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The irradiation of glass using a CO, laser causes a
local temperature rise which can be used for local heat
treatments, e.g. polishing, cutting. The temperature
distribution is described generally by the heat diffusion
equations. If the laser beam radius is much larger than
the material thickness, the two dimensional problem
can be replaced with a one dimensional solution. For
the simulation it is necessary to take the strong tempera-
ture dependence of the thermal conductivity and the
specific heat of the glass into account and also the
boundary conditions. The boundary conditions only
become important at irradiation times longer than 2s;
then the glass properties play a more important role.
Here, the thermal conductivity influences the tempera-
ture most significantly, due to the strong effect of heat
transfer by radiation in glass at high temperatures.
This large thermal conductivity results in a rather even
temperature distribution in the glass.

The absorption of intense ir-radiation from a CO,
laser beam causes local temperature rises and conse-
quently induces thermal stresses. If the induced stress
exceeds a certain critical value, the glass fractures
catastrophically. By controlling the stress and the
crack propagation, this effect can be ingeniously used
for the rapid cutting of glass. By preheating the glass,
the critical stresses are minimised and local heat
treatments based on annealing, melting, and evapor-
ation effects can be carried out using CO, laser
radiation.'”

For successful laser heat treatment, the local and
temporal temperature distribution is of great impor-
tance. The temperature depends on the laser para-
meters: laser power, laser beam intensity, feed speed,
irradiated area, time of interaction, and intensity
distribution; and on the glass properties: predomi-
nantly thermal conductivity and specific heat.

Basic solutions of the heat conduction equation are
described by Carslaw & Jaeger.® A survey of analyt-
ical solutions for the interaction of laser radiation
with a material is presented by Zscherpe.'> A solution
of the thermal influence of a moving laser beam on
metals is derived by Geissler & Bergmann.”
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If glass is the target material, the situation is more
complex than that for metals. The main reasons are:
1. The thermal properties of glass are strongly
dependent on temperature, e.g. the heat transfer
increases due to radiation at high temperatures.

2. Heat losses due to radiation become important

at temperatures above 400°C, because the emiss-
ivity of a glass surface is higher than that of a
metal surface. That is, the boundary condition
for the irradiated surface does not behave
linearly with temperature.
A numerical solution is therefore necessary to solve
the heat conduction equation.

The aims of this paper are to show how strongly
the temperature distribution varies with the tempera-
ture dependent glass properties, and how it is affected
by various boundary conditions. The modelling is
carried out for parallel sided flat glass, whose proper-
ties are given in Table 1.

Table 1. Float glass properties at room temperature

Floar glass
R =02
la 1-10 pm
k MIm s 1 K!
¢ 780 kg™ K~
Notation

a  absorption coefficient, cm ~*

ds heat diffusion length, m
T temperature, K

t time of interaction, s

r  distance from laser beam centre, m

r. laser beam radius, m

z  distance from irradiated glass surface, m
Zm glass thickness, m

k  thermal conductivity, Wm ™' K~!

¢, specific heat, Jkg™' K™*

p glass density, kgm ™3

I, laser intensity, Wm ™2

R glass reflectivity

¢ Boltzmann constant, 5667 x 1078 Wm ™2 K™*
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e glass surface emissivity,
h  heat convection coefficient, Wm 2 K}
T. temperature of coolant in contact with glass, K

T, transformation temperature, K

T, temperature of glass at the beginning of inter-
action, K

x  average heat diffusivity of glass, m®s™!

Heat conduction equation

Assuming cylindrical symmetry, two forms of the
general heat conduction equation are derived:
volume heat source

oT [k 6k]6T ¢k oT

r+0r

P 5 or 9z oz
AT #T dI
+k[ar + ]+dz (1)

surface heat source
(laser beam intensity is included in the boundary
condition on the irradiated surface)

BT k ck 3T+6k5T+ 32T+62T
Par or|or " 0z 0z ot oz2
2

If the absorption depth I/a is less than the heat
diffusion length, d,

ljaxdy ~ /4t 3)

the thermal interaction of the laser radiation with the
target can be described as surface heat source.

As shown in Table 1, the glass absorption coefficient
a of the CO, laser wavelength (1 = 10-6 pm)>-® is so
high that the energy is deposited within a very small
surface layer.

With k x 0-5-1 x 10~¢ m?/s and an assumed inter-
action time ¢ = 025 s, the temperature diffusion length
is dg~70x107*m to 1'0x 10”3 m according to
Equation (3). Because dy is much larger than the
absorption depth of the CO, laser radiation in glass,
the CO, laser beam may be considered as a surface
heat source.

Boundary conditions

The following sections discuss the relevant boundary
conditions for glass—Ilaser beam-—interaction.

Beam axis direction.
Front surface

—k [aT] =1r )~ 08(T;.0~ T2)~MT,oo~T)
52 z=0
4)
with I =1I, (1 = R).
The first term on the right side of Equation (4)
represents the heat source, the second term the radi-

ation loss and the third the convection loss.
Two common laser beam geometries will be dis-
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cussed, a rectangular intensity distribution (I = I, for
r<rn I'=0 for r>r,) and a Gaussian intensity
distribution (I = I, exp (—r?/r2)).

Back surface

aT
k[——] =—0T;.,, ~TH-hWT-, —T) (5
0z |yeu,,

If the glass sample is perfectly insulated at the rear
side, convection and radiation losses are negligible,
then it follows

oT
=] 9

If the glass thickness is larger than the heat diffusion
length d; (z, > ./4xt) and convection and radiation
losses can be neglected or when the radiation and
convection losses are equal to the heat flux at
z=1z,, then

Radial direction. For the symmetrical intensity distri-
bution

oT |
[EFLO =0 ®)

When the glass sample is radially much larger than
the beam radius

Tn=T ©
As r— o0, r>» . /4xt.

Temperature dependence of the thermal properties

Thermal conductivity. Heat is conducted in glasses by
lattice vibrations (phonon conductivity) and radiation
{photon conductivity). Usually, the radiation is neg-
lected, but it becomes important at high temperatures
because it is proportional to the fourth power of
temperature.

The thermal conductivity due to lattice vibrations
is taken as constant (T} =298 K, T, =973 K) and
temperature dependent. Also, heat transfer by radi-
ation is considered.

Two constant values were used,
k,=11Wm 'K™! for room temperature (298 K)
and k, =21 Wm™' K~! for 700°C (973 K).

The temperature dependence of the thermal
conductivity k without additional heat transfer by
radiation is fitted by a sixth degree polynomial.

Assuming a limiting k value of 2211 Wm~! K™%

k(T) = 1098503 + 3-5 x 10~ 5(T — 273)
+ 8015397 x 10-6(T — 273)?
— 1494571 x 10~ %(T ~273)}
+ 11139537 x 10 14(T~ 273)*
~ 4016636 x 10~ 15(T — 273)°
+ 5412311 x 10719(T—273)° (10)

Considering heat transfer by radiation the tempera-
ture dependence of the thermal conductivity k can be
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Figure 1. Temperature dependence of the thermal conductivity of

float glass
® kfromRefl6 = —--—--- k=k, ——— k=f(TY
""" k=k k=f(T)

determined from the glass composition according to
Ammar et al!” for various temperatures: 0, 30, 300,
600°C. These values are fitted by a second degree
polynomial to simulate heat transfer by radiation

K(T*) = 1-084381 + 0-001312(T — 273)
+ 2778335 x 10~ 7(T — 2732 (1

The different dependences of the thermal conductivity
are presented in Figure 1.

Specific heat. The specific heat can be considered as
constant, temperature dependent, or temperature de-
pendent with an additional nonlinear increase at T,.
On passing through the glass transition to the liquid
state, the specific heat generally increases. The in-
creased specific heat reflects the increase in configur-
ational entropy which becomes possible in the liquid
state, in which the time for molecular rearrangement
is short with respect to the experimental time scale.

According to Sharp, the average value of ¢, for
tempesrature interval 273-1573K is 1222 Jkg~!
K-1®

The temperature dependence for the specific heat
is given by Sharp'®

[7-519 x 10~ 7(T = 273)?
+103 x 10"4(T—273)+0:176
(M= (0-00136(T — 273) + 1) 4178

(12)

The jump of ¢, at the transformation temperature
is simulated by

[7-519 x 1077(T - 273)?
+ 103 x 10T —273)+ 0-176

. m-— 4
v (0-00146(T — 273) + 1) 178 (13)
for T, <803 K, and

[7:519 x 107 7(T = 273)?

| +103x 107%(T—-273)+0176
= (0-00146(T - 273) + 1) 4178 + 1222

(14)
for T, > 803 K.
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Figure 2. Temperature dependence of the specific heat of float glass
------ ¢, = const — = — ¢p= f(T) with jump at T,

----- Cp=f(T)

These dependences are depicted in Figure 2.
The temperature dependence of the glass density is
neglected in this work.

Results and discussion

Equation (2) is solved using the finite difference
method. For a stable solution the step size of the time
interval is adjusted to the spatial step size dz in the
axial direction as follows

dz?

g 1
de aKipe, (15)
The influence of dz on the solution is shown in
Figure 3.

The step size dz=10"* m is selected according to this
result. By the next minimalisation, the solution is no
longer influenced significantly.

Solving Equation (2), Figures 4 and 5 show the
temperature distribution in float glass for different
beam profiles. The temperature is calculated by using

5

Temperature (K)
=
s

g
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Figure 3. Influence of step size dz on the solution of (2}
(lo =300 Wiem? t =055 To=673K, T, =T, —k(dT [dzjq=1,
(1— R}, kand c, constant
------ dz=5x10"*m
~———=-dz=2x10"*m

e — dz=1x10"*m
dz=5x10"°m
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Figure 4. Temperature profile for a rectangular intensity distribution
(Ig= 142 Wicm®, To=673K): (a) t=0and (b) 2=0

.......... t=025s ———t=25s

————— t=1s t=S5s

temperature dependent glass properties (k = f(T) ac-
cording to Equation (10), ¢,=f(T) according to
Equation (12)) and considering radiation losses at the
front side and losses equal to the flux at the rear side
(T, = Tp). The depth profile appears independent of
the beam profile because the beam radius r,, is much
larger than the thickness z,. Therefore, the two
dimensional problem can be replaced with a one
dimensional solution.

The comparison of the results for different bound-

1600 r v T T
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Figure 5. Temperature profile for a Gaussian intensity distribution
(lg = 142 Wjem®, T, =673K): (a) r=0and (b} 2=0

.......... =025y ——-—1t=25s

~——— t=35s
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Figure 6. Temperature distribution in float glass (z,,=4 mm) for
differing boundary conditions (ly= 142 Wiem?, To=673K):
(a)t=025sand (b} t=135s

------ case 1

- case 3 ———— case 5

——— case 4

Table 2. Temperature distributions in float glass for
different boundary conditions

Case Front surface Back surface
aT oT
—k{ —k| —
[az—lx=0 [az_‘:=x,
1 Iir) 0
2 I(r) L.=T
3 Ir)—oe(Tt.o—TY) oe(TE — T
4 I —ae(Ti.o =T 0
5 Hr)—o0e(T.o ~TY L.=T

ary conditions, temperature dependent, and tempera-
ture independent thermal properties is given in
Figures 6, 7 and 8.

The influence of various boundary conditions is
shown in Figure 6 and Table 2, neglecting convection
losses, with k=f(T) according to Equation (10),
¢, = f(T) according to Equation (12). It is obvious
that different boundary conditions become important
for long irradiation times, t > 2s. Energy losses due
to heat radiation at high temperatures lower the
surface temperature at the hot irradiated front side
(z = 0) drastically. At moderate temperatures, as ob-
served at the back side, the radiation losses are not
as significant as at higher front surface temperatures.
In the experiments the boundary conditions at the
rear side can be determined by the set up.

The influence of ¢, on the temperature distribution
is shown in Figure 7. Radiation losses at front and
back surface are taken into account, with k= f(T)
according to Equation (10). The profile does not vary
much with different dependences of ¢,,. The tempera-
ture dependence has only a minute influence.

Figure 8 shows the temperature profile varying the
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Figure 7. Temperature distribution in float glass for differing specific
heats (1, = 142 Wiem?, To=673K): (aj t=025sand (b) t=5s
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Figure 8. Temperature distribution in float glass for differing thermal
conductivities (o= 142 Wjem?, Ty =673K): ra) t=025s and

(bjt=35s
...... k=k, ——— k= f(T)
----- k=k; k=KT?)

thermal conductivity. Radiation losses at both sur-
faces are taken into account, with c, = f(T) according
to Equation (12). The heat transfer by photons has a
significant influence on the temperature profile com-
pared to the rather small effect of the phonon conduc-
tivity. At high temperatures the thermal conductivity
becomes rather large considering additional heat
transfer by radiation. Therefore, the temperature de-
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pendence is of great importance for long irradiation
times. Photon conductivity enables a rather quick
flux of heat and therefore a more even temperature
distribution within the glass. For future research, it is
therefore necessary to use the more precise tempera-
ture dependence of heat conductivity (the dependence
in this work was an extrapolation for temperatures
above 600°C). It follows, that the sample thickness
may be of great importance. For thin samples (z,, - 0)
the effective glass conductivity is near the real conduc-
tivity, i.e. independent of temperature above about
600°C. As thickness increases, the radiation heat
transfer mechanism is of increasing importance. For
an infinite thickness, radiation accounts for nearly
100% of the heat transfer and the temperature depen-
dence is very strong. The comparison of experimental
results with the model solutions should solve this
problem.

Conclusion

In the case of a laser beam with large radius compared
to the material thickness the one dimensional solution
of the heat conduction equation is satisfactory. The
results show that radiation losses at the front side,
taking the temperature dependence of the thermal
conductivity into account, have a significant influence
on the temperature. The temperature dependence of
the glass properties k and ¢, have a large influence
on the temperature distribution in glass. The higher
the thermal conductivity, the higher the specific heat
of the material and the more even is the temperature
distribution in the glass. For laser treatment, the
consideration of energy losses due to radiation at the
irradiated front side has the largest effect. A series of
experiments with samples of different thickness must
be carried out, with the surface temperature being
monitored with an infrared pyrodetector. The influ-
ence of sample thickness on the heat conduction
equation will be the subject of the next work.
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