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Abstract: The paper gives an overview of the importance of modern materials in in-
dustry and problems regarding their machining. Materials such as: composites, hard metals,
different types of ceramics and similar are hard to machine using conventional methods,
because of their nature and mechanical properties. One of the ways to solve the machining
problem for this type of material is by using a laser beam machining with two beams. In
this process each laser beam makes a groove on the working area while the volume of the
material lying between the crossover of two beams is eliminated. Theoretical discussion on
thermal properties of materials which were subject to laser machining created a mathemati-
cal model which was subsequently compared with the experimental results.
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1. INTRODUCTION

Requirements regarding the reliability and life
cycle of the products impose necessity to develop
new materials such as composites, hard metals, dif-
ferent types of ceramics and similar. Composite
materials are made by combining two or more dif-
ferent materials. The starting raw materials have mu-
tually different properties, while their combination
gives a totally new material with unique, entirely
new and different properties in comparison to the
individual constituent materials. The aim is to up-
grade structural, thermal, chemical or some other
properties of individual materials. The components
are not mutually mixed or dissolved, so that there
are two or more clearly separate and distinct phases
within the composite. One phase, called reinforce-
ment, imparts strength and hardness. The other is
referred to as a matrix or binder and it surrounds and
supports fibers or fragments of the reinforcement
materials. The composite constituents can be hetero-
geneous materials: non-metals, ceramics, metals,
polymers. The properties of newly formed material
depend on the properties of constituent materials,
their concentration, distribution and binding. All
composites are characterized by some common fea-
tures which make them special and distinct from
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other materials: high strength and rigidity - they can
be stronger than steel; low density and mass, resis-
tance to corrosion and high temperatures, chemical
inertness, possibility of machining and moulding
into different shapes, resistance and permanence.
Enhanced properties of composite materials make
their wide application possible. Due to their nature,
especially mechanical properties, these materials are
very difficult to machine by traditional machining
processes. The introduction of laser and its use in the
machining process is exactly one of the machining
methods that successfully solves the specified prob-
lem.

Machining of materials using laser beam is a
process without contact, because there is no tool (la-
ser beam is a tool), therefore there is no tool wear,
cutting force, mechanical strokes or damage. Laser
beam can successfully machine all materials with
low light reflexion and low heat conductivity, re-
gardless of their mechanical properties. This process
should be analysed in the sense of optimisation and
management, on the one hand, and mutual interac-
tion of two laser beams, on the other hand. Presence
of the other laser beam changes the groove shape
and internal temperature distribution, so it is very
important to take these facts into consideration when
determining the machining conditions.


mailto:pantelijadakic@gmail

P. Daki¢, V. Daki¢, Machining of hard-workable materials using two laser beams

Contemporary Materials, 111-2 (2012)

Page 195 of 200

2. CONDITIONS OF CONDUCTING THE
EXPERIMENTS AND PROGRAM
PREPARATION

Research with regards to the composite mate-
rials machining using laser beam was performed at
the Laboratory for Manufacturing and Productivity
Massachusetts, Institute of Technology Cambridge
USA, as a part of the project “Optimization of the
Material Machining Process Using Laser“. The
equipment and material of the above Institute were
used during conducting of the experiment.

2.1. CO, laser with the following characteris-
tics:

output power 1500W (2x750W),
power stability: +2%,

— power adjustments: 200-1500W,
— wave-length 10.6y,

Table 1. Composite materials

— laser head: length 2.5 m; width: 0.52 m
and height: 0.55 m,

— Laser focal point with diameter of
0.178 mm, which is subsequently generated us-
ing computing methods.

2.2. Appropriate gas:

— CO; - 1.2% of consumption 1.7 I/h,

— N; - 14.8% of consumption 21l/h,

— He - 8.4% of consumption 8.4 I/h,

— maximum pressure 8 bar, minimum
pressure 7 bar,

— consumption of water 57-76 I/h and
temperature 15 C.

2.3. Tested material:

— ceramics and

— composite materials whose characteristics
are specified in Table 1.

No. | Machined materi- | Specific Heat conductiv- | Temperature of Heat of vapori- | Density
al heat ity vaporization zation (g/cm®)
(I/kg K) (W/m K) °c (I/9)
1 | Carbon/teflon 874 12.7625 1059 12057 2.2
2 | Glass/teflon 909 0.5125 1082 9057 2.37
3 | Glass /polyester 1025 0.6 1400 46000 1.9
4 | AL203 850 3.3 2072 4150 2.8

Maximum five passings were carried out during testing.

3. THEORETICAL ANALYSIS OF THE
PROCESS

A detailed analysis of a groove creation
process using laser beam was presented in the pre-
vious papers [1,8,13], and, due to the space limita-
tion, it will not be considered in this paper in detail.
We analyzed the creation of only one groove by us-
ing one laser beam (Figure 1). Within this analysis
only one small particle was considered on the
groove surface created using laser at angle 0 to x
axis and angle ¢ to y axis.

Based on that analysis, the energy expression
can be defined, as follows:

dxdy

alJ(dx.dy) = k| ————
(dxdy) [cosecos¢

}[G—T} + gLV (dxdy)tgé@

on |,
1
where:
a — is an absorption coefficient
J — is a laser beam intensity
k — is a heat conductivity coefficient

T — is a temperature of vaporisation
n — is a unit vector
q — is a laser beam density
L —is a latent heat of vaporisation
¢ — an angle to y axis
0 — an angle to x axis
V — velocity of laser beam passing.
Based on the energy analysis, according to
Figure 1, a few assumptions were made:
a) Laser beam has a Gaussian distribution [1]:

P x> +y?
J dexp{—T}

where:
0 — is a heat penetration depth,
d — is a laser beam diameter,
P —is a laser beam power.

b) Conductivity within the workpiece of ma-
chining is normal to the groove surface, so that the
temperature distribution expression will be as fol-
lows:

)
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n T A temperature gradient at the groove surface
T=T, {1——2} (3)  [5] can be calculated in the following way:
oT d 1| 2T
c) Laser beam reflection onto the groove sur- {—} =2T, [1——} {1——} =—3 4)
face is considered as the energy loss, N oo 9 o o o
~d) Vaporisation or plasma development are Replacement of this relation by the expression
disregarded, (1) results in:
e) Melted material is removed by gas imme- kT
diately during the operation, so that the effects of aJ=———=—+6-V-L-tg60 5)
molten layer are disregarded. 6 cosgcos ¢
Laser beam

\ Grooving direction

Infinitesimal of control
surfaces

Figure 2. Laser beam intensity and energy distribution

Relation between heat conductivity within the ;51 AT

. .. . 2
workpiece and heat transmission occurring due to —-—=VT =—
the heat source movement [7] can be obtained apply- & X on
ing the heat transmission differential equation:

(6)
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Likewise, the temperature gradient can be ex-
pressed in the following form:

[ﬂ} :[ﬁ} sing %
6X n=0 aX n=0

Solving the energy equation (1) on the groove
surface we obtain the following results:
VvV 2T, 2T,
~. 8
2 52 (8)

The heat penetration depth 6 is obtained using
the following expression:

-sin@ =

a
= 9
V-sing ®)
a-J=o-V-1go(2C, T -secg+L) (10)
where:
Cp- is specific heat of the working piece.

tgb can be calculated using the equation (10):

2 2
P o {XH}

(6-V(2C,T, -secg+L)

Integration of expression for the groove depth
ranging from -oo to +x results in:

s(x,y) = [ ds+8,

tgo (11)

(12)

where:
St — is previous depth of groove,
ds — measured depth of groove during the laser
beam penetration.
Now, an integral relation for the groove depth
takes the following form:

2 2
X aPexp—{—X +y }

d? d?
st y)zLé-V-(ZCp-TS-sec¢+ L)

Temperature of the groove surface Ts and the
inclination ¢ along y — direction are functions of x
and y. Generally, solution for the groove shape re-
quires determination of ¢ and Ts. The central
change of the groove depth can be calculated when y
and ¢ equal to zero.

Increase of the groove depth value can be
computed using the following model [8]:

dx+S, (13)

a-7"%-P 2aP
AD = =
§V-d(C,-T,+L) #**-q-V-d[C (T,-T,)+L]
(14)
or:
PA 2a
log(D/) =10 +lo
91 WV gnﬂz-q-v-d[cp(rs—To)u]
(15)
where:

A..- is @ number of laser beam passings,
D- is a depth of the laser beam penetration,
or:

Iog(%) = Iog(E%) +log[a- 7% -d/q(2C,T, +L) |
(16)
Maximum groove depth can be determined

using this analytical process without a repetition of
numerical methods.

4. EXPERIMENTAL RESULTS

Power levels of 400 and 500W, as well as the
laser beam passing velocity (V = 0,254; 0,508;
0.762; 1.27; and 1.905 cm/sec) were applied during
testing. Machining of composite materials was per-
formed in axial and radial directions (Figure 3); the
results of the laser beam penetration depth under the
same conditions are given in Figures 6a and 6b.
Upon the completion of the experiments, the
groove depth and width were measured. However,
the measurement results are not shown due to the
space limitation, but only used for energy density
calculation and graphic review of results.
Energy density can be determined based on
the following equation:
ED= 4
V.-d
where:
ED — is energy density,
A —is a number of the laser beam passings,
V- is velocity of the laser beam passing.
Calculated values of relations ED/d and D/d
are presented in Figures 4 and 5 for each material
(carbon/teflon, glass/teflon, glass/polyester, Al 203)
tested in the experiment. The same figures show
both theoretical and experimental results, as well as
their comparison.
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Figure 3. Machining using two laser beams
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Figure 4. Comparison of computing (1) and experimental (2) results for carbon/teflon
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Figure 5. Comparison of computing (1) and experimental (2) results for glass/polyester
(5¢) and Al 203 (5d)
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Figure 6. Depth of the laser beam penetration: a) axial to the fibres; b) radial to the fibres

5. ANALYSIS OF OBTAINED RESULTS
AND CONCLUSION

Based on the experimental results obtained, as
well as on theoretical knowledge and the mathemati-
cal models gained for hard-workable materials sub-
jected to experiment, the following can be con-
cluded:

1. 3D machining of materials using two laser
beams basically represents a creation of the groove
by each laser beam, but the volume of eliminated
material is considerably greater than when it is done
by one laser beam, because, except of melted vo-
lume of material, the laser beam significantly elimi-
nates greater volume of the material lying between
the crossover of two laser beams (Figure 3). When
machining the material using two laser beams, mu-
tual interaction of laser beams must be taken into
consideration, which is obviously reflected in the
groove creation accuracy. Such interaction is shown
in zoomed view in Figure 3.

2. Machining of composite and ceramic mate-
rials using laser beam does not represent any diffi-
culty, which is also confirmed by obtained results
showed in Figures 4 and 5. It implies that the state-
ment given in the introduction of this paper is cor-
rect indicating that the laser beam can successfully
machine all materials regardless of their characteris-
tics and mechanical properties. The fact is also that
there are difficulties with the materials having great-
er ability of heat conductivity and reflection, but this
problem too is solved with appropriate preparations.

3. Experimental results are compared with the
theoretical models and showed in Figures 4 and 5.
Deviations between theoretical models and experi-
mental results are obvious, but they are within the
standard allowed limits. Slightly greater deviations
are particularly noticeable in the area of deeper pe-
netration of laser beam into materials, i.e. with dee-

per depth and higher relation of ED/d, as well as
with materials glass/polyester. These deviations are
greater with materials glass/polyester than with other
materials, and they can be explained by the laser
beam increased reflection in comparison to other
materials.

4. There is a considerable difference in the la-
ser beam depth depending on whether the machining
is performed axially or radially to the material fibres.
Such a difference is evident in Figure 6 and ex-
plained by higher heat conductivity when laser beam
machining is performed axially to the material fi-
bres.

Notwithstanding insignificant deviations ex-
isting between experimental and computing data, it
can be said with certainty that the composite mate-
rials can be very successfully machined with the use
of laser.
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FOR

OBPAJIA TEIIKO OBPAIVBMBUX MATEPUJAJIA CA IBA JIACEPCKA CHOITA

Cakerak: y pajay je JaT KpaTak Iperie]l 3Hauyaja CaBpPEeMEHHX MaTepujajia y
HHIYCTpHju U mpobiieMa ca HBUXOBOM 00pagoM. MaTepujaid Kao MITO Cy: KOMIIO3HTH,
TBPJY METaJM, Pa3He BPCTE€ KEPaMHUKE M CIMYHO, TEWIKO ce o0pal)yjy KOHBEHIIMOHAIHUM
MOCTYIIMMa, ¢ 003UPOM Ha EHHUXOB KapaKTep W MEXaHWYKe OocoOWHe. JeqaH of HauWHa
pjeriaBama mpobiemMaTuke 00paje 3a OBy BPCTYy MaTepujaia je odpama momohy Jjacepa ca
JiBa Jlacepcka cHoma. Y OBOM IIPOIECYy CBAaKM JIACEPCKU CHOIl NpaBH JKJbeO Ha pajHOj
MOBPILMHU ¥ BOIlYyMEH MaTepHjasia KOju ce Haimao u3Mel)y mpecjexa [Ba Jacepcka CHoIa ce
OTKJIama. TeopeTCKHM pa3MarTpameM TePMHYKHX CBOjcTaBa MaTepHjaia Koju cy Ouin
MOJIBPrHYTH JIaCEPCKOj 00pajlli HampaB/beH je MaTeMaTHYKd MOJEN KOjU je KacHHje

ynopeleH ca ekcriepuMeHTaTHUM pe3yiITaThMa.
JaCepCKU

Kibyune pwujeun: nacep,

CHOIl, KOHAYKTHBHTET, pediekcuja,

MaTeMaTu4Ku MOAECI, I'yCTHHA JIaCEPCKOI' CHOTIA, TOILUIOTA UCIIapaBamka.
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