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High Power CO, Laser Cutting and Welding of

Ceramicst

Michio TOMIE*, Nobuyuki ABE*, Shuichi NOGUCHI*#*, Tatsuharu ODA **#* and Yoshiaki ARATA **#%#

A new combination nozzle which allows dross-free laser cutting of ceramics and other materials was developed,
enabling fine cutting of up to 6mm. A new method of plasma control for welding ceramics was also developed, enabl-
ing full penetration welds of alumina ceramics up to 10 mm thick in a high temperature furnace.
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1. Introduction

Ceramics are superior to other materials in terms of
heat resistance, corrosion resistance, and wear resistance.
After metals and plastics, ceramics are expected to be the
third most important material for supporting future tech-
nological innovation. However, since ceramics are hard
and brittle, they are difficult to process as compared to
metals.

Ceramics generally have high melting points, so they
can only be heat-processed by high energy density heat
sources such as lasers or electron beams. Past experiments
in welding, cutting and drilling of ceramics with lasers and
electron beams' ~> have all employed powers of less than
1 kW on thin specimens only millimeters thick.

In this report, in order to study the heat processing of
thicker ceramics, the welding and cutting characteristics
of ceramics having various alumina contents were investi-
gated using a high power CO, laser.

2. Experimental Procedures

As the heat source for cutting and welding, a 15 kW
CO, laser (beam outer diameter 70 mm, module 1.5) and
the Arata laser focusing system (A and C types)® were
used. The A type, which was used for welding, employs a
focusing system of F 10 with a spot diameter of approxi-
mately 0.8 mm. The C type, which was used for both
cutting and welding, employs a focusing system of F 4.5
with a spot diameter of approximately 0.4 mm. (Spot

diameter: the diameter at 1/e of the highest value of the
beam intensity profile)

For cutting, a combination nozzle was used which was
made by joining a coaxial gas nozzle with a dross blowout
nozzle. The coaxial gas nozzle was designed so as to blow
gas onto the specimen from the front and rear in relation
to the point of laser irradiation. A diagram and photo-
graph of this combination nozzle is shown in Fig. 1.
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Fig. 1 Schematic diagram of combination nozzle for cutting.
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Because the resistance of ceramics to thermal shock is
very small, the specimen was held between firebricks and
preheated with a gas burner. The focal position of the
laser beam for cutting was set at the surface of the speci-
men (@, = 1.000).

For welding, a plasma cutting nozzle” was used. A
shielding nozzle was used to shield the laser beam from
ceramic vapor and gas. A diagram and photograph of this
plasma cutting nozzle is shown in Fig. 2. A furnace for
welding was made from firebricks, with a gas burner in-
serted into the side of the furnace. The specimen was
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Fig. 2 Schematic diagram of plasma cutting nozzle for welding.

Table 1l Chemical composition and physical constants of
Al, O, ceramics used.

87%A1203 76%A1205
Chemical Al20s % 87 6
composition | Others Si02 10% Si0z 10%
Mg0 2% Zr02 12%
Ca0 Ca0,Mg0

Fe203,Naz0
Apparent density g/cm® 3.4 3.6
Vickers hardness (5008) — 1,300 1,000
Bending strength kg/mm2 30 16
Coefficient of thermal 1/°C 7.8 7.1

expansion (40~800°C) | (X10°%) : '
- calecm

Heat conductivity (20°C) o 0.03 0.02
Specific heat cal/gC 0.18 0.18
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preheated from the back and furnace welding was then
conducted. The upper part of the furnace was open, with
the furnace designed so as to allow the nozzle to travel
inside the furnace. After welding the specimen was cooled
in the furnace. The chemical composition and physical
constants of the ceramic specimen used in this experi-
ment are shown in Table 1. The alumina content was 87%
and 76% (indicated as 87%Al, 03, 76%Al1, 03 ). The speci-
men size was 20 mm wide X 80 mm long, with a thick-
ness of 2—10 mm.

3. Results and Discussion
3.1 Laser cutting

The high viscosity coefficient of molten ceramic results
in poor mobility and in clinging of dross to the back of
the specimens, so it is very difficult to achieve fine laser
cutting of ceramics. Figure 3 shows the results of ceramic
cutting with a conventional coaxial gas nozzle only.

~— Cutting direction

(@) Wo=1.8kW 15=2500mm/min 2mmt

(b) Wo=1.0kW : 3mmlin *

(c) Wo=4.0kW U,=1500mm/min 6mmt
76%AL03 Cutting gas:N, Tp=300C

Fig. 3 Cut appearance after conventional cutting.

Although many trials were performed using various com-
binations of laser power and cutting speed, dross clung
under all conditions, making fine cutting impossible.

In order to eliminate dross, a dross blowout nozzle was
employed. Fig. 4 shows the laser cutting phenomena of
ceramics using a combination nozzle. Figure 4(a) is a
photograph taken at the time cutting was begun. Figure
4 (b) was taken 0.5 seconds after cutting began and shows
the effect of the dross blowout nozzle. Figure 4(c) shows
cutting in a steady state. Ceramic melted by the laser
beam is blown out of the front bottom of the kerf as
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Fig. 4 Appearance of dross ejected by a combination nozzle
(a) at the start of cutting, (b) after 0.5 sec, (¢) steady

state cutting.
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Fig. 5 Relationship between cutting speed and laser power for
6 mm thick 76%Al, O, .

ejected dross. To prevent clinging of the dross which
normally flows along the bottom edge of the kerf, it is
blown out as ejected dross by injection gas from the dross
blowout nozzle positioned behind the coaxial gas nozzle.
Figure 5 shows the relationship between laser power
and cutting speed for 76%Al,0; with a thickness of
6 mm. Figure 6 shows photographs of the cut surfaces
obtained with various laser powers at a cutting speed of
1500 mm/min. At a laser power of 1.8 kW, gouging oc-
curred and cutting was impossible. Raising the laser power
to 2.2 kW made cutting possible, but the temperatur of
the molten ceramic was so low that it was blown out
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76%Al;036mmt  Tp=300C Cutting gas:N,
Vp=1500 mm/min DF«32Omm

Fig. 6 Cut surface of 6 mm thick 76%Al, O, at various laser
powets with a cutting speed of 1500 mm/min.

forcibly by gas pressure, resulting in a rough cutting
surface with a great deal of clinging dross. When the laser
power was further raised to 3.6 kW, the temperature of
the molten ceramic was high and dross was blown out
smoothly, resulting in fine cutting without dross and a
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Fig. 7 Examples of fine cutting.

low degree of roughness.

Figure 7 shows examples of fine cutting of a)
76%A1,0; and b) 87%Al,0;. N, gas was used as the
cutting gas, and fine cutting was possible at a preheating
temperature (T,,) of 300°C for 76%Al,0; and 600°C for
87%Al1,03.

3.2 Laser welding

Cracks often occur during laser welding of ceramics or
during cooling to room temperature after welding. This is
because the tensile strength of ceramics is less than 1/10
their compressive strength, and cracks are often caused by
tensile stress. Since transverse cracks occur at a right angle
to the weld line from the bead during the cooling process
after welding, their cause is thought to be shrinkage stress
after solidification. Longitudinal cracks, on the other
hand, are thought to result from tensile stress restraining
heat expansion in the vicinity of the bead during the heat-
ing process along on the bond or on the back of the
specimen.

For these reasons, the preheating of ceramics for
welding was investigated using ceramics of various alumina
contents, observing whether or not cracks occurred when
the preheating temperature was changed. This investiga-
tion resulted in the determination that cracks on the sur-
face can be prevented by preheating 76%Al, 05 to 600°C
and 87%Al,05 to 800°C, and then slow cooling to 500°C
in the furnace after welding. Helium gas was used as an
assist gas.

The effects of laser power and welding speed on pene-
tration depth were investigated using a beam with spot
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C  Assist gas : He

Fig. 8 Bead cross sections of 6 mm thick 76%Al, O, at various

welding speeds and laser powers.

diameter of approximately 0.4 mm. Figure 8 shows bead
cross sections of 6 mm thick specimens of 76%Al, 04
under various welding speeds and laser powers. As the
laser power is increased, a typical deep penetration narrow
bead is created. During partial penetration welding, small
blowholes can be seen at the root of the bead cross sec-
tion, and many blowholes can be seen along the bond line.
Sometimes there are cracks along the bond line. As the
laser power increases, there is more spatter and the bead
surface shows under-fill.

When welding is carried out using a laser beam with a
high energy density, there is a large amount of spatter and
under-fill of the bead surface. At a high laser power and
energy density, the ceramic is instantaneously heated and
melted after beam irradiation. This produces a beam hole
from which molten ceramic is explosively blown out to
become spatter, resulting in under-fill of the bead.

In order to decrease the energy density, ceramic weld-
ing was conducted using a laser beam with a spot diameter
of approximately 0.8 mm and the bead characteristics
were investigated. Figure 9 shows the bead cross sections
of 10 mm thick specimens of 87%Al,0; under various
laser powers, with a constant welding speed of 1000mm/
min. The surface bead is wide, the bead is wedge-shaped,
and blowholes are visible. However, there is very little
spatter because of the low energy density of the beam. At
a laser power of 5 kW and above the beam fully penetrates
a thickness of 10 mm. At 6 kW and below there is almost
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Fig. 9 Bead cross sections of 10 mm thick 87%Al,0, at
various laser powers. :

87%Al,03 10mmt To= 800°C Assist gas : He
Dg = 700mm Q. = 1.000
~10.0f A @ ©
£
E
a8.0F
I
~
B 6.0 v
L3}
=)
[ =
-3 4.0 Welding speed slioko
g Vy  (x10° mm/min) Mo i
2 Partial penetration |A (O |V
S 2.0~
aQ Futl penetration |A(© |V
oL\, 1 | 1

1 1 1 ]
20 30 40 50 60 70 80

Laser power Wy (kW)

Fig. 10 Relationship between laser bpower and penetration depth
for 10 mm thick 87%Al, O, at various welding speeds.

no under-fill of the bead surface.

Figure 10 shows the relationship between laser power
and penetration depth at various welding speeds using
10 mm thick specimens of 87%Al, 05. Compared to when
the spot diameter was approximately 0.4 mm, the pene-
tration depth is rather shallow at same laser power with a
spot diameter of approximately 0.8 mm. Since increasing
laser power is often accompanied by the generation of
laser plasma. The penetration depth did not rise linearly
with laser power, instead, there was a tendency toward
saturation.
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4. Conclusion

In the laser cutting of alumina ceramics, it is not pos-
sible to satisfactorily blow out molten ceramic using just
a coaxial gas nozzle. However, by using a combination
nozzle on 6 mm thick specimens of 76%Al,0; and
87%Al, 03, fine cutting can be performed with a smooth
cut surface and very little dross.

In regard to welding, the effect of welding speed and
laser power on penetration depth in specimens of
76%Al1,0; and 87%Al,0; was investigated. It was found
that a high power laser beam with low energy density
results in little spatter and little under-fill of the bead
surface. It was also found that full penetration welding of
10 mm thick specimens of 76%Al,03 and 87%Al,0; is
possible at a welding speed of 1000 mm/min and a laser
power of 5—8 kW.
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