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ABSTRACT 

 

Carbon fiber-reinforced plastics (CFRPs) have gained widespread popularity as a 

lightweight, high-strength alternative to traditional materials. The unique anisotropic 

properties of CFRP make processing difficult, especially using conventional methods. This 

study investigates laser cutting by ablation as an alternative by comparing two near-

infrared laser systems to a typical mechanical machining process. This research has 

potential applications in the automotive and aerospace industries, where CFRPs are 

particularly desirable for weight savings and fuel efficiency. 

First, a CNC mill was used to study the effects of process parameters and tool 

design on machining quality. Despite high productivity and flexible tooling, mechanical 

drilling suffers from machining defects that could compromise structural performance of a 

CFRP component. Rotational feed rate was shown to be the primary factor in determining 

the axial thrust force, which correlated with the extent of delamination and peeling. 

Experimental results concluded that machining quality could be improved using a non-

contact laser-based material removal mechanism.  

Laser machining was investigated first with a Yb:YAG fiber laser system, operated 

in either continuous wave or pulse-modulated mode, for both cross-ply and woven CFRP. 

For the first time, energy density was used as a control variable to account for changes in 

process parameters, predicting a logarithmic relationship with machining results 

attributable to plasma shielding effects. Relevant process parameters included operation 

mode, laser power, pulse overlap, and cross-ply surface fiber orientation, all of which 

showed a significant impact on single-pass machining quality. High pulse frequency was 

required to successfully ablate woven CFRP at the weave boundaries, possibly due to 
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matrix absorption dynamics. Overall, the Yb:YAG fiber laser system showed improved 

performance over mechanical machining. However, microsecond pulses cause extensive 

thermal damage and low ablation rates due to long laser-material interaction time and low 

power intensity.  

Next, laser machining was investigated using a high-energy nanosecond-pulsed 

Nd:YAG NIR laser operating in either Q-Switch or Long Pulse mode. This research 

demonstrates for the first time that keyhole-mode cutting can be achieved for CFRP 

materials using a high-energy nanosecond laser with long-duration pulsing. It is also shown 

that short-duration Q-Switch mode results in an ineffective cutting performance for CFRP, 

likely due to laser-induced optical breakdown. At sufficiently high power intensity, it is 

hypothesized that the resulting plasma absorbs a significant portion of the incoming laser 

energy by the inverse Bremsstrahlung mechanism. In Long Pulse mode, multi-pass line 

and contour cutting experiments are further performed to investigate the effect of laser 

processing parameters on thermal damage and machined surface integrity. A logarithmic 

trend was observed for machining results, attributable to plasma shielding similar to 

microsecond fiber laser results. Cutting depth data was used to estimate the ablation 

threshold of Hexcel IM7 and AS4 fiber types. Drilling results show that a 2.2 mm thick 

cross-ply CFRP panel can be cut through using about 6 laser passes, and a high-quality 

machined surface can be produced with a limited heat-affected zone and little fiber pull-

out using inert assist gas. In general, high-energy Long Pulse laser machining achieved 

superior performance due to shorter pulse duration and higher power intensity, resulting in 

significantly higher ablation rates. The successful outcomes from this work provide the key 

to enable an efficient high-quality laser machining process for CFRP materials.  
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PUBLIC ABSTRACT 

 

Carbon fiber-reinforced plastics (CFRPs) have gained popularity as a lightweight, 

high-strength alternative to traditional materials. However, the same properties that give 

CFRP superior performance also make processing difficult and prohibitively expensive by 

conventional methods. This study focuses on laser machining as an alternative to 

conventional methods and investigates the underlying mechanisms of laser-based materials 

processing for CFRP. This research has potential applications in the automotive and 

aerospace industries, where reduced cost might allow the full potential of CFRPs to be 

realized for use in weight savings and fuel efficiency without sacrificing strength. 

Three machining systems for CFRP are presented in this study. First, conventional 

mechanical drilling is examined to establish a baseline level of machining performance. 

Despite high productivity and widespread availability, severe damage during conventional 

drilling results in generally poor quality for CFRP. Laser machining is investigated, first 

using a CW/modulated fiber laser system. Mechanical defects are eliminated, but new 

issues related to thermal distortion are introduced due to the physiochemical nature of the 

laser ablation process. Microsecond pulse duration at low intensity reduces thermal damage 

but also reduces material removal efficiency. Machining performance is drastically 

improved using a high-energy nanosecond-pulsed laser system. Pulse duration is reduced 

and intensity is increased, both by several orders of magnitude, to significantly increase the 

material removal rate and decrease thermal damage. At sufficient intensity, plasma 

formation and absorption becomes important. When combined with an inert assist gas flow, 

such a laser system is capable of high quality CFRP machining using less than 10 scans for 

samples of 2.2 mm thickness by line-cutting, pocketing, and contour drilling.  
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CHAPTER 1.  

INTRODUCTION 

Carbon fiber-reinforced plastic (CFRP) is a two-component anisotropic structure 

comprised of a binding plastic matrix and mechanical reinforcements. The reinforcements 

are small fibers approximately 5-10 μm in diameter made of carbon filaments produced 

from a precursor, most commonly polyacrylonitrile (PAN). The binding matrix is typically 

an epoxy resin or polymer. Thermomechanical properties of CFRP are directional, 

depending on the layup orientation of the fibers within individual laminate layers and 

within the overall structure. Figure 1-1 shows the three main layup categories for CFRP: 

(1) unidirectional, (2) cross-ply (sometimes referred to as quasi-isotropic), and (3) woven. 

Unidirectional CFRP possesses the highest maximum mechanical properties as all fibers 

throughout the full thickness of the component are oriented in the same direction (Figure 

1-1a). Cross-ply CFRP utilizes several laminate layers stacked in a desired pattern, with 

the fibers within each laminate layer oriented in the same direction (Figure 1-1b). Fibers in 

woven composites are interlocked in a specified over-under pattern (Figure 1-1c); the exact 

specifications of the weave can vary depending on the application. This type of CFRP 

possesses the weakest properties since the fibers are not oriented completely horizontal. 

The weave pattern introduces slight vertical bending that can have a significant directional 

effect on mechanical properties. CFRPs derive strength and rigidity from the 

reinforcements, which possess tensile and stiffness properties many times greater than steel 

or aluminum alloys. Additionally, fiber configuration variability allows a high degree of 

design freedom to tailor properties to specific applications. Matrix properties are 
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significantly weaker, which gives CFRPs their anisotropic structure and makes analysis 

and secondary processing notoriously difficult.  

 

Figure 1-1: Illustration of the two main types of CFRP layups: (a) unidirectional, all 

fibers are aligned uniformly throughout (b) cross-ply, all fibers within single layer are 

aligned; (c) woven, fibers within each layer are interlocked. 

 

Composite materials are used in many modern applications to reduce weight 

without sacrificing performance. CFRP components are approximately 70% and 30% 

lighter than an identical part made of steel or aluminum with up to 10 times the strength 

(Cherif, 2011), but can carry as much 20 times the cost (Meredith et al., 2015). Nonetheless, 

CFRPs have seen increased usage in industry in recent years, particularly in automotive 

and aerospace applications, as a lightweight high-strength alternative to traditional metals. 

Although CFRPs first appeared in the aerospace industry over 50 years ago, their utilization 

had not seen a dramatic increase until the 1990s. Modern airplanes from Airbus and Boeing 

are being designed with as much as 50% composites by total weight (M’Saoubi et al., 

2015). The use of lightweight materials combined with advances in jet engine technology 

is estimated to yield a 15% decrease in fuel consumption and a 20% reduction in 

a) b) c)
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operational costs overall (Shyha et al., 2010). Figure 1-2 illustrates the extensive use of 

lightweight materials in the Airbus A380, the world’s largest passenger airliner, released 

in 2007 and designed with 22% composites by weight (Hexcel Corporation, 2000). 

Automotive industry experts similarly project that the application of CFRP in mass-

production could reduce vehicle weight by as much as 50% and improve fuel economy by 

up to 35% alone without any sacrifices in performance or safety (Mascarin et al., 2015). 

BMW recently entered a joint manufacturing venture with SGL (Reinforced Plastics, 

2012). The passenger compartment of BMW’s i3 compact hybrid, referred to as the “Life 

Module”, is light enough to be lifted by hand, shown in Figure 1-3.  

 

Figure 1-2: Schematic of the structural design of the Airbus A380 showing extensive 

usage of fiber-reinforced composites totaling 22% of total aircraft weight (Hexcel 

Corporation, 2000). 
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Figure 1-3: The “Life Module” of BMW’s i3 compact hybrid. Full carbon construction 

allows vehicle to achieve total curb weight of less than 3,000 lbs (EV World, 2013) 

 

Cost is especially important in applications where small increases in component 

expense can significantly affect the viability of advanced materials for high-volume 

production. As an example, automotive manufacturers desire CFRP in the range of $5 per 

pound – significantly less than the current price of $10 to $15 per pound (Mazumdar et al., 

2016). Although raw materials processing for CFRP production represents a significant 

portion of total cost, the price of secondary processes plays an important role. Despite 

CFRP components typically being created close to final shape and form, secondary 

processes are sometime required to create assembly features and to achieve final 

dimensions or tolerances. The industry standard is to assemble CFRP components using 

mechanical fasteners, such as rivets and bolts, as in traditional materials (Gaugel et al., 
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2016). The Boeing 787 “Dreamliner” requires drilled hole diameters within ± 0.018 mm to 

meet strict ISO 286 H8 tolerance (Gardiner, 2014). This makes high-quality drilling 

essential considering that the typical commercial airliner can contain over 1,000,000 

fasteners, depending on aircraft size (Campbell, 2006). Conventional operations cause 

unacceptable machining damage and rapidly accelerate tool wear, necessitating premature 

tool replacement and causing an increased number of part rejections. As much as 60% of 

part rejections during final assembly in the aviation industry are due to machining errors 

alone (DAVIM et al., 2007). Non-contact laser machining is becoming a viable alternative, 

which uses a focused laser beam to remove CFRP material by ablation to avoid the 

detrimental effects of mechanical cutting force and tool degradation. The advantages of 

laser machining include the absence of physical tool contact, precise control of process 

parameters, and flexible high-speed path scanning for the creation of complex features. 

However, laser machining can introduce new issues of thermal damage related to 

anisotropic nature of the CFRP structure and significant differences in thermomechanical 

properties between the matrix and reinforcements.  

 

1.1 Laser Ablation Process Overview 

Laser machining of CFRP is defined as an ablation process, where the fiber-matrix 

structure is removed from the substrate by way of heating and evaporation of the matrix 

material and sublimation of the fiber reinforcements. The laser ablation process for can be 

divided into four stages: (1) optical absorption, (2) plasma ignition, (3) plasma expansion 

and cooling and absorption, and (4) particle formation and ejection (Russo et al., 2007). 
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1.1.1 Optical Absorption 

During laser ablation, photon energy from the laser beam is absorbed within the 

target area at the workpiece surface. The surface absorptivity is characterized using the 

coefficient, α, which describes the fraction of light reflected by the material. This is 

dependent on the wavelength of laser irradiation and the material properties. Given the 

highly variable properties within the CFRP structure, fiber-matrix decomposition and 

subsequent phase changes are difficult to predict. 

 

I(z) = I0e−αz           (1.1) 

 

The intensity of the light decays once the irradiation penetrates below the 

workpiece surface, with the intensity being proportional to depth at a rate determined by α 

as a function of wavelength and temperature. This is shown by the Beer-Lambert Law in 

the Eq. 1.1, where intensity, I (z), decays exponentially with depth, z. The Beer-Lambert 

Law assumes constant α for initial intensity, I0, just inside the surface. Absorptivity of 

CFRP is difficult to characterize due to non-homogeneity of material properties. 

Additionally, the effective absorption at the CFRP workpiece surface may be different than 

the absorption at a milled surface since most laser through-cutting operations require 

multiple laser scans (Xu and Hu, 2017). 

 

1.1.2 Plasma Ignition 

For pulsed laser ablation the absorption mechanisms during laser-material 

interaction are determined primarily by the emission wavelength, the power intensity, the 

pulse duration and frequency, and the thermalization time of the material, defined as the 
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response time for the excited electronic states to transfer energy to phonons. In other words, 

the thermalization time is the time required for absorbed laser energy to manifest as a 

thermal response at the atomic level, which depends on the molecular properties of the 

material. For example, the thermalization time for most metals is on the order of 10-12 to 

10-10 seconds. In the case of graphitic fiber reinforcements for CFRP, estimates by 

Kampfrath et al. (2005) and Ishioka et al. (2008) place the phonon response time at less 

than 1 picosecond (10-13 seconds). There is significant variation in the phonon response of 

non-metals, with thermalization times as long as 10-6 seconds. This is particularly relevant 

to CFRP in that many matrix epoxy resins and polymers fall in this range (Brown and 

Arnold, 2010), highlighting the variability in the predicted laser-CFRP interaction. The 

combination of pulse frequency and duration is generally referred to as the laser-induced 

excitation rate. When the laser-induced excitation rate is high (i.e. fast pulse frequency 

and/or short pulse duration) compared to the thermalization time, large excitations can 

build up in the intermediary states of the material. These excitation energies can be 

sufficient to break intermolecular bonds via photo-chemical ablation. Essentially, the laser 

excitation of the atomic structure outpaces the thermal response of the material. The 

material absorbs sufficient energy to break bonds directly, and is vaporized with very little 

temperature increase in the local substrate. This has important implications in CFRP laser 

machining since an isothermal photo-chemical ablation mechanism could drastically 

reduce thermal damage and improve machining quality. 

When the laser-induced excitation rate is low (i.e. low pulse frequency and/or long 

pulse duration) compared to the thermalization time, the transient electronically-excited 

states become less significant. The atomic structure does not absorb sufficient laser energy 
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relative to the thermal response of the substrate. The material response can then be 

characterized using a thermal framework, and is referred to as photo-thermal ablation. In 

this case, absorption of laser energy increases the temperature of the substrate, and well-

defined phase transitions ensue. The absorbed laser energy may elevate the target material 

temperature, cause phase transformations, and eventually induce deep material removal 

from the target by conduction. The triple point of carbon occurs at approximately 11 MPa 

and 4,600 K (Zazula, 1997), and its critical point is approximately 7,000 K (Leider et al., 

1973). The carbon fibers may be directly sublimated to the gas phase or converted to 

plasma during laser ablation, whereas the matrix material is melted and evaporated due to 

the heat absorbed by the fibers. For photo-thermal processing, the material response can be 

characterized using the heat equation derived from the conservation of energy and 

Fourier’s Law. The temporal and spatial evolution of the temperature field inside a material 

in a coordinate system that is fixed with the laser beam can be written according to Eq. 1.2 

(Bogaerts et al., 2003). 

 
∂T(x,t)

∂t
=

∂

∂x
[(

k

cpρ
)

∂T(x,t)

∂t
] +

α

cpρ
I(x, t)       (1.2) 

 

In general, finding analytic solutions to this non-linear partial differential equation 

can be difficult. An important quantity that comes out of applying simplifying assumptions 

is the thermal diffusion length from Eq. 1.3. 

 

LT ≈ ζ√τ
kρ

cp
           (1.3) 

 

The thermal diffusion length, LT, characterizes the area were significant 

temperature changes are experienced during a characteristic time, τ. Heat transfer before 
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and after the laser pulse can lead to elevated temperatures and drastic changes in material 

properties. The region over which these changes occur is referred to as the heat-affected 

zone (HAZ), and is a common metric of quantifying CFRP laser machining quality. An 

example of this is shown below in Figure 1-4 from experimental results as a part of this 

research. 

 

Figure 1-4: Example CFRP laser machining result showing the kerf and HAZ generated 

by laser ablation process. The HAZ includes areas where the matrix has been evaporated, 

melted, or re-solidified. 

 

In the case of moderate laser-induced excitation rate (i.e. nanosecond pulse 

duration) and high power intensity (107 to 1011 W/cm2), photo-chemical ablation can 

potentially co-exist with photo-thermal thermal mechanisms. Additionally, a third ablation 

mechanism is possible, either for laser irradiation with high photon energy relative to the 

bond energy of the material, or in the presence of ultra-sort laser pulses (10-13 to 10-15 

seconds). In this case, the excited electrons of the solid may be removed directly and the 

ablation mechanism is classified as “photo-electric” (Steen (2003), Dutta Majumdar and 

Manna (2003)). 
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1.1.3 Plasma Expansion & Absorption 

Some of the ablated CFRP material is converted into plasma with plume expansion 

related to the initial mass and energy in the vapor plume, and the surrounding gas 

environment. The expansion of the evaporated material plume and shockwaves can be 

described by the Euler equations in Eqs. 1.4-1.6 (Bogaerts et al., 2003). 

 
∂p

∂t
= −

∂(ρv)

∂x
           (1.4) 

 
∂(ρv)

∂t
= −

∂

∂x
[p + ρv2]         (1.5) 

 
∂

∂t
[ρ(Ed) +

v2

2
] = −

∂

∂x
[ρv (Ed +

p

ρ
+

v2

2
) + αIBI]      (1.6) 

 

In a vacuum, the plasma plume expands adiabatically with the expansion speed 

expressed as in Eq. 1.7 (Zel’dovich and Raizer, 2002). When ablation occurs in a non-

vacuum, the ejected mass compresses the surrounding gas environment, producing 

shockwaves. Once the external shockwave is formed, its expansion distance can be 

described by Sedov’s theory. The expansion distance H, representing the location of the 

shockwave front, can be calculated as a function of time given in Eq. 1.8 (Sedov, 1993). 

 

vp = √
4γ+10

3

E

Mv
         (1.7) 

 

H = λ0(t)
2

2+D (
E0

ρ1
)

1

2+d
         (1.8) 

 

Part of the incoming laser energy is absorbed by the expanding plasma plume. 

Photon absorption by laser-induced plasma during the ablation process occurs primarily by 

the inverse Bremsstrahlung mechanism (Russo et al., 2007). Free electrons gain kinetic 
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energy from the laser beam and during collisions among sample atoms and ions, electron, 

and gas species, which reduces the incident pulse energy at the target surface. The inverse 

Bremsstrahlung absorption coefficient is given by Eq. 1.9 (Russo et al., 2007). 

 

αIB = [QNeN0 +
4e6λ3NeZ2Ni

3hc4me
√

2π

3mekbTe
] [1 − e

−(
hc

λkbTe
)
]    (1.9) 

 

Longer wavelengths promote Bremsstrahlung absorption, which lowers the ablation rate 

and increase the chances of elemental fractionation. This has been experimentally 

confirmed by Cabalín and Laserna (1998) and Thiyagarajan and Thompson (2012). 

Bremsstrahlung absorption in laser-induced plasma becomes important in two ways during 

laser ablation. First, laser-induced photoionization and optical breakdown of the gas 

environment above the target area can occur when the power intensity is sufficiently high. 

This intense plasma is highly absorptive, and can sufficiently reduce the incident power 

intensity absorbed by the workpiece to significantly affect the ablation rate. Secondly, for 

laser pulsing in the nanosecond time regime the later part of laser pulse can be absorbed by 

the expanding plasma plume to effectively “shield” the target area. This phenomenon is 

called plasma shielding, and intensifies with laser irradiance to reduce the ablation rate up 

to a saturation level (Borisov et al., 1998).  

 

1.1.4 Particle Formation & Ejection 

Nano-sized particles are formed from condensation of the vapor. Condensation 

starts when the vapor plume temperature reaches the boiling temperature of the material 

(∼3000 K) and stops at the condensation temperature of the material (< 2000 K). Ejection 

of ablated materials is typically aided by an assist gas flow. 
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1.2 Review of CFRP Laser Machining Research 

Contrary to mechanical machining of CFRP, laser machining is non-contact form 

of material removal with no measurable cutting force. Given the primarily thermal nature 

of the laser-material interaction, the interaction time between the beam and CFRP 

workpiece is extremely important. This is illustrated in Figure 1-5, showing the relationship 

between power intensity and interaction time for the vaporization limit of CFRP. 

 

 

Figure 1-5: Vaporization limit conditions for laser machining of CFRP based on laser-

material interaction time and applied power intensity. In particular, matrix resin (bottom-

left) has much lower limit that graphitic fiber reinforcements (top-right) (Negarestani, 

2010). 

 

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

machining of CFRP without the detrimental effects of mechanical cutting force and tool 

degradation. Although there has been significant study on laser source options and the 

effect of individual process parameters in the literature, there is potential for further 

investigation into specific material removal and energy absorption mechanisms.  



www.manaraa.com

13 
 

A wide range of laser source options have been investigated by researchers. Salama 

et al. (2016b) employed a transversely-excited atmospheric-pressure (TEA) CO2 laser. 

Tests showed minimal thermal damage, likely from increased matrix absorption at a 

wavelength of 10.6 µm. However, CO2 lasers generate large spot diameters that produce 

wide kerfs, reduce power intensity, and limit the ablation rate. Jung et al. (2012) evaluated 

laser machining using a 1030 nm CW disk laser for both long- and short-fiber CFRP. Their 

tests showed significant HAZ expansion due to continuous laser-material interaction, and 

a subsequent reduction in tensile strength during high power and low scanning speed 

conditions. Leone et al. (2013) analyzed the CFRP removal mechanism and HAZ 

formation using a Q-Switched Yb:YAG fiber laser working at a pulse duration of 50 ns 

with low pulse energy (0.2-1.0 mJ). Li et al. (2010) investigated laser machining quality 

with a Nd:YVO4 and claimed a HAZ width of only 50 µm using 25 ns pulses. (Mathew et 

al., 1999) performed CFRP machining experiments using a high-energy Nd:YAG laser 

system. Relatively long pulse duration in the range of 0.2-1.0 ms produced widespread 

matrix recession and charring. 

In general, UV lasers are able to achieve slightly better results than IR lasers. Anzai 

et al. (2014) came to this conclusions by comparing trepanning performance using a 

prototype dual-beam scanning system with a CW single-mode NIR fiber laser and an ns-

pulsed UV laser. Similarly, (Fujita et al., 2016) compared different combinations of pulse 

duration (fs to ns) and wavelength (266 nm to 1064 nm). Takahashi et al. (2016) directly 

compared CFRP laser machining at 266 nm and 1064 nm with a Q-Switched Nd:YAG 

laser, and concluded that matrix absorptivity was a key factor in determining machined 

surface integrity. The matrix material is largely transparent in the NIR spectrum. Therefore, 
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laser irradiation passes through the matrix and is absorbed by the fibers, indirectly heating 

the matrix by conduction and causing fiber pull-out and HAZ extension. Conversely, UV 

irradiation is absorbed by the matrix directly. Wolynski et al. (2011)investigated three laser 

wavelengths (355 nm, 532 nm, 1064 nm) to estimate the ablation threshold by extrapolating 

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

increased with wavelength, with the volumetric ablation rate also being 25% lower for 355 

nm than for 1064 nm. Given the transparency of the CFRP matrix for the NIR spectrum, it 

was postulated that the penetration depth of the laser irradiation would be greater since a 

portion of UV laser energy is absorbed by the matrix according to Beer’s Law. 

Additionally, the photon energy for UV wavelengths is sufficient to directly break the 

intermolecular bonds of the carbon-based fiber reinforcements. Therefore, there is a much 

greater chance of achieving photo-chemical ablation rather than photo-thermal. This effect, 

combined with increased absorptivity of the CFRP matrix in the UV spectrum, leads to 

significant reduction in HAZ. This was experimentally confirmed by Denkena et al. (2007), 

Emmelmanna et al. (2011), Niino and Kurosaki (2011), and Sato et al. (2013), who all 

found more favorable results using shorter laser wavelengths. Similarly, Völkermeyer et 

al. (2011) and Fischer et al. (2010) proposed using UV lasers to achieve layer-by-layer 

removal of CFRP material for repair techniques. However, UV lasers are typically much 

more expensive than more common IR laser, particularly Nd:YAG systems, and operate 

with low pulse energy to limit the ablation rate. 

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

reduces thermal damage by limiting exothermic oxidation reactions, while reactive gases 

promote fiber-matrix decomposition and enhance the material removal process. An early 
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study by Lau et al. (1990) showed that an Argon gas flow in CFRP laser cutting produced 

cleaner edges and reduced the thermal damage ratio. Rodden (2002) illustrated the effect 

of inert assist gas on plasma formation and HAZ expansion using a long pulse NIR 

Nd:YAG laser for CFRP drilling experiments. Likewise, Riveiro et al. (2012) improved 

the CO2 laser cutting process for CFRP by using an Argon assist gas flow to decrease the 

HAZ width. Negarestani et al. (2010) evaluated the effect of mixed reactive for CFRP laser 

cutting using a nanosecond Nd:YAG laser, and observed enhanced machining performance 

in the partial presence of oxygen. Similarly, (Kononenko et al., 2014) conducted CFRP 

laser machining experiments to compare the effect of pure oxygen and nitrogen gas flows. 

During multi-pass cutting using a near-UV ultrafast laser system, they found that oxygen 

enhanced the ablation rate while a standard air environment produced increased 

deformation. French et al. (2010) compared N2 and CO2 assist gases using a long duration 

(0.3-0.5 ms) laser system at high pulse energy (1.8 J to 6.0 J). They reported improved 

drilling quality with less surface debris using CO2 assist gas, and postulated the Joule-

Thompson effect was responsible.  

Due to the thermal nature of the process, traditional surface roughness metrics are 

insufficient to quantify CFRP laser machined surface quality. Analysis of surface integrity 

using SEM imaging is important beyond HAZ formation at the workpiece surface. Voisey 

et al. (2006) analyzed fiber swelling during laser percussion drilling of CFRP using a 1.06 

µm Nd:YAG laser system. SEM imaging revealed radial swelling as high as 60% for fibers 

near the drilled wall, attributable repeated energy absorption during each additional laser 

pass. The authors used Raman spectroscopy to conclude that removing impurities through 

the use of heat-treated T300 PAN-based fibers reduced fiber swelling. It is also possible 
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that the swelling mechanism was the result of inelastic thermal expansion from energy 

absorption due to the high pulse energy (1.0 J) over long pulse duration (1.0 ms). (Fuchs 

et al., 2013) noted a similar effect using a continuous-wave NIR Yb:YAG fiber. Fiber ends 

near at the wall surface swelled and combined with re-solidified matrix material to become 

fused. Similarly, matrix recession near the internal wall surface was observed by Takahashi 

et al. (2016) during NIR laser machining. Theoretically, this could lead to cracking and 

compromise the fatigue life of the CFRP structure. Li et al. (2008) analyzed the CFRP 

microstructure for multi-ring laser drilling using a high power Q-Switched Nd:YVO4 

DPSS UV laser system and also saw evidence of “cracking” and voids in the local fiber-

matrix structure. The multi-ring scanning technique led to heavily-modified surface 

integrity along the multi-ring profiles. 

Due to µm-scale for laser machining parameters, optical limitations play are critical 

for optimizing precision laser machining operations for CFRP. Herzog et al. (2016), 

Takahashi et al. (2015), and Ushida et al. (2012) studied various laser focusing strategies, 

and found that shadowing effects at the groove entry limit the machining depth for CFRP 

of high thickness. Herzog et al. (2016) proposed a linear relationship between the numbers 

of laser passes and cutting depth; this claim has not been researched extensively. Salama 

et al. (2016c) described an additional limiting characteristic related to the reflectance of 

laser light from a machined CFRP sidewall, which was calculated to increase with taper 

angle. Therefore, the shape of the machined profile becomes important for analyzing the 

effective laser ablation rate and deploying a scanning strategy. All three studies proposed 

the use of multi-ring and hatching strategies to alleviate optical limitations. Gaussian beam 

distributions have potential consequences for deep drilling. As the laser gradually de-
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focuses, holes take on a conical shape due to tapering. Romoli et al. (2012) showed that re-

focusing as the laser progresses through the material thickness can help resolve this issue. 

Statistical analyses have attempted to correlate process parameters to optimize 

using parametric analyses, such as Analysis of Variance (ANOVA). (Salama et al., 2016b) 

performed ANOVA on CFRP laser machining to minimize the HAZ width and maximize 

both the machining depth and ablation rate, with HAZ reduction of highest priority. The 

statistical analysis predicted optimized values that were most significantly affected by laser 

fluence, scanning speed, and pulse frequency. Leone et al. (2014) used ANOVA to analyze 

the effect of process to determine the number of laser scans required to cut through 0.5 mm 

thick CFRP laminates using a MOPA Q-Switched Yb:YAG fiber laser. Similarly, they 

found that pulse energy and scanning speed were of the most significance; ANOVA 

predicted a minimum of 4.2 scans would be achieved by scanning at 50 mm/s with a pulse 

energy of 0.75 mJ. Mathew et al. (1999) used response surface methodology (RSM) to 

evaluate interactions for theoretically better optimization of the CFRP laser machining 

process. RSM found that thermal properties and fiber volume fraction were the principle 

factors in determining cutting performance. Optimization of laser cutting parameters was 

shown to reduce the HAZ width to 78 µm for 1.4 mm thick CFRP sample using 12-16 

passes with a 30 kW NIR Yt:YAG fiber laser by Herzog et al. (2015). Other studies have 

proposed algorithms to suitably balance process parameters for acceptable machining 

quality. Examples of such processing regimes were postulated by (Leone et al., 2009) using 

a millisecond 1064 nm Nd:YAG laser with pulse energy from 0.33 J to 0.69 J. 

Researchers have attempted to numerically model the laser ablation process in an 

effort to optimize the amount of energy delivered for HAZ reduction. Transient computer 
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simulations for laser ablation non-melting materials have been developed, as in (Modest, 

1996). However, there is significant difficulty in accounting for the anisotropic structure 

of; characterization of the process is difficult given the complex nature of laser-CFRP 

interaction. Studies have proposed simplified thermodynamic models [Cenna, Mathew]. A 

1-dimensional (1D) “perpendicular heat flow” model based on energy balance was 

proposed by (Weber et al., 2011) to predict the minimum thermal damage possible for 

CFRP laser machining. This model was validated by experiments executed by (Mucha et 

al., 2014), which also estimated residual conduction losses in the evaporated matrix and 

remaining bulk material. These concepts were extended to a “heat accumulation” model 

by (Weber et al., 2012) to determine temperature distributions that would lead to CFRP 

material removal by photo-thermal laser ablation. Temperature distributions were 

calculated for an ultrafast near-UV laser system at two different pulse frequencies, and 

were confirmed experimentally by measuring the HAZ width. 

Finite element models have been developed with varying degrees of success. Wu 

et al. (2015) compared the temperature distributions for continuous wave and pulsed laser 

ablation and found agreement with experimental results. Similarly, Ohkubo et al. (2014) 

numerically simulated the combustion and decomposition of CFRP through oxidation 

using thermo-gravity differential thermal analysis (TG-DTA). They also applied a finite 

difference method to compute heat transfer and subsequent HAZ formation, and 

experimentally confirmed their findings using nanosecond NIR laser system. 

Researchers have attempted to correlate the laser ablation rate to process parameters 

in an attempt to measure the ablation threshold, but results have been inconsistent. High 

performance laser drilling of CFRP using a high-frequency ultrafast-pulsed NIR laser 
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system was demonstrated by Salama et al. (2016a). Thermal damage was significantly 

reduced, but at the expense of processing time; 500 laser passes were required to drill 

through a 2 mm thick CFRP sample. This is likely due to the low ablation rate (~15 

nm/pulse) that is typical of ultrafast-pulsed laser systems as a result of low pulse energy (< 

1 mJ). Wolynski et al. (2011) estimated the threshold fluence of CFRP to be approximately 

0.410 J/cm2 for 1064 nm wavelength using 10 ps pulses by extrapolating the ablated width. 

Hoffman et al. (2014) proposed a slightly higher estimate of 0.52 J/cm2 for graphite using 

longer 10 ns pulses, also at a wavelength of 1064 nm, by extrapolating the observed 

ablation rate. Lednev et al. (2013) reported the laser ablation threshold of carbon nanotubes 

to be only 50 mJ/cm2 using a nearly identical 1064 nm laser. As such, the exact relationship 

between the CFRP ablation rate and laser irradiance is not clear. An alternative for 

characterizing laser materials processing was originally proposed by Beal et al. (2009) and 

applied to the CFRP laser machining process by Romoli et al. (2012). Energy density is a 

measure of total laser energy delivered to a laser scanned area (Eq. 1.10). 

ED [J mm2⁄ ] =
Pavg

v·d
         (1.10) 

All relevant pulse and scanning properties are accounted for, with average laser power, 

Pavg, laser scanning speed, v, and laser spot diameter, d. Traditional parameters, such as 

laser fluence and power density, quantify pulse energy or peak laser power delivered per 

unit area, respectively. Using a high frequency Q-Switched Nd:YAG UV laser, Romoli et 

al. (2012) calculated the threshold energy density of Toray T300 fibers to be 0.58 J/mm2, 

two orders of magnitude lower than threshold fluence estimates. Energy density has not 

been used extensively in studying laser machining of CFRP, and offers flexibility to 

compare laser systems over a wide range of process parameters. 
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1.3 Research Objectives and Outline 

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

been well studied in the literature, particularly high-energy long-duration nanosecond 

pulsing at low frequency. The primary objective of this research is to develop a better 

understanding of the laser ablation process for CFRP by analyzing the performance of two 

laser systems for two different CFRP materials. In particular, the physiochemical nature of 

the material removal and energy absorption mechanisms is addressed as it relates to CFRP 

laser machining quality. The secondary objective of this research is to compare and contrast 

laser machining as an alternative to mechanical machining for CFRP and to analyze the 

effect of individual process parameters on machining performance. The effects of process 

parameters are evaluated for single-pass line cutting using both cross-ply and woven CFRP. 

Surface integrity analysis is carried out for through cuts obtained by multi-pass line cutting 

and contour cutting. 

Conventional machining of CFRP is investigated in Chapter 2 to establish baseline 

results. Laser machining is conducted first using a CW/modulated Yb:YAG NIR fiber laser 

system in Chapter 3 and later using a NIR high-energy nanosecond-pulsed Nd:YAG laser 

system in Chapter 4. The results of all three machining systems are discussed in Chapter 

4. Lastly, Chapter 5 draws final conclusions regarding the overall contributions of this 

research and possible future work. 
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CHAPTER 2.  

MECHANICAL DRILLING EXPERIMENTS FOR CFRP 

2.1 Introduction 

Mechanical machining is a popular approach for CFRP processing, maintaining 

dominance as the primary processing method across a wide range of applications 

(Negarestani, 2010). Conventional machining processes (i.e. orthogonal cutting and 

drilling) are preferred for cost reduction and increased productivity (Lopresto et al., 2016). 

Although there been significant research into mechanical machining, particularly for 

traditional materials, challenges remain in adapting and optimizing the process for CFRP 

due to complexity of material structure and properties.  

Mechanical machining of CFRP can cause rapidly accelerated tool wear, increased 

surface roughness, delamination, burring, and poor tolerances adherence for machined 

features. Cutting mechanisms for CFRP are increasingly complex due to non-homogeneity, 

and have been previously examined by researchers (Teti, 2002). Abrasive tool contact 

results in local stress concentrations in a cyclic loading pattern. Although CFRP possesses 

very high elastic moduli, it is virtually inelastic with as little as 0.5% strain-to-failure and 

is susceptible to cracking once mechanical strength has been exceeded (Han et al., 2016). 

This shows brittle failure mechanics with uneven fatigue life and unpredictable endurance 

limits due to the variability of the fiber-matrix structure. The primary fracture method is 

inter-laminar cracking due to de-bonding failure of the fiber-matrix system and 

delamination. In mechanical machining, the downward thrust force in the axial cutting 

direction generates delamination at the entry and exit surfaces for cross-ply and 

unidirectional CFRP while shear stress along the tool contact patch causes peeling and 
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burring in woven samples. Ho-Cheng and Dharan (1990) developed a linear elastic fracture 

mechanics model that determined that delamination occurs once loading from the thrust 

force exceeds the inter-laminar fracture toughness. An illustration of delamination at both 

entry and exit surfaces is shown in Figure 2-1. Tool geometry can significantly reduce the 

thrust force, which is critical to improving machining quality. Threshold values for positive 

rake angles and clearance angles, as well as rounding and chamfering of cutting edges, can 

virtually eliminate delamination, enhance tool life, and finish quality (Koplev et al., 1983). 

Split-point drill bits can effectively “split” the central point tip of the drill bit using a 

secondary cutting edge, reducing the thrust force. This prevents de-centering of the tool, 

known as “walking”, and reduces the thrust force by flattening the tool tip similar to the 

concept of orbital drilling as discussed by Sadek et al. (2012). Additionally, the chisel edge 

is removed, which was found to reduce delamination at the exit surface by Hocheng and 

Tsao (2006). 

 

 

Figure 2-1: Illustration of delamination in mechanical drilling of CFRP: (a) shear chip 

formation at entry surface pushes separated CFRP material through the tool cutting flutes, 

causing peel-up delamination; (b) axial thrust force pushes downward on the exit surface, 

bending bottom laminate layers until fracture (Faraz et al., 2009).  
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Tool life is very important in CFRP mechanical machining. Increased wear reduces 

the sharpness of cutting edges, increases thrust force, and exacerbates the extent of 

delamination (Rawat and Attia, 2009). If the tool is severely degraded, machined features 

may exceed acceptable tolerances. Tool wear in CFRP machining primarily consists of 

abrasive wear, chipping, and adhesion, with abrasion seen as the predominant mechanism 

due to the properties of fiber reinforcements (Gaugel et al., 2016). Proper tool selections 

and coatings can provide important advantages. In general, high-speed steel drills (HSS) 

do not provide satisfactory performance. Tungsten-carbide drills can provide satisfactory 

drilling quality, but typically only for a limited number of holes. Murphy et al. (2002) found 

that the H8 tolerance criteria was exceeded after just 6 holes using uncoated WC tools due 

Polycrystalline diamond (PCD) coating significantly improves tool wear for high-speed 

milling [39-41]. Diamond-coated carbide tools demonstrated a significant improvement in 

tool life compared to non-coated tools (Iliescu et al., 2010). Brazed CVD diamond tools 

outperforms even the best-performing PCD tools by as much as 200-300% (Köpf et al., 

2006). In mechanical milling of CFRP, cutting paths that are aligned with the fiber 

orientation (θ = 0°) result in better surface integrity, with little to no significant cracking 

and a smoother surface finish (Ramulu, 1997). Damage increases as the angle θ increases, 

with fibers oriented for 90°-135° producing deep cracking along the fiber-matrix interface 

(Pecat et al., 2012) (Rentsch and Mamedov, 2012). Higher feed rates produce significant 

levels of fiber pullout and delamination, and increase surface roughness (Kim et al., 2005). 

Higher feed rates increase thrust force, causing more surface delamination; higher spindle 

speeds increase surface roughness, but decrease delamination (Rawat and Attia, 2009). The 

combination of high feed rates with high spindle speeds substantially decreases machining 
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quality and accelerates tool wear (König and Graß, 1989). In testing, Attia et al. (2011) 

compared ultra-high speed (UHS) and high-speed drilling (HSD) to evaluate tool wear and 

found that UHS reached critical wear after just 20 holes while at HSD reached such levels 

after as many as 500 holes. 

In this chapter, CFRP mechanical drilling experiments are performed using a CNC 

mill. The results of the experiments will be used to gain an understanding of how CNC 

parameters affect machining quality and establish a baseline for comparison with CFRP 

laser machining results in later sections. The effects of spindle speed, feed rate, tool 

geometry, and diamond coating are investigated for cross-ply IM7 and woven AS4 CFRP. 

 

2.2 Experiments 

2.2.1 Experimental Setup 

Drilling experiments were carried out using a Haas Tool Room TM-1P machining 

mill. Maximum spindle speed is 6,000 RPM and maximum cutting speed is 400 inches per 

min. Two different Kennametal tools are used, shown in Figure 2-2: standard twist drill 

(DAL) and split-point fiber (SPF) drill. Both tools are made of solid carbide; the DAL drill 

is uncoated solid carbide and the SPF drill is solid carbide with a KDV400-Grade CVD 

multi-layer diamond coating. Thrust force is was measured using a Kistler 9257B 

dynamometer and signal amplifier sampling at a frequency of 1,000 Hz. Visual results were 

analyzed using an optical microscope and digital camera. The axial cutting speed is 

calculated using Eq. 2.1. 

v = Rotational Feed Rate · Spindle Speed = FR · N      (2.1) 
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Figure 2-2: Diagram of Kennametal solid carbide tools used in CFRP drilling 

experiments: (a) DAL-series non-coated standard twist drill with 155° point angle and 

9.525 mm nominal diameter; (b) SPF-series CVD diamond-coated twist drill with 90° 

point angle and 9.55 mm nominal diameter. 

 

Table 2-1: Summary of thermomechanical properties for Hexcel HexTow® fibers used in 

CFRP laser machining experiments. 

 

Property 
HexTow® IM7 (Hexcel, 2014a) 

(for cross-ply CFRP) 

HexTow® AS4 (Hexcel, 2014b) 

(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/m3) 1780 1790 
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The CFRP materials used are manufactured by Hexcel Corporation and Cytec 

Industries and are employed in state-of-the-art designs by industry-leading aerospace 

companies [58]. Hexcel’s HexTow AS4 and IM7 fibers are both high performance, 

intermediate modulus, PAN-based fibers (Table 2-1). Both possess excellent tensile and 

shear strength. Cytec’s CYCOM 977-3 is a toughened, two-part epoxy system specially 

designed for primary and secondary aerospace structure applications where impact 

resistance during hot and wet conditions is critical (Table 2-2). 

 

Table 2-2: Summary of mechanical strength and fatigue properties for Cytec CYCOM 

977-3 epoxy system and HexTow CFRP. Properties are measured at room temperature. 

 

Property 
Cytec CYCOM® 

977-3 

HexTow® IM7 12K 

(with 977-3 epoxy) 

HexTow® 5HS AS4 6K 

(with 977-3 epoxy) 

Compression Yield (MPa) 186 - - 

Flexural Strength (MPa) 144 - - 

Flexural Modulus (GPa) 3.8 - - 

Critical Strain Energy (J/m2) 217 - - 

Fracture Toughness (MPa·m1/2) 0.9 - - 

Tensile Strength (MPa) - 2510 869 

Tensile Modulus (GPa) - 162 68 

Inter-Laminar Shear (MPa) - 128 90 

 

 

2.2.2 Experiment Design 

Experiments for mechanical machining tests were designed to investigate the 

effects of three parameters: (1) constant cutting speed, (2) constant rotational feed rate, and 

(3) constant spindle speed. Test parameters are summarized in Table 2-3. The effect of 

spindle speed is investigated for both tool types. Spindle speed is first varied from 1,000 
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RPM to 6,000 RPM for a constant axial cutting speed of 6.0 in/min using cross-ply IM7 

CFRP. Spindle speed is then varied again over the same range for a constant rotational feed 

rate of 0.0015 in/rev for woven AS4 CFRP, which is the value recommended by 

Kennametal. Finally, cutting speed was varied between 2.00 in/min and 10.00 in/min for 

woven AS4 CFRP to produce a constant spindle speed of 4,000 RPM, which is the value 

recommended by Kennametal.  

 

Table 2-3: Summary of tests investigating effects of spindle speed for 

constant axial feed rate for cross-ply IM7 CFRP. Tests were executed 

using both drilling tools. 

 

Spindle 

RPM 

Rotational 

Feed [in/rev] 

Rotational 

Feed [µm/rev] 

Axial Cutting 

Speed [in/min] 

Axial Cutting 

Speed [mm/s] 

1000 0.0060 152 6.00 2.54 

2000 0.0030 76.2 6.00 2.54 

3000 0.0020 50.8 6.00 2.54 

4000 0.0015 38.1 6.00 2.54 

5000 0.0012 30.5 6.00 2.54 

6000 0.0010 25.4 6.00 2.54 

1000 0.0015 38.1 1.50 0.64 

2000 0.0015 38.1 3.00 1.27 

3000 0.0015 38.1 4.50 1.91 

4000 0.0015 38.1 6.00 2.54 

5000 0.0015 38.1 7.50 3.18 

6000 0.0015 38.1 9.00 3.81 

4000 0.0005 12.7 2.00 0.85 

4000 0.0010 25.4 4.00 1.69 

4000 0.0015 38.1 6.00 2.54 

4000 0.0020 50.8 8.00 3.39 

4000 0.0025 63.5 10.0 4.23 
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2.3 Results & Discussion 

2.3.1 Constant Cutting Speed 

 Figure 2-3 and Figure 2-4 illustrate the difference in tool design between the SPF 

and DAL drills for cross-ply IM7 CFRP. For both tools, absolute maximum cutting forces 

are observed as the primary cutting edges engages with the CFRP exit surface (Figure 2-3b 

and Figure 2-4b). The elapsed time from points (a) to (b) for both figures is approximately 

0.87 seconds, which is equal to the time required for the tool to penetrate through the 2.2 

mm thick sample at an axial cutting speed of 6.0 in/min. Figure 2-5a compares the 

maximum cutting force measured for both tools for different spindle speeds at an axial 

cutting speed of 6.0 in/min. As spindle speed increases from 1,000 RPM to 6,000 RPM, 

the thrust force decreases from 137 N to 77 N for the SPF drill and from 151 N to 53 N for 

the DAL drill. Figure 2-5b gives a comparison of maximum primary and secondary cutting 

forces for the SPF drill. Compared with the DAL drill, the SPF drill produces a local 

maximum cutting force as the secondary cutting edge engages (Figure 2-3c). Increasing 

the spindle speed over the same range decreases the secondary thrust force force from from 

40 N to 11 N.  
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Figure 2-3: Cutting force progression measured by dynamometer in axial direction for 

CFRP drilling at 2,000 RPM and 6.0 in/min cutting speed using SPF drill: (a) drill point 

contacts entry surface; (b) maximum as drill point reaches exit surface; (c) local 

maximum as secondary cutting edge reaches exit surface; (d) tool exits material. 

 

 

 
Figure 2-4: Cutting force progression measured by dynamometer in axial direction for 

CFRP drilling at 2,000 RPM and 6.0 in/min cutting speed using DAL drill: (a) drill point 

contacts entry surface; (b) maximum as drill point reaches exit surface; (c) tool exits 

material. 
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Figure 2-5: Cutting force comparisons measured by dynamometer in axial direction for 

drilling at varying RPM and 6.0 in/min axial feed rate: (a) Maximum primary cutting 

forces for SPF and DAL drills (point (b) in Figure 2-3 and Figure 2-4); (b) Comparison of 

primary and secondary cutting forces for SPF drill (points (b) and (c) in Figure 2-3). 

 

Rotational feed rate is dependent on both spindle speed and axial cutting speed; as 

spindle decreases, rotational feed rate decreases for constant cutting speed. Therefore, it 

can be deduced from Figure 2-5 that the rotational feed rate is the primary factor in 

determining thrust force and machining quality. Figure 2-6 and Figure 2-7 compare entry 

and exit delamination at both spindle speeds for the SPF and DAL drills, respectively. The 

SPF drill shows an improvement in exit delamination while the DAL drill shows an 

improvement in entry delamination. From visual inspection, it was observed that the SPF 

drill produced a rougher internal surface than the DAL drill at 6,000 RPM. Additionally, 

chip size increased as spindle speed was decreased for both drills. 
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Figure 2-6: Surface imaging of CNC drilling for cross-ply CFRP using an SPF drill (V = 

6.0 in/min): (a) and (b) entry and exit surfaces, respectively, for 1,000 RPM and 0.001 

in/rev; (c) and (d) entry and exit surfaces, respectively, for 6,000 RPM and 0.006 in/rev.  

 

 
Figure 2-7: Surface imaging of CNC drilling for cross-ply CFRP using a DAL drill (V = 

6.0 in/min): (a) and (b) entry and exit surfaces, respectively, for 1,000 RPM and 0.001 

in/rev; (c) and (d) entry and exit surfaces, respectively, for 6,000 RPM and 0.006 in/rev. 
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2.3.2 Constant Rotational Feed Rate 

Figure 2-8a compares the maximum cutting force measured for both tools for 

woven AS4 CFRP. The results were obtained for the same range of spindle speeds (1,000-

6,000 RPM) at rotational feed rate of 0.0015 in/rev. The results show that thrust force is 

not affected by increasing spindle speed, which supports the results from Figure 2-5 that 

suggest that rotational feed rate determines the thrust force and therefore machining 

quality. Cutting force increased slightly from 74 N to 79 N for the SPF drill and from 123 

N to 137 N for the DAL drill. Figure 2-8b shows a similarly small effect on the maximum 

primary and secondary cutting forces for the SPF drill. Likewise, spindle speed had a 

negligible effect on machining quality at both surfaces for the DAL drill in Figure 2-9. 

Increasing the spindle speed from generated more slightly more damage at the entry surface 

for the SPF drill (Figure 2-10). As seen in previous tests, 1,000 RPM produced better 

machined surface quality than 6,000 RPM using the SPF drill; DAL surface roughness was 

not affected. The effect of spindle speed on chip size was observed once again. 

 

 
Figure 2-8: Cutting force comparisons measured by dynamometer in axial direction for 

drilling at varying RPM and 0.0015 in/rev rotational feed rate: (a) Maximum primary 

cutting force for SPF and DAL drills; (b) Comparison of primary and secondary cutting 

forces for SPF drill. 
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Figure 2-9: Surface imaging of CNC drilling for woven CFRP using a DAL drill (FR = 

0.0015 in/rev): (a) and (b) entry and exit surfaces, respectively, for 1,000 RPM and 1.5 

in/min; (c) and (d) entry and exit surfaces, respectively, for 6,000 RPM and 9.0 in/min. 

 

 
Figure 2-10: Surface imaging of CNC drilling for woven CFRP using an SPF drill (FR = 

0.0015 in/rev): (a) and (b) entry and exit surfaces, respectively, for 1,000 RPM and 1.5 

in/min; (c) and (d) entry and exit surfaces, respectively, for 6,000 RPM and 9.0 in/min. 
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2.3.3 Constant Spindle Speed 

 Figure 2-11a compares the absolute maximum cutting force measured for both tools 

for woven AS4 CFRP. The results were obtained at 4,000 RPM for rotational feed rates 

ranging from 0.0005 in/rev to 0.0025 in/rev and axial cutting speeds ranging from 2.0 

in/min to 10.0 in/min. Spindle speed was set at the manufacturer’s recommended value of 

4,000 RPM. Shown in Figure 2-11b is a comparison of maximum primary and secondary 

cutting forces for the SPF drill. The results show that increasing rotational feed and cutting 

speed increases the thrust force from 43 N to 88 N and from 81 N to 165 N for the SPF and 

DAL drills, respectively. The same trend is shown in comparing the primary and secondary 

cutting forces for the SPF drill (Figure 2-12). Figure 2-13 shows only a negligible increase 

in delamination and burring at the exit surface using the DAL drill; the SPF drill produced 

comparable results at identical parameters. Comparing drilling performance using both 

drills with cross-ply and woven CFRP, it is clear that woven samples exhibit better overall 

machining quality. This was also noted by Feito et al. (2015), who analyzed the drilling 

performance of several tool geometries for near-identical woven AS4 and cross-ply IM7 

CFRP material samples. 

 
Figure 2-11: Cutting force comparisons measured by dynamometer in axial direction for 

drilling at varying rotational feed and 4,000 RPM spindle speed: (a) Maximum primary 

cutting force for SPF and DAL drills; (b) Comparison of primary and secondary cutting 

forces for the SPF drill. 
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Figure 2-12: Surface imaging of CNC drilling for woven CFRP using an DAL drill (N = 

4,000 RPM): (a) and (b) entry and exit surfaces, respectively, for 4,000 RPM and 2.0 

in/min; (c) and (d) entry and exit surfaces, respectively, for 4,000 RPM and 10.0 in/min. 

 

 
Figure 2-13: Surface imaging of CNC drilling for woven CFRP using a SPF drill (N = 

4,000 RPM): (a) and (b) entry and exit surfaces, respectively, for 4,000 RPM and 2.0 

in/min; (c) and (d) entry and exit surfaces, respectively, for 4,000 RPM and 10.0 in/min. 
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2.4 Conclusions 

 From the experiments in Chapter 2, it is evident that mechanical machining can be 

used for CFRP to achieve high speed flexible processing based on tool selection. These 

aspects make mechanical machining of CFRP a popular choice in industry. However, the 

results show a significant amount of damage at both the entry and exit surfaces related to 

high axial thrust force. Reducing the rotational feed rate was shown to reduce thrust force 

and improve machining quality. Drilling of woven CFRP was shown to be of better quality 

than cross-ply CFRP, likely due to the mechanical interlocking of fiber strands to resist 

shear deformation. Woven CFRP exhibited burring and peeling while cross-ply CFRP 

exhibited delamination. Decreasing the spindle speed of the SPF drill improved the surface 

roughness for both materials. Overall, results regarding performance difference related to 

tool coating are inconclusive; the diamond coating and split-point design did not appear to 

improve machining quality. Further in-depth investigation using direct comparisons of 

high performance drilling tools is required. 
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CHAPTER 3.  

CW/MODULATED FIBER LASER MACHINING OF CFRP 

3.1 Introduction 

Fiber lasers have become a popular choice for materials processing in industry, 

particularly since the 1990s. Advantages of this laser type include high power, operational 

efficiency, process flexibility, and focal properties. Fiber laser systems are able to achieve 

twice the efficiency of diode-pumped solid-state systems in industrial applications with 

much higher beam parameter product (BPP) values. Additionally, high power (i.e. kW-

range) levels combined with remote delivery through a fiber optic cable allow for robotic 

operation and high productivity. Fiber lasers can be operated in either continuous-wave 

(CW) or pulsed mode. In CW mode, there is no cycle time to allow for workpiece cooling. 

As such, thermal damage is typically extensive with wide HAZ formation. When the laser 

is operated in pulse mode, the interaction time is significantly reduced. This allows for 

higher applied pulse energy and power intensity without sacrificing machining quality. 

This is also of particular importance when considering the concepts related to the thermal 

response time of the CFRP, as discussed briefly in Section 1.2.2. Carbon-based fiber 

reinforcements typically have very short thermalization times while matrix resins and 

epoxies have much longer thermalization times. Combining these concepts with the applied 

laser-induced excitation rate (i.e. pulse duration and frequency) can provide insight into 

the level of machining quality that is attainable for a particular laser system. 

In this chapter, CFRP laser machining experiments using a CW/modulated pulsed 

Yb:YAG fiber laser system are discussed. The results of the experiments will be used to 

gain an understanding of the physiochemical processes involved in microsecond laser 
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ablation for CFRP. This understanding will help determine if high quality CFRP laser 

machining is possible using such a laser setup. The effects of laser power, pulse duration 

and frequency, pulse overlap, surface fiber orientation are examined for cross-ply IM7 

CFRP using single-pass line cutting. Additionally, laser power was also investigated for 

woven AS4 CFRP.  

 

3.2 Experiments 

3.2.1 Experimental Setup 

The experimental setup utilized a continuous wave Yb:YAG laser system (IPG 

YLR-500 AC). A diagram of the laser system is shown in Figure 3-1. Maximum power 

output is 500 W and the wavelength is 1070 nm, placing it in the NIR spectrum. An internal 

pulse generator modulates the duty cycle of laser to allow pulsed operation at a minimum 

pulse duration is 0.01 ms and maximum repetition frequency is 50 kHz. The beam is 

delivered remotely through an optical cable to a turret fixed to the spindle assembly of the 

Haas CNC mill from Chapter 2 (Figure 3-1a). The laser scans the top surface of the CFRP 

material using a turret mounted to the spindle holder (Figure 3-1b), with the scanning path 

being controlled using the X-Y stage of the CNC mill. Surface ply fiber orientation relative 

to the laser scanning path is defined by the angle θ (Figure 3-2a). As θ approaches 0° the 

scanning path is defined as parallel; 90° denotes an orthogonal path.  Pulse spacing is 

determined by the repetition rate and scanning speed in Eq. 3.1. Pulse overlap is calculated 

using Eqs. 3.2 and 3.3, according to Figure 3-2b. 
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Figure 3-1: Diagram of Yb:YAG fiber laser setup for CFRP laser machining experiments: 

(a) laser fiber optic cable allows for remote operation; (b) adjustable fiber delivery head 

mounted to CNC mill spindle holder.. 

 

 

 

Figure 3-2: (a) Schematic of laser scan path over CFRP workpiece during nanosecond 

laser machining experiments; scan path direction, θ, is not relevant for woven CFRP 

samples. (b) Pulse Spacing and Laser Spot Diameter are used to calculate the Overlap 

Angle, α, and the Overlap Ratio, OR. 

 

 

 

Pulse Spacing =
Laser Scanning Speed

Laser Repetition Rate
        (3.1) 

Overlap Angle, α [°] = 2 cos−1 (
Pulse Spacing

Laser Spot Diameter
)     (3.2) 

Overlap Ratio, OR [%] =
Overlap Area

Laser Spot Area
=

4·r2(α−sin α)

π·Dspot
2       (3.3) 

Average Power, Pavg [W] = Peak Power × Frequency × Duration = Pavg · f · tp  (3.4) 

Pulse Energy, EP [mJ] =
Average Laser Power

Repitition Rate
=

Pavg

f
      (3.5) 
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Power Intensity, IP [W cm2⁄ ] =
Peak Laser Power

Laser Spot Area
=

4·Ppeak

π·Dspot
2     (3.6) 

Energy Density, ED [J mm2⁄ ] =
Average Laser Power

Scanning Speed × Laser Spot Diameter
=

Pavg

V·Dspot
   (3.7) 

Spot Diameter, 𝐷𝑠𝑝𝑜𝑡  [µm] = 𝐷𝑤𝑎𝑖𝑠𝑡√1 + 𝑧2 (
4𝜆𝑀2

𝜋𝐷𝑠𝑝𝑜𝑡
2)

2

     (3.8) 

 

Laser power, pulse duration, and frequency can be set using either the laser 

touchscreen menu or IPG’s Pulse Shape Generator (PSG) computer software. The peak 

laser power was used to calculate the average laser power and pulse energy using Eqs. 3.4 

and 3.5. Power intensity and energy density were calculated using Eqs. 3.6 and 3.7. The 

laser scan path and speed were set using a short G-code program in the user interface of 

the CNC mill. Simultaneous operation of the CNC mill with the laser was accomplished 

using a simple control circuit. Laser firing can be triggered by programming the auxiliary 

M-relays of the CNC mill. The samples thickness was 2.2 mm for both CFRP materials. 

Relevant properties are listed in Table 2-1 and Table 2-2. An Argon assist gas flow was 

sprayed over the target area during machining to evacuate debris, aid workpiece cooling, 

and prevent oxidation. Three-dimensional (3D) surface profiles were characterized using a 

confocal laser scanning microscope (CLSM) (Zeiss, LSM710) with a 488 nm Argon laser 

illumination source. Two-dimensional (2D) surface profiles were obtained by slicing the 

3D confocal microscope surface profile using an open source software package (ImageJ). 

Summary of thermomechanical properties for Hexcel HexTow® fibers used in CFRP laser 

machining experiments. A Z-coordinate of -2.85 inches in the coordinate system of the 

CNC interface achieves the fully-focused laser waist diameter of approximately 35 µm; the 
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working distance can be adjusted to achieve desired laser spot diameters according to Eq. 

3.8, where z is the required working distance offset and M2 is equal to 1.05. 

 

3.2.2 Experiment Design 

 Single-pass line cutting experiments for laser machining tests of CFRP were 

designed to investigate the effects of four parameters: (1) CW mode, (2) laser power, (3) 

scanning velocity for pulse overlap, and (4) cross-ply surface fiber orientation. Laser 

machining of CFRP in continuous wave (CW) mode was investigated for cross-ply CFRP. 

Tests scanned a linear 2 inch path at maximum peak laser output of 500 W with a beam 

diameter of 1.2 mm, producing a power intensity of 4.5×104 W/cm2 and energy density 

ranging from  5.0 J/mm2 to 10.0 J/mm2. Scanning velocity was in the range of 42.3 mm/s 

to 84.7 mm/s. 

The effects of average laser power for cross-ply IM7 CFRP were investigated 

according to the test parameters in Table 3-1. Tests used a linear 2 inch path scanned along 

an orthogonal fiber direction. The pulse duration was 0.05 ms for frequencies ranging from 

1 kHz to 5 kHz. The scanning velocity was 42.3 mm/s and spot diameter was 60 µm. Peak 

power was varied from 75 W up to 137.5 W. Maximum power intensity was 1.8×107 

W/cm2 and maximum energy density was 19.7 J/mm2. 

The effects of average laser power and pulse repetition rate were investigated for 

woven AS4 CFRP. Tests scanned a linear 2 inch path using a pulse duration was 0.05 ms 

and pulse frequencies ranging from 1 kHz to 5 kHz. The scanning velocity was 42.3 mm/s 

and spot diameter was 60 µm. Power intensity ranged from 4.4×106 W/cm2 to 6.2×106 

W/cm2. Energy density ranged from 2.7 J/mm2 to 17.2 J/mm2. 



www.manaraa.com

42 
 

The effects of scanning velocity and pulse overlap in LP mode were investigated 

using single-pass machining for cross-ply CFRP. Tests scanned a linear 2 inch path at 

speeds ranging from 8.5 to 84.7 mm/s. A spot diameter of 60 µm produced pulse overlap 

ranging from 0% to 82%. Average power was held constant at 40 W for a power intensity 

of 1.4×107 W/cm2. Energy density ranged from 7.9 J/mm2 to 78.7 J/mm2 according to pulse 

overlap. The laser scanning path direction was θ = 90° relative to the surface fiber 

orientation. 

 

Table 3-1: Summary of experimental conditions for tests investigating the 

effects of laser power and pulse frequency for cross-ply IM7 CFRP. 

 

Pulse 

Duration 

Pulse 

Frequency 

Pulse 

Energy 

Average 

Power 

Power 

Intensity 

Energy 

Density 

ms Hz mJ W (106) W/cm2 J/mm2 

0.05 1000 3.75 3.75 2.7 1.5 

0.05 1000 4.38 4.38 3.1 1.7 

0.05 1500 3.13 4.69 2.2 1.8 

0.05 1000 5.00 5.00 3.5 2.0 

0.05 1000 5.63 5.63 4.0 2.2 

0.05 1000 6.25 6.25 4.4 2.5 

0.05 1000 6.88 6.88 4.9 2.7 

0.05 2000 3.75 7.50 2.7 3.0 

0.05 2000 6.25 12.5 4.4 4.9 

0.05 2000 6.88 13.8 4.9 5.4 

0.05 5000 3.13 15.6 2.2 6.2 

0.05 5000 3.75 18.8 2.7 7.4 

0.05 100 25.0 2.50 18 19 

 



www.manaraa.com

43 
 

The effect of surface fiber orientation for cross-ply CFRP was investigated using 

single-pass machining by performing identical tests for laser scanning path at θ = 0° and θ 

= 90°. A linear 2 inch path was scanned at speeds between 33.9 mm/s and 84.7 mm/s with 

a spot diameter of 60 µm. Nominal pulse frequency varied from 1 kHz to 8 kHz for a pulse 

duration of 0.1 ms. Peak laser power was held constant at 400 W for a power intensity of 

1.4×107 W/cm2. Energy density ranged from 3.0 J/mm2 to 39.4 J/mm2. 

The effect of surface fiber orientation for cross-ply CFRP was investigated using 

single-pass machining for laser scanning path at θ = 0° and θ = 90°. A linear 2 inch path 

was scanned at speeds ranging from 33.9 to 84.7 mm/s with a spot diameter of 60 µm for 

various levels of pulse overlap. Power intensity was constant at 1.4×107 W/cm2 for θ = 0° 

and ranged from 2.7×106 W/cm2 to 5.3×106 W/cm2. Likewise, energy density ranged from 

15.7 J/mm2 to 39.4 J/mm2 for θ = 0° and from 3.0 J/mm2 to 5.9 J/mm2 for θ = 90°. 

 

3.3 Results & Discussions 

3.3.1 Continuous Wave Mode 

An example of continuous wave (CW) mode laser machining is shown in Figure 

3-3 below. CW mode does not allow for cyclic cooling of the CFRP workpiece and leads 

to extensive HAZ formation despite very low power intensity and low energy density 

(Figure 3-3a). Energy is continually conducted along the fiber axis, which causes a large 

area of matrix material to be heated and evaporated. This cannot be adequately 

compensated for by the Argon assist gas flow. Figure 3-3b is a close-up view of the 

machined laser path showing rough surface texture characterized by fiber swelling and 
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matrix recession exposing the fiber ends. Excessive matrix evaporation and poor machined 

surface quality makes IR laser machining in CW mode unacceptable. 

 

Figure 3-3: Surface SEM micrograph of laser cutting of cross-ply CFRP using CW mode: 

(a) machining damage is thermal-based, mechanical defects are removed; (b) fiber 

swelling and matrix recession is observed at machined surface. 

 

3.3.2 Effect of Laser Power  

Results for tests investigating the effects of average laser power and pulse 

frequency are summarized in Figure 3-4. Laser-induced plasma effects are avoided due to 

low power intensity. All tests showed effective laser ablation.  

 
Figure 3-4: Machining results from tests for increasing laser input for cross-ply IM7 

CFRP: results are graphed using (a) power intensity and (b) energy density. Energy 

density appears to show a logarithmic relationship while power intensity is inconclusive. 
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Figure 3-5 shows the significantly improved machining quality that is possible 

through pulsed laser ablation. Fiber delamination, burring, peeling, and other physical 

surface defects observed using mechanical machining in Chapter 2 are eliminated. Also, 

matrix evaporation is reduced for pulsed operation versus continuous wave delivery from 

Section 3.3.1. 

 

Figure 3-5: 3D confocal micrographs of laser scanned tracks in single-pass line cutting 

experiments of cross-ply CFRP: (a) inefficient CFRP laser machining due to laser spot 

size greater than 1 mm and low energy density; (b) CFRP laser machining is improved 

for 60 µm spot size and high energy density of 11.9 J/mm2.  

a)

b)
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However, the machining depth is shallow due to the low power intensity. Power 

intensity is directly proportional to the peak laser power, which increases as pulse duration 

is shortened for a given average power. For pulse durations in the microsecond domain, 

laser-material interaction is relatively long and causes HAZ expansion for CFRP. Higher 

power intensities show widespread matrix evaporation and melting due to the long pulse 

duration at high frequency and low power intensity. In areas where the matrix has been 

evaporated to expose the underlying fibers, the temperature increase was sufficient to 

effectively boil the epoxy away. In regions closer to the target area, the temperature was 

sufficient to melt the matrix but insufficient to cause evaporation. In those areas, the matrix 

undergone a phase change to liquid state and then re-solidifying in a deformed state. This 

is visible in the form of bubbles and pooled re-solidification areas with irregular HAZ 

boundaries. The fibers are heated to sublimation temperature due to heat accumulation, but 

also conduct a significant amount of heat along the fiber axis. The matrix is continually 

heated over the microsecond pulse duration at high frequency with reduced cooling time. 

These conclusions regarding the extensiveness and type of thermal damage 

phenomenon were repeatedly observed in testing with the microsecond pulsed fiber laser 

system. Results for tests investigating the effects of laser power on woven AS4 CFRP are 

illustrated in Figure 3-6. The images show effective CFRP material removal only at high 

pulse frequency. Figure 3-6a shows an interesting kerf discontinuity phenomena in areas 

near the fiber weave boundaries for low pulse frequencies (1-2 kHz). Tests at slightly 

elevated power intensity and higher pulse frequency (at least 5 kHz) resolved the kerf 

discontinuity effect but at a significant cost of thermal damage (Figure 3-6b). Increasing 

laser power and pulse frequency increased the kerf width to 87 µm. The HAZ width 
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increased from 552 µm to 1064 µm, respectively, with large areas of both matrix melting 

and evaporation. 

 

Figure 3-6: Surface micrographs of laser cutting for woven CFRP showing pulse 

frequency effect on kerf continuity at local fiber weave boundary for (a) 1 kHz and (b) 5 

kHz. The increased pulse overlap and slight increase in laser power increases energy 

density from 2.7 J/mm2 to 17.2 J/mm2. 

 

 One possible explanation for these results is related to the absorption and thickness 

of the top layer of the matrix. At the weave boundaries, the fiber strands are linked together 

in a way that increases the effective depth of the top layer of the epoxy material. As the 

strands are woven on top of each other, there is more matrix material to be removed at 

these boundaries. Since the matrix is effectively transparent for NIR wavelengths, the 

epoxy can only be removed by indirect heating from the fibers. If the surrounding matrix 

is not sufficiently heated, it will not be removed. Significantly more energy is accumulated 

in the target area at elevated pulse frequencies and, therefore, higher energy densities. 

Therefore, the laser irradiation is initially absorbed deeper into the CFRP surface at the 

weave boundaries than for cross-ply samples. 

a)

f = 1,000 Hz
EP  = 6.9 mJ
IP  = 4.9×106 W/cm2

ED = 2.7 J/mm2

b)

f = 5,000 Hz
EP  = 8.8 mJ
IP  = 6.2×106 W/cm2

ED = 17.2 J/mm2
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3.3.3 Scanning Velocity and Pulse Overlap 

Results for tests investigating the effects of scanning velocity and pulse overlap are 

summarized in Figure 3-7. Scanning velocity, pulse frequency, and spot size both 

determine the percentage of pulse overlap. For these tests, pulse frequency and duration 

were held constant for variable scanning velocity. The size of the HAZ area is very 

sensitive to heat accumulation at increasingly high pulse overlap, similar to previous 

results. This is expected since the heat transfer effects are rapidly amplified with increasing 

pulse overlap and more energy is delivered to the target area. For example, increasing pulse 

overlap from 0% to around 47% increased the HAZ area width from 493 µm to 795 µm. 

Likewise, the kerf width increased from 60 µm to 80 µm. Lower overlap ratios produce 

greater pulse feed striations along the kerf. The spacing of these striations is equal to the 

center-to-center spacing of laser pulses according to the frequency and scanning speed, 

seen in Figure 3-8. 

 
Figure 3-7: Surface machining results for increasing pulse overlap using cross-ply IM7 

CFRP. Kerf and HAZ width increase according to increase in energy density. 
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Figure 3-8: Imaging of laser cutting for cross-ply CFRP for effect of pulse overlap: (a) 

cross-section view of typical CFRP laser machining profile; (b) surface micrograph of 

laser test with 18% pulse overlap with focal plane adjusted below the workpiece surface. 

Section A-A shows pulse feed striations from low overlap ratios. 

 

 

3.3.4 Cross-Ply Fiber Orientation 

Results for tests investigating the effects of fiber orientation in cross-ply CFRP 

samples are summarized in Figure 3-9. Kerf width and machining depth area largely 

unaffected by fiber orientation. As expected, thermal damage is very sensitive to surface 

fiber orientation with parallel orientation (θ = 0°) showing narrow HAZ width. For 

orthogonal orientation (θ = 90°) heat is conducted away from the cutting zone along the 

fiber axes. This heats the adjacent surface matrix and causes evaporation, melting, and re-

solidification at the fiber ends. When θ = 0°, heat is carried along the laser scanning path, 

resulting in less heat conduction conducted to the adjacent matrix. A comparison is 

illustrated below in Figure 3-10. The thermal conductivity for a typical polymer resin is 

AA

θ = 90°
OR = 18 %
f = 1 kHz
t = 0.1 ms
EP = 40 mJ
IP  = 1.4×107 W/cm2

ED = 15.7 J/mm2
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approximately 0.25 W/m·K while the thermal conductivities for the HexTow IM7 and AS4 

fibers are 5.4 W/m·K and 6.8 W/m·K, respectively. From Figure 3-10a, the thermal 

damage is more apparent on the right side of the machining zone than the left, which is 

attributed to the assist gas flow not being perfectly aligned with the laser scanning path and 

causing a slight distortion of the HAZ region.  

 
Figure 3-9: Machining dimension results comparing parallel and orthogonal fiber 

directions: (a) 18% overlap; (b) 32% overlap. Exposed HAZ represents complete fiber 

exposure due to matrix recession; total HAZ width adds additional area where partial 

melting and re-solidification has occurred. 

 

 

Figure 3-10: Surface micrographs of laser cutting for cross-ply CFRP showing the effect 

of fiber orientation and pulse overlap: (a) parallel with 18% overlap; (b) orthogonal with 

32% overlap. Fibers are visible at the surface for orthogonal orientation showing a very 

wide HAZ area. Matrix texturing in test 35 is due to assist gas flow. 
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3.4 Conclusions 

Results of experiments in Chapter 3 showed the improved quality and flexibility 

that is possible using a CW/modulated fiber laser system. The fiber optic cable allows 

remote delivery of the laser beam and high power levels for long pulse durations. 

Additionally, laser systems offer significantly improved machining quality of the 

mechanical process from Chapter 2. 

However, the CFRP machining performance of the Yb:YAG fiber laser system can 

be limited by long pulse duration and low power intensity. Pulse durations in the 

microsecond domain significantly lengthen the laser-material interaction time. Also, low 

power intensity means that the CFRP structure absorbs considerable energy below the 

ablation threshold of the fiber reinforcements, leading to thermal damage. This is due to 

excessive heat conduction and accumulation effects from relatively long pulse duration, 

which increases the laser-material interaction time, promotes HAZ expansion, and 

significantly decreases ablation rate. Photon absorption from plasma shielding plays is 

assumed to reduce incident power intensity by the inverse Bremsstrahlung mechanism.  

A logarithmic relationship was observed for laser input using energy density; power 

intensity did not account for pulse duration and frequency in predicting results. Critical 

values were identified for cross-ply IM7 CFRP; calculated values were comparable to the 

literature. Laser power, pulse overlap, frequency, and cross-ply fiber orientation were 

found to have a significant impact on surface results. Kerf discontinuities were observed 

for woven AS4 samples at the local weave boundaries for pulse frequencies below 5 kHz. 

This is hypothesized to be the result of the absorption properties of the matrix material for 

IR irradiation, which reduces the power intensity absorbed by the underlying woven fiber 
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strands according to the Beer-Lambert Law. Multi-pass machining was unsuccessful; 

through machining was not observed in testing. Low ablation rates and matrix re-

solidification observed in testing make this particular laser system ineffective for laser 

machining. Overall, it was shown that laser ablation using our Yb:YAG fiber laser setup 

provides improved machining performance compared to mechanical processes.  
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CHAPTER 4.  

HIGH-ENERGY NANOSECOND PULSE LASER MACHINING OF CFRP 

4.1 Introduction 

In this chapter, CFRP machining experiments using a high-energy nanosecond-

pulsed NIR laser system are presented. Laser machining of CFRP using a high-energy 

pulsed laser source has not been well studied in the literature, particularly for high-energy 

long-duration nanosecond pulsing at low frequency and high power intensity. Past studies 

have been conducted using high-energy microsecond lasers as well as Q-Switch pulsing at 

low energy. Few studies have attempted to address the phenomena of laser-induced plasma 

effects in CFRP laser machining. This research will offer potential explanations related to 

plasma photon absorption as it relates to the laser ablation process for CFRP. In particular, 

the physiochemical nature of the material removal and energy absorption mechanisms is 

addressed. The understanding gained from this research will allow various energy 

absorption mechanisms to be characterized in order to determine optimum processing 

parameters and quantify laser cutting quality for various machining operations.  

The time duration of laser-material interaction is one of the primary factors in 

determining CFRP machining quality using a pulsed laser system. Results from Chapter 3 

have shown that short pulsing at high laser power increases laser ablation rates while 

reducing thermal damage. Short duration pulses (i.e. nanosecond domain or shorter) are 

ideal for optimizing laser ablation by transferring a high amount of energy in a short 

amount of time. This is the primary difference between the laser setups in Chapter 3 and 

Chapter 4; the high-energy nanosecond laser uses pulse duration that is shorter by a factor 
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of either 1,000 or 10,000, depending on the pulse mode. Subsequently, power intensity 

values reach a range of 109 – 1012 W/cm2, an increase by a similar factor of at least 1,000.  

In this work, a keyhole-mode cutting mechanism was demonstrated for the first 

time for CFRP using the high-energy long-duration nanosecond laser system. The effects 

of pulse duration, laser power, pulse overlap, and surface fiber direction were examined 

for cross-ply IM7 CFRP using single-pass line cutting. Additionally, laser power was also 

examined for woven AS4 CFRP. Multi-pass line cutting and pocketing was investigated 

for cross-ply CFRP for line cutting. Finally, contour drilling was performed for both 

materials.  

 

4.2 Experiments 

4.2.1 Experimental Setup 

The experimental setup utilized a high energy Nd:YAG nanosecond-pulsed laser 

system (Spectra-Physics Quanta-Ray Lab-150). The beam output diameter is 10 mm at an 

emission wavelength of 1064 nm, placing it in the NIR spectrum. The laser has two pulse 

modes: Q-Switch (QSW) and Long Pulse (LP), which pulse durations of 8 ns and 120 ns, 

respectively, both at a fixed repetition rate of 10 Hz. Laser scanning is implemented using 

an IntelliSCAN 20 scan head and VarioSCAN 40 dynamic focusing unit, both controlled 

by ScanLab computer software. A schematic of the experimental setup is shown in Figure 

4-1. The laser scanning path for machining experiments is identical to the concepts from 

Chapter 3 in Figure 3-2; likewise relevant process variables are calculated using Eqs. 3.1-

3.8. The laser head scans the top surface of the CFRP material, with pulse spacing being 

determined by the repetition rate and scanning speed in Eq. 3.1. Surface ply fiber 
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orientation relative to the laser scanning path is defined by the angle θ. As θ approaches 0° 

the scanning path is defined as parallel; 90° denotes an orthogonal path. Pulse overlap is 

calculated using Eqs. 3.2 and 3.3 according to Figure 3-2b. 

 

 

Figure 4-1: Diagram of high energy nanosecond Nd:YAG laser system setup for 

machining experiments. Beam output diameter is 10 mm; focused waist diameter 

approximately 40 µm. Testing performed both with and without the VarioScan unit. 

 

Average laser power measured the incident laser power using an Ophir Photonics 

10-P measurement sensor; a full calibration of laser power output is shown in Figure 4-2. 

The average laser power was used to calculate the peak laser power and pulse energy using 

Eqs. 3.4 and 3.5. Power intensity and energy density were calculated using Eqs. 3.6 and 

3.7. The optimum working distance was found by firing laser pulses at thermal paper and 

measuring the spot diameter. A working distance of 303 mm achieves the fully-focused 

laser waist diameter of approximately 40 µm; the working distance was adjusted to achieve 

desired laser spot diameters according to Eq. 3.8, where z is the required working distance 

offset and M2 is equal to 1.1. The samples thickness was 2.2 mm for both CFRP materials. 

Relevant properties are listed in Table 2-1 and Table 2-2. An Argon assist gas flow was 

sprayed over the target area during machining to evacuate debris, aid workpiece cooling, 
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and prevent oxidation. Surface analysis was performed using a scanning electron 

microscope (SEM) (Hitachi, S-4800). Three-dimensional (3D) surface profiles were 

characterized using a confocal laser scanning microscope (CLSM) (Zeiss, LSM710) with 

a 488 nm Argon laser illumination source. Two-dimensional (2D) surface profiles were 

obtained by slicing the 3D confocal microscope surface profile using an open source 

software package (ImageJ). 

 

 
Figure 4-2: Calibration of measured average laser power at each control level; laser 

power levels are continuous from 0 to 10. Higher laser power is available in Q-Switch 

mode due to the shorter pulse duration. 

 

 

4.2.2 Experiment Design 
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of pulse duration and energy density for both CFRP materials were investigated using 

single-pass machining according to Table 4-1. The laser scanning path direction was θ = 

45° relative to the surface fiber orientation. For cross-ply CFRP, a linear 10 mm path was 

scanned at a velocity of 1.0 mm/s using a spot diameter of 40 µm. For AS4 CFRP, the path 

length, scan velocity, and spot diameter were 5 mm, 0.3 mm/s, and 75 µm, respectively. 

Desired power levels were attained according to the calibration in Figure 4-2. 

 

Table 4-1: Experimental conditions investigating the effects of laser power 

and pulse duration for both types of CFRP material. 

 

Pulse 

Mode 

Pulse 

Duration 

Pulse 

Energy 

Average 

Power 

Power 

Intensity (108) 

Energy 

Density 

 ns mJ W (108) W/cm2  J/mm2 

QSW 8 5 0.05 47.1 1.25 

QSW 8 20 0.20 188 5.00 

QSW 8 48 0.48 452 12.0 

QSW 8 93 0.93 876 23.3 

QSW 8 131 1.31 1230 32.8 

LP 120 5 0.05 3.14 0.38 

LP 120 21 0.21 13.2 5.25 

LP 120 44 0.44 27.6 11.0 

LP 120 80 0.80 50.2 20.0 

LP 120 111 1.11 69.7 27.8 

LP 120 144 1.44 90.4 36.0 

LP 120 183 1.83 115 45.8 

LP 120 233 2.33 146 58.3 

LP 120 257 2.57 161 64.3 
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The effects of scanning velocity and pulse overlap were investigated using single-

pass machining for cross-ply CFRP. Tests scanned a linear 10 mm path in LP mode at 0.4-

1.0 mm/s. A spot diameter of 100 µm produced pulse overlap ranging from 0% to 50%. 

Average power was held constant at 1.44 W for a power intensity of 1.5×1010 W/cm2. 

Energy density ranged from 14.4 J/mm2 to 36.0 J/mm2 according to pulse overlap. The 

laser scanning path direction was θ = 45° relative to the surface fiber orientation. 

The effect of surface fiber orientation for cross-ply CFRP was investigated using 

single-pass machining by performing identical tests for laser scanning path at θ = 0° and θ 

= 90°. A linear 10 mm path was scanned in LP mode at a velocity of 0.3 mm/s with a spot 

diameter of 200 µm for 80% pulse overlap. Power intensity and energy density were 

2.8×109 W/cm2 and 16.3 J/mm2, respectively. 

Line scanning using multiple laser passes was performed on cross-ply CFRP to 

investigate the cumulative effects on the kerf and HAZ. All tests used a power intensity of 

1.1×1010 W/cm2 and an energy density of 31.6 J/mm2. The laser scanning path direction 

was θ = 90° relative to the surface fiber orientation. Tests scanned a linear 5 mm at a 

velocity of 0.3 mm/s with a spot diameter of 100 µm for 60% pulse overlap. 

Contour laser drilling was performed for both CFRP materials. Scanning speed was 

0.3 mm/s using a 75 µm spot diameter for approximately 50% pulse overlap. Holes of 4 

mm and 6 mm diameter were drilled at moderate power (1.0 W, 1.9×1010 W/cm2, 44.9 

J/mm2) and maximum power (1.0 W, 1.9×1010 W/cm2, 44.9 J/mm2) for various numbers 

of laser passes. 

Finally, laser pocketing was performed in LP mode for cross-ply IM7 CFRP 

according to Figure 4-3. A square pocket was incrementally machined to produce a 
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staircase depth profile to better analyze the surface integrity of laser machined surfaces. 

Scanning at 0.4 mm/s using a spot diameter of 100 µm produced 40% pulse overlap. 

Moderate laser power yielded an average power of 1.4 W, power intensity of 1.5×1010 

W/cm2, and energy density of 28.0 J/mm2. 

 

Figure 4-3: (a) Profile of contour pocketing process for cross-ply IM7 CFRP in LP mode. 

(b) Section A-A shows a staircase cross-section: each subsequent step uses one laser pass, 

third step is executed twice to produce thru cut. (c) Laser scan path; spacing is defined by 

a hatching distance between adjacent scanning paths. 

 

 

4.3 Results 

4.3.1 LP Mode vs. QSW Mode 

Figure 4-4 shows the SEM and confocal micrographs of the typical surface 

morphology for cross-ply CFRP after a single laser scan in LP and QSW mode. Figure 

4-4a shows a single-pass laser scan in LP mode produced a deep, clean cut with very minor 

defects using a spot size of 200 µm under laser power intensity of 2.8×109 W/cm2. The 3D 
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surface profile of the cut was obtained using the confocal microscope. The 3D confocal 

micrograph was sectioned using ImageJ to obtain the 2D cross-sectional surface profile. 

The cross-sectional micrograph shows a clean trench profile with a keyhole shape, and the 

kerf and depth of cut were 230 µm and 367 µm, respectively.  

 

Figure 4-4: Laser scanned tracks in the single-pass line cutting experiments of cross-ply 

CFRP: (b) 3D confocal micrograph and 2D profile of the keyhole-shaped trench using LP 

mode; (d) 3D confocal micrograph and 2D profile for the ineffective cut using QSW 

mode. 

 

As shown in Figure 4-4b, no significant cut was obtained after a single-pass laser 

scan in Q-Switch mode using a spot size of 40 µm under a power intensity of 6.0×1010 

W/cm2. The matrix resin was removed along the scanned track, and only the only fibers in 

the top layer of the CFRP specimen were cut. The 3D confocal micrograph shows the 

surface level was barely modified along the laser scanned track in Q-Switch mode. The 2D 

cross-sectional surface profile shows this surface profile change was limited, and was not 

even greater than the signal noise on the uncut surface. No trench could be formed by 

increasing the power intensity (as high as 1.3×1012 W/cm2), and only a greater area of 

matrix resin was removed. QSW mode was deemed ineffective, even though the laser 

power intensity was ten times or even hundreds of times higher than that of LP mode.  
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Optical breakdown and subsequent plasma absorption was observed in all Q-Switch 

(QSW) tests. Previous studies have estimated the critical power intensity for optical 

breakdown of air to be approximately 4.42 x 109 W/cm2 for a wavelength 1064 nm at a 

similar pulse duration of 6 ns. Power intensity values for all tests using QSW mode exceed 

this threshold value with a minimum intensity of 5.5×1010 W/cm2. Therefore, single-pass 

machining of the CFRP material in QSW mode was ineffective. Surface HAZ formation 

was observed, as seen in Figure 4-5, with size being proportional to energy density. When 

optical breakdown occurs, an intensely absorptive plasma plume forms near the target area. 

This results in a significant reduction in the incident laser energy delivered to the CFRP 

surface. Although the absorbed laser energy is insufficient to ablate the fiber 

reinforcements, there is sufficient energy absorption to vaporize a very thin layer of matrix 

epoxy and cause the deformation seen in SEM imaging. Further details regarding this 

phenomenon will be discussed in Section 4.5. 

 

 

Figure 4-5: Surface SEM micrograph of laser cutting of cross-ply CFRP using QSW 

mode showing ineffective laser ablation and HAZ formation; cross sectional profile A-A 

shows no measurable ablation depth.  
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4.3.2 Effect of Laser Power 

Optical breakdown was avoided in all Long Pulse (LP) trials. The critical power 

intensity in LP mode is theoretically higher than QSW mode due to the longer pulse 

duration of 120 ns. Therefore, all subsequent tests in this study used LP mode exclusively. 

Results over a range of energy density levels using cross-ply IM7 CFRP are summarized 

in Figure 4-6a. Overall, the results show a logarithmic relationship, which fits the original 

hypothesis. Increased laser power results in HAZ expansion and increased machining depth 

due to energy absorption at greater depths according to the Beer-Lambert Law. Using the 

data for machining depth from Figure 4-6a, the critical energy density was estimated to be 

0.79 J/mm2. Laser ablation is considered ineffective at energy density below this value. 

Unlike the high energy Nd:YAG laser used in this study, laser systems with fast pulse 

frequencies (kHz) rapidly accumulate heat in the machining zone. This reduces the required 

laser fluence to raise the CFRP material to sublimation temperature during photo-thermal 

ablation, but with a comparable energy density. 

Energy density results using woven AS4 CFRP in LP mode are summarized in 

Figure 4-6b and show a similar logarithmic relationship. Critical energy density was 

estimated at 2.3 J/mm2, which is higher than IM7 CFRP. This can be attributed to the 

greater thermal properties of AS4 fibers from Table 2-1, which means that more of the 

absorbed energy is transported away from the machining zone. Therefore, more laser input 

is required in order to be raise the fibers to sublimation temperature for photo-thermal 

ablation. Woven CFRP showed slightly narrower kerf width but much shallower 

machining depth than cross-ply CFRP. At an energy density of approximately 30 J/mm2, 

IM7 showed a depth of 685 µm compared to just 355 µm for AS4. Thermal damage for 



www.manaraa.com

63 
 

woven CFRP was directionally dependent, with HAZ width varying with the local value 

for θ. The HAZ was maximized for θ = 90° and minimized for θ = 0°; HAZ widths shown 

in Figure 4-6b are measured for θ = 0°. 

 

 

Figure 4-6: Machining results from tests in LP mode for increasing laser power for (a) 

cross-ply IM7 CFRP and (b) woven AS4 CFRP. Results show a logarithmic relationship 

with both energy density and power intensity. Note: HAZ width for woven AS4 is 

measured for θ = 0° local fiber direction. 

 

 

4.4.2 Scanning Velocity and Pulse Overlap 

Results for tests investigating scanning velocity and pulse overlap are summarized 

in Figure 4-7. Decreasing scanning speed from 1.0 mm/s to 0.4 mm/s for 100 µm spot 

diameter increases pulse overlap from 0% to 50%. In the case of cross-ply samples, θ 

changes as the laser beam penetrates multiple laminate layers, rendering machining depth 

measurements using confocal microscopy inaccurate. As less laser light is reflected at 

greater depths, measurements become increasingly unreliable and contain significant 

uncertainty. Kerf width is largely unaffected by pulse overlap given the high ablation 

threshold and conductivity of the carbon filaments. However, increasing pulse overlap 
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from 0% to 50% increased the HAZ width from 340 µm to 402 µm with a significant 

increase in the cutting depth.  

 
Figure 4-7: Surface machining results from tests in LP mode for increasing pulse overlap 

using cross-ply IM7 CFRP. Machining depth measurements at greater depths become 

unreliable using confocal microscopy. 

 

As pulse overlap increases, successive pulses contact the CFRP material inside the 

trench rather than at the surface, increasing total incident energy absorption and increasing 

the effective ablation rate. The additional energy absorption gradually expands the HAZ 

region by heat accumulation. Pulse overlap also has a significant effect on the trench 

profile, as seen in Figure 4-8 and Figure 4-9. Scanning at 1.0 mm/s for a frequency of 10 

Hz and 40 µm spot diameter generates pulses that are spaced 100 µm from center to center 

with a measurable gap. This produces a plateau effect where depth is maximized within the 

laser pulse area and minimized in the gap between pulses (Figure 4-8). In this case, 

machining depth was measured within the laser pulse area at the maximum value. Fiber 

pull-out was observed in all laser machining tests similar to Figure 4-8b. Fibers become 
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dislodged from the internal machined surface, particularly in the bottom of the trench 

between laminate layers. These fibers are not sublimated or ejected as the laser scans the 

cutting path. This is a consequence of NIR-wavelength laser irradiation for CFRP 

machining, as the transmissivity of matrix materials in the NIR spectrum approaches 90%. 

Laser light is allowed to pass through the matrix to be absorbed by the fibers. The fibers 

are heated below sublimation temperature and conduct heat along the fiber axis. This heat 

is sufficient to damage or remove the matrix near the internal machined wall. Increased 

pulse overlap results in a smoother kerf edge, shown in Figure 4-9. As the overlap ratio 

decreases, an undesirable jagged edge is produced due to striations formed by the circular 

laser spot. The spacing of these striations along the cutting path direction is approximately 

equal to the center-to-center spacing of the pulses; 100 µm in Figure 4-8b and 40 µm in 

Figure 4-9b. 

 

 

Figure 4-8: Imaging of laser cutting of cross-ply CFRP using LP mode: (a) surface 

micrograph showing typical single-pass machining zone; (b) close-up view showing 

severe striations from individual pulses; cross sections show greatest depth at laser spot 

area (A-A) and shallow depth between pulses (B-B). 
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Figure 4-9: Confocal surface imaging: (a) OR = 50%; (b) OR = 0%. Increased pulse 

overlap produces smoother machined edge with kerf and HAZ width increasing 

according to the energy density. 

 

 

4.4.3 Cross-Ply Fiber Orientation 

Figure 4-10 compares cross-ply IM7 CFRP for fiber directions of θ = 0° and θ = 

90° relative to the laser scanning path. Kerf width and machined depth are unaffected by 

fiber direction. However, HAZ width increases significantly for θ = 90° as seen in Figure 

4-11. Matrix recession is very extensive with large areas of exposed fibers. As θ increases, 

energy is conducted away from the machining zone and into the surrounding bulk material. 

Thermal damage was reduced in Figure 4-12 for θ = 0°. In this case, energy is conducted 

along the laser scanning path. However, machining quality is severely degraded with 

extensive fiber pull-out. Fiber pull-out and matrix recession at the internal machined 

surface is attributed to the absorption properties of the matrix for IR irradiation, as 

previously discussed. Loose fibers partially obstructed laser light reflection, adding 

uncertainty to depth measurements. 
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Figure 4-10: Results from tests in LP mode comparing surface fiber direction for cross-

ply IM7 CFRP. Surface HAZ width increases significantly with increasing θ. 

 

 

 

Figure 4-11: Imaging of laser cutting of cross-ply CFRP using LP mode investigating 

surface fiber direction of θ = 90°: (a) SEM micrograph showing extensive thermal 

damage; (b) close-up view of machining zone showing surface roughness. Cross section 

B-B shows no fiber pull-out. 
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Figure 4-12: Imaging of laser cutting of cross-ply CFRP using LP mode investigating 

surface fiber direction of θ = 0°: (a) SEM micrograph showing reduced HAZ width (b) 

close-up view of machining zone showing extensive internal fiber pull-out. Cross section 

B-B shows effect of fiber pull-out on depth measurement. 

 

 

4.4.4 Multi-Pass Cutting of CFRP 

Kerf and HAZ measurements after multiple laser passes along the scanning path 

are summarized in Figure 4-13. The entry surface is only slightly affected by additional 

laser passes since laser-material interaction occurs deep within the trench. Confocal depth 

measurement is completely ineffective due to the absence of light reflection. As few as 10 

laser passes were required to partially machine through the material, shown in Figure 

4-14a. Figure 4-14b shows that 20 passes produces a similarly discontinuous exit kerf 

approximately 23µm wide. Using 50 laser passes machined a continuous trench with an 

exit kerf width of 58 µm, shown in Figure 4-14c. There is also considerable tapering 

between the entry and exit surfaces. 
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Figure 4-13: Machining results for multiple laser passes using Long Pulse mode: (a) 

cutting depth measured using confocal microscope; (b) surface HAZ and kerf widths 

measured at entry surface. 

 

A staircase profile was generated using a contour cutting process to allow for 

surface integrity analysis using SEM as shown in Figure 4-15 and Figure 4-16. Starting at 

the top CFRP surface, the first pocket was machined using one laser scan over the cutting 

path. Then, the working distance was adjusted to lower the laser focal plane onto the 

machined surface. The second pocket was also machined using one laser scan. After 

another adjustment of the working distance, the through-cut was achieved using two laser 

scans over the cutting path. Exposed machined wall surfaces show horizontal marks 

indicating different laminate layers (Figure 4-15b). The fiber orientation varies between 

laminate layers in cross-ply CFRP. Thermal damage is observed along internal machined 

edges in the form of matrix recession (Figure 4-15c). Closer examination of the machined 

surfaces reveals bundles of fibers separated at a distance corresponding to the hatching 

distance of the laser scan path (Figure 4-16a). Fiber swelling is observed throughout, 
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particularly where fiber pull-out has occurred. Also, matrix re-solidification is seen at the 

ends of these fiber bundles near the machined surfaces. The re-solidified matrix has 

essentially fused the ends of these bundles together to form a larger strand. Fiber pull-out 

is extensive and intensifies where the local fiber orientation relative to the cutting path 

approaches 0° (Figure 4-16b). Striations are visible along machined surfaces, with the 

spacing along the cutting direction approximately equal to the center spacing of the pulses, 

which is 50 µm for 0.5 mm/s scan speed and 10 Hz repetition rate (Figure 4-16c). 

 
Figure 4-14: Imaging of multi-pass laser cutting for cross-ply CFRP using LP mode: (a-c) 

entry surface SEM micrographs for 10, 20, and 50 passes, respectively; (d-f) exit surface 

confocal micrographs for 10, 20, and 50 passes, respectively. Results show that at least 

20 passes are required to machine through CFRP.  
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Figure 4-15: Micrographs of contour cutting of cross-ply CFRP: (a) Laser pocketing with 

square through-cut profile; (b) exposed wall showing fiber orientations in different 

laminate layers; (c) matrix recession along internal machined edge with visible striations. 

 

 
Figure 4-16: Micrographs of contour cutting of cross-ply CFRP: (a) fiber bundle spacing 

corresponds to hatching distance of laser scan path with noticeable fiber swelling and 

matrix re-solidification; (b) fiber pull-out is extensive, particularly where the local θ 

approaches 0°; (c) striations are visible along machined surfaces. 
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4.4.5 Contour Drilling of CFRP 

Figure 4-17 shows a laser drilled hole 4 mm in diameter machined using a standard 

trepanning technique on cross-ply IM7 CFRP. The fiber orientation is variable along the 

laser scan path. As θ sweeps between 0° and 90°, the HAZ width varies accordingly. In 

Figure 4-17(b), where θ = 90°, the HAZ region extends approximately 300 µm from the 

kerf edge. In Figure 4-17(c), where θ = 0°, the HAZ extension is reduced to 120 µm. Similar 

results were seen in other laser drilling results, which are shown in Figure 4-18 for both 

CFRP materials. Laser drilling of woven CFRP samples showed significant charring, 

particularly at the entry surface (Figure 4-18a-b) while cross-ply samples resulted in less 

thermal damage with only slight charring at the kerf edge (Figure 4-18c-d). Laser drilling 

of woven samples of 2.2 mm thickness was achieved using as few as 5 passes at the expense 

of thermal damage. This was accomplished at maximum laser power with a power intensity 

of 5.0×1010 W/cm2 and an energy density of 120 J/mm2. 
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Figure 4-17: Laser drilling experiment of cross-ply CFRP after 20 laser passes. (a) Laser 

drilled hole entry surface; (b) micrograph at the left corner of the hole entrance with 

orthogonal local fiber orientation relative to cutting path; (c) micrograph at the right 

corner of the hole entrance with parallel local fiber orientation relative to cutting path. 
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Figure 4-18: Images of laser drilling of CFRP: (a) and (b) woven CFRP after 20 passes 

showing charring and burning at hole contour edge; (c) and (d) cross-ply CFRP after 15 

passes showing reduced charring and improved quality. 
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4.4 Discussions 

4.4.1 Nanosecond Pulsed Laser vs. CW/Modulated Laser 

The experiments in Chapter 4 highlight the performance and flexibility that is 

possible by laser machining. The experimental results provide insight into the energy 

absorption mechanisms and the factors that affect the finished product. Laser ablation 

observed using both the Yb:YAG fiber laser from Chapter 3 and the high energy Nd:YAG 

laser from Chapter 4 is characterized as photo-thermal. This is the result of two main 

factors. 

First, the laser-induced excitation rates were low relative to the thermal response 

time of the carbon-based fiber reinforcements, which is on the order of 10-13 seconds 

according to Kampfrath et al. (2005) and Ishioka et al. (2008). Microsecond-pulsed laser 

machining in Chapter 3 showed unacceptable results due to long pulse duration (0.01 ms), 

resulting in conduction-based material removal where heat accumulation leads to fiber 

ablation and HAZ expansion. Long-Pulse nanosecond laser machining in Chapter 4 

showed better quality using shorter pulse duration (120 ns) and low frequency (10 Hz) 

using power intensity (over 1010 W/cm2). The machined profiles resemble a keyhole-mode 

laser removal process, where a high vapor pressure forms due to the intense plasma formed 

by ablated fibers. This vapor pressure pushes outward to form a deep and narrow kerf, 

made possible by the elevated power intensity and short pulse duration of the high energy 

nanosecond laser. This advantage is clearly seen in Figure 4-19 by comparing the 

machining depths of both laser systems. At an energy density of approximately 20 J/mm2, 

the power intensity of the Yb:YAG laser was 1.8×107 W/cm2 and 5.0×109 W/cm2 for the 

Nd:YAG laser. Therefore, the single-pass machining depth increased from 218 µm to 652 
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µm for each laser, respectively. The difference in machining depth becomes more apparent 

for higher energy density.  

 

Figure 4-19: Single-pass machining depth comparison of a range of energy density levels 

for Yb:YAG fiber laser with microsecond pulsing and high energy Nd:YAG laser with 

nanosecond pulsing. The shorter pulse duration and higher power intensity of the 

Nd:YAG laser results in keyhole-mode material removal for CFRP sample. 

 

The second factor is laser wavelength; both laser systems used in this study emit at 

fundamental wavelengths of either 1064 nm or 1070 nm. The photon energy of laser 

irradiation in the NIR spectrum is approximately 1.17 eV, which is below the bond energy 

of carbon of 3.49 eV. Also, the CFRP matrix is largely transparent for for ~1064 nm 

wavelengths, with transmissivity values above 85% and low optical absorption coefficients 

for many common matrix materials (Abbas and Ali (2014), McKie and Addison, (1994), 

Völkermeyer et al. (2011)). Laser light is allowed to directly pass through the matrix 

material to be absorbed by fibers conducted away from the machining zone (Figure 4-20a). 
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This increases the size and severity of the HAZ region and other thermal damage such 

geometric deformation and fiber swelling. Lasers emitting in the UV spectrum drastically 

reduce thermal damage due to irradiation being absorbed directly by the matrix material 

(Figure 4-20b). The absorption characteristics of the CFRP matrix might also explain the 

reduced machining depth observed in single-pass cutting of woven CFRP. For cross-ply 

CFRP, the laser light is able to penetrate deep into the target area, particularly within the 

first laminate layer, given that the matrix can be upwards of 90% transmissive and all fibers 

within a single laminate layer are of the same direction, θ. In the case of woven CFRP, the 

weave pattern can potentially obstruct the penetration of laser irradiation through the 

matrix and subsequent absorption by the fibers as the fiber orientation angle, θ, is not 

constant within a laminate layer; further examination is required. Additionally, machining 

of woven CFRP samples using the Nd:YAG laser in Chapter 4 did not exhibit the same 

kerf discontinuities near the weave boundaries as seen in Chapter 3. It is hypothesized that 

the keyhole-mode CFRP laser machining process sufficiently improves the efficiency of 

the material removal mechanism to eliminate this phenomenon. 

 

Figure 4-20: Illustration of IR laser-material interaction for CFRP. For laser irradiance in 

the NIR spectrum (i.e. 1064 nm), the matrix is largely transparent; laser energy passes 

through the resin surface to be absorbed by the underlying fibers. Heat is conducted along 

the fiber axes to indirectly heat the adjacent bulk matrix (Takahashi et al., 2016). 
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4.4.2 LP Mode vs. QSW Mode 

The drastic difference in cutting performance between Long-Pulse (LP) and Q-

Switch (QSW) pulse modes is attributed to the fundamental change of laser-material 

interaction when different pulse durations are applied. A hypothesized explanation will be 

given next for the different performances of laser cutting using LP mode or QSW mode. 

In this study, power intensity during Q-Switch trials ranged from 5.5×1010 W/cm2 to 

1.3×1012 W/cm2. At such power intensity, laser-induced plasma effects become significant. 

Photon absorption in laser-induced plasma by the inverse Bremsstrahlung mechanism 

primarily manifests in two ways: (1) optical breakdown of the gas environment above the 

target area and (2) shielding of the ablated CFRP material (Russo et al. (2007), Brown and 

Arnold (2010)). 

Laser-induced optical breakdown of the gas environment above the target area 

might occur for the power intensity levels used in our QSW experiments. This threshold 

intensity was experimentally measured by Thiyagarajan and Thompson (2012) using a 

Nd:YAG laser with 6 ns pulses based on the multiphoton ionization theory. They found 

that the threshold was inversely proportional to wavelength, as predicted by Kroll and 

Watson (1972), with laser-induced optical breakdown for 1064 nm wavelength occurring 

above 4.42×109 W/cm2. Intense photon absorption by laser-induced plasma as a result of 

optical breakdown was observed by Wu et al. (2015). Their study found that laser 

machining of CFRP was ineffective using a 1064 nm Nd:YAG laser with 10 ns pulses at a 

power intensity of 3×109 W/cm2 in a standard air environment, which they attributed to 

laser-induced breakdown. They also observed that laser machining was effective using 200 

ns pulses at a reduced power intensity of 1.5×108 W/cm2 for the same laser system. In our 
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study, this laser-induced breakdown could lead to the generation of plasma consisting of 

ionized Argon and/or ionized target material. The formed plasma could be highly 

absorptive of the laser beam. 

 

Figure 4-21: Illustration of laser-induced plasma energy absorption. (a) Optical 

breakdown: significant portion of incoming pulse energy is absorbed by plasma plume 

above CFRP workpiece, resulting pulses are de-focused (b) Plasma shielding: plasma 

expansion plume absorbs remaining laser pulse energy after plasma ignition has begun. 

 

Previous work has measured as much as 80% absorption of the incident energy 

using an excimer laser (Schittenhelm et al., 1996), attributed to the inverse Bremsstrahlung 

mechanism (Sankaranarayanan and Kar (1999), Morgan (1975)). This plasma might also 

tend to de-focus, further reducing the incident power intensity as illustrated in Figure 4-21a. 

Therefore, the laser beam cannot penetrate very deep into the CFRP target with a reduced 

intensity. At such a reduced power intensity, photo-thermal ablation might be prevented 

due to the fibers do not absorb sufficient energy to reach sublimation temperature. As a 
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Optical Breakdown

Reduced Pulse Energy

Incoming Pulses

IntelliSCAN 20
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result, material removal can only occur near the target surface and only a shallow cutting 

depth is produced in QSW mode.  

For our laser setup, optical breakdown in QSW mode might be avoided by reducing 

power intensity below the estimates and observation provided by the literature. This could 

be accomplished by reducing the power intensity or enlarging the spot diameter. However, 

enlarging the spot diameter to a minimum of 140 µm is required at minimum laser power 

(~5 mJ pulse energy) to reduce the power intensity below 4.4 x 109 W/cm2. This would 

widen the kerf and also reduce the energy density, limiting the ablation rate and lengthening 

processing time. Optical breakdown was not observed in Long Pulse (LP) mode likely due 

to the longer pulse duration of 120 ns, which theoretically raises the threshold power 

intensity. 

The surface is shielded by the plasma plume formed by ionized CFRP material 

during the ignition stage of the ablation process. This plasma plume absorbs some of the 

photon energy from the incoming laser pulse when the duration is in the nanosecond 

domain, illustrated in Figure 4-21b. Plasma shielding can be avoided using durations in the 

picosecond or femtosecond domain (Zeng et al., 2005), where the energy delivery to the 

target area effectively outpaces plasma formation. Additionally, ultra-short pulsing reduces 

thermal diffusion (Eland et al., 2001). The presence of plasma shielding also helps explain 

results from Chapters 3 and 4 regarding the relationship between laser energy density and 

machining performance. The expanding plasma plume formed during the ignition phase of 

the CFRP laser ablation process shields the target area and absorbs incoming photon 

energy. This decreases the ablation rate until a saturation point is reached (Borisov et al., 

1998), evidenced by the logarithmic trend observed in the machining depth measurements. 
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Shielding of the target area increases until more laser input does not result in more CFRP 

material being ablated.  

The effects of laser-induced optical breakdown and plasma shielding combine to 

make QSW mode ineffective for laser machining of CFRP. Effective laser machining was 

observed in all tests using LP mode. Similar results were observed for the CW/modulated 

Yb:YAG fiber laser in Chapter 3 due to power intensity on the order of 106 to 107 W/cm2 

and pulse duration in the microsecond domain. 

The mechanism of keyhole cutting of CFRP using a long-duration nanosecond 

pulse laser seen in Figure 4-4 is different from that of the CW laser cutting of metal alloys. 

Keyhole laser cutting is usually achieved for metal alloys using continuous-wave (CW) 

lasers, e.g., CO2 laser cutting of mild steels. Preissig et al. (1994) summarized that the 

keyhole is usually caused by vapor pressure due to the intense laser irradiation and multiple 

laser ray reflections in those processes, where the local vapor pressure creates, deepens, 

and maintains the keyhole during the laser cutting. The keyhole mode laser cutting of 

metals can be more efficient than classical laser cutting techniques, because the melt can 

be removed much more efficiently from the center line in the cut front. This makes the melt 

film thinner to ensure efficient heat conduction from the melt surface. However, the molten 

material film is unlikely to be developed in this study due to the limited energy input over 

a short duration for a nanosecond pulse laser.  

For the CFRP target, the linear optical absorption coefficient of the polymer matrix 

is expected to be relatively low. Transmissivity of the thermoplastic matrix material of 

CFRP is very high at the nanosecond pulse laser wavelength of 1064 nm, as previously 

discussed. Even though carbon fibers exist in CFRP, the overall linear optical absorption 
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coefficient of the CFRP target may still be relatively low. Therefore, when LP mode was 

used in this study, where the laser beam intensities were much lower than those for QSW 

mode, the laser beam could penetrate into a relatively deep region below the CFRP target 

surface. As a result, the laser beam energy could be absorbed by a relatively thick layer of 

the target material. Much of the laser energy is absorbed along the depth by the carbon 

fibers, with a high absorptivity for 1064 nm wavelength. The absorbed laser energy may 

elevate the target material temperature, cause phase transformations, induce material 

removal from the target, and eventually produce a relatively large cutting depth. Therefore, 

a new type of keyhole laser cutting is achieved for CFRP using the long-duration 

nanosecond pulse laser. It should be noted that future work may still be needed to further 

verify the above hypothesized explanation and also check whether or not other 

mechanism(s) has also played an important role. 

    

4.4.3 Comparisons of Machining Performance 

Comparing mechanical drilling results from Chapter 2 to laser contour drilling in 

Chapter 4 reveals several advantages of laser materials processing, including automated 

and flexible path planning, improved machining quality, and precise control of parameters. 

Machining performance using the high-energy nanosecond laser system is far superior to 

mechanical machining, shown in the comparison in Figure 4-22. Delamination and peeling 

is eliminated, while the high energy nanosecond laser uses short pulse duration and higher 

power intensity to remove the CFRP material efficiently. Complex features can be created 

using an automated laser scan head by programming a precise laser cutting path, as seen in 

multi-pass pocketing from Section 4.4.4. Features can be machined mechanically using 
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milling tools, but are limited by tool size and experience detrimental effects similar to 

Figure 4-22a-b. 

Quantifying laser machining quality for CFRP has not been thoroughly explored 

by researchers. As previously discussed in Section 1, drilling quality criteria is governed 

by ISO 286 standards in the aerospace industry. These standards are based solely on 

physical diametrical tolerances; laser drilling quality is more complex due to the thermal 

nature of the process and has an extended effect on surface integrity. Caprino and 

Tagliaferri (1988) suggested a three-class system based on two main criteria: (1) the kerf 

width relative to the laser spot diameter and (2) the HAZ width, in particular, matrix 

recession and charring. In general, using their system based on approximations for results 

in Figure 4-22c by SEM imaging, laser drilling using a high-energy nanosecond-pulsed IR 

laser system can be categorized as either Class A or B, indicating moderate to high quality. 

 

 

Figure 4-22: Comparison of CFRP machining results: (a) SPF drill showing 

delamination; (b) DAL drill showing burring and peeling; (c) high-energy nanosecond 

Nd:YAG laser system. 

 

Comparing results from the CW/modulated fiber laser and the high energy 

nanosecond laser in Figure 4-23, there is a clear improvement in laser machining quality. 

b)a) c)
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Using the fiber laser in CW mode in Figure 4-23a shows a very wide kerf and extensive 

matrix evaporation. Microsecond pulsing in Figure 4-23b using the fiber laser produces a 

narrower kerf and an improvement in thermal damage, although the HAZ is still over 500 

µm wide in some areas. Optimum results are observed for the high energy nanosecond laser 

in Figure 4-23c where thermal damage is minimized using short duration pulsing and high 

power intensity for efficient laser ablation. 

 

 

Figure 4-23: Comparison of CFRP machining results: Yb:YAG fiber laser in (a) CW 

mode and (b) pulse mode with 0.1 ms duration; (c) nanosecond Nd:YAG laser with 

minimal thermal damage during drilling. 

 

 

Figure 4-24: Comparison of CFRP laser machining results: (a) CW Yb:YAG fiber laser 

showing fiber swelling near machined profile (b) high-energy nanosecond Nd:YAG laser 

showing reduced fiber swelling near machined profile.  

 

a) b) c)

a) b)
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Along with the molecular purity of the fiber reinforcement material, fiber swelling 

could be a direct result of thermal expansion at the cut ends due to the elevated temperatures 

during laser ablation. Swelling was very apparent in SEM imaging of results using the 

Yb:YAG fiber laser, particularly when used in CW mode. Laser-material interaction is 

constant, with no cycle time to allow for workpiece cooling (Figure 4-24a). Temperature 

gradients within the epoxy matrix in and around the target area are greatest in CW mode. 

Fiber swelling was reduced for the nanosecond laser where the laser-material interaction 

time is shortened and subsequent heat conduction is reduced (Figure 4-24b). The short 

pulse duration transfers the laser beam energy to fibers in the target area more efficiently 

and reduces temperature gradients in areas along the target area. 

Experiments in Chapter 4 demonstrated the effect of an inert assist gas. Laser 

contour drilling in Section 4.4.5 was performed with an Argon assist gas flow; multi-pass 

pocketing in Section 4.4.4 was performed without assist gas in an open air environment. A 

comparison is shown below in Figure 4-25, where there is a clear improvement in surface 

quality when using Argon assist gas. The Argon flow prevents oxidation reactions at the 

machined surface and improves surface integrity (Figure 4-25a), similar to results seen by 

(Rodden, 2002), (Negarestani et al., 2010), and (Riveiro et al., 2012) comparing inert assist 

gas to mixed reactive assist gas. The oxygen in the open air environment enhances thermal 

decomposition during the heating stage of photo-thermal laser ablation. Charring and 

build-up of re-solidified epoxy matrix can be observed at the ends of fiber bundles (Figure 

4-25b) and at the exit surface of the pocket profile (Figure 4-25c). 
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Figure 4-25: Comparison of CFRP machining experiments: (a) laser drilling with Argon 

assist gas flow; (b) laser pocketing with no assist gas in open air environment. 

 

4.5 Conclusions 

From the experiments in Chapter 4, it is clear that high energy nanosecond IR laser 

systems can effectively machine CFRP with reduced thermal damage. This experimental 

study demonstrates for the first time that keyhole-mode cutting can be achieved for CFRP 

using a high-energy long-duration nanosecond laser system. The formation of the keyhole-

shaped trench is attributed to laser ablation of the fibers and matrix materials via deep 

penetration of the laser energy, partially due to the transmissivity of the matrix in the NIR 

spectrum. Inverse Bremsstrahlung photon absorption by laser-induced plasma had a 

significant impact on machining performance. Laser machining in Q-Switch mode suffered 

from optical breakdown above target area, with sufficient absorption and de-focusing to 

render the ablation process ineffective. Optical breakdown was avoided in Long Pulse 

mode by using lower power intensity from increased pulse duration. Plasma shielding was 

observed in Long Pulse mode, with a measurable effect on the ablation rate for increasing 

laser irradiance. The effect reached saturation for high levels of irradiance where the 

ablation laser ablation reached a local maximum. 

a) b)
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A logarithmic relationship was applied to machining dimensions using energy 

density to identify critical values for effective laser ablation for both types of CFRP. The 

logarithmic trend was attributed to a saturation effect from plasma shielding on the ablation 

rate. Cutting depth was lower for woven AS4 CFRP, likely due to increased thermal 

properties and the reduced of penetration depth of IR irradiation through a woven fiber 

structure. As expected, increased pulse overlap increases cutting depth and improves pulse 

feed striations. Likewise, heat conduction is favored heavily along the fiber axis, which 

extends the HAZ width when scanning orthogonally to the surface fiber direction. 

Machining depth measurements at greater depths, particularly when using multiple laser 

scans, was inconclusive due to the limitations of the CLSM measurement system and fiber 

pull-out between cross-ply laminate layers. Additional laser passes had a limited effect on 

the HAZ and kerf width. Multi-pass pocketing cut through the 2.2 mm thick sample using 

4 laser passes at maximum power with re-focusing. SEM images revealed fiber pull-out, 

fiber swelling, and matrix re-solidification along machined surfaces in the absence of an 

inert assist gas flow. Laser contour drilling of cross-ply samples showed a non-uniform 

HAZ; SEM images showed a smooth hole surface texture in the presence of an Argon assist 

gas flow.  

Overall, it was shown that nanosecond laser machining at low frequency and high 

pulse energy significantly reduced thermal damage and increased the ablation rate 

compared to the CW/modulated laser system from Chapter 3. The ablation process is 

categorized as photo-thermal given the photon energy of NIR wavelengths, the low laser-

induced excitation rate relative to the thermal response time of the carbon reinforcements, 

and the transmissivity of the matrix for NIR irradiation. However, it is proposed that both 
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thermal and non-thermal laser ablation may occur due to the Gaussian distribution of high 

energy nanosecond pulses within the laser beam target area. Further study into laser 

machining of CFRP using UV laser systems is recommended, particularly using Long-

Duration nanosecond-pulsed laser systems, for direct comparison of the effect of emission 

wavelength on thermal damage to the matrix. 
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CHAPTER 5.  

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

It has been shown experimentally that laser machining can provide drastically 

improved processing quality for CFRP over conventional methods. Specifically, results 

using a CW/modulate NIR fiber laser system produced extensive thermal damage and a 

low ablation rate. Machining using a high energy nanosecond IR laser system produced 

superior results in terms of reduced thermal damage and efficient material removal through 

an increased ablation rate. 

In Chapter 2, it was concluded that surface damage is the limiting factor in 

mechanical machining of CFRP using both a standard drill and split-point-fiber (SPF) drill. 

Axial thrust force proportional to the rotational feed rate caused significant surface damage, 

as verified by dynamometer measurements. Damage to cross-ply sample was in the form 

of delamination in the entry and exit surface laminate layers, while damage to woven 

samples was mainly characterized as peeling along the contour. Surface roughness also 

suffered at higher spindle speeds using the SPF drill. 

Chapter 3 showed that machining using a CW/modulated Yb:YAG IR fiber laser 

system is characterized by low ablation rates and large areas of thermal damage. Long 

laser-material interaction time at low pulse energy promotes heat accumulation, increasing 

thermal damage. Also, the penetration depth of IR irradiation is reduced due to low power 

intensity, reducing the ablation rate. These effects are exacerbated during continuous wave 

(CW) mode operation. Energy density provided a more accurate prediction of results by 

accounting for all variations in laser process parameters in a single control variable. 
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The machining process was substantially improved using the high energy 

nanosecond Nd:YAG IR laser system from Chapter 4. Laser-induced plasma effects 

became important as a result of increased power intensity, rendering Q-Switch pulse mode 

ineffective due to optical breakdown and triggering plasma shielding in Long Pulse mode. 

Long Pulse mode efficiently ablated both CFRP materials during both multi-pass 

machining and contour drilling. Through-cutting of 2.2 mm thick samples was achieved in 

as few as 4 laser scans and small diameter holes were drilled with limited thermal damage. 

The use of Argon assist gas was shown to reduce oxidation and improve surface quality. 

 

5.2 Future Work 

High energy nanosecond IR laser machining was found to improve ablation rates 

and reduce damage thermal damage by using short pulse duration and high power intensity. 

However, future study with a comparable laser system in the UV range is recommended. 

Photon energy at UV wavelengths is sufficient to directly break carbon bonds within the 

reinforcements by photo-chemical laser ablation. UV laser machining of CFRP has been 

studied, but not using short-duration high-energy pulsing, particularly in the context of 

laser-induced plasma effects resulting from the increased power intensity. The inverse 

Bremsstrahlung absorption coefficient is proportional to λ3 and is drastically reduced in the 

UV spectrum. Also, higher pulse frequency is recommended to allow for faster scanning 

speed and reduced processing time. 
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