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ABSTRACT

Laser beam machining is a form of non-traditional machining that can machine almost any known materials. It is
thermal, non-contact process, which does not induce any mechanical stresses in the work-piece. This paper
presents a review on the conclusions of the various research papers available on laser beam machining on the
various properties that affect the quality of the process such as heat affected zone formed in the work-piece, laser
cut quality and why laser beam machining is more advanced than the other machining processes.
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INTRODUCTION

Acroynam of laser is ‘Light amplification by stinated emission of Radiation’. The light producea isoherent,
monochromatic and collimated beam which can be deduto small spots of diameter of 0.002 mm. Therlas
beam is traversed along the work piece for cuttiigterial is removed in laser beam machining bypmlgination
of melting and evaporation [1].

In [2], Kumar et al explained the formation of aoptn as follows: In the model of atom, negativehaged
electrons rotate around the positively chargedeusin specified orbital paths. Each orbital elattis associated
with a unique energy level. At absolute zero terapee an atom is said to be at ground level. Thetedns at
ground state can be excited to higher state ofggnby absorbing energy from external sources: asirgy the
electronic vibration at elevated temperatures,ughochemical reaction, and also by absorbing enefgyphoton.
Then the electron moves from a lower energy leweathigher energy level. Once the higher energelléy
attained, the electron reaches an unstable enengy. @ herefore it comes back to its ground stateebgasing a
photon, in a small duration. Photons are the maurce of energy in laser beam machining. Accordindleijer
[3], light is used for everything ranging from egergeries to telephone technologies. One impogeoyperty of
photons is that they have no volume and no charberefore they do not repel each other like elexstravhen
concentrated in the form of a beam at particulantp®hen they encounter with matter, the photoakave like
particles of energy.

Madic and Radovanovic [4] state that among theowsriadvanced machining processes, laser beam riraghin
(LBM) is one of the most widely used thermal-bapedcesses applied for processing a wide varietyatierials.

In LBM the material is melted by focusing the labelam on the work-piece surface. It is a high engrocess
that works quickly on complex shapes and is apbleao almost all materials. This process generai@s
mechanical stress on the work-piece, reduces wastejides an ecologically clean technology, and ban
modified to work in the micro range.

TYPESOF LASERS

Lasers can be classified into two groups basedhemstate of the lasing medium:
« Solid state lasers (Ruby, Nd-YAG)
 Gas lasers (C&lLaser and Argon Laser)
« Liquid lasers (Nitrobenzene)
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CO, and Nd-YAG lasers are the most commonly used $asethe industry as they give a power output afuatl

kW [1, 9]. Based on the review done by Dubey andaXa (2008) CQlasers, a gas laser, has a wavelength of 10
mm in the infrared region. It has a high averaganbg@ower, better efficiency and good beam qualitgan be
utilised for the fine cutting of sheet metal atthigpeeds [7]. Carbon lasers are the highest-poargintious wave
lasers that are currently available. They are glste efficient. The ratio of output power to inguimp power is
around 20% [2].

Nd:YAG lasers, a solid laser, have a low beam pdwwhen operating in pulsed mode, high peak pswaable
it to machine even thicker materials. Also, shopelse duration suits for machining of thinner miats. Due to
shorter wavelength of 1 mm, it can be absorbediply teflective materials which are difficult to nfane by CQ

lasers [7].

Even though C®is more commercially used, the Nd-YAG lasers offertain benefits that are particular to them.
Based on the experimental results published irdlitee, Dubey and Yadava (2008) found that Nd-Y A€ kome
unique characteristics. Though the beam power oiYN@ laser is low, the beam intensity can be reklii high
due to smaller pulse duration and better focusielgalwior. Smaller kerf width, micro-size holes, oarer heat
affected zone (HAZ) and better cut edge kerf peodihn be obtained in Nd-YAG laser beam machinifg [8

LASER BEAM MACHINE SET-UP

Dubey and Yadava [8] explained that the LBM prodsss thermal energy based machining process ichttie
material is removed in the following order [8]:

* Melting
 Vaporization
* Chemical bond breakage

When a high energy density laser beam is focusedarshk surface the thermal energy is absorbed whéezdts and
transforms the work volume into a molten, vaporiped chemically changed state that can be easihoved by
flow of high pressure assist gas jet which in temoves the materials form the machined surface [8]

The setup consists of a cylindrical ruby/Nd-YAG sl in the case of solid laser [1] or cylindrieassel filled
with gas in the case of gas lasers [2]. One end ¢ddhe cylinder is partially reflective and thiner end is fully
reflective (full silvered). A flash tube containingert xenon gas is placed around the outside @fctflindrical
lasing medium. The flash tube converts the elesttrémergy into light energy which is imparted te thasing
medium in the form of thousands of flashes per sdcdhe imparted light energy excites the atomghim
cylindrical lasing medium to a higher energy levehe excited atoms then return back to their osbistate,
during which they radiate the energy which was diest from the flash tube, in form of photons. Taigrgy is
seen in the form of red fluorescent light callesela[1, 2]. A schematic setup of the entire lasachming process
is given in Dubey and Yadava (2008); an opticaivéey/feedback system is also present. Cooling enérand
mirrors for guiding the beam and provisions for ipatating the position of the target are also intant in the
setup as shown in figure 1 [7].

Excitation Source (Flash Lamp)
Bending Mirrar

e P
Cooling - Lasing Medium
Unit : (Nd:YAG Rod)
e
X =
Rear mimaor Front Mirror
{Reflective) { Partial reflective)

Focusing
Lens

Supply of gas jet

P
to nozzle 2

Workpicce

CNC Controller Motor

—

Fig. 1 Schematic Representation of Nd-YAG Laser Beam Machining (Dubey and Yadava [7])
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HEAT AFFECTED ZONES & CUT QUALITY OF WORK-PIECE

Abedin and Kalla [6] state that LBM being a non-tamt process that has several advantages over otirer
traditional processes. The main advantages beiagthiere is no tool wear/damage or any contacefanduced
problems. Laser cutting involves thermal proces$iadoes not depend on the strength and hardrigbe evork
piece, thus making it ideal for cutting non-homogeurs material.

Radovanovic and Dasic [5] state that the cut quadita characteristic of the LBM that ensures avaathge over
other contour cutting processes based on experaheesearch conducted to determine the surfaceatutis.
Laser cutting, due to the narrow kerf width resuits superior quality, higher accuracy and grefiexibility [9].
Heat affected zones (HAZ) and laser cut qualitytheetwo important factors in LBM. Laser cuttingpsrformed
these days with an assist gas such as oxygen .omagjas assisted laser cutting, the gas is usuittgpduced
coaxially with the focused laser beam into theingtzone. The gas cools the cut area, thus lowehediAZ, and
also removes molten dross from the cut [5, 9]. FégR gives a schematic representation of gas adsiaser
cutting.

ol Non focused laser beam

l Distance of nozzle

Position of focus

'Ti

Molten material particles

Fig. 2 Gasassisting Laser Cutting (Radovanovic and Dasic [5])
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Fig. 3 Nityr/ogeh asssted Laser.Cutting Of AIS| 3140 Steel (Radovanovic and Madic [4])

3mm

In the experimental study conducted by Madic andd®anovic [4] to analyze the effect of the lasetting
parameters on the width of HAZ in G@aser cutting (using nitrogen as the assisting gaAISI 304 stainless
steel. The analysis was done by developing anic@aiifneural network (ANN) mathematical model witkser
power, cutting speed, assist gas pressure, and fozsition as the input parameters. The developél fmodel
was derived from 27 sets of experimental data uieggradient descent with momentum algorithm asted by
6 extra experimental data sets. From the analydiseoeffect of the laser cutting parameters onwidth of HAZ
the following conclusions were drawn:
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« The width of HAZ is highly sensitive to the seletiaser cutting parameters and their interactions.

« The dependence between the width of HAZ and ther laswer, cutting speed and focus position is liglan-
linear, whereas in the presence of an assist gasre this dependence is nearly linear.

» The effect of a given laser cutting parameter anwlidth of HAZ must be considered through the iatgion
with other parameters.

 Cutting speed has maximum influence on the widtiHA# followed by the laser power, focus positiordan
assist gas pressure.

Figure 3 shows the experimental setup of the némogssisted C{Qaser cutting and the dimensions of the work
piece [4]: The response surface methodology is @ehyi adopted tool for the quality engineering fielthe
response surface methodology is a collection ofherattical and statistical techniques that are Uusiefu
modeling, analysis and optimizing the process inctviniesponse of interest is influenced by seveaailables and
the objective is to optimize this response. Respansface methodology uses quantitative data frpprcgriate
experiments to determine and simultaneously solvkitwariable equations [10-11].

In another study conducted by Singh et al [10],poase surface methodology is used to investigage th
relationship between laser machining parametersHafid dimensions for Polymethyl methacrylate materide
cutting parameters studied were laser power, qupeed and gas pressure. It was found that whgnpgawer
laser beam strikes the work material and transfaesgy to it, the work piece surface gets heateditacreates a
heating zone in cutting area resulting in the HAZter increasing laser power, more energy transfework
material resulting increasing in HAZ hence HAZ isedtly proportional to laser power and indireqgbigoportional

to cutting speed. The effect of laser power onH#&Z is more as compared to the effect of cuttingesp and
therefore it is the most important factor that colstthe HAZ.
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Fig. 4 Variation of HAZ width with power and feed rate Fig. 5 Variation of surface roughnesswith power and feed rate
(Rajaram et al [12]) (Rajaram et al [12])
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To understand laser cut quality, a study was madéaser cut 4130 steels by Rajaram et al [12]. Aeseof
conclusions were made as below —

« Power had a major effect on the kerf width, whiked rate had a minor effect. Decreasing power and
increasing feed rate generally led to a decreakerirwidth and HAZ.

* Feed rate has a major effect on surface roughmebstaation frequency. Increasing feed rate gdlyeled to
increasing surface roughness and striation frequefic optimum feed rate, for which surface roughnissthe
minimum, could be identified. Power has a smaléetffon surface roughness, and no effect at alltriation
frequency.

Based on the conclusions, the following graphs waodted in the study by Rajaram et al [12] to shthe
correlation between feed rate and the HAZ width #redsurface roughness. The points were plottedliféerent
values of power. Graphs were also plotted to sHmar¢lation between the feed rate and the stridteuency, as
well as the relation between the striation freqyesntd the surface roughness of the work-piece #ftefaser cut.

Another experimental study was conducted by Yilda3 to assess the cutting quality and validatekéd width
predictions. The schematic representation the éxeertal setup is shown in Figure 8. A €@ser delivering
output power of 1600W was used and ZnSe lens wadoged to focus the laser beam. Oxygen was usedeas
assisting gas which was introduced co-axially \thith laser beam through a conical nozzle. Mild stemk-piece
was used in the experiment. The laser power intgnscanning speed (laser cutting speed) of ther lasam,
oxygen gas pressure, and work-piece thickness vaied. Width of the cut, out of flatness of thd edges and
waviness of the cut surface (striation patternglewseasured using a reading microscope while miertmmraphy
of cut surfaces was carried out using Scanningreleenicroscope (SEM).
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Fig. 8 Schematic view of the experimental set-up (Yilbas[13])

The values of scanning speed (cutting speed), axgags pressure and work-piece thickness were vaseshown
in Table-1 [13].The following conclusions were madé¢he experimental study [13]:
« Kerf width reduces with increasing laser beam soanspeed. Increasing laser output power incretmekerf
width, whereas kerf width increases with decreasuitjing speeds.
* It is observed from SEM micrographs that the cudliyimproves as laser beam scanning velocityeases,
provided that beyond the limit, cutting stops.

In a theoretical study made by KushalPratap Sirighl EL6], using response surface methodology (RSMbprder
to study the relationship between laser machiniagameters and their results. The process parantatezs in
study were cutting speed, frequency and duty ciid§¢ The work-piece material taken in this studymild steel.
It was concluded that the surface roughness wasttlirproportional to frequency and duty cycle. \W&@ss, when
the cutting speed increased the surface roughrexssabked. This relationship using the model equateruced

from RSM.
Table-1 Variation of Parameters(Yilbas[13])

Source of Variation Level 1 Level 2 Level 3 Level 4
Laser Power, W) 750 1000 1250 1500
Assisting Gas Pressure,, RkPa) 125 175 225 275
Workpiece thickness, T (mm) 0.75 1.00 1.50 2.00
Laser Beam Scanning Velocity, v (m/s) 1 2 3 4
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COMPARATIVE STUDY

An experimental study was conducted by Rasheed fd54ompare material removal rate (MRR), HAZ and
dimensions of the holes created in the workpieceniyro-EDM and LBM [15]. A sheet of Ni-Ti shape merg
alloy (SMA) of 10Qum thickness is used as the work-piece. Electidistharge Machining (EDM) is a method of
removing material from the work-piece by the forimatof sparks between the electrode and the wagkepdue to
electrical discharge. In the case of material remhoate (MRR), LBM process was found to have a mmaxn
MRR of 0.06 mm3/min, whereas micro-EDM was foundhé&we an MRR under 0.01mm3/min.

Dimensional accuracy was measured by comparinglidmaeters of the entry and exit micro- holes magehie
process. The taper angle and circularity of therorioles are also measured. On average calculatiomas
observed that the difference in the diameters efahtry and exit micro-holes produced by micro-ERxMVabout
118um, whereas the difference in micro-holes diansgproduced by LBM is 120.64um [15]. Similarlyettaper
angle of the micro-holes was found to be more irMLBian in micro-EDM. The circularity of the micremles
produced by micro-EDM was higher than that of tbéek produced by LBM process.

GE MW WDdimm E5H AT G —
JEDk

Fig. 10 SEM images of the entry and exit micro-holes produced by micro-EDM (Rasheed (2013), [15])

Another important point of comparison is the sugfdopography which compares the spatter and HAféaor
around the periphery of the holes. Spatter is #ieofidified molten metal which adheres to the peery after
machining [15]. These are compared by using scaneli@ctron microscope images.

The spatter and HAZ around the micro-holes produmgdnicro-EDM is lesser compared to EDM. Hence, the
quality of the micro-holes produced by micro-EDMsaigigher than the LBM produced micro-holes.

Cost plays an important role as the machining @®acaust also be suitable economically [14]. An appate
estimation of manufacturing cost is essential fanofacturers and costumers to make decisions.erstidy by
Yazdi et al [14], a model was proposed, which tod& account:

* Fixed costs: This includes capital cost, cost tdri@st, insurance, space, and maintenance.
 Variable costs: Cost of assist gas, lens, and eofml LBM, in addition to common costs such as aufst
labour, material, and electricity.

The model is derived from general calculation folasuused in manufacturing economics. Having eacfixef

and variable costs (€/hr) multiplied by total timecutting for one meter length part, the costsvested to euro
per part, and final cost is calculated by summatiball sub costs[14]. The model showed that higherpurity of
the cutting gas is, higher will be the cutting sphbead lower will be the cost per part. A reduct@ml2% in the
total cost was observed when cutting speed incdelag@0% [14].

CONCLUSION

LBM is a machining process that can be used to maddmost any known material ranging from soft enials to
DTM (difficult to machine) materials. Complex shapean be machined. LBM process has a very high MRR
compared to other non-conventional machining preeesuch as EDM. Though MRR is very high, the radter
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removed at the cost surface quality. The surfa@dityus less due to the formation of spatters bods which is
unavoidable in the process of LBM. However, thettgpaormation and HAZ can be reduced by increashey
cutting speed and by adopted gas assisted LBM.dasirg the laser power also significantly redubesHAZ.

The kerf width characteristic depends on the inpatameters as well. Decreasing the power and isicrgdhe
feed rate, decreases the kerf width and the HAZth&scutting speed increases, the surface rougliexseases
and quality improves when the other operating patans kept constant.

LBM being a flexible process, the various input graeters can be altered to improve the surface tguali
decreased HAZ and other output parameters anddslyvused in various industries. Extensive resessamd
experimental studies are being performed in thiel foed LBM in to order to improve the process chaeaistics
such are frequency of pulsed beams, beam polangdted rate, cutting velocity and surface rouglsne
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