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Abstract The hot plume of ablation products generated
during the laser drilling process of carbon fiber reinforced
plastics (CFRP) with a continuous-wave laser beam was
analyzed by means of high-speed imaging. The forma-
tion of compression shocks was observed within the flow
of the evaporated material, which is an indication of flow
speeds well above the local speed of sound. The flow speed
of the hot ablation products can be estimated by analyzing
the position of these compression shocks. We investigated
the temporal evolution of the flow speed during the drill-
ing process and the influence of the average laser power on
the flow speed. The flow speed increases with increasing
average laser powers. The moment of drilling through the
material changes the conditions for the drilling process and
was confirmed to influence the flow speed of the ablated
material. Compression shocks can also be observed during
laser cutting of CFRP with a moving laser beam.

1 Introduction

During laser processing of carbon fiber reinforced plastics
(CFRP), the material is mostly removed in a gaseous phase
since both components have no liquid phase [1]. The com-
position of the gaseous emissions is reported in [2]. Several
components contained in the hot ablation plume, such as
bisphenol A or CO are potentially hazardous. Therefore,
they must be evacuated reliably from the processing area.
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To guarantee a reliable evacuation of the gaseous emis-
sions, their flow speeds have to be known. Furthermore, a
strong interaction between the hot plume of ablation prod-
ucts and the processed material has been reported in [3].
The plume can lead to a bulged cutting edge when laser
cutting carbon fiber preforms which degrades the quality of
the cut [3]. An interaction between the ablation plume and
the carbon fibers can also be observed when laser cutting
CFRP with a considerable matrix evaporation zone (MEZ).
In this case, the matrix material near the interaction zone
is vaporized due to an extensive heat input as reported in
[4-6]. In a large MEZ, the carbon fibers lose their fixation
in the compound and can interact with fast-flowing ablation
products. Measurements of the flow speed of the ablated
material to investigate whether fast-flowing ablation prod-
ucts are responsible for the bulging of the cutting edge were
already reported in [3]. For this, the samples were placed
on a weighing scale and the resulting force during laser
cutting of carbon fiber preforms was measured. By meas-
uring the downwards component of the resulting force,
the momentum and, also, the average speed of the ablated
material were determined as a mass-weighted average over
all ablated particles. It was reported that the ablation prod-
ucts leave the interaction zone with average speeds ranging
between 100 and 300 m/s.

The speed of ablated particles during laser process-
ing of CFRP with a pulsed laser system delivering pulses
with a duration of 20 ns is reported in [7]. The material
was ablated by single shots on the material surface. Par-
ticles of carbon fibers that leave the interaction zone with
speeds between 1700 and 6000 m/s were observed by
means of high-speed imaging. Equally high speeds of the
evaporated material are stated in [8]. In this case, the CFRP
workpiece was also processed at the material surface with
single pulses with a duration of 4 ps. The material vapor
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cloud was measured to propagate at speeds between 4500
and 5000 m/s. It is noticeable that there seems to be sig-
nificant differences in the flow speed of the ablated mate-
rial depending on the operating mode of the utilized laser
system. To gain further insights on the flow of the ablated
material, we exploited the gas dynamic properties of com-
pressive shocks as a further approach to estimate the flow
speeds of the ablation products generated during laser pro-
cessing of CFRP with a continuous-wave laser. A high-
speed camera was used to observe the compression shocks
that are formed within the plume of ablation products
during the process. The existence of compression shocks
within the flow of the evaporated material already indicates
flow speeds well above the local speed of sound.

2 Experimental setup

The experiments were performed with a continuous-wave
laser having a wavelength of 1030 nm. The beam propaga-
tion factor was M2~ 15. The maximum average laser power
used for the presented experiments was 3.5 kW. The laser
beam was focused on the surface of the work pieces with a
focus diameter of about dy~300 pm. The beam was moved
over the CFRP surface by a scanner system equipped with
an F-Theta lens having a focal length of 163 mm. The
CFRP samples were made from PAN-based carbon fibers in
a quasi-isotropic arrangement with an epoxy resin as matrix
material. The samples had a total thickness of 4.5 mm. The
thickness of the individual layers was 0.28 mm each. The
fiber volume content was about 55%.

The hot plume of ablation products generated during
the ablation process was observed by means of a high-
speed camera which was positioned at the side of the work-
piece. A band-pass filter for a wavelength of 810+ 10 nm

Fig. 1 Side view of the abla-
tion plume generated during
laser drilling of CFRP with

a continuous-wave laser. a
P=1.0 kW, recorded 1.6 ms
after start of the drilling pro-
cess, b P=3.5 kW, recorded
1.0 ms after start of the drilling
process. Additional process
parameters: A=1030 nm,
df~300 um, M?= 15, nonpolar-
ized. Exposure time 133.1 ps
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was placed in front of the camera to filter the laser wave-
length and most of the process radiation. The plume was
not illuminated; only the thermal emission of the plume
was detected. The process was recorded with a rate of 7500
frames per second, the exposure time was set to 133.1 ps,
and the resolution was 1024 x 1000.

3 Theory

The investigations concentrated on the drilling process to
avoid the influence of a moving beam. The observation of
a stable flow of the ablation products was, thus, possible.
Single frames of the plume of ablation products generated
during laser drilling are shown in Fig. 1. The left picture
shows an image recorded 1.6 ms after the start of the drill-
ing process with an average laser power of P=1kW. In the
picture on the right, the material was drilled with an aver-
age laser power of 3.5 kW and the image was recorded
1.0 ms after the start of the process.

The surface of the workpiece is marked with a white
line. The first compression shock can be detected at a
distance x,; from the workpiece surface. The formation
of compression shocks indicates a flow of material with
supersonic speed and high pressure [9]. Usually, compres-
sion shocks are observed for an overexpanded flow through
a nozzle. To the best of our knowledge, this is the first time
compression shocks are used to determine the flow speed
of the ablation vapors during processing of CFRP. In the
case of laser drilling, the bore hole can be regarded as a
nozzle opening. In Fig. 1a, an oblique compression shock
and in Fig. 1b, a vertical compression shock can be seen.
This vertical compression shock is commonly referred to
as Mach disc. Depending on the conditions, it occurs when
the pressure ratio p,p/p,, of the total pressure p,p, in the
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flow at the nozzle outlet and the ambient pressure p,, is
larger than 2—4 [9]. With an increasing pressure ratio, the
Mach disc gets more pronounced. For p, p/p,, <2, oblique
compression shocks are formed [9]. The flow speed of the
evaporated material can be calculated if the distance x,,
the nozzle diameter Dy and the ambient pressure p,.,, are
known. The pressure ratio p, p/p,, at the nozzle outlet can
be expressed by [9]:

P _ < X >2
Patm 0.7 DN '

The Mach number of the flow in the first compression
shock is given by:

2 l(ﬁt,n>7 _1] ’ o
Kk—1 Patm

where k is the isentropic exponent. To calculate the flow
speed

ey

Ma =
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The local speed of sound
K-R-T
=4/ — 4
c=1/ v )

must be known, whereby R is the universal gas constant,
T is the temperature of the gas and M is the molar mass of
the gas.

The ambient pressure in our case was supposed to be
Pam= 1013 mbar. The composition of the gaseous abla-
tion products should be known to determine the isentropic
exponent. The exact composition is not yet clear, but in [2],
it was reported that CO is generated during laser process-
ing of CFRP. In addition, the existence of C, and CN in the
exhausting plume has been shown in [10]. Due to the sev-
eral diatomic gases that are generated when CFRP is being
processed with lasers, the isentropic exponent was assumed
to be k=1.4. This is a typical value for most diatomic gases

at ambient temperature [9]. The universal gas constant is
R=28,314 J/mol K [6]. The molar mass of the evaporated
material was averaged over the diatomic gases CO, C, and
CN which leads to M=26.02 g/mol. For average laser pow-
ers of 0.5, 0.8 and 1.0 kW and a laser beam moved with
a feed rate of 0.1 m/s, but otherwise with process param-
eters identical to the ones specified above, the temperature
(determined by fitting Planck’s law to the emission spec-
trum of the plume) was found to be about 4000 K, inde-
pendent of the average laser power. The nozzle diameter
Dy, i.e. the diameter of the drilled holes, was measured by
means of an optical microscope following the drilling pro-
cess. During the drilling process, the real diameter of the
drilling hole may be smaller than the measured diameter
of the drilling hole leading to an unknown systematic error
that was not taken into account. At different times of the
drilling process, the distance x); was obtained by analyzing
single frames of the high-speed recordings of the process.
For the calculation of v from Eq. (4), we have assumed an
error of the isentropic exponent of Ak=0.1, an error of the
molar mass of AM=5.2 g/mol, and an error of the plume’s
temperature of AT=400 K. For the measured nozzle diam-
eter, we estimated an error of 5% of the measured value,
and for the measured distance x,;, we estimated the error to
be 10% of the measured value.

4 Experimental results

The pressure ratio and the flow speeds determined at dif-
ferent times after the start of the drilling process are shown
in Fig. 2 for the different average laser powers of 1, 2 and
3.5 kW. Generally, the pressure ratio as well as the flow
speed increase at the beginning of the drilling process
until they reach a saturation value. For a certain period,
the pressure ratio and the flow speed remain approxi-
mately constant. After this period, the pressure ratio and
the flow speed decrease until no compression shocks can
be observed anymore. The highest pressure ratio of about

Fig. 2 a Pressure ratio p, p/p,, (a) 20 (b) 4 000
and b flow speed in the first P=1.0 kW E
compression shock as a function £ P=2.0 kW
11 . g . )
of the drilling time for several £ 15 P=3.5 kW '€ 3000
average laser powers. Process s c
parameters: A=1030 nm, 2 o
df~300 pm, M2~ 15, nonpolar- S 10 g 2000
ized, sample thickness: 4.5 mm g E ) -
] 3 r
] L o C B P=1.0kwW
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16 was measured for the maximum applied average laser
power of 3.5 kW. The flow speed at the saturation level
is higher for larger average laser powers. The period with
approximately constant flow speed becomes shorter with
larger average laser powers. The curves typically show a
more or less distinct kink at which the flow speed starts to
decrease significantly. As discussed later below, this kink
is supposed to be related with the breakthrough of the
laser beam through the material. The higher the cw laser
power, the more distinct is the kink at which the flow speed
decreases. At the laser powers of 3.5 and 2 kW, the kink in
Fig. 2 is seen to occur at about 8 and 9 ms after the start
of the drilling process, respectively. With 1 kW of laser
power, this kink is less distinct and occurs approximately at
24 ms after the start of the drilling process.

The influence of the cw laser power on the flow speed
of the evaporated material measured after a drilling time
of tpy;=5 ms at which a stable flow state was reached is
shown in Fig. 3. It can be seen that the flow speed of the
evaporated material increases with higher cw laser power.
As expected from basic energy considerations [11], accord-
ing to which the evaporated volume is proportional to
the absorbed laser power, the highest flow speed of about
3300 m/s was measured for the maximum applied average
laser power of 3.5 kW.

To verify that the observed kink in the flow speed over
time is caused by the breakthrough through the CFRP
workpieces, the time of the breakthrough was determined
for different average laser powers by means of photodiodes.
One photodiode was placed on the top of the workpiece
to detect the beginning of the drilling process; another
was placed below the workpiece to detect the moment
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Flow spe

Fig. 3 Influence of the cw laser power on the flow speed of the evap-
orated material measured at a drilling time of 5 ms. Process param-
eters: A=1030 nm, df~300 pm, f,;;=5 ms, M?= 15, unpolarized
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of breakthrough. Both photodiodes measured scattered
light. For different laser powers, the required process time
from the beginning of the drilling process to the moment
of breakthrough is shown in Fig. 4 and compared to the
times at which the flow speed of the ablated vapor starts
to decrease significantly. The comparison was only pos-
sible for powers of 1 kW and above, as for lower powers,
the compression shock vanishes before reaching the break-
through (see also discussion of Fig. 2). But for the meas-
urements with powers of 1 kW and higher, there is an
excellent correlation between the moment of breakthrough
and the process time at which the flow speed of the ablated
vapor starts to decrease.

The relation seems plausible since the vaporized mate-
rial can escape on both sides of the workpiece once this
is drilled through. In addition, part of the laser radiation
propagates through the material and no longer contributes
to the removal of the material. This leads to a reduction of
the volume of the evaporated material which again results
in a lower pressure within the drilled hole. According to
Eq. (2), a reduced pressure leads to lower flow speeds.

It should be noted that in the frame of this study, we
did not determine whether the temperature of the vapor-
ized material remains 4000 K after the moment of break-
through or if it decreases. According to Eq. (3), a tem-
perature reduction results in lower local speeds of sound
which leads to a reduction of the flow speed according to
Eq. (4). The flow speeds shown in Fig. 2 were calculated
assuming a constant temperature 7=4000 K and, therefore,
give an upper limit of the flow speeds after the moment of
breakthrough.

- B Time of breakthrough
B A Decrease of the
g 1000 = flow speed
£ B
> L
£ 10k ™
- C u
g . o
T 10k "x
a - iﬁ
1 _I 1 1 | 1 1 1 1
1 10

Average laser power in kW

Fig. 4 Process time at which the samples were drilled through
(black squares) and at which the flow speed of the ablated vapor was
detected to drop (red triangles) as a function of the applied cw laser
power. Process parameters: 1=1030 nm, df~300 um, M?= 15, non-
polarized, sample thickness: 4.5 mm
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5 Conclusion and outlook

We analyzed the gas dynamic compression shocks
observed in the plume of hot ablation products that are
generated during laser drilling of CFRP to determine the
flow speed of the ablation products. Flow speeds of up to
3300 m/s were determined. The flow speeds measured for
drilling of CFRP with a cw laser beam agree well with the
ones reported for ablation with pulsed laser systems [7, 8].
A distinct kink of the flow speed over time was found to
correlate with the breakthrough through the workpiece.

As shown by Fig. 5, the formation of compression
shocks can also be observed during laser cutting of CFRP
with a non-stationary beam. In contrast to the laser drilling
process with a stationary laser beam, an elongated plume
is formed exhibiting several distinct flows and with corre-
sponding compressive shocks as highlighted with the red
arrows. The compression shocks of the individual flows
have different distances from the workpiece surface. As
the shape of the cutting groove differs from the rotationally
symmetrical nozzle, the theory above cannot be applied to
this situation. In the case of vapor leaving a cutting kerf,
three-dimensional effects occur and the supersonic free
jets should be considered as general three-dimensional
flows [8]. However, the appearance of compression shocks
observed for cw laser powers exceeding 0.8 kW again indi-
cates that the ablation products have supersonic flow speeds
also during processing of CFRP with a moving laser beam.
No compression shocks were observed for cw laser powers
below 0.8 kW.

Surface

Fig. 5 Side view of the compression shocks in the plume generated
during a laser cutting process of CFRP with a continuous-wave laser
(beam moving from right to left). Process parameters: P=3.5 kW,
v=1m/s, 1=1030 nm, df~300 pm, M2~ 15, nonpolarized

Further investigations will be required for a theoretical
evaluation of the three-dimensional material flow occur-
ring for processes with a non-stationary laser beam and to
compare the resulting flow speeds with other measurement
methods such as those presented in [3] where flow speeds
in the range of a few hundred m/s have been reported for a
continuous-wave laser cutting of carbon fiber preforms.
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