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a b s t r a c t 

The machining performance of a high-energy nanosecond pulse laser with a near-infrared wavelength is inves- 

tigated for carbon fiber-reinforced polymer (CFRP) with two different fiber arrangements. This research work 

demonstrates for the first time that a keyhole mode cutting can be achieved for CFRP materials using a high- 

energy nanosecond pulse laser of a Long Pulse mode (120 ns). Specifically, it is shown that the short-duration 

Q-Switch mode (8 ns) results in ineffective material removal for CFRP, despite much higher peak laser power in- 

tensity than the Long Pulse mode. In Long Pulse mode, multi-pass straight line and contour cutting experiments 

are further performed to investigate the effect of laser processing parameters and resultant machined surface 

integrity. Plasma absorption effects using both pulse modes are discussed. The results show that a 2.2 mm thick 

cross-ply CFRP panel can be cut through using as few as 6 laser passes, and a high-quality machined surface can 

be produced with a limited heat-affected zone and minimal fiber pull-out using Argon assist gas. The successful 

outcomes from this work provide the key to enable efficient CFRP laser machining using high-energy nanosecond 

pulse lasers, and offer insight into the unique energy absorption mechanisms for CFRP laser machining. 
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. Introduction 

Non-contact laser machining is becoming a viable solution for high-

peed machining of carbon fiber-reinforced polymer (CFRP) without the

etrimental effects of mechanical cutting force and tool degradation.

aser machining of CFRP is defined as an ablation process, where the

ber-matrix structure is directly removed from the substrate by photon

bsorption. Although there has been a significant study on laser source

ptions and the effect of individual process parameters in the literature,

here is potential for further investigation into specific material removal

nd energy absorption mechanisms using a long-duration nanosecond

ulse laser at a near-infrared (NIR) wavelength. 

A wide range of laser source options have been investigated

y researchers. Salama et al. [1,2] employed a transversely-excited

tmospheric-pressure (TEA) CO 2 laser for machining of CFRP. Their

ests showed minimal thermal damage, likely from increased matrix ab-

orption at a wavelength of 10.6 μm. However, CO 2 lasers generate large

pot diameters that produce wide kerfs, reduce power intensity, and

imit the ablation rate. Jung et al. [3] evaluated laser machining using a

030 nm CW disk laser for both long- and short-fiber CFRP. Their tests

howed a significant heat-affected zone (HAZ) expansion due to contin-
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ous laser-material interaction, and a subsequent reduction in tensile

trength during high power and low scanning speed conditions. Leone

t al. [4] analyzed the CFRP removal mechanism and HAZ formation

sing a Q-Switched Yb:YAG fiber laser working at a pulse duration of

0 ns with low pulse energy (0.2–1.0 mJ). Li et al. [5] investigated laser

achining quality with a Nd:YVO 4 and claimed a HAZ width of only

0 μm using 25 ns pulses. Mathew et al. [6] performed CFRP machining

xperiments using a high-energy Nd:YAG laser system. Relatively long

ulse duration in the range of 0.2–1.0 ms produced widespread matrix

ecession and charring in their study. 

Good machining results have been achieved using ultraviolet laser

UV) lasers. Anzai et al. [7] concluded by comparing trepanning perfor-

ance using a prototype dual-beam scanning system with a CW single-

ode NIR fiber laser and an ns-pulsed UV laser. Similarly, Fujita et al.

8] compared different combinations of pulse duration (fs to ns) and

avelength (266 nm to 1064 nm). Takahashi et al. [9] directly com-

ared CFRP laser machining at 266 nm and 1064 nm with a Q-Switched

d:YAG laser, and concluded that matrix absorptivity was a key factor in

etermining machined surface integrity. The matrix material is largely

ransparent in the NIR spectrum. Therefore, laser irradiation passes

hrough the matrix and is absorbed by the fibers, indirectly heating the

atrix by conduction and causing fiber pull-out and HAZ extension.
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Table 1 

Properties for Hexcel HexTow 
® fibers [24,25] . 

Property HexTow ® IM7 (for cross-ply CFRP) HexTow ® AS4 (for woven CFRP) 

Fiber diameter (μm) 5.2 7.1 

Carbon content (%) 95 94 

Tensile strength (MPa) 5515–5655 4410–4620 

Failure elongation (%) 1.9 1.7–1.8 

Conductivity (W/m·K) 5.4 6.8 

Specific heat (J/kg·K) 879 1130 

Mass density (kg/m 
3) 1780 1790 

Fig. 1. Schematic of laser scan path over CFRP workpiece during nanosecond 

laser machining experiments. Scan path direction, 𝜃, is relevant for cross-ply 

samples only. 
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onversely, UV irradiation is absorbed by the matrix directly. Wolyn-

ki et al. [10] investigated three laser wavelengths (355 nm, 532 nm,

064 nm) to estimate the ablation threshold by extrapolating measure-

ents for ablated width over a range of laser fluences. The calculated

hreshold increased with wavelength, with the volumetric ablation rate

lso being 25% lower for 355 nm than for 1064 nm. Given the trans-

arency of the CFRP matrix for the NIR spectrum, it was postulated that

he penetration depth of the laser irradiation would be greater since a

ortion of UV laser energy is absorbed by the matrix according to Beer’s

aw. 

Due to the thermal nature of the process, traditional surface rough-

ess metrics are insufficient to quantify CFRP laser machined surface

uality. Analysis of surface integrity using SEM imaging is important

eyond HAZ formation at the workpiece surface. Voisey et al. [11] an-

lyzed fiber swelling during laser percussion drilling of CFRP using a

.06 μm Nd:YAG laser system. SEM imaging revealed radial swelling as

igh as 60% for fibers near the drilled wall. They used Raman spec-

roscopy to conclude that removing impurities through the use of heat-

reated T300 PAN-based fibers reduced fiber swelling. It is also possible

hat the swelling mechanism was the result of inelastic thermal expan-

ion from energy absorption due to the high pulse energy (1.0 J) over

ong pulse duration (1.0 ms). Fuchs et al. [12] noted a similar effect us-

ng a continuous-wave NIR Yb:YAG fiber. Fiber ends near at the wall sur-

ace swelled and combined with re-solidified matrix material to become

used. Similarly, matrix recession near the internal wall surface was ob-

erved during NIR laser machining [9] . Theoretically, this could lead to

racking and compromise the fatigue life of the CFRP structure. Li et al.

13] analyzed the CFRP microstructure for multi-ring laser drilling using

 high power Q-Switched Nd:YVO 4 DPSS UV laser system and also saw

vidence of “cracking ” and voids in the local fiber-matrix structure. The

ulti-ring scanning technique led to heavily-modified surface integrity

long the multi-ring profiles. 

It is generally agreed that the use of inert assist gases in CFRP laser

achining reduces thermal damage by limiting exothermic oxidation

eactions, while reactive gases promote fiber-matrix decomposition and

nhance the material removal process. Riveiro et al. [14] improved the

O 2 laser cutting process for CFRP by using an Argon assist gas flow to

ecrease the heat-affected zone (HAZ) width. Rodden [15] conducted

aser drilling experiments using a NIR Nd:YAG laser with long pulse
102 
uration of 0.1 ms to illustrate the effect of inert assist gas on plasma

ormation and reduced HAZ expansion. Negarestani et al. [16] similarly

valuated the effect of mixed reactive and inert assist gases for laser

utting of CFRP using a nanosecond-pulsed Nd:YAG laser. Both studies

bserved enhanced machining performance in the presence of oxygen

r reactive gas environments. French et al. [17] compared N 2 and CO 2 

ssist gases using a long duration (0.3–0.5 ms) laser system at high pulse

nergy (1.8 J to 6.0 J). They hypothesized the Joule-Thompson effect

as responsible for improved drilling quality with less surface debris

sing CO 2 assist gas. 

Ultra-fast pulsed laser scanning has been shown to improve CFRP

achining quality. High performance laser drilling of CFRP using a high-

requency picosecond NIR laser system was demonstrated [1] . Thermal

amage was significantly reduced, but at the expense of processing time.

s many as 500 laser passes were required to drill through a 2 mm thick

FRP sample using a multi-ring strategy, with a 6 mm sample requiring

 half hour of processing time. This is likely due to the low ablation

ate ( ∼15 nm/pulse) that is typical of ultrafast-pulsed laser systems as
 result of low pulse energy ( < 1 mJ). Similarly, experiments by Finger

t al. [18] showed very high CFRP machining quality with < 5 μm HAZ

n 2 mm thick samples using an 80 W picosecond laser at an ablation

ate of 100 mm 
3 /min. The primary advantage of ultra-fast pulsed laser

canning for CFRP is that the short duration is less than the thermal

esponse time of the substrate. Loumena et al. [19] reduced the HAZ

y at least a factor of 5 by deploying femtosecond-pulsed processing

ersus nanosecond-pulsed at fluences higher than 3 J/cm 
2 . Finding a

ay to deliver high pulse energy over a short pulse duration represents

he ultimate goal for CFRP laser processing: delivering high machining

uality with acceptable processing times. 

Researchers have attempted to correlate the laser ablation rate to

rocess parameters in an attempt to measure the ablation threshold, but

ome inconsistent results have been reported. Wolynski et al. [10] esti-

ated the threshold fluence of CFRP to be approximately 0.410 J/cm 
2 

or 1064 nm wavelength using 10 ps pulses by extrapolating the ab-

ated width. Hoffman et al. [20] proposed a slightly higher estimate of

.52 J/cm 
2 for graphite using longer 10 ns pulses, also at a wavelength

f 1064 nm, by extrapolating the observed ablation rate. Lednev et al.

21] reported the laser ablation threshold of carbon nanotubes to be

nly 50 mJ/cm 
2 using a nearly identical 1064 nm laser. As such, the

xact relationship between the CFRP ablation rate and laser irradiance

s not clear. An alternative for characterizing laser materials processing

as originally proposed by Beal et al. [22] and applied to the CFRP laser

achining process by Romoli et al. [23] . Energy density is a measure of

otal laser energy delivered to a laser scanned area ( Eq. (1) ). 

D 

[
J∕m m 

2 ] = 

P avg 
v ⋅ d 

(1)

All relevant pulse and scanning properties are accounted for, with

verage laser power, P avg , laser scanning speed, v , and laser spot diam-

ter, d . Traditional parameters, such as laser fluence and power den-

ity, quantify pulse energy or peak laser power delivered per unit area,

espectively. Using a high-frequency Q-Switched Nd:YAG UV laser, Ro-

oli et al. [23] calculated the threshold energy density of Toray T300

bers to be 0.58 J/mm 
2 , two orders of magnitude lower than thresh-

ld fluence estimates. Energy density has not been used extensively in
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Fig. 2. Laser scanned tracks in the single-pass 

line cutting experiments of cross-ply CFRP: (a) 

SEM micrograph of a keyhole-shaped trench us- 

ing LP mode; (b) 3D confocal micrograph and 

2D profile of the keyhole-shaped trench using 

LP mode; (c) SEM micrograph of an ineffective 

cut using QSW mode; (d) 3D confocal micro- 

graph and 2D profile for the ineffective cut us- 

ing QSW mode. 
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p

tudying laser machining of CFRP, and offers flexibility to compare laser

ystems over a wide range of process parameters. 

Laser machining of CFRP using a high-energy laser source has not

een well studied in the literature, especially for high-energy long-

uration nanosecond pulsing at low frequency. In this study, the perfor-

ance of a high-energy nanosecond laser is experimentally evaluated for

ingle-pass or multi-pass line cutting and contour machining of cross-ply

FRP. This is in contrast to previous research discussed above regarding

ow-power ultra-fast laser processing of CFRP. In particular, the physio-

hemical nature of the material removal and energy absorption mecha-

isms is addressed. The effects of process parameters are evaluated for

ingle-pass line cutting using both cross-ply and woven CFRP. Surface

ntegrity analysis is carried out for through cuts obtained by multi-pass

ine cutting and contour cutting. 

. Experiments 

Two CFRP materials were used in this study: (1) cross-ply IM7

2 K fiber-reinforced polymer with ∼62% fiber volume fraction and

2) woven 5HS AS4 6 K fiber-reinforced polymer with 57% fiber vol-

me fraction. Both fiber types are manufactured by Hexcel Corporation

sing CYCOM 
® 977–3 epoxy resin system for primary and secondary

erospace structure applications, with high impact resistance under both

ot and wet conditions. The sample thickness was 2.2 mm for both CFRP

aterials. Other properties for the carbon fibers are listed in Table 1 . 

Laser beam machining experiments were conducted for carbon fiber-

einforced polymers using a high-energy Nd:YAG nanosecond pulsed

aser system (Quanta-Ray ® Lab-150, 1064 nm, 10 Hz) with a Gaussian

istribution profile. Laser scanning was implemented using an intelliS-

an scan head and controlled using ScanLab computer software. An ar-

on assist gas flow was sprayed over the target area to evacuate debris,

id workpiece cooling, and prevent oxidization. The average power was

alculated by the laser pulse energy and repetition rate. In this study,
103 
he applied maximum average power was about 3 W, i.e., the applied

aximum pulse energy was about 300 mJ. 

Fig. 1 shows the typical laser scan path for line cutting experiments.

he spacing defines the distance between two sequential laser pulses

long the scanning direction, and is determined by the laser repetition

ate, f , and preset laser scanning speed, v . The overlap ratio (OR, %)

epresents the ratio of overlap area from consecutive pulses to the laser

pot area as shown in Fig. 1 . For the cross-ply IM7 CFRP, the scan path

irection relative to fiber orientation in the top layer was defined by the

ngle 𝜃 as shown in Fig. 1 . 

During single-pass laser line cutting experiments, two different pulse

odes were evaluated: Q-Switch (QSW) and Long Pulse (LP), which

enerate a short-duration laser pulse of 8 ns and a long-duration laser

ulse of 120 ns, respectively. Cutting performance was evaluated for

oth cross-ply and woven CFRP specimens over a range of energy den-

ity levels. Performance was defined by the width of the matrix evapora-

ion zone (MEZ), kerf width, and cutting depth. For cross-ply CFRP, the

ffects of cutting direction were examined by comparing performance

or parallel ( 𝜃 = 0°) and orthogonal ( 𝜃 = 90°) fiber orientations relative

o the cutting direction. In contour cutting experiments, 4 mm and 6 mm

iameter circular holes were drilled using a standard trepanning scan-

ing technique. 

Surface analysis was performed after laser cutting experiments using

 scanning electronic microscope (SEM) (Hitachi, S-4800). The kerf and

EZ width were measured on the SEM micrographs. In this work, the

eat-affected zone was mainly characterized using the MEZ measure-

ent. Three-dimensional (3D) surface profiles of line cuts were charac-

erized using a confocal microscopy system (Zeiss, LSM 710) equipped

ith a 488 nm argon laser illumination source. To measure the depth of

ut, two-dimensional (2D) surface profiles were obtained by slicing the

D confocal microscope surface profile using an open source software

ackage (ImageJ). 
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Fig. 3. The effects of laser power in single-pass laser line cutting using LP 

mode for: (a) cross-ply IM7 CFRP ( d = 40 μm, OR = 0%); (b) woven AS4 CFRP 
( d = 75 μm, OR = 47%). 
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. Results and discussions 

.1. LP mode vs. QSW mode 

Fig. 2 shows the SEM and confocal micrographs of the typical sur-

ace morphology for cross-ply CFRP after a single laser scan in LP and

SW mode. Fig. 2 a shows a single-pass laser scan in LP mode produced

 clean cut with very minor defects using a spot size of 200 μm under

aser power intensity of 2.8 ×10 9 W/cm 
2 . In this article, laser power in-

ensity refers to peak intensity unless otherwise noted. The 3D surface

rofile of the cut was obtained using the confocal microscope, which

as a deep cut as shown in Fig. 2 b. The 3D confocal micrograph was

ectioned using ImageJ software to obtain the 2D cross-sectional sur-

ace profile. The cross-sectional micrograph shows a clean trench pro-

le with a keyhole shape, and the kerf and depth of cut were 230 μm

nd 367 μm, respectively. As shown in Fig. 2 c, no significant cut was ob-

ained after a single-pass laser scan in Q-Switch mode using a spot size

f 40 μm under a power intensity of 6.0 ×10 10 W/cm 
2 . From Fig. 2 d, the

atrix resin was partially removed along the scanned path, with fibers

t the top surface of the CFRP specimen cut at a negligible depth. The

D cross-sectional surface profile shows limited change in surface pro-

le that was less than the signal noise on the adjacent uncut surface.

o trench could be formed by increasing the power intensity (as high

s 1.3 ×10 12 W/cm 
2 ), with only a greater area of matrix resin being re-

oved. QSW mode was deemed ineffective, even though the laser power

ntensity was many orders of magnitude greater than that of LP mode. 

The drastic difference in cutting performance is attributed to the fun-

amental change of laser-material interaction at high power intensity.

 hypothesized explanation will be given next for the different perfor-
104 
ances of laser cutting using LP mode or QSW mode. In this study,

he power intensity for QSW experiments ranged from 5.5 ×10 10 W/cm 
2 

o 1.3 ×10 12 W/cm 
2 , which is high enough to exceed the capability of

inear optical absorption. This range is also significantly higher than

ypical power intensity values from prior studies, which generally use

ow-energy nanosecond lasers below 5 GW/cm 
2 , similar to Takahashi

t al. and Sato et al. [26,27] . Optical breakdown of the gas environment

bove the target area might occur at sufficiently high power intensity.

his threshold intensity was experimentally measured using a Nd:YAG

aser with 6 ns pulses based on the multiphoton ionization theory [28] .

he threshold was inversely proportional to wavelength with the opti-

al breakdown for 1064 nm wavelength occurring above approximately

.42 GW/cm 
2 [29] . This threshold is inversely proportional to pulse du-

ation, with energy from longer pulses being dissipated before optical

reakdown can occur. Based on this estimate, the power intensity of the

igh-energy laser employed in this study in QSW mode was sufficient to

ause optical breakdown and create a plasma plume around the CFRP

op surface. The laser-induced material breakdown could lead to the

eneration of plasma consisting of ionized argon and/or ionized target

aterial. The formed plasma would be highly absorptive, and prevent

 significant portion of the pulse energy from reaching the CFRP top

urface. Previous work has measured absorption of the incident photon

nergy for such conditions to be as high as 80%, attributed to the inverse

remsstrahlung mechanism by Sankaranarayanan and Kar [30] and

organ [31] . As a result, the laser beam cannot penetrate beyond the

FRP target surface at such a reduced intensity. Therefore, material re-

oval in QSW mode, using a minimum intensity of 5.5 ×10 10 W/cm 
2 ,

an only occur near the target surface and only a shallow cutting depth

s produced. 

During initial testing, parameters from QSW mode were repeated

n LP mode, with the only variable being pulse duration. For the same

ulse energy, laser power intensity is higher in QSW mode due to the

horter duration given the fixed laser frequency of 10 Hz. The results

onfirmed the above observations regarding the ineffectiveness of Q-

witch mode due to exceeding the ionization threshold of the air envi-

onment. LP mode can successfully machine CFRP due to power inten-

ity being less than the threshold for 1064 nm wavelength and 120 ns

ulse duration. Additionally, the high end of the power intensity range

ested in LP mode overlaps with the low end the range of power in-

ensity tested in QSW mode. Peak laser power is calculated by dividing

he measured average laser power and dividing by duration and fre-

uency. Dividing again by spot area yields the laser power intensity.

herefore, it can be deduced that the pulse duration at least partially de-

ermines the ionization threshold. The physiochemical dependence on

aser pulse duration and wavelength of this mechanism is beyond the

cope of this study. Exceeding the optical breakdown threshold during

aser machining of CFRP has been similarly observed in other research.

ntense photon absorption by laser-induced plasma as a result of opti-

al breakdown was observed in experiments using 10 ns pulses at an

ntensity of 3 ×10 9 W/cm 
2 in a standard air environment [32] . Optical

reakdown was subsequently avoided using 200 ns pulses at a reduced

ntensity of 1.5 ×10 8 W/cm 
2 . 

Results using Long Pulse demonstrated unique keyhole mode laser

aterial removal. Keyhole laser cutting is usually achieved for metal al-

oys using continuous-wave (CW) lasers, e.g., CO 2 laser cutting of mild

teels. Preissig et al. [33] summarized that the keyhole is usually caused

y vapor pressure due to the intense laser irradiation and multiple laser

ay reflections in those processes. The local vapor pressure creates, deep-

ns, and maintains the expanded keyhole during laser cutting. The key-

ole mode laser cutting of metals can be more efficient than classical

aser cutting techniques, because the melt can be removed much more

fficiently from the center line in the cut front. This makes the melt film

hinner to ensure efficient heat conduction from the melt surface. How-

ver, the molten material film is unlikely to be developed in this study

ue to the limited energy input over a short duration for a nanosecond

ulse laser compared with a CW laser. 
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Fig. 4. Micrographs for single-pass laser line 

cutting of cross-ply IM7 CFRP using LP mode 

along different direction: (a) SEM micrograph 

for 𝜃 = 90°; (b) SEM micrographs for 𝜃 = 0°; (c) 
2D confocal profile for 𝜃 = 90°; (d) 2D confocal 
profile for 𝜃 = 0°. 

Fig. 5. Machining dimension results from single-pass tests along orthogonal and 

parallel cutting directions using LP mode. 
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The mechanism of keyhole cutting of CFRP using a long-duration

anosecond pulse laser is different from that of the CW laser cutting of

etal alloys. For the CFRP target, the linear optical absorption coeffi-

ient of the polymer matrix is expected to be relatively low. Transmis-

ivity of common matrix materials for CFRP is very high for the wave-

ength of 1064 nm used in this study. Volkermeyer et al. [34] reported

hat the transmissivity of Polyamide 6 and Polyphenylene sulfide are

bout 85%. Similarly, McKie and Addison [35] reported transmissivity

f Hercules 3501–5A resin of 93%. Abbas and Ali [36] also showed that

he optical absorption coefficient of pure epoxy is very low for 1064 nm

avelengths. Therefore, the laser beam penetrates into a relatively deep

egion below the CFRP target surface when LP mode is used. Addition-

lly, this means a significant portion of the laser energy is transmitted

hrough the matrix to be directly absorbed and conducted by the car-

on fibers. As a result, the high-energy laser beam could be absorbed

y a relatively thick layer of the target material to extend the depth of

ut. Much of the laser energy is absorbed along the depth by the car-

on fibers, which have high absorptivity for 1064 nm wavelengths. The

bers conduct the absorbed energy to the surrounding matrix material,

hich heats and melts the matrix to form a thin molten material film
105 
hat allows keyhole formation. The absorbed laser energy may elevate

he target material temperature, cause phase transformations, induce

aterial removal from the target, and produce a relatively large cutting

epth. Therefore, a new type of keyhole laser cutting using high pulse

nergy is achieved for CFRP using the long-duration nanosecond pulse

aser. It should be noted that future work may still be needed to further

erify the above hypothesized explanation and also check whether or

ot other mechanism(s) has also played an important role. 

.2. Effect of energy density 

By comparison, woven AS4 CFRP shows a significantly shallower

epth of cut and slightly narrower kerf than cross-ply CFRP over the

ange of tested energy density. This difference was mainly attributed to

ifferent fiber layouts and thermal properties. The woven fiber layout

eads to more efficient heat transfer along all directions and might af-

ect the penetration depth of laser irradiation into the CFRP material,

iven the complex reflective properties within the CFRP microstructure

37] . Also, the specific heat of AS4 fibers, 1130 J/kg·K, is almost 30%

igher than that of IM7 fibers, 879 J/kg·K. This is reflected in the es-

imates for critical energy density of approximately 0.79 J/mm 
2 and

.35 J/mm 
2 for IM7 and AS4 fibers, respectively, which are similar to

stimates in [23] . Critical energy density is defined as the minimum en-

rgy absorption required for CFRP material removal. Hence, woven AS4

FRP required more energy input to reach sublimation temperature for

hoto-thermal laser ablation. 

One important takeaway from Fig. 3 is the relationship between laser

nergy density and machining performance. During the ignition stage in

he laser ablation process, a plasma plume consisting of ionized CFRP

aterial expands outward from the target area [38] . This plasma in-

ensifies with laser irradiance, becoming increasingly absorptive of the

ncoming laser beam. The laser energy that reaches the CFRP surface

s reduced in LP mode by the same Bremsstrahlung mechanism as op-

ical breakdown in QSW mode. This process is commonly referred to

s plasma shielding. As a result, the ablation rate is also reduced until a

aturation level is reached, whereby increasing laser irradiance does not

esult in more CFRP being removed. This is evidenced by the logarithmic
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Fig. 6. SEM micrographs of the side wall sur- 

face of a through cut: (a) side wall surface; (b) 

detailed view at side wall; (c) edge with top 

surface; (d) edge with bottom surface. 

Fig. 7. Effect of pass number in multi-pass laser cutting: (a) SEM micrograph of 

the top surface after 50 passes; (b) the comparison of kerf and MEZ width after 

different pass numbers. 
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rends observed in Fig. 3 , particularly for cutting depth. More specifi-

ally, for each subsequent laser pass, less CFRP material was removed.

he rate by which the cutting depth was increasing began to decrease
106 
ver time. The ablation rate is defined by the mass of material removed

rom the substrate per laser pulse. According to Zeng et al. [39] , plasma

hielding can be avoided by using pulse durations in the picosecond or

emtosecond domain, where ultrashort pulses are fully absorbed by the

arget material prior to plasma formation. 

.3. Effect of cutting orientation 

For cross-ply CFRP, the effect of cutting direction relative to the fiber

rientation in the top layer was evaluated for parallel ( 𝜃 = 0°) and or-

hogonal ( 𝜃 = 90°) conditions. The same process parameters were ap-

lied for both conditions: beam spot size of 200 μm, energy density of

6.3 J/mm 
2 , power intensity of 2.8 ×10 9 W/cm 

2 , and overlap ratio of

5%. As shown in Fig. 4 a, a single-pass laser scan produced a clean and

eep cut for 𝜃 = 90°. Matrix recession was very apparent with large ar-

as of exposed fibers at the top surface, since the heat was conducted

way from the target area into the bulk material and increasing the HAZ

idth. Clear striations along the depth direction can be observed along

he trench wall. The spacing between striations was about 32.2 μm,

hich is nearly equivalent to the theoretic value of the laser feed rate

f 32 μm/pulse under scanning speed of 0.32 mm/s and repetition rate

f 10 Hz. On the bottom of the trench, fibers parallel to the cutting di-

ection can be observed, which are located in deeper cross-ply laminate

ayers with different fiber orientation. As shown in Fig. 4 b, a single-pass

aser scan produced a straight and deep cut for 𝜃 = 0°. Very little matrix

ecession can be observed, since heat was conducted along the scanning

ath. Striations were still noticeable with similar feed mark spacing, but

ere not as defined as those for 𝜃 = 90°. Some fiber debris can be ob-

erved on the bottom of the trench, and some uncut fibers were exposed

long the top edge with a swelled fiber end morphology, likely due to

referential conduction along the fiber axis, which is aligned with the

aser scanning path for 𝜃 = 0°. Fig. 4 c-d shows the 2D profiles of the

rench cut along directions of 90° and 0°, respectively. The depth of cut

as mainly unaffected by cutting direction, but the profile shape was
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Fig. 8. Contour cutting of cross-ply CFRP us- 

ing LP mode: (a) entrance of a laser cut round 

hole with a diameter of 4 mm; (b) SEM image 

of the edge of hole entrance ( 𝜃 ≈ 90°); (c) mi- 

crographs of the edge of hole entrance ( 𝜃 ≈
45°); (d) micrographs of the edge of hole en- 

trance ( 𝜃 ≈ 0°); (e) exit of a laser cut round hole 
with a diameter of 4 mm; (f) SEM micrograph 

of the edge of hole exit ( 𝜃 ≈ 0°). 
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lightly altered. As shown in Fig. 4 c, a keyhole shaped profile can be ob-

erved for 𝜃 = 90°, which was enhanced by the slightly wider kerf width

n the top layer. Also, the clean profile verified the clean cut character-

zed using SEM as shown in Fig. 4 a. Fig. 4 d shows the keyhole shape

as not as clear as that for 𝜃 = 90° with a slightly tapered profile. The

hite spots in the 2D profile correspond to the exposed uncut fibers,

r fiber pull-out, characterized using SEM as shown in Fig. 4 b. In these

reas, fibers have absorbed and conducted sufficient energy to induce

vaporation of the surrounding matrix, but did not absorb to the point

f sublimation. Fig. 5 shows the comparison of the machining dimen-

ion along both orthogonal and parallel cutting directions. The MEZ for

= 90° was about 32% wider than that for 𝜃 = 0°, whereas the kerf and

epth of cut were similar for both cutting directions. 

.4. Machined surface integrity 

The machined surface integrity was investigated for multi-pass line

hrough cuts of a 2.2 mm thick cross-ply CFRP panel using SEM shown

n Fig. 6 . A line cut was machined using the spot size of 100 μm, energy

ensity of 54 J/mm 
2 , power intensity of 2.9 ×10 10 W/cm 

2 , and over-

ap ratio of 40%. Optical breakdown is avoided due to the longer 120 ns
107 
ulse duration, despite power intensity exceeding the theoretical thresh-

ld for QSW discussed in Section 3.1 . Under these conditions, a 2.2 mm

hick cross-ply CFRP panel was cut through as few as 6 passes. Fig. 6 a

hows a high quality side surface of a cut where the horizontal stria-

ions indicate the boundary between different laminate layers. This is

hown in Fig. 6 b shows a detailed view of the side wall, where two

aminates with different fiber orientations are illustrated. The fiber di-

ection in the top layer was parallel to the laser scan direction ( 𝜃 = 0°),

hereas the next layer was perpendicular to the laser scan direction

 𝜃 = 90°). No fiber pull-out is observed on the side wall surface with

imited fiber swelling. The spacing between two adjacent striations was

easured as 50 μm, which is consistent with the laser feed rate for a

canning speed of 0.5 mm/s and repetition rate of 10 Hz. Fig. 6 c-d show

harp edges with limited MEZ formation at the top and bottom surfaces,

espectively. These surface morphology analyses demonstrate the high

uality and efficiency of line cutting of CFRP panels by keyhole mode

aterial removal LP mode. 

Striations are often observed on the machined surface for laser cut-

ing of metal alloys. Arata et al. [40] suggested that lateral-burning

xothermic reactions between oxygen and iron were the main cause of

triation formation for CO 2 laser cutting of mild steels. However, stri-
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Fig. 9. SEM micrograph wall surface of the hole: (a) the wall surface from the 

exit; (b) the detailed view on wall surface ( 𝜃 ≈ 90°); (c) the detailed view on the 

wall surface ( 𝜃 ≈ 0°). 
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tions are widely observed during laser cutting of metal alloys and ce-

amics when no oxidation takes place with the use of inert gases such

s nitrogen and argon [41,42] . Chen and Yao [43] developed a more

omprehensive theory based on the instability of a thin liquid film in

 high-velocity gas jet and diffusion-controlled oxidation to explain the

ormation of striations during laser cutting. In thin-section steel, these

triations are usually clear and straight from the top of the cut edge to

he bottom. However, for thick panels, striations are replaced by ran-

om ripples or drag lines near the bottom, which are associated with

he flow of liquid out of the cut zone [44] . 

SEM micrographs in this study show that all the striations are straight

nd uniformly distributed throughout the whole CFRP specimen thick-

ess. The striations on the machined CFRP surface result from the last

aser scan from the multi-pass keyhole laser cutting process, with the

easured spacing between adjacent striations being equivalent to the

pacing of two subsequent laser pulses, as shown in Fig. 4 a and Fig. 6 b.

his might be from the reduced volume of molten material present dur-

ng CFRP laser cutting. CFRP fibers sublimate directly from solid to gas

hase while the matrix experiences melting prior to evaporation. Given a

ber volume fraction of 57% or 62%, it is hypothesized that only a small

ortion of the remaining matrix forms a liquid material volume during

he laser absorption process. Therefore, the mechanism of striations of

his keyhole laser cutting CFRP process is different from conventional

aser cutting of metal alloys. 

The effect of scan pass number on the scanned top surface was

valuated under a moderate energy density of 31 J/mm 
2 . The other

rocess parameters were spot size of 100 μm, power intensity of

.1 ×10 10 W/cm 
2 , and overlap ratio of 60%. Fig. 7 a shows the SEM

raph of a typical cut after 50 passes. A clean cut was obtained with

he kerf width of 198 μm and MEZ width of 126 μm at the entrance.

ig. 7 b shows the comparison of the kerf and MEZ under different scan

asses. It can be seen that the kerf width was increased with the num-

er of passes until 10 until becoming saturated, which can be explained

y laser shadowing of a Gaussian beam. However, the MEZ width was

ainly unaffected by the increase of pass number, which indicated that

o more thermal damage would be further introduced by the increase

f laser scan passes. 

.5. Contour cutting experiment 

Circular holes of 4 mm and 6 mm diameter were obtained in contour

utting experiments. Fig. 8 a shows the top view of a circular hole with

he diameter of 4 mm using a beam spot size of 75 μm, energy density

f 116.9 J/mm 
2 , power intensity of 5.0 ×10 10 W/cm 

2 , and overlap ratio

f 47%. Fig. 8 b, c, and d show the top surface near the hole entrance

dge and the 2D surface profile where the cutting direction was ap-

roximately 90° perpendicular, 45° relative, and 0° parallel to the fiber

rientation in the top layer, respectively. The heat-affected zone, espe-

ially for MEZ, was found to be non-uniform around the hole circum-

erence, as expected given the results from Section 3.3 . As shown in

ig. 8 b, a MEZ ring can be seen outside the hole entrance edge, which

as about 164 μm wide. As shown in Fig. 8 c, the width of MEZ was de-

reased slightly for 45°. Lastly in Fig. 8 d, the MEZ width was reduced to

 minimal level when the cutting direction was parallel to the local fiber

rientation in the top layer. The width of MEZ depended on the relative

irection between laser cutting and fiber orientation. The variation of

he MEZ width should be a result of the different thermal conductivity

long the fiber direction or across the fiber direction in the CFRP panel.

 fillet was formed along the hole entrance edge as shown in the 2D

rofile near the hole entrance. The formation of the fillet was attributed

o the wider kerf on the top surface, which was similar to the line cut-

ing results from Section 3.1 . Due to the almost vertical hole internal

all surface, high gain was used during the confocal microscopy, which

aused the high noise on the top surface. These fillet domains corre-

pond to a narrow ring area between the MEZ and hole surface, which

re shown in the SEM micrographs. This fillet cannot be observed along
108 
he hole exit edge. As shown in Fig. 8 e and f, a sharp edge can be ob-

erved along the hole exit. The MEZ shown in Fig. 8 f was very minimal

n this SEM micrograph since the cutting direction was nearly parallel

o the fiber orientation in the bottom layer. 

The wall surface of the circular hole was characterized in Fig. 9 . As

hown in Fig. 9 a, a smooth texture was obtained on the hole surface,

nd a sharp edge can be observed between the hole surface and bot-

om surface. Similar to the side surface of a line cut shown in Fig. 6 of

ection 3.4 , the vertical striations can be observed through the CFRP

anel thickness, and the horizontal marks of different laminates can be

bserved. Fig. 9 b and c show the detailed view at the laminates with

ber direction perpendicular and parallel to the cutting direction, re-

pectively. No fiber pull-out can be observed on the hole surface, and

nly limited fiber swelling can be observed at the end of fibers. 
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. Conclusion 

This experimental study demonstrates for the first time that key-

ole mode cutting can be achieved for CFRP materials by a high-energy

anosecond pulse laser using LP mode. The formation of keyhole-shaped

rench is attributed to laser ablation of the carbon fibers and conduction

o the polymer matrix to create a small molten material volume, allow-

ng deep penetration of laser energy for increased cutting efficiency com-

ared with low energy nanosecond lasers. It is also shown that the short-

uration QSW mode results in ineffective cutting performance for CFRP

ecause of nonlinear optical absorption and subsequent Bremsstrahlung

bsorption by laser-induced plasma due to high power intensity above

hreshold values. Under LP mode, a single-pass laser scan can produce

 clean and deep trench profile with a clear keyhole shape, while a 6-

ass laser process can cut through a 2.2 mm thick cross-ply CFRP panel,

ndicating a much higher ablation rate than low-energy, high-frequency

aser. Laser energy density was compared to power intensity as a con-

rol variable, with minimal energy input values closely matching values

rom other researchers. The effects of laser shielding were observed by

ecreasing ablation efficiency for increasing energy density. 

A high-quality machined surface can be produced with a limited

eat-affected zone and little fiber pull-out using inert Argon assist gas,

ith a slight dependence on fiber orientation relative to the cutting di-

ection. Uniform striations on the machined surface result from the last

aser pass of the multi-pass cutting process according to the laser feed

ate, and form by a proposed different mechanism than during conven-

ional laser cutting of metal alloys. These experiments highlight the ad-

antages of high-energy ns-pulsing in CFRP laser machining, while ex-

loring associated limitations. The successful outcomes from this work

rovide the key to enable an efficient high-quality laser machining pro-

ess for CFRP materials. 
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