated temperature-dependent material properties
of structural alumina available in the open literature, the phase
change effects due to temperature along with body force (gravi-
tational force with Boussinesq approximation) and surface forces
(shear and normal stresses). The shear stresses (tangential compo-
nent) took into account the temperature dependent surface tension
and viscosity whereas the effect of recoil pressure due to vaporized
substrate material as function of temperature on normal stresses
was considered. The other modeling assumptions are: (i) laser
beam profile is in Gaussian distribution (TEMgy mode), (ii) mate-
rial is isotropic and opaque, (iii) evaporated/ablated material is
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