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By monitoring the surface temperature of a carbon fibre reinforced poly-
mer (CFRP) sample, we designed a wet laser cleaning method to success-
fully remove the paint and surface epoxy resin layer without damaging
the CFRP substrate. The temperature and stress distributions at the inter-
face between the epoxy resin and CFRP were simulated by the heat con-
duction equation. The variation trend of temperature and stress with the
average laser power was obtained and the cleaning threshold was given.
A 1064 nm acoustic-optical Q-switched laser was used for cleaning by
scanning the painted CFRP sample at a certain speed with different laser
powers and the cleaning effect was monitored by measuring the tempera-
ture in real-time. The cleaning mechanism in the wet laser cleaning of
CFRP is indicated to be the thermal stress stripping mechanism.

Keywords: Fibre laser, carbon fibre reinforced polymer (CFRP), wet laser
cleaning, paint removal, thermal stress, simulation, Fluent

1 INTRODUCTION

In recent years, composite materials have been increasingly used in industries
such as aerospace and automotive manufacturing due to their higher strength,
chemical corrosion resistance and dimensional stability [1]; for example, in
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the Boeing 787 and Airbus A350, more than 50% of the total materials are
made of composite materials [2].

Carbon fibre reinforced polymer (CFRP) is one of the most widely used
resin matrix composite materials [3], which is composed of carbon fibre rein-
forced material and epoxy resin polymer matrix material. It has the character-
istics of corrosion resistance, high strength and low density [4]. Coating paint
layers on CFRP surface is a common method for protecting it and marking
decoration. In the process of use, the paint layer could be scratched, cracked
and oxidized under the influence of temperature, humidity, ultraviolet (UV)
and other environmental factors [5], which will affect the strength of the com-
posite material and cause its performance to decline [6]. This requires the
removal of the paint layers and respraying of the underlying CFRP periodi-
cally.

The composite structure of CFRP is mainly composed of two parts. The
first part is a network of carbon fibres [7] whose integrity determines the
strength of CFRP. The second part is the epoxy resin structure, including cur-
ing epoxy resin and sizing agent. Curing resin is used in the CFRP structure
to keep the shape of carbon fibre products and make the surface of CFRP
smooth [8]. Sizing agent is used in CFRP manufacturing to ensure the short
carbon’s stability and make the surface of carbon fibre smooth [7].

The traditional paint removal methods such as sandblasting and chemical
treatment, are easy to damage carbon fibres of CFRP. Laser cleaning, as a
green, environmentally friendly and selective cleaning method has been used
for cleaning various paint layers on different substrates [9] But the carbon
fibres are easily damaged in the laser processing as well when the substrate is
CFRP [10]. This is because the curing resin and sizing agent are usually
epoxy resin with low curing temperature, low curing shrinkage ratio and rela-
tively low thermal decomposition temperature. The thermal decomposition
temperatures of them are usually lower than that of polyurethane paint [11].
Sizing agent is easy to be decomposed so that the carbon fibre disintegrates
to short fibres and burr shape appears on the CFRP surface during the laser
process [12, 13]. If the decomposition of sizing agent happens, it is hard to be
repaired; however, the curing resin is easy to be repaired by secondary curing
with liquid resin [14, 15]. As such, when using laser to remove CFRP surface
coating, the loss of resin is acceptable while the disintegrating of carbon
fibres should be avoided.

Few research has been reported on laser cleaning of paint from CFRP due
to the difficulty to avoid the damage of the substrate [16]. Yang et al. [17]
studied the pulsed laser parameters in the case of incomplete removal of paint
layers on the surface of CFRP composites. The effect of laser scanning speed
in the cleaning of CFRP by UV light was studied by Gao et al. [18]. Genna et
al. [16] studied the change of CFRP intensity after using laser cleaning of
CFRP. Lu et al. [19] simulated the generation of plasma and the effect of
nanosecond laser cleaning paint on the surface of CFRPs. The CFRP related
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repair techniques were summarized in a review by Katnam et al. [20]. Based
on these studies, this paper is working on the wet laser cleaning to remove the
paint completely with no damage caused to the CFRPs.

The two main mechanisms of laser cleaning are ablation mechanism and
thermal stress mechanism [21, 22]. For the ablation mechanism, the paint
absorbs laser heat to reach its thermal decomposition temperature or vapor-
ization temperature, thereby achieving the purpose of paint removal [23-25];
however, it is extremely difficult to carefully adjust the laser parameters so
that the laser energy can be absorbed only by the paint layer. For the high
decomposition temperature of the paint layer, sizing agent has easily been
decomposed with the paint layer is removed. In the thermal stress mecha-
nism, when the thermal stress caused by the laser is greater than the binding
force, the paint layer and the substrate can be peeled off [26]. In this process,
the paint and the substrate do not need to reach the thermal decomposition
temperature, so as to better protect the substrate.

In order to remove the CFRP surface paint while avoiding damage to the
CFRP substrate, we developed a wet laser cleaning method, using thermal
stress mechanism, to peel the paint layer from the CFRP surface at a lower
temperature, which is put forward the first time to our best knowledge. In this
paper, the thermal stress curve of CFRP was obtained by simulation, and then
verified by experiments in wet laser cleaning. The results show that the paint
on the surface of CFRP can be better removed without damaging the carbon
fibres by selecting appropriate parameters of laser. In order to ensure the
cleaning effect and avoid the damage of CFRP, we monitored the cleaning
situation in real-time by means of temperature measurement.

2 EXPERIMENTAL DETAILS

2.1 Materials and sample preparation techniques

The sample used in the experiment was a T300 CFRP (Hengshen Company
Ltd.), obtained as a square of 30 x 30 cm® with a thickness of 2 mm. The paint
used was orange polyurethane paint (Baijia Company Ltd.), sprayed onto the
CFRP substrate to a thickness of 0.5 mm. Figure 1 shows the CFRP sample
in its bare state, in its painted state and the structure diagram after spray paint-
ing. The thermo-physical properties of CFRP and paint are given in Table 1.
Several identical samples were made for testing and experimentation. Carbon
fibre pre-woven fabric is orthogonal braided.

The epoxy resin and the polyurethane paint in/on the CFRP were sub-
jected to thermogravimetric analysis (TGA). The TGA curves obtained are
shown in Figure 2 where it can be seen that the thermal decomposition of the
epoxy resin begins at 100°C, much lower than that of paint at 200°C. The
thermal decomposition process of the epoxy resin and paint basically end at
400°C; therefore, if the ablative mechanism is used to remove the paint, the
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FIGURE 1
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(a) Photograph of the bare CFRP, (b) photograph of the painted CFRP and (c) section drawing of

painted CFRP sample.

TABLE 1
Thermo-physical properties of the materials used in this work.

Property T300FiCb?:bon Epoxy Resin Polyll)l;el:?ane
Density (kg/cm®) 1760 1200 2000
Young’s modulus (Pa) 2.3 x 10" 1.0 x 10° 2.0x 108
Specific heat capacity (J/kgK) 795 550 560
Heat conductivity (W/mK) 10.5 2.0 0.2
Coefficient of thermal expansion (1/K) ~ 5.00 x 10”7 5.68 x 107 1.80 x 10
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FIGURE 2
The TGA curves of the epoxy resin and the paint.
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laser beam needs only to be absorbed by the paint layer without heat transfer
to the CFRP substrate, which is difficult to control and realize. This then
leaves the thermal stress mechanism as the appropriate ablative mechanism.
This was achieved by preventing the temperature from rising too fast by plac-
ing a sample in a tank with a height of 2 mm from the surface of the water.
The water flowed at a certain speed, taking the heat away.

2.2 Paint removal apparatus and processing procedures

A laser system (Institute of Semiconductor of Chinese Academy of Sciences)
emitting a Gaussian beam at a wavelength of 1064 nm with a maximum aver-
age output power of 500 W, repetition frequency of 20 kHz and pulse width of
100 ns was used. A galvanometer and guide rail (GR200; Lubang Ltd.) were
used to control the laser beam path. The scanning speed of the galvanometer
used in the system was 2 m/s. By using a moving guide rail the translation run-
ning speed was kept constant at 0.6 m/s with an overlap rate of 0. The laser spot
was a circle with a diameter of 1 mm. The system configuration is shown in
Figure 3 and the scanning path of laser beam is shown in Figure 4. The. The
laser cleaning efficiency in this scanning mode was the highest and did not
cause damage to the carbon fibres. Six laser powers ranging from 50 to 100 W
were used for the paint removal. The maximum temperature of the paint layer
surface was recorded with a temperature detector (H13; HIKMICRO Ltd.).

2.3 Sample analysis techniques
The binding force was be measured using a standard sample prepared in
accordance with ASTM D5868-2001. Therein the CFRP surface epoxy resin

Laser direction

Joan

Moving direction \

Waler

FIGURE 3
Schematic diagram of laser cleaning system.
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FIGURE 4
The scanning path of laser. The circle represents the laser transitional beam profile.

was removed and then bonded with epoxy resin. The tensile strength was
tested with a tensile testing machine (LGD5000; Lu Gong Ltd.) and the aver-
age value of three testing runs was taken as the binding force between the
surface epoxy resin and carbon fibre.

The laser paint removal performance was imaged using a camera (EOS
850D; Canon Ltd.). To further analyse the laser paint removal performance
CFRP were observed with a scanning electron microscope (SEM) fitted with
an energy dispersive spectroscope (EDS) (JMS-7500F; JEOL Ltd.).

3 MODEL DEVELOPMENT AND ASSESSMENT

3.1 Build and assumptions

The heat transfer model is shown in Figure 5. The laser beam acts on the
surface of the paint layer. The paint layer absorbs the heat and transfer the
heat downward. The surface epoxy resin and carbon fibre expansion with the
temperature increasing. When the thermal stress generated by thermal expan-
sion is greater than the binding force between carbon fibre and the surface
epoxy resin layer, fracture occurs and the paint layer peels off.

Water 2mm .(b)

Paint 0.5mm Covalent Bond

Van der
Whals Force

FIGURE 5
Schematic diagram of the heat transfer model.
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The heat transfer process between paint layer, the CFRP substrate and
water layer satisfies the heat conduction equation [27]

%(PEF V(3(pE+P)=V(KyVT)= S i+ Gegi)+s, (D
J

with E, the energy per unit mass, given by
E=n-2+% )
p

where p is the density of the element, v is the speed of the element, Ko
is the effective conductivity (k+kf, where k is the thermal conductivity
and kf the turbulent thermal conductivity), J is the diffusion flux of spe-
cies j, S, includes the heat of chemical reaction and other volumetric heat
source, £ is the sensible enthalpy and Ty is effective coefficient of vis-
cous dissipation.

The thermal stress, ©, satisfies the thermal expansion equation [28]:

6=YVT(a, -a,) 3)

where Y, Young’s modulus of the upper contact surface, VT is the tempera-
ture gradient, a, is the first element of the upper contact surface and a, the
second element of the lower contact surface.

The laser intensity on the surface of the paint layer, 7, is given by

2
2P 2[(x—v*t)+z
5 eXp ——[( 5 ) :| (@]

TkEr r

I(x,z,t) =

where P is the average power of the laser, r the radius of the laser spot and v
the speed of laser scanning.

The water inlet temperature is room temperature (300 K) and the water
flow rate is 1 m/s; consequently, the boundary can be considered as a constant
temperature boundary of 300 K.

According to the sample structure, the equivalent model was established
by the requirements of Fluent for mesh. The equivalent model had two layers
of carbon fibre mesh, each layer of carbon fibre mesh was arranged horizon-
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FIGURE 6
Rendered images of (a) the carbon fibre grid pattern, (b) upper surface of the model and (c) cross-
section of the model.

tally and vertically. The diameter of carbon fibre was 0.8 mm, the superposi-
tion rate of 10% was adopted. Each eight carbon fibres were formed into a
group. The carbon fibre was covered with a 0.5 mm thick surface epoxy resin
layer. A 0.5 mm thick paint layer was added on the surface of the epoxy resin
layer, and a 2 mm thick flowing water layer was covered on the paint layer to
simulate the environmental requirements of wet cleaning. The grid is shown
in Figure 6. Fluent software was used to simulate the temperature field and
thermal stress distribution of the model, as well as the relationship between
laser power and thermal stress.

3.2 Distribution of temperature field and thermal stress

The results of temperature field and thermal stress are shown in Figure 7.
The material parameters used in the simulation are given in Table 1. As can
be seen from Figure 7(a), due to the thermal conductivities of materials are
relatively low, the high temperature area mainly located on the surface of
the paint layer and had little influence on the CFRP. It can be seen from
Figure 7(b) that the high thermal stress area is mainly concentrated on the
contact interface of surface CFRP and surface epoxy resin with the highest
thermal stress of 5.13 x 107 Pa. It can be seen from Figure 7 that the region
of thermal stress is larger than that of the laser action, which is caused by
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FIGURE 7
Simulation results showing (a) the temperature field distribution and (b) the thermal stress distri-
bution.

thermal diffusion. The thermal stress mainly affects the surface CFRP but
has little effect on the lower CFRP.

3.3 Influence of laser power on thermal stress

In order to further investigate the variation trend we used different laser pow-
ers to simulate. The temperature distribution and thermal stress distribution
were calculated when the average laser power was 60 to 120 W. The maxi-
mum surface temperatures and maximum thermal stresses of CFRP under
different laser powers are shown in Figure 8.

As can be seen from Figure 8, the surface temperature and thermal stress of
CFRP increase with the increasing of laser power. Because the laser only acts on
the surface of the paint layer, the thermal conductivity between the paint layer and
the epoxy resin is small and the laser pulse width is very short, it is difficult to
complete the heat exchange between the water layer and the surface of the epoxy
resin layer during the duration of one pulse. Under the action of multiple laser
pulses, the maximum temperature increases faster than the laser power with the
heat accumulation. The thermal stress increases fast with the increasing of tem-
perature. Cleaning is completed when the thermal stress is greater than the bind-
ing force between the surface CFRP and the surface epoxy resin.

The tensile strength was measured as 16.76, 17.60 and 19.41 MPa, and the
binding force between surface epoxy resin and surface of the CFRP was mea-
sured to be 17.92 MPa as an average. According to the data in Figure 8, when
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FIGURE 8

Graph showing the maximum temperature and thermal stress in the CFRP surface at different powers.

the laser power exceeds 90 W the thermal stress is greater than the binding
force and thus the paint removal can be completed, with 90 W being the
threshold laser power.

4 RESULTS AND DISCUSSION

4.1 General experimental observations

With the laser scanning on the sample, the surface bulge appeared on the
surface of paint layer, as shown in Figure 9. When the bulge reaches a certain
degree the paint layer can be easily peeled off from the CFRP surface by
using a high pressure water gun. In the whole laser paint removal process,
there was no ablation phenomenon and the paint layer was intact and did not
rupture, showing that the main cleaning mechanism was thermal stress rather
than thermal ablation.

The laser paint removal results obtained with different powers are shown
in Figure 10. When the laser power was 50 W, there was no obvious change
on the sample surface. When the laser power was 60 W, peeling occurred,;
when the laser power increased to 70 W, the phenomenon of paint peeling
from the CFRP substrate surface was obvious, which could be considered as
the laser paint removal threshold. When the laser power increased to 80 and
90 W, the thermal stress generated by the laser was greater than the bonding
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FIGURE 9
Photograph showing the surface bulge observed in the paint layer following laser scanning.
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FIGURE 10

Results obtained with different laser powers.

force between the CFRP and the surface epoxy resin layer, and the paint layer
peeled off besides the edge area of CFRP sample. There was no damage to
the carbon fibres; furthermore, the thermal decomposition of sizing agent
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happened at the centre of the laser spot when the laser power increased to 100
W. The short fibre contained in the CFRP displayed burrs on the surface of
the CFRP for lacking the binding of the sizing agent.

The laser paint removal effect is shown in Figure 11, where it can be seen
from Figure 11(a) that the paint layer forms a foamed surface morphology
with laser power of 60 W. In Figure 11(b), the CFRP keeps good while the
paint layer peels off with a laser power of 80 W. When the laser power is 90
W it can be seen from Figure 11(c) that the sizing agent begins to decompose,
the surface of the CFRP forms a honeycomb structure. This kind of honey-
comb adhesive layer wraps a single carbon fibre without binding itself, which
indicates that this layer is a carbon fibre surface sizing agent rather than a
surface epoxy resin layer in the CFRP. The presence of short fibres can be
clearly seen from the sizing agent, but the sizing agent can still maintain the
structural stability of the carbon fibre. In Figure 11(d) it can be seen that when
the laser power is 100 W, the sizing agent cannot maintain the structural sta-
bility of the carbon fibres and the carbon fibres disintegrated into short fibres,
which indicated that the CFRP was damaged. It can be seen that most of the
broken carbon fibres still maintain the original arrangement direction, and a

Tirm 183313

FIGURE 11

SEM micrographs showing (a) the surface pattern on the paint layer obtained with a laser power
of 60 W, (b) the undamaged carbon fibres after paint removal with a laser power of 80 W, (c) the
surface pattern of the carbon fibres after paint removal with a laser power of 80 W with part of
the sizing agent decomposed and (d) the damaged carbon fibre pattern after paint removal with a
laser power of 100 W.
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FIGURE 12
EDS spectra and content details of C and O, for (a) the bare CFRP, (b) the painted CFRP surface
and (c) the CFRP surface after laser paint removal.

small amount of broken carbon fibres are transversely stemmed, which is
microscopically manifested as the surface morphology of burrs.

From Figure 12 it can be seen that the exposed CFRP has similar O, con-
tent distribution and C content distribution to the original CFRP. After laser
paint removal, the O, content of the CFRP sample surface decreases rapidly
and is close to that of the original state. This proves the integrity of the CFRP
throughout the wet laser cleaning process.

4.2 Real-time temperature monitoring

Figure 13 shows the temperature with different laser powers. When the laser
power was 50 W, the laser paint removal has not yet occurred and the tem-
perature is slightly higher than the room temperature of 35.0°C. With laser
powers of 60 to 90 W, the temperature is between 37.5 to 45.0°C, while the
sizing agent has not decomposed. When the laser power was 100 W, the ther-
mal stress is much greater than the binding force and the excess heat is
absorbed by the CFRP. The temperature has a sudden rise to 60.0°C, which
means that the sizing agent in the CFRP undergoes thermal decomposition
resulting in a rapid increase in temperature; thus, the laser paint removal pro-
cess can be monitored and controlled by measuring the temperature. The
experimental trend of the temperature on laser power is similar to the theo-
retical simulation shown in Figure 8.

4.3 Model-informed findings
According to the simulation results and experimental results the laser paint
removal of the CFRP needs to meet two requirements. The first requirement
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FIGURE 13

Graph showing the maximum surface temperature of the paint layer with different powers.

is that the thermal stress between the surface epoxy resin and the surface
carbon fibres which is generated by laser, F', is greater than the binding force
between surface carbon fibres and surface epoxy resin, F,. The second
requirement is that the highest temperature of carbon fibres during laser
action, 77, is less than the thermal decomposition temperature of sizing agent
in carbon fibres, T,. From our work the best laser power to remove the paint
layer from the surface of the CFRP was between 80 and 90 W. The specific
laser paint removal parameters are determined by various factors such as car-
bon fibre type, laser energy distribution, paint layer type and thickness.

Thermal stress is affected by both laser power and heat accumulation
effect. With the increase of laser power, the thermal stress increases. At the
edge of the painted CFRP samples the peeling force between the paint layer
and the CFRP substrate is decreased due to the weakening of the heat accu-
mulation effect. The best laser paint removal power threshold by simulation
is close to the experimental results.

5 CONCLUSIONS

Analytical simulation combined with experiments of removing a paint layer
on the surface of a carbon fibre reinforced polymer (CFRP) substrate with a
1064 nm acoustic-optic Q-switched fibre laser was explored as a wet laser
cleaning method. The work has solved the thorny problem that the carbon
fibres are easy to be damaged. When the scanning speed is 0.6 m/s the most
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suitable laser paint removal range is between 80 and 90 W, which can effec-
tively remove the paint layer and protect the underlying CFRP from damage.
The theoretical simulation is consistent with the experimental results. By
monitoring the maximum temperature of the sample surface in real-time, the
damage to the CFRP is effectively avoided and the work efficiency is
improved.
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