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Polyether-ether-ketone (PEEK), as one kind of thermoplastic polymers, exhibits a great deal of remarkable
properties and plays an important role in aerospace, electronics, automotive and medicine. An investigation of
single-pulse laser drilling on Polyether-ether-ketone (PEEK) was reported to show the influence of irradiation
energy on the hole sidewall. In-situ evolution of drilling process was observed by the high-speed camera. The
surface morphology and microstructural characteristics of the hole sidewall were evaluated by different char-
acterization techniques. The hole sidewall was divided into three parts: expanded zone at the entrance, linear
zone in the middle, and U-shaped zone at the bottom. It was found that the quality of inner sidewall could be
obviously improved under high single-pulse energy (>1 J), in terms of the surface morphology with small heat-
affected zone (HAZ) thickness and surface roughness, as well as the least adhesion. Besides, chemical and
structural characteristics of the hole sidewall changed a lot under high energy. The C content of three parts
increased as the energy increased. The crystallinity of the hole sidewall decreased from 35 % to 25 % after laser-
energy irradiation, but there was little change under different single-pulse energy. New diffraction peaks
appeared in X-ray diffraction images and the intensity of the relative peaks in Raman spectra decreased when the
energy was over 1 J. It was proven that some chemical bonds (phenyl ring (1597 cm’l) and C-O-C (1148 cm’l))
would break under high energy, contributing to mass removal of the keyhole. Moreover, the HAZ thickness of the
hole sidewall was calculated based on a viscous flow model, which showed a good consistency with experimental
results. These results reveal material-removal mechanism accompanying the appearance of direct decomposition
of the material and breaking of chemical bonds under high energy. It can provide references for understanding
mechanisms of HAZ formation and material-removal and improving surface quality for laser drilling of polymers.

Material-removal mechanism

1. Introduction

New high-performance polymers are produced to meet ever
increasing demand for materials in the industrial applications.
Polyether-ether-ketone (PEEK), as one kind of thermoplastic polymer,
exhibits a great deal of remarkable properties and plays an important
role in aerospace, electronics, automotive, medicine and particularly in
the biomedical application [1,2]. It has been gradually applied in the
cranial repair instead of titanium alloy due to its superior biocompati-
bility [3,4]. A large number of high-precision micro-holes with large
hole depth (>1 mm) and high aspect-ratio need to be processed on a
PEEK matrix as the repair material. The distribution of many micro-

holes is favorable for the extension of cell pseudopodia and the inte-
gration of bone-implant [5].

It is important to develop an efficient machining method for micro-
holes on PEEK with excellent quality. Single-pulse laser drilling is a
suitable method when many holes need to be drilled, owing to its
characteristics of the high-efficiency, non-contact, and no-restriction of
materials [6]. Compared with nanosecond, picosecond or femtosecond
pulsed laser, the microsecond or millisecond pulsed laser has a higher
material-removal rate [7]. However, the heat-affected zone (HAZ) is
inevitable for the microsecond or millisecond laser drilling. Fusion and
thermal decomposition occur during the process of laser ablation. The
molten or vaporized material is not completely expelled and will be
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accumulated on the hole sidewalls as the HAZ. In addition, the chemical
composition and crystallinity may change under the laser irradiation.
Therefore, surface morphology and microstructure characteristics of the
hole sidewall play an important role in assessing the drilling quality and
analyzing the material-removal mechanism.

Some studies have been carried out to investigate the influence of
laser processing parameters on the surface morphology and micro-
structure of polymers. The influence of CO laser radiation on the sur-
face properties of PEEK was studied [8]. It was found that the surface
roughness increased with increasing laser intensity but the change of
surface chemistry was nearly negligible. The effects of laser energy on
the ablation depth and surface quality were examined for the polyimide
(PD) film ablation using 355 nm DPSS Nd: YVOg4 laser [9]. Experimental
results showed that the high-quality surface was achieved with no
deformation or burr when the laser energy was lower than the threshold
energy. For laser cutting of plastics (polyester resin), it could be
concluded that the kerf morphology was obtained with good quality and
high productivity under high-power laser systems and high-speed feed
rates [10]. The influence of the processing parameters on the interaction
phenomena and the HAZ formation were studied for laser milling op-
erations on polymer laminates. It was observed that the HAZ increased
whenever heat diffusion was promoted and the burnt material was
accumulated on the hole surface [11]. These studies mainly dealt with
the processing parameters of laser etching or drilling for a variety of
polymers, concentrated primarily on the micro-holes with the depth of
micrometer scale. An investigation focused on the relationship between
processing parameters and the surface morphology or microstructure of
the hole sidewall is still lacking, especially for laser drilling of polymers
with the depth >1 mm.

In order to understand the material-removal mechanism for laser
drilling of polymers, many researchers have made efforts to predict the
process occurring at the laser-polymer interaction zone. The Srinivasan-
Smrtic-Balu (SSB) model was formulated for excimer UV laser etching of
polymers [12], which related the laser energy to the drilling depth by
combining a theoretical equation of photothermal ablation with that of
photochemical ablation. Also, mathematical equations were adopted to
predict the quantitative depth and area of laser ablation considering a
purely thermal effect, which were based on the experimental results
under different laser powers and number of pulses for 1064 nm nano-
second pulsed laser drilling [13]. However, the mechanisms of mass
transfer and the melt dynamics during the drilling process have not been
well understood, as laser ablation is subject to the specific laser wave-
length and the materials used. That is, the analysis and discussion about
material-removal mechanism involving photothermal or photochemical
reactions have been rarely addressed.

Hence, it is crucial to conduct a more comprehensive investigation
focused on the surface morphology and microstructure of the ablation
zone and make a deep understanding of laser-polymer interaction, in
order to further improve the machining quality. A large number of ex-
periments on single-pulse laser drilling of PEEK had been conducted in
our previous work [14]. Hole morphology and keyhole evolution during
drilling process had already been discussed. In this paper, the surface
quality and microstructure of the hole sidewall were characterized by
studying the following aspects: (i) surface morphology of the hole
sidewall under different single-pulse energy using laser scanning
confocal microscope and scanning electron microscope. (ii) micro-
structure of the hole sidewall using energy dispersive spectroscopy, X-
ray diffraction, and Raman spectroscopy. (iii) HAZ thickness of the hole
sidewall calculated by a viscous flow model. In addition, in-situ obser-
vation and analytical calculation were carried out to investigate the
material-removal mechanism of the laser-polymer interaction.
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2. Experimental setup and material characterization
2.1. Machining experiments

Laser drilling experiments were carried out with a quasi-continuous
wave Nd: YAG fiber laser with an output fiber core of 14 pm and
wavelength of 1070 nm. It is with the advantages of stable Gaussian
beam distribution, rapid response time and constant peak power. Fig. 1
shows the experimental setup of laser drilling. It is primarily made up of
laser system, high-precision three-axis positioning and motion platform,
coaxial argon gas blowing system, real-time charge-coupled device
(CCD) monitoring system, high-speed camera observation system,
waveform generator and self-developed clamps with a “sandwich”
structure.

In the present study, laser output was modulated as a rectangular
pulse wave by the waveform generator. The nozzle assembly features a
co-axial nozzle of 1.0 mm exit diameter, with a 150 mm focusing lens
and a 100 mm collimating lens. The optical assembly can be adjusted to
maintain the focal position of the laser beam on the centerline at the top
of the work-piece surface, through vertical motion of the three-axis
positioning and motion platform. The laser processing parameters can
be found in Table 1. In order to characterize drilling quality relative to
the specific parameters, the single-factor experiments were conducted.
The effects of single-pulse energy on surface morphology and micro-
structure of the hole sidewall were investigated.

2.2. Material characterization

PEEK5600G workpieces of 100 mm x 50 mm x 3 mm were used for
the experiments of laser drilling. Main thermal and physical parameters
are shown in Table 2. The section of PEEK sample was polished with
sandpapers for better surface roughness. Ultrasonic cleaning in alcohol
was carried out for all the samples for 30 min before machining. Ra and
Rq were nearly 0.51 pm and 1.03 pm, respectively, measured by the
laser scanning confocal microscope (LSCM).

Two identical PEEK samples were pressed together on the self-
developed clamps, which were fixed by a sandwich structure consist-
ing of two metal plates, as shown in the small image embedded in the
lower right corner of Fig. 1. The laser beam was focused on the junction
line of two PEEK samples with the aid of coaxial CCD and Dino-lite
digital microscope. Three holes were drilled for each set of processing
parameter in order to achieve high accuracy of the results. After drilling,
the two PEEK samples were split and a half-hole appeared on each one.
Thus, the sectional morphology of the hole can be obtained right after
the experiment. This method provides an instantaneous geometric
shape, surface state of the hole sidewall without additional post-
processing, as schematically shown in Fig. 2.

In order to better observe the physical process of laser drilling, an in-
situ observation was conducted by the high-speed camera during dril-
ling process. One PEEK sample was sandwiched by two transparent glass
plates, which were held in place by two metal plates on the clamps. With
the aid of Dino-lite digital microscope and CCD, the laser beam was
focused on the junction line between the glass sheet and the PEEK
sample. And the high-speed camera was focused on a side view of the
PEEK that was parallel to the direction of the incident laser beam. Its
resolution, recording rate, and shutter speed were set from 144 x 230
pixels to 128 x 50 pixels, 20,000 fps to 100,000 fps, 1/500,000 s to 1/
100,000 s, respectively.

Three-dimensional LSCM was used to investigate and characterize
the surface morphology and HAZ thickness of the hole sidewall. Also,
the whole sectional morphology of the hole sidewall was analyzed in
detail by field emission scanning electron microscope (SEM). The sam-
ples were sputter-coated with gold in advance. Energy dispersive spec-
troscopy (EDS) was used to determine the contents of C and O at an
acceleration voltage of 8 kV. The X-ray diffraction analysis (XRD) was
performed to provide information on the crystallinity and structure of
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Fig. 1. Experimental equipment for laser drilling of PEEK.

Table 1
Processing parameters used in laser drilling of PEEK experiments.

Parameters  Peak power (W)  Pulse width (ms)  Defocus distance (nm) ~ Beam quality M?>  Rayleigh length (um)  Assisted gas pressure (MPa) ~ Waist diameter (ym)
Value 100-1000 0.05-20 0 1.05 300 0.4 21
bl Because the temperature of molten polymer drops down quickly, some
Table 2

Thermal and physical parameters of PEEK5600G [15,16].

Thermal and physical parameters Value

Density
Specific heat capacity

1.3 x 10° kg/m®
2200 J/(kg-K)

Thermal diffusivity 1 x 10 m%/s
Thermal conductivity 0.29 W/(m-K)
Coefficient of the thermal expansion 4.7 x 107° /K
Glassy transition temperature (Tg) 416 K

Melting point 668 K
Vaporization temperature 668-773 K

Kinematic viscosity of molten phase 0.23-0.26 m%/s

the hole sidewall employing the 26 values from 10° to 60° and scanning
rate of 2°/min. Raman spectra were obtained by a Raman spectrometer
emitting at a laser wavelength of 514 nm with a power of 2.5 mW for
chemical structural analysis.

3. Results and discussion

For laser drilling or ablation of polymers, the material is normally
removed as the melt flow, vaporization, droplet or spatter [11]. During
laser drilling, the heat from the laser irradiation is transferred to the
adjacent substrate, and subsequent melting and re-cooling of the ma-
terial will result in changes in the area surrounding the hole sidewall.
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irregular microscale structures, incomplete melt expulsion and frag-
ments often remain on the surface of the hole sidewall, consequently
causing inhomogeneous microstructures and decreasing the processing
quality [17]. Even the chemical composition may change after the laser
irradiation.

3.1. Surface morphology of the hole sidewall

For laser processing of polymers under different energy irradiation,
the HAZ seems to be unavoidable, which is considered a major obstacle
to its wide industrial applications [15]. Therefore, the surface
morphology of the hole sidewall needs to be analyzed as the energy
changes. In this study, the cross-sections of micro-holes were observed
using above experimental device by LSCM. The entire hole sidewall
could be divided into three parts. They were expanded zone at the
entrance, linear zone in the middle and U-shaped zone at the bottom,
respectively, as shown in Fig. 3(a). Fig. 3(b) shows a scheme with a
typical section of laser drilling specimen and the quantification of HAZ
dimension. Three positions were taken on each side of the three parts of
the hole sidewall, so that the average value of the six positions on both
sides was taken as the HAZ thickness to reduce the experimental error.

The sectional morphology of the hole sidewall under different single-
pulse energy is shown in Fig. 4. The left image represents the whole
sectional morphology of the hole sidewall. The right images are the
corresponding enlargement of selected area in three parts of the sidewall
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Fig. 3. Schematic diagram of the whole sectional morphology of the hole sidewall. (a) quasi-three-dimensional hole and its three parts, (b) cross section of the hole

sidewall showing HAZ dimension.

from left images. There was significant change of the sectional
morphology under different single-pulse energy, varying from 0.1 J to 2
J. Under the low single-pulse energy (0.1 J, 0.5 J, and 1 J), there was
obvious melting phenomenon, accompanying extended HAZ at entrance
of the hole sidewall. A large area of HAZ was shown at three parts of the
hole sidewall, with poor surface quality. There was a fusion taper in the
expanded zone at the entrance. It could be noticed that the HAZ at the
entrance was the most obvious compared with the other two parts.
While the linear zone in the middle was relatively homogeneous, with
nearly the same HAZ thickness. For the bottom sidewall, there was
obvious HAZ. Even large quantities of debris and fragments were
observed in and around three zones when the single-pulse energy was
0.1 J, showing a strong adhesion. By contrast, under higher single-pulse
energy (1.2 J, 1.5 J, 2 J), three zones of the sidewall looked much
smoother. It can be noticed that when the single-pulse energy was over
1 J, the HAZ on the sidewall gradually decreased and nearly disappeared
at the entrance and middle zones. There were only a few debris and
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fragments remaining on the ablated area, especially at the bottom of the
hole.

Table 3 shows the HAZ thickness at entrance, middle, and bottom of
the hole sidewall, which was irradiated under different single-pulse
energy. The results indicated that under the low energy (0.1 J, 0.5 J,
1J), the HAZ thickness in the middle decreased gradually from 28.2 pm
to 17.5 pm. When the single-pulse energy was high enough (>1 J), it
decreased slowly from 17.5 pm to 15.6 pm and almost kept constant at
1.5 J and 2 J. For the HAZ thickness of the bottom, it showed little
dependence on the increment of single-pulse energy. The HAZ thickness
was between 24 pm and 30 pm, presenting a small fluctuation with the
increase of single-pulse energy. For the HAZ thickness at the entrance of
the hole, it showed an overall decrease tendency when the single-pulse
energy increased to 2 J. Under low single-pulse energy, the incident
laser energy was subsequently converted into thermal energy. The ma-
terial would be in a molten state. After melting, vaporization and
keyhole formation occurred at high temperature. At this stage, thermal
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Table 3
HAZ thickness at entrance, middle and bottom under different single-pulse
energy.

Single-pulse energy (J) HAZ thickness

Entrance (pm) Middle (pm) Bottom (pm)

0.1 43.6 28.2 28.1
0.5 28.0 23.8 26.1
1 31.9 17.5 28.4
1.2 21.4 17.1 25.8
1.5 20.3 15.8 24.6
2 22.9 15.6 30.4

effect was dominant in three zones accompanied by large HAZ thickness.
With the increase of single-pulse energy, it was considered to be direct
decomposition of the material at sufficiently high energy densities.
Therefore, the HAZ thickness gradually decreased for the entrance and
middle zones of the hole sidewall. Considering the variation of HAZ
thickness at the bottom, the change of single-pulse energy had little
effect on it. This was probably because the multiple reflections from the
hole sidewalls would cause a lot of energy loss. And a small portion of
the remaining energy contributed to the melting of the material.

Fig. 5 shows the variation of surface roughness profile with single-
pulse energy increasing. Table 4 shows the values of Ra and Rq of the
hole sidewall. Ra and Rq are the arithmetical mean roughness and root-
mean-square roughness, respectively, which are used to assess the sur-
face topography and heterogeneity of the hole sidewall. From Fig. 5 and
Table 4, it is pertinent to note that the surface roughness Ra and Rq
decreased gradually with the increase of irradiation energy. There was
obvious fluctuation at the bottom of the hole sidewall when the energy
was <1 J. This might be due to some cluster and fragments adhering to
the inner wall after solidification, resulting in poor finish. But when the
energy was over 1 J, Ra and Rq were significantly lower than that at 0.1
J and 0.5 J. The surface roughness Ra was 5.5 pm at the energy of 2 J,
which was one third of Ra at the energy of 0.1 J. Considering the least
adhesion and clean sidewall, the roughness profile varied uniformly
from the hole entrance to bottom under high energy.

According to above results, the surface morphology of the hole
sidewall varied greatly with the increment of singe-pulse energy. These
phenomena could be explained from the consumption of laser energy
and its density distribution both spatially and temporally. For the long
pulse laser drilling, the shielding effects of the plasma and vapor cluster
on the incident laser radiation occurred instantaneously, which caused
the nonlinear energy absorption of material and energy loss. Under the
low energy, it was accumulated on the irradiated surface from the
beginning, and penetrated as the drilling depth increased. There was
intense laser-induced plasma, resulting in the ejection from the region
near the hole entrance and generation of HAZ. Recoil pressure caused by
vapor cluster was relatively small, which further affected the ablation
depth. This phenomenon was also observed in laser drilling of other
polymers [18]. At the same time, a “sputter cone” geometry was formed
caused by the plasma, which could be the reason for the HAZ expansion
at the entrance of the hole sidewall. During deep micro-holes drilling, in
the middle of the hole sidewall, the propagation and refraction of the
laser beam were stable. Incident laser beam energy was deposited on the
middle sidewall randomly and uniformly, causing the material to melt
and re-cool with uniform surface morphology like small HAZ thickness
and surface roughness.

Under high radiation energy, the recoil pressure increased with the
increase of energy density, causing part of material to be removed
directly in the form of decomposition without melting. Therefore, the
HAZ was less obvious and its thickness was smaller, resulting in a
smoother sidewall. At the bottom of the hole, the irradiation energy
decayed below the ablation threshold. Considering the spatial Gaussian
distribution of laser beam, the ablation front under high energy density
could induce a U-shaped fusion. Unavoidably, there was still some HAZ
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accompanying the occurrence of melting phenomenon and the forma-
tion of debris.

3.2. Microstructure of the hole sidewall

During laser drilling of polymers, the microstructure of the laser
ablation zone may change [17]. Therefore, the observation of the
microstructure is helpful to understand the material-removal mecha-
nism of polymers. In order to further obtain and analyze the micro-
structure of the micro-holes, the sectional topography of the hole
sidewall was represented by a series of quasi-three-dimensional images
by LSCM, as shown in Fig. 6.

In Fig. 6, the left image represents the whole sectional morphology of
the hole sidewall. The right images are the corresponding enlargement
of three selected areas from the entrance, middle and bottom of the
sidewall from left images. It can be clearly seen that when the single-
pulse energy varied from 0.1 J to 2 J, there was different adhesion
phenomenon on the inner wall of three parts. A large number of frag-
ments and cluster matter were observed adhering at the entrance of the
hole under low energy (0.1 J, 0.5 J, and 1 J). As the energy increased, the
hole sidewall at the entrance became cleaner, with little cluster matter
or debris remaining on the surface. For the middle of the hole, the
adhesion on the sidewall was the least compared with two other parts.
This indicated that the best quality could be obtained in the middle of
the hole sidewall during drilling process. Only at 0.1 J, some cluster
appeared obviously in the middle of the sidewall. However, for the
bottom of the sidewall, there was no significant difference although the
energy increased from 0.1 J to 2 J. It could be explained that under low
single-pulse energy, the material was in molten state and a small portion
was removed by evaporation or ejection. The melt was deposited on the
hole sidewall in the form of fragments and cluster, especially at the
entrance of the hole. This was because that the recoil pressure was too
small to make the molten materials to flow or be ejected out completely.
Thus the photothermal effect was obvious under low energy.

The formation of the fragments and cluster was believed to result
from lack of laser energy accumulation. During the drilling process, the
material was removed in the form of sputtering, which usually consisted
of small-scale clusters and fragments. Accordingly, large size of frag-
ments formed due to the aggregation of clusters. They were produced
when the laser irradiation energy was greatly over the ablation
threshold. To demonstrate the effect of single-pulse energy on the
ejection generation, the ejection of cluster and fragments were captured
by the high-speed camera at the laser energy of 0.5 J, 1 J, and 1.5 J, as
shown in Fig. 7.

It can be noticed that there was more ejection shown above the hole
entrance with the single-pulse energy increasing. The recoil pressure
induced by evaporation was high under high laser energy. On the irra-
diated zone, the recoil pressure contributed to the material removal,
expelling the molten material out of sidewalls or pushing the incoherent
material far away from the groove [19]. Thus the formation of liquefied
state and decomposition of material could be affected by the recoil
pressure. When drilling under low laser energy (<1 J), the energy
density was very small. Recoil pressure was not high enough to make the
debris ejected as completely as possible. Therefore, there were more
fragments adhering and accumulating on the hole sidewall, resulting in
more absorption and reflection of laser energy and affecting further
machining. For the high processing energy (>1 J), it was over the
ablation threshold greatly and the high recoil pressure could increase
ablation depth and improve the efficiency of the laser drilling [20]. The
majority of these debris and particles would be ejected out of the micro-
holes. However, at relatively high laser energy, the high aspect-ratio,
which is defined as the ratio of hole depth to diameter, could hinder
the ejection of debris. The debris within the entrance of side walls could
be easily spread out, while the ones at bottom were much more difficult
to be ejected, leading to residual adhesion on the hole sidewall.

The microstructure of three parts was studied by SEM at the low
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Table 4
Surface roughness Ra and Rq of the hole sidewall under different single-pulse
energy.

Single-pulse energy (J) Surface roughness

Ra (pm) Rq (pm)
0.1 17.7 24.5
0.5 15.9 19.1
1 14.4 20.3
1.2 12.1 19.5
1.5 8.9 13.2
2 5.5 9.8

energy (0.5 J) and high energy (1.5 J), as shown in Fig. 8. The second
column is the enlarged images corresponding to three parts. At the low
energy, there was significant thermal ablation on three parts of the hole
sidewall, showing a poor surface quality. It can be noticed that large area
of HAZ occurred with many expanding bubbles and micro-pores, espe-
cially in the middle and bottom. While at the high energy irradiation,
there was almost no HAZ shown on the hole sidewall. The hole surface at
the entrance and middle was smooth. But at the bottom, the hole side-
wall was still accompanied by diffuse micro-pores. This indicated that
for the low energy irradiation, melting, micro-pores or bubbles were
observed as the result of laser heating. Thermal effect would lead to
serious porosity. And the hydrodynamic motion of the molten material
could be correlated to the microstructure of ablation zones due to
thermal gradients and surface tension gradients. For high energy irra-
diation, there might be direct decomposition in addition to heating and
melting at high temperature for a small fraction of materials. Therefore,
there was no obvious HAZ shown at the entrance and middle of the hole
sidewall.

Besides, the C and O contents of three parts of the hole sidewall were
measured by face scanning of EDS, as shown in the third column of
Fig. 8. For the same part, the C content at the entrance under high energy
was larger than that at the low energy. For three parts of the hole
sidewall, there was no significant difference in C and O contents both
under low energy and high energy. The C content at the entrance was
slightly higher than that for the other two parts. For the laser ablation of
other polymer like polyimide [21], the results showed that the C content
increased and O content decreased in the ablated area, which could be
explained as being induced by photothermal or photochemical decom-
position of the polymer.

Fig. 9 shows the XRD images of the hole sidewall radiated at the low
energy (0.1 J, 0.5 J) and high energy (1.5 J, 2 J). Under low energy (<1
J), it can be noticed that the different diffraction peaks were detected at
260 equal to 18.99°, 20.98°, 22.96°, and 28.97°, corresponding to (110),
(113), (200) and (213) crystal face indices. They were consistent with
the diffraction peaks of PEEK matrix before laser drilling. The red circle
represented diffraction peaks of the original PEEK matrix in Fig. 9. This
indicated that the chemical structure of the hole sidewall didn't change
in the case of low-energy ablation. Under high energy (>1 J), the new
diffraction peaks appeared at 20 equal to 18.86°, 20.84°, and 29.06°,
corresponding to (110), (112), and (212) crystal face indices. These
diffraction peaks corresponded to the new structure associated with the
ablation region. The structural unit was shown by the blue triangle in
Fig. 9. In addition, it can be found that the intensity of the diffraction
peaks after irradiation was higher than that of the matrix. And the
diffraction peaks of three parts of the hole sidewall were almost coin-
cident when the single-pulse energy was over 0.1 J. Only at 0.1 J, the
diffraction peaks at the entrance showed the difference from that for the
middle and bottom. It could be demonstrated that under high laser en-
ergy, the appearance of new diffraction peaks might be due to photo-
chemical effects induced by the decomposition of the material and the
breaking of some chemical bonds.

Crystallinity of semi-crystalline polymers affects their degradation
and physical properties [22]. In order to compare the change of
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crystallinity before and after laser irradiation, crystallinity of three parts
of the hole sidewall was gained based on their XRD patterns, as shown in
Table 5. The crystallinity was determined as the area of crystalline peaks
divided by the sum of the areas of crystalline and amorphous peaks.
According to Table 5, it can be proved that the crystallinity of the hole
sidewall decreased after laser energy irradiation and some semi-
crystalline structure had been transformed into amorphous structure.
This is in good agreement with the studies by others that the laser
irradiation could convert solid thermoplastic polymers into the amor-
phous structure with three-dimensional porous [23]. It can also be seen
under different single-pulse energy from Table 5, the crystallinity of the
hole sidewall did not change much as the energy increased.

Raman spectroscopy is used to provide chemical and structural
characterizations of the hole sidewall. It is allowed to get a statistical
study on Raman peak parameters such as the intensity of the major
peaks. Fig. 10 shows the Raman spectra of PEEK matrix and three parts
of the hole sidewall after laser irradiation. Under low energy (<1 J), the
identical vibrational bands between the matrix and irradiated areas
could be observed, i.e.. C—H out-of-plane deformation of phenylene
rings (809 cm’l), C-O-C stretching vibration (1148 cm’l), phenylene
ring stretching (1597 cm’l), carbonyl stretching (1647 cm’l), and C—H
in-plane stretching of phenyl rings (3069 cm™') [24]. Relative in-
tensities of these bands of three parts were slightly higher than the
matrix. It could be concluded that almost no compositional differences
were observed. Thus no significant chemical changes were induced by
the laser radiation under the low energy. For the high energy (>1 J), the
changes in relative peak intensity were mainly identified as the out-of-
plane deformation of phenylene rings, stretching vibration, phenylene
ring stretching, carbonyl stretching and in-plane stretching of phenyl
rings. The relative intensities of the C—H bond decreased, which was
associated with chain scission at the link to the phenyl ring (809 cm™?,
3069 cm1). And the relative intensities at the wavenumber of phenyl
ring (1597 cm’l) and C-O-C (1148 cm’l) decreased, which were
assumed to break up and cross-link with the surrounding polymer or the
atmosphere [23]. Therefore, it is possible to identify different degra-
dation peaks due to extensive polymer sputtering and decomposition.
From Fig. 10, by comparing the intensity changes of the peaks at low
energy and high energy, it could be concluded that laser ablation would
cause the fracture of some chemical bonds under high energy, contrib-
uting to mass removal of the keyhole.

3.3. A model for evaluating the HAZ thickness

Knowledge of material-removal mechanism and attainable surface
quality are crucial to the development of laser drilling of polymers.
When the laser beam is irradiated on the surface of polymer, the material
is heated. During the drilling process, the polymer would be in molten
state due to the photothermal effect. After melting, vaporization, ejec-
tion and keyhole formation occur under the recoil pressure determined
by the absorbed energy. And the HAZ is observed on the hole sidewall.
Therefore, it is important to understand the physical process of polymer
ablation and evaluate processing quality such as HAZ thickness. An
analytical model was developed to calculate the HAZ thickness by
solving the momentum equation for viscous melt flow after some sim-
plifications. Fig. 11 shows the 2-D axisymmetric cylindrical coordinate
system used for formulating the physical process of laser drilling.

In Fig. 11, r denotes the radical direction and z originates at the free
surface of the molten zone and points to the molten-solidified interface.
The material is removed along the z-axis, which is penetration direction
of the laser beam. h represents the HAZ thickness of the hole sidewall.
The general form of the governing equation for the conservation of
momentum can be expressed by Eq. (1). For further simplification of the
physical equation, the following assumptions were made:

1. The molten flow of material was assumed to be steady, viscous and
incompressible laminar flow.
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. The generalized Newtonian fluid was used when the temperature
was above the glassy transition temperature.

. The physical properties of the melt flow were constant, like the
density and the viscosity.

. The lateral velocity was much larger than the vertical component in
the melt layer, which enabled to simplify the governing equations
considerably.

. The gravitational force was ignored.

Based on the above assumptions, the governing equation of viscous
molten flow could be written as Eq. (2).

12 — — — — — =
pa—':+p(u.V)u =V [=PI+p(VE+ (V) )] 49T + Fou [6))

%_’_ 0M,7 azu’+l%_& _lf 2
“or "o ~\ a2 Tror P p or

where u, u, and u, are the generalized, radical and vertical velocities
(along r-axis and z-axis), respectively. p is the density of the melt. p, I, g
and F,, are the dynamic viscosity, identity matrix, gravity acceleration
and body force, respectively. v and P represent the kinematic viscosity
and the recoil pressure induced by the ablation process. Because the
viscosity of polymer after melting is larger than the general fluid, the
Reynolds number which represents the ratio of the inertial force to the
viscous force is much smaller. Further, considering the steady-state
phase, Eq. (2) has the form of Eq. (3) after neglecting these terms:

& u, _ oP

022 vpor

3)

For z = 0, it is the position of the free surface; For z = h, it is the
position of the molten-solidified interface. During the drilling process,
the pressure gradient of ablation is induced dominantly by the high-
temperature ejection of fragments, vaporization or sublimation (see in
Fig. 11) [25]. It was established as Eq. (4) [26].
t=— 4
where t is the time of stationary viscous flow, which is induced by the

gradient of ablation plume pressure. Correspondingly, the boundary
conditions of the free surface are as follows:

ou, )
g O*, (Z (5)

0)

(6)
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Combining the above equations, Eq. (3) was integrated and the so-
lution of the velocity distribution u,(z) was given by Eq. (7). An average
velocity #,(r, 2) across melting depth was calculated by Eq. (8).

1 oP
u(r,z) = %E (ZZ - hz) 7
. h* oP
u(r,z) = T30 or ®

In Fig. 11, for the entrance of the hole, the pressure is close to the
ambient pressure. And for the transient molten flow of polymer surface,
P could be written as Eq. (9) [19].

_CF
==

P

©)

where C is the mechanical coupling coefficient, F represents the energy
density of laser radiation, t, is the characteristic duration of pressure
effect. C could be calculated according to Eq. (10) (see details in [27]):

where L(F) is the drilling depth, which is dependent on radiation en-
ergy. Eq. (11) shows the relationship between the drilling depth and
radiation energy. It was obtained by fitting a set of experimental data,
which were represented in reference [12] in detail.

(10)

L(F) = 1.31*In(F ) +4.32 11
And it could be obtained:
oP_0-P 2P 12

o T/2 T

where I is the effective range of Gaussian laser radiation. Therefore, the
HAZ thickness h could be calculated by Eq. (13).

h=1,(z) xt, 13)
Taking Eqgs. (9)-(12) into Eq. (13), h was given by Eq. (14).
3

p=VP T A, a4

~ova )

From Eq. (14), it could be concluded that the HAZ thickness h
depended on two parts, which could be represented by A; and A,. For
one thing, it was determined by A;, which was related to the material
properties like the density and viscosity of molten flow; For another, it
was also influenced by Ay, representing the energy of laser radiation. For
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Crystallinity of the hole sidewall before and after laser drilling under different energy.
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Fig. 10. Raman spectra of three parts of the hole sidewall under different single-pulse energy. (a) 0.5 J, (b) 1.5 J.
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Fig. 11. Scheme of laser drilling illustrating main parameters used in the
physical model.

different single-pulse energy given in the experiments, the HAZ thick-
ness was calculated by Eq. (14). Table 6 shows the comparison between
the experimental and calculated HAZ thickness in the middle of the hole
sidewall. It can be noticed that there was little difference between the
experimental and calculated values under different single-pulse energy.
It will pave the way for better understanding of the drilling process
accompanying viscous molten flow and identifying the HAZ thickness in
laser ablation of polymers.

During the micro-hole machining of PEEK with single-pulse laser, it
was proved that the surface morphology could be improved by an
appropriate control of single-pulse laser energy. A clean hole sidewall
could be obtained with little HAZ, cluster matter or debris and small
surface roughness when the single-pulse energy was over 1 J. In addi-
tion, the microstructure of the hole sidewall was analyzed. Under high
energy irradiation, there were direct decomposition of the material and
the fracture of the chemical bonds, which was helpful to minimize HAZ
thickness and improve the surface quality. This work provides a pro-
cessing guide for laser drilling of PEEK and other polymers in terms of
machining quality and material-removal mechanism.

4. Conclusion

In this paper, the influence of different single-pulse energy on the
surface quality of the hole sidewall was demonstrated. Surface
morphology and microstructure were discussed in detail. Furthermore,
in order to understand the physical process of laser drilling, a physical
model was proposed to calculate the HAZ thickness of the hole sidewall.
Some conclusions drawn from the results are as follows:

(1) There was significant change of the sectional morphology with
different single-pulse energy. The hole sidewall was divided into
three parts: expanded zone at the entrance, linear zone in the
middle, and U-shaped zone at the bottom. A radiation energy
over 1 J was suitable, yielding an acceptable surface quality with
little HAZ, uniform surface roughness and the least adhesion. By
contrast, when the laser energy was <1 J, there was obvious HAZ,
accompanying with many debris or fragments remaining within
the ablated area. The HAZ thickness decreased with the increase
of single-pulse energy, and the thickness in the middle was the
smallest for different single-pulse energy.

The microstructure of three parts was obviously different irradi-
ated at low energy and high energy. There were significant
expanding bubbles and holes in the middle and bottom under low
energy (<1 J). The C content at the entrance under high energy

(2)
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Table 6
Comparison between the experimental and calculated HAZ thickness of the hole
sidewall under different single-pulse energy.

Single-pulse energy (J) HAZ thickness

Experiment (pm) Calculation (pm)

0.1 28.2 28.9
0.5 23.8 24.6
1 17.5 17.1
1.2 17.1 16.6
1.5 15.8 14.1
2 15.6 13.1

(>1J) was higher than that under low energy. The crystallinity of
the hole sidewall decreased from 35 % to 25 % after laser energy
irradiation but there was little change under different energy.
New diffraction peaks appeared in the XRD images and the in-
tensity of major peaks (phenyl ring (1597 ecm™!) and C-O-C
(1148 ¢cm ™)) in the Raman spectra decreased obviously under
high energy. It could be concluded that it would cause direct
decomposition and fracture of some chemical bonds such as the
C-O-C under high energy.

The HAZ thickness was calculated as a function of processing
parameters and thermal properties of materials based on a
viscous flow model. It was in good agreement with the experi-
mental results under different single-pulse energy. It will pave the
way for a better understanding of the physical process and
material-removal mechanism involved in laser ablation of
polymers.
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