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Through-hole drilling of a 200-µm-thick flame-retardant polyester-based film was investigated 
using a short-pulse CO2 laser with a pulse width of 304 ns. Percussion drilling was performed at a 
repetition rate of 200 Hz and a fluence of 10.7 J/cm2 per pulse. Two irradiation methods were exam-
ined. One was conventional continuous irradiation, referred to as Continuous Irradiation in this paper. 
The other was a method referred to as Divided Pulse Train Irradiation. In this method, a sequence of 
laser pulses (a pulse train) is followed by a certain time interval before the next pulse train is delivered. 
The minimum number of pulses required to form a through-hole was 75 in Continuous Irradiation, 
whereas only 4 pulses were sufficient in Divided Pulse Train Irradiation. In this case, 2 pulses were 
applied in the first set and 2 in the second set, with a time interval of 0.5 ms or longer. Discoloration 
was observed around the hole in Continuous Irradiation but was absent in Divided Pulse Train Irradi-
ation, suggesting that thermal effects were effectively suppressed in the latter. 
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1. Introduction
Functional polymer resins can be endowed with various

properties—such as heat resistance, mechanical strength, 
chemical resistance, electrical conductivity, hydrophilic-
ity/hydrophobicity, and biocompatibility—through compo-
sitional adjustment and the incorporation of functional addi-
tives. Owing to these tunable characteristics, they have be-
come indispensable materials across a wide range of indus-
trial fields, including aerospace and transportation equip-
ment, electronics, medical devices, and consumer goods. In 
the fabrication of components and structures using these pol-
ymer materials, there is a growing demand for high-speed, 
high-precision, and high-quality processing, as well as en-
ergy-efficient and cost-effective production methods. In re-
cent years, the development of various functional polymers 
has been accompanied by significant advances in laser sys-
tems and processing technologies. To make effective use of 
these advancements, it is essential to optimize processing 
parameters, which remains a key challenge [1-12].  

Many polymer resins efficiently absorb infrared radia-
tion, particularly in the wavelength range of 9–11 µm. Laser 
sources capable of emitting in this spectral region include 
CO2 lasers, quantum cascade lasers (QCLs), lead-salt semi-
conductor lasers [13-23]. Among these, CO2 lasers are effec-
tive tool for polymer processing due to its capability to de-
liver high pulse energies ranging from several tens of milli-
joules to several joules, high average powers from several 
tens of watts to several tens of kilowatts, and its ability to 
operate in various modes such as short pulses (tens to hun-
dreds of nanoseconds), long pulses (tens of microseconds to 
several milliseconds), and continuous-wave (CW) output 
[13-20].  

In CO2 laser processing, short-pulse irradiation induces 
thermal processing accompanied by ablation, whereas long-

pulse and continuous-wave (CW) irradiation predominantly 
result in purely thermal effects. Due to the thermal nature of 
these processes, undesirable thermal effects such as carbon-
ization, melting, discoloration, and cracking may occur de-
pending on the irradiation conditions, irradiation method, 
and the thermal properties of the material [1-7]. Therefore, 
the suppression of such thermal effects is a critical challenge 
in CO2 laser processing of polymers.  

To address this challenge, it is essential to optimize laser 
parameters such as pulse shape, beam profile, repetition rate, 
and fluence per pulse. In addition, process parameters in-
cluding the number of irradiation pulses and the pulse over-
lap rate must be appropriately selected, along with the flow 
rate of assist gas, which is used to promote or suppress oxi-
dation reactions and to remove debris from the processing 
area. Water-assisted processing, which serves to cool the 
workpiece and remove debris, is also a commonly employed 
technique; however, because the wavelength of CO2 lasers 
is strongly absorbed by water, alternative approaches—such 
as the use of nanoliquids—have been proposed [24-26]. Fur-
thermore, thermal properties of the target material, such as 
melting point, thermal expansion coefficient, thermal con-
ductivity, and thermal diffusivity, are also important factors 
to consider for effective control of thermal effects.  

Previous studies by the authors have demonstrated that 
crack-free hole drilling using short-pulse CO2 lasers not only 
in synthetic fused silica glass, which has a low thermal ex-
pansion coefficient (5.5 × 10-7 /K) and a high melting point 
(1600 °C), but also in crown glass (100 × 10-7 /K, 724 °C), 
soda-lime glass (87 × 10-7 /K, 740 °C), and borosilicate glass 
(33 × 10-7 /K, 820 °C), which are characterized by higher 
thermal expansion coefficients and lower melting points 
[27]. Furthermore, they have reported that the taper angle of 
the machined geometry can be controlled by optimizing the 
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irradiation conditions [28]. These results suggest that precise 
control over the temperature distribution of the workpiece—
enabled by appropriate CO2 laser parameter adjustments—
can allow for accurate control of both processing quality and 
geometry.  

In this study, hole drilling was performed on a flame-re-
tardant polyester-based film, which contains a flame-retard-
ant layer that promotes char formation during combustion, 
suppressing oxygen diffusion and reducing flame spread 
[29-31], using a short-pulse CO2 laser. The challenges asso-
ciated with conventional polymer processing by continuous 
laser pulse irradiation—namely, the expansion of thermal ef-
fects and degradation of processing quality—were eluci-
dated. Furthermore, irradiation methods to overcome these 
challenges were investigated, and processing conditions 
aimed at improving processing efficiency and reducing ther-
mal influence were explored. 

 
2. Experimental setup 

Figure 1 shows a schematic diagram of the experimental 
setup. A custom-developed longitudinally excited (LE) CO2 
laser was used, operating at a wavelength of 10.6 µm with a 
repetition rate of 200 Hz [13,14,27,28]. Fig. 2 shows the 
pulse shape and beam profile of the laser output. The pulse  

 
Fig. 1  Experimental setup. 

 

 
Fig. 2  Laser pulse shape and beam profile. 

(a) Laser pulse. (b) Laser beam.  

shape was recorded using a photodetector (Hamamatsu Pho 
tonics, P13894-011MA), yielding a pulse width of 304 ns. 
The spatial intensity distribution of the beam was measured 
using a slit and an energy meter (Gentec, QE50LP-S-MB-
D0); it exhibited a doughnut-shaped profile with a diameter 
of 14.9 mm. The beam was focused by a lens with a focal 
length of 12.7 mm. The sample was placed so that its surface 
was aligned with the focal plane of the lens. The resulting 
spot diameter (i.e., the irradiation diameter) was 198 µm, 
and the fluence per pulse was 10.7 J/cm2. 

The sample used in this study was a flame-retardant pol-
yester-based film (Dialamy, Mitsubishi Chemical) with a 
thickness of 200 µm. The flame-retardant polyester-based 
film had a three-layer structure, consisting of a 50-µm-thick 
flame-retardant layer sandwiched between two 75-µm-thick 
polyester layers. To protect the lens from fumes and dust, a 
stream of air was introduced; however, this airflow was not 
directed onto the sample surface. Fumes and particulates 
generated during laser processing were extracted by an acti-
vated carbon deodorization unit.  

Two irradiation methods were investigated in this study, 
as illustrated in Fig. 3. One was conventional continuous ir-
radiation, referred to as Continuous Irradiation in this paper. 
The other was a method referred to as Divided Pulse Train 
Irradiation in this paper. In Divided Pulse Train Irradiation, 
a sequence of laser pulses (a pulse train) is followed by a 
certain time interval before the next pulse train is delivered. 
Since the laser pulses used in this study are nanosecond 
pulses, the term Divided Pulse Train Irradiation is adopted 
to distinguish it from burst-mode irradiation, as typically 
employed with femtosecond lasers, which operates on a 
much shorter temporal scale [12,32,33].  

 

 
Fig. 3  Continuous Irradiation and Divided Pulse Train Irra-

diation.  
(a) Continuous Irradiation. (b) Divided Pulse Train Irradia-

tion. 
 

3. Results and discussion 
Figure 4 shows images of the sample surface after Con-

tinuous Irradiation at a repetition rate of 200 Hz. To form a 
through-hole in the 200-µm-thick flame-retardant polyester-  
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Fig. 4  Sample surface images and summary of results under Continuous Irradiation. The red scale bar indicates 200 µm. 

 
based film, more than 75 pulses were required at 200 Hz, 
corresponding to a processing time of 350 ms. At a repetition 
rate of 100 Hz, 20 pulses (200 ms) were required, and at 50 
Hz, 10 pulses (also 200 ms) were sufficient. Discoloration 
or carbonization was observed around the resulting through-
holes. These results were highly reproducible, with through-
hole formation and discoloration consistently observed at 
the same pulse numbers under identical conditions. 

The flame-retardant polyester-based film used in the ex-
periment had a three-layer structure, consisting of a 50-µm-
thick flame-retardant layer sandwiched between two 75-µm-
thick polyester layers. The surface polyester layers could be 
peeled off. In the case of the 75-µm-thick polyester layer 
alone, a single pulse was sufficient to form a through-hole, 
and even after 200 pulses at a repetition rate of 200 Hz, no 
discoloration was observed.  

For a structure comprising a 50-µm-thick flame-retard-
ant layer and a 75-µm-thick polyester layer, when laser 
pulses were irradiated from the flame-retardant side at a rep-
etition rate of 200 Hz, a through-hole was formed with just 
2 pulses, but discoloration occurred with 5 or more pulses. 
These results indicate that the discoloration or carbonization 
observed during through-hole formation in the 200-µm-
thick flame-retardant polyester-based film originated from 
the flame-retardant layer, likely due to the thermal decom-
position of the flame-retardant additives [29-31].  

Additionally, in the 200-µm-thick flame-retardant poly-
ester-based film with a three-layer structure, molten material 
flowed into the hole and blocked it, even after a through-
hole had initially been formed during Continuous Irradiation. 
As a result, the number of pulses required for through-hole 
formation increased. This was demonstrated by an experi-
ment in which a photodetector was placed behind the film to 
monitor laser pulses that passed through the hole. Even in 
samples where a through-hole was ultimately not formed, 
the detector responded and recorded laser pulses identical to 
the incident ones, indicating that the laser passed through the 
hole.  

Figure 5 shows images of the sample surface after Divi- 

ded Pulse Train Irradiation with a time interval of 10 s. A 
through-hole was formed with a total of 4 pulses—2 pulses 
irradiated initially, followed by another 2 pulses after a 10-
second interval. No discoloration was observed around the 
through-hole.  

Figure 6 shows sample surface images obtained by Di-
vided Pulse Train Irradiation, in which 2 pulses were irradi-
ated first, followed by another 2 pulses after a variable time 
interval. No through-holes were formed when the time inter-
val was shorter than 0.5 ms. However, when the time interval 
was 0.5 ms or longer, through-holes were formed. No dis-
coloration was observed around the through-hole. The same 
experiments were repeated several times under identical 
conditions, and the results were highly reproducible. Throu- 

 

 
Fig. 5  Sample surface images and summary of results un-
der Divided Pulse Train Irradiation with a time interval of 

10 s. The red scale bar indicates 200 µm. 
 

 
Fig. 6  Sample surface images and summary of results un-

der Divided Pulse Train Irradiation with 2 pulses in the first 
set and 2 pulses in the second set. The red scale bar indi-

cates 200 µm. 
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Fig. 7  Comparison of processing results between Continuous Irradiation and Divided Pulse Train Irradiation under the min-

imum number of pulses required for through-hole formation. 
(a) Continuous Irradiation with 75 pulses. (b) Divided Pulse Train Irradiation with 2 pulses in the first set and 2 pulses in the 

second set, with a time interval of 10 ms. 
 
gh-holes were consistently formed at the same pulse timing 
as shown in Figs. 5 and 6.  

Figure 7 summarizes a comparison between Continuous 
Irradiation and Divided Pulse Train Irradiation in terms of 
the minimum number of pulses required to achieve through-
hole formation under the conditions used in this study. Com-
pared with Continuous Irradiation, Divided Pulse Train Irra-
diation enabled through-hole formation with a significantly 
lower number of pulses, shorter processing time, and re-
duced total irradiation fluence. While discoloration occurred 
around the through-hole during Continuous Irradiation, no 
such discoloration was observed in the case of Divided Pulse 
Train Irradiation, suggesting that thermal effects were effec-
tively suppressed. The hole diameter (Dhole) and the diameter 
of the heat-affected zone (DHAZ, defined here as the melted 
region) were found to be nearly the same between Continu-
ous Irradiation and Divided Pulse Train Irradiation.  

Figure 8 shows the dependence of the Dhole/Dlaser ratio 
and DHAZ/Dlaser ratio on the time interval for Divided Pulse 
Train Irradiation with 2 pulses in both the first and second 
sets. Since both the hole diameter Dhole and HAZ diameter 
DHAZ depend on the laser irradiation diameter Dlaser, the ra-
tios Dhole/Dlaser and DHAZ/Dlaser were used for evaluation. The 
Dhole/Dlaser ratio increased with time interval up to 10 ms and 
then saturated at approximately 69.0% for intervals longer 
than 10 ms. In contrast, the DHAZ/Dlaser ratio decreased with 
increasing time interval up to 10 ms and then remained con-
stant at approximately 145% for longer intervals. High re-
producibility was obtained, with the variation in the meas-
ured ratios within approximately 8.4%.  

 
4. Conclusion 

In this study, hole drilling of a 200-µm-thick flame-re-
tardant polyester-based film was investigated using a short-
pulse CO2 laser with a pulse width of 304 ns. Percussion ir-
radiation was performed at a repetition rate of 200 Hz and a 
fluence of 10.7 J/cm2 per pulse. The minimum number of 

pulses required to form a through-hole was 75 for Continu-
ous Irradiation and only 4 for Divided Pulse Train Irradiation, 
in which 2 pulses were applied in the first set and 2 pulses in 
the second set, with a time interval of 0.5 ms or longer. Un-
der Continuous Irradiation, even when a through-hole was 
formed, the molten material flowed into the hole and re-
blocked it. In contrast, such reblocking was avoided in Di-
vided Pulse Train Irradiation. Furthermore, compared to Co- 

 

 
Fig. 8  Dependence of Dhole/Dlaser and DHAZ/Dlaser ratios on 
the time interval for Divided Pulse Train Irradiation with 2 

pulses in each set. 
(a) Dhole/Dlaser ratio. (b) DHAZ/Dlaser ratio. 
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ntinuous Irradiation, the Divided Pulse Train Irradiation en-
abled through-hole formation with a significantly smaller 
number of pulses, shorter processing time, and lower total 
irradiation fluence. Discoloration was observed around the 
hole in Continuous Irradiation but was absent in Divided 
Pulse Train Irradiation, suggesting that thermal effects were 
effectively suppressed in the latter. Further investigations are 
needed to determine whether similar effects can be achieved 
in other materials. 
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