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Laser ablation mechanism of Carbon Fiber Reinforced Polymer (CFRP) composite is of critical meaning for
the laser machining process. The ablation behaviors are investigated on the CFRP laminates subject to
continuous wave, long duration pulsed wave and short duration pulsed wave lasers. Distinctive ablation
phenomena have been observed and the effects of laser operation modes are discussed. The typical
temperature patterns resulted from laser irradiation are computed by finite element analysis and thereby
the different ablation mechanisms are interpreted.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon Fiber Reinforced Polymer (CFRP) composites are widely
used to make many high strength–weight ratio parts, especially in
a great many of aero structures [1]. Even being developed with the
near-net forming characteristic, the CFRP composite products
always need further necessary machining, wherein the classic
machining is greatly challenged for the relatively low efficiency
and the probability of damaging the work pieces [2]. As an inborn
flexible alternative, laser machining of CFRP materials has drawn
much attention, in which laser cutting and drilling are the most
typical applications [3]. In such processing, laser energy is
designed to be absorbed by the target materials and dissipated
into thermal energy quickly. Therefore, in order to improve the
process quality as well as reduce energy consumption, it is natural
to hope the thermal energy to be largely confined to a small
specific region to only make the materials therein evaporate
without affecting the adjacent region [4]. In physics, this actually
requires high spatial and temporal concentration of the laser
energy, which could be realized through focusing the laser beam
and shortening the laser duration [5]. From such point of view, one
can immediately understand that the laser energy would be
greatly wasted as too much material is heated up beyond the
objective region if the laser power density is too low or the
exposure duration is too long [6,7]. While it is not so commonly
recognized that too concentration of laser energy might also lead
ai Dian District,

u).
to energy waste and even failure in processing. This is because
large part of the incident laser energy would be dissipated in the
plasma layer near the target surface when optical breakdown is
intrigued by very high power density laser [8–10]. As a matter of
fact, the threshold of such optical breakdown has been theoreti-
cally predicted well for clean air and experimentally obtained for
classical target materials [11–13]. However, no direct reference
data in relevance to optical breakdown has been reported for CFRP
composites according to our knowledge. Moreover, no comparison
work has been found to describe the difference in the ablation
mechanisms on the CFRP composites subjected to continuous
wave laser to pulsed wave laser. It is natural to expect that dis-
tinctive ablation patterns would arise in the specimens under
irradiation by differently operated lasers, which determine the
spatial and temporal distribution characteristics of the light energy
[7,14]. Therefore, the basic knowledge should be developed to
justify the application of laser machining to CFRP composites
parts. To reveal the principle thermo-physical responses of the
CFRP composites to the irradiation by continuous wave laser or
pulsed wave laser and, to explore the laser parameter range
appropriate to the laser machining of CFRP materials, the present
work designed and carried through several groups of laser irra-
diation tests on CFRP specimens. The typical ablation behaviors
and morphologies of the CFRP specimens irradiated by the Nd:YAG
continuous wave laser, long duration pulsed wave laser or short
duration pulsed wave laser have been revealed and, the effects of
the laser power temporal pattern on that been discussed. Tem-
perature patterns of the CFRP laminates under irradiation by the
continuous wave, long duration pulsed wave and short duration
pulsed wave lasers are analyzed by finite element method.
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Thereby, the differences in laser ablation mechanisms of CFRP
laminates are interpreted.
Table 1
Parameters of laser beam and irradiation test.

CW LP SP

Wavelength (nm) 1064 1064 1064
Focus spot radius (r0) (mm) 3 1.5 1.5
Power or pulse energy Power 100 W 2.0 J 2.0 J
Pulse duration (ns) – 200 10
Repeat frequency (Hz) – 10 Hz 10 Hz
Power density (q) (W/m2) 3.54�106 1.50�1012 3.00�1013

Mean power density (qave) (W/m2) 3.54�106 2.94�106 2.94�106

Exposure time (t) (s) 10 10 10
2. Experimental and model description

The laser setups used in the experiment are shown in Fig. 1 and
the laser parameters are listed in Table 1. Fig. 1(a) represents the
Nd:YAG continuous wave laser (denoted by CW) and Fig. 1(b) the
Nd:YAG pulsed wave laser. Two modes, i.e. pulse duration of
200 ns (long pulse duration, denoted by LP) and 10 ns (short
duration, denoted as SP), of the pulsed wave laser were adopted in
test. The polarizations of both the continuous wave laser and
pulsed wave laser are random. The total exposure times are 10 s
for all of the three kinds of irradiation tests. Thereafter, the surface
and cross-section morphology were examined by using a Zeiss
Stemi SV11 optical microscope. Moreover, the three dimensional
(3-D) sketches were drawn by the computer aided design (CAD)
software to describe the ablation appearances.

Square CFRP specimens were prepared as shown in Fig. 2(a), in
which plain woven carbon fiber cloth (T800) reinforced polymer
(Epoxy 5228A) laminate were laid up to make CFRP laminate of
dimensions 50 mm�50 mm�4.1 mm and an axis-symmetrical
finite element model was set up as shown in Fig. 2(b) to analyze
the thermo-physical responses of the specimens. In Fig. 2(b), L
represents the radius of the cross-section, t¼4.1 mm the total
thickness of the specimen, tc¼0.1 mm the carbon fiber layer
thickness and te¼0.4 mm the epoxy matrix thickness in every
laminate.

As a preliminary study, one could ignore the flow of the sub-
limation product and write the heat conduction equation as

T
t

k T QC 1p vhρ ∂
∂

= ∇⋅( ∇ ) + ( )

within the domain with the thermal boundary conditions of

q q 2l = ( )

at the surface range of z¼4.1 mm and ror0, the focus spot
radius,

q h T T 3c en( )= − ( )

and

q T 4r
4εσ= ( )

at the entire outer surfaces, where T is the temperature, t is the
time, ρ is the density, Cp is the specific heat capacity, k is the
thermal conductivity, Qvh is the vaporization latent heat during
sublimation, ql is the incident laser power density, qc is the heat
dissipated into the environment of temperature Ten¼293 K
Fig. 1. (a) Continuous wave laser and (b) puls
through free air convection, qr is the heat flux flow into the
environment through surface thermal radiation, h¼30 W/m2/K
the natural convection heat transfer coefficient, ε¼0.8 the surface
emissivity and s¼5.67�10�8 W/m2/K4 the Stephan Boltzmann
constant.

The basic thermo-physical parameters of the carbon fiber and
epoxy matrix are listed in Table 2, in which the subscript 's'
represents the solid phase while 'g' the gas phase. The gas phases
are approximately treated to be trapped in the origin locations
while no pressure effects have been involved in the model. The
optical absorbance in the sample should be inhomogeneous,
because the absorbance characteristics are different for the epoxy
matrix and the plain carbon fiber fabric layer in the sample.
However, homogeneous absorbance of laser in the sample was
assumed in the present numerical modeling to simplify the the-
oretical work. Furthermore, the laser energy is assumed to be
absorbed through the most upper surface of the specimen all
along. Therefore, the horizontal thermal conductivity of the gas
phase (kg-) is set very small while its vertical thermal con-
ductivity (kg↓) is exaggerated to be very large to simulate the
downward movement of the top surface absorbing the laser
energy. One can imagine that the gas phase shall continue absorb
laser energy and get further temperature elevation. It is to a large
extent reasonable, in particular, for the situations that only very
short time spans are considered as the gas would have no enough
time to escape.
3. Results and discussion

The surface morphologies are shown in Fig. 3. The cross-section
profiles are provided in Fig. 4, in which Fig. 4(a-1), (b-1) and (c-1)
is photographed by optical microscope and, Fig. 4(a-2), (b-2) and
(c-2) is drawn by CAD software.

Figs. 3(a) and 4(a) show that the continuous wave laser irra-
diation has ablated through several layers of the CFRP laminate.
And many voids arise in the epoxy layer remained after laser
irradiation for 10 s as shown in Fig. 3(a-2), which indicates that the
ed wave laser setups for irradiation test.



Fig. 2. (a) Sketch of the CFRP laminate specimen and (b) FEA model.

Table 2
Thermo-physical parameters of the materials [15,16].

Density (kg/m3) Specific heat (J/kg K) Thermal conductivity (W/m K) Sublimation temperature (K) Vaporization latent heat (kJ/kg)

ks kg- kg↓

Carbon 1850 710 50 [0.1] [1000] 3600 43,000
Epoxy 1200 1100 0.1 [0.1] [1000] 700 1100

Fig. 3. Surface morphology after ablation by (a) CW, (b) LP and (c) SP laser (a-1) lower amplification for CW, (a-2) higher amplification for CW, (b-1) lower amplification
for LP, (b-2) higher amplification for LP, (c-1) lower amplification for SP, and (c-2) higher amplification for SP.
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Fig. 4. Cross-section morphology and 3-D sketch after ablation by (a) CW, (b) LP and (c) SP laser, (a-1) cross-section for CW (a-2) 3-D sketch for CW, (b-1) cross-section for LP
(b-2) 3-D sketch for LP, (c-1) cross-section for SP (c-2) 3-D sketch for SP.
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ablation could be continued if the laser irradiation is maintained.
One can see in Fig. 3(a-1) that the surface carbon fiber fabric has
been circularly cut and relative complex morphology appears
around the edge region. However, one can also see in Fig. 4(a) that
the carbon fibers have not been ablated even though several layers
of epoxy been removed by laser irradiation. This is perhaps due to
that the evaporation of epoxy matrix brings away much of the
incident laser energy and thereby the carbon fiber temperature is
always lower than its sublimation point. Moreover, the radius of
the near circular ablation region is about 6 mm, nearly twice the
radius of the laser beam, which indicates that the transverse heat
conduction makes apparent contribution to the process.

Figs. 3(b) and 4(b) show that the long duration pulsed wave laser
irradiation has made a conical hole through the laminate. The largest
radius of the conical hole is about 1 mm, which is smaller than the
laser beam radius. It looks like that every carbon fiber cloth layer has
been cut off very clearly along the conical hole wall. It is implied that
there should have been great temperature gradient over the spot
covered region. Because, as shown in Figs. 3(b) and 4(b), the edge
between the origin material and the ablation region is very clear,
which indicates that the heat affected zone is rather limited. Such
ablation characteristic would be welcome in laser machining of CFRP
composites, as the material is removed clearly from the objective
region without developing too much negative influence to the
adjacent regime.

In comparison, the short duration pulsed wave laser irradiation
has not led to much ablation other than ablation of the thin sur-
face carbon fabric as shown in Figs. 3(c) and 4(c). The ablation
region edges of the surface carbon fabric are very irregular with
the average radius of the ablated region in the surface fabric layer
being about 2 mm, which is slightly larger than the laser spot
radius. However, the under epoxy laminate closely attached to the
top carbon fabric has not been ablated obviously with only a faint
elliptic trace being left on its surface. This should have been due to
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the fact that the laser-induced plasma absorbs large part of the
incident laser energy as air breakdown arises before the specimen
after the surface carbon fiber fabric locally evaporates. Essentially
the gasified carbon fiber would contaminate the air around the
target and change the clean air into polluted atmosphere. As we
know, the theoretical threshold of power flux in W/m2 for the
breakdown of clean air is [11]

q p1.44 10 2.2 10 5tb
10 2 5 2( )λ= × + × ( )

−

with p being the pressure in standard atmospheric pressure
and λ the laser wavelength in micrometers, although it was ver-
ified that this prediction overestimates the breakdown power by at
least one order of magnitude in some situations [11]. Furthermore,
this threshold would be obviously reduced by the pollutant such
as ablation product [8,10]. For instance, it was reported that over
80 percent of the pulsed wave Nd:YAG laser energy would be
dissipated in the plasma layer before the stainless steel target once
the incident power density is above 4.4�1012 W/m2 [9].

As we know, the ablation effect of the target material is
strongly dependent on deposited energy, i.e. the light energy
absorbed by the target material. However, the percentage of light
energy arrived at the target surface would be largely dependent on
the circumstance status before the target. A large part of the laser
Fig. 5. Temperature history and profiles for the cases of (a) CW, (b) LP and (c) SP laser, (
history (c-2) profile at t¼10 ns.
energy would be held back from the target once the Plasmon
density falls into some specific range. Therefore, it is reasonable to
guess that the threshold of laser power density to intrigue optical
breakdown before the present CFRP target should fall into the
range through 1.5�1012–3.0�1013 W/m2. Although such predic-
tion is somewhat approximate and the range is a little wide, it is
certain that the pulsed wave laser of power density less than
1.5�1012 W/m2 might be appropriate for laser machining of the
CFRP laminates of properties as presented herein. In contrast, it is
definitely inefficient to adopt the pulsed wave laser of power
density greater than 3.0�1013 W/m2.

By utilizing the finite element model as shown in Fig. 2, the
numerical computation is carried through 10 s for continuous wave
laser, while 0.1 s for the pulsed wave laser with the minimum time
step being 0.25 ns to include one round of heating and cooling.
During the cooling stage the heat diffusion is realized principally
through thermal conduction within the specimen, natural convec-
tion and thermal radiation as described by Eqs. (1)–(4), while as
latent heat would account for due to phase change during the
heating stage. The temperature histories and profiles of the speci-
mens are shown in Fig. 5 for the three cases, in which Fig. 5(a)–(c) is
in sequence corresponding to that of continuous wave laser, long
duration pulsed wave laser and short pulsed wave laser respectively.
a-1) history (a-2) profile at t¼1 s, (b-1) history (b-2) profile at t¼200 ns, and (c-1)
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It is to be noted that the logarithm of time is used as abscissa in Fig. 5
(b-1) and (c-1) to avoid lengthy numbers.

Fig. 5(a-1), (b-1) and (c-1) shows the temperature histories of
the three center points located at the top (r¼0, z¼4.1 mm), sec-
ond (r¼0, z¼3.6 mm) and third (r¼0, z¼3.1 mm) carbon layers
with the abscissa being Log(time) for the pulsed wave laser irra-
diation cases. And the temperature history curves are partially
magnified and shown in the upper right corner in Fig. 5(b-2) and
(c-1). Fig. 5(a-2), (b-2) and (c-2) shows the axisymmetric tem-
perature profiles of the three specimens at the instants of 1.0 s,
200 ns or 10 ns. The results show that the peak temperature in the
specimen developed by the continuous wave laser is about 719 K,
which is around the sublimation temperature of the epoxy matrix.
The peak temperature developed by the long duration pulsed
wave laser and short duration pulsed wave laser is 26,600 K and
30,800 K, respectively, which is consistent with the reported
experimentally measured electron temperature in laser induced
plasma [17], at least by the order of magnitude.

It is also revealed that the peak temperature would be stabilized
around the sublimation point of the epoxy matrix under the irra-
diation of continuous wave laser. While as for the cases of pulsed
wave laser irradiation, the first pulse would lead to ultra-high
temperature (over 25,000 K) in the top carbon fabric layer, although
the temperature returns and stabilizes around the sublimation
point of the epoxy matrix soon after the end of the pulse. It is
believable that the top carbon fiber fabric evaporates upon the first
laser pulse, for the cases of both long duration and short duration.
Moreover, the sublimation of the carbon fiber might have been
followed by the quick growth of Plasmon due to the subsequent
irradiation by the short duration pulsed laser. And the Plasmon
density before the target under irradiation of the short pulsed wave
laser should have been high enough to hold back the laser from
further influencing the target in the present test period. It is note-
worthy that, although the numerical results on the cases of short
pulsed wave laser have revealed an extreme high temperature in
the top layer of the CFRP composite, it should only be qualitatively
interpreted herein according to the experimental phenomenon as it
should have included the complex ionization details.
4. Conclusions

Laser ablation behaviors of CFRP laminate have been investi-
gated experimentally and the effects of laser operation modes
have been compared. The surface and cross-section morphology is
observed through optical microscope. The results revealed that the
continuous wave laser made constant ablation of epoxy matrix
over several layers and the long duration pulsed wave laser made
conical hole through the total laminate thickness. On the contrary,
the short duration pulsed wave laser only made ablation of the
surface fabric layer without obvious change to the main body of
the laminate. It is indicated that most of the incident laser energy
would be kept away from the CFRP target once the laser power
density is high enough, which might have led to apparent optical
breakdown of the ambient gas before the target. It could be con-
cluded that, for the present material parameters and laser wave-
length, the laser power flux less than 1.5�1012 W/m2 is appro-
priate for laser machining of CFRP laminates, while the laser
power flux higher than 3.0�1013 W/m2 would be ineffective.
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