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Abstract
An effective pretreatment method of carbon �ber reinforced plastic (CFRP) aircraft skin was proposed. In
this article, the function of the amino thermosetting abrasives entrained by the air�ow on the CFRP
aircraft skin is introduced and discussed to achieve the purpose of enhancing the coating adhesion and
prolonging the service life. An orthogonal experiment with �ve factors and four levels was designed and
carried out, including jet pressure, target distance and impact angle, moving speed and particle size. The
best pretreatment process was obtained by analyzing surface morphology, wettability and adhesion. The
erosion mechanism of CFRP coating pretreatment with abrasive impact was studied emphatically. The
results show that the critical pressure for �ber damage is 0.4 MPa, and the better surface energy is 38.0
mN/m. Semi-ductile erosion has been identi�ed as the main erosion mechanism of amino thermosetting
abrasives eroding CFRP. Effective assurance was provided for the improved surface of the aircraft CFRP
skin and enhanced coating adhesion in this study.

1. Introduction
Since the advent of reinforced composite materials in the 1960s, it has gradually been favored by aircraft
designers and manufacturers for its unique advantages such as light weight, high strength, and beautiful
appearance[1]. The US military has licensed carbon �ber reinforced Plastic(CFRP) for �ghters skinning[2].
The application of reinforced composite materials in military aircraft ranges from the tail and secondary
surface load-bearing components to the wing-level main load-bearing components to the main load-
bearing components with integrated structural and stealth functions. The above applications have fully
veri�ed the feasibility of using composite materials in military aircraft skins. At present, the composite
material usage of Airbus A350 has exceeded 50% of the entire fuselage material[3].

It was universally known that coating is one of the most effective ways to ensure the service life of
composite materials. However, the adhesion of the coating depends on the surface situation. The
compactness and smooth surface of the material caused by the special manufacturing process are
extremely detrimental to adhesion. No exception is aluminum alloy or titanium alloy skins. The purpose
of pretreatment is to remove the release agent between the mold and the substrate, so as to enhance the
adhesion[4]. Nowadays, mechanical grinding and manual sanding are still commonly used in many
airlines or enterprises. However, the problems of damaged skin surface and low removal rate cannot be
solved by traditional methods. Although it is possible to control emergencies during manual sanding, due
to human error or uneven force distribution, surface damage and residual coating on the metal skin can
cause negative adhesion to the repaired coating. Therefore, the pretreatment method of medium-soft
abrasive jet instead of manual sanding has been recommended by Boeing, which can effectively avoid
the shortage of manual sanding. The medium-soft abrasive has been de�ned as the hardness between
the resin-based material and the carbon �ber. A closed dust-free workshop equipped with precise
temperature and humidity control devices is used in the above work to ensure the effectiveness of the
coating.
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Abrasive Air Jet Machining (AAJM) is an unconventional processing technology[5], which has the
advantages of strong adaptability, no heat-affected zone, no stress, low processing cost and
environmental friendliness. It is widely used in the �nishing of precision parts. The erosion of traditional
abrasives (such as quartz sand (SiO2), silicon carbide (SiC), white corundum, etc.) can seriously damage
CFRP. The erosion of plastic particles on workpieces was �rst proposed by Robert[6] in 1985 and
recommended for the removal of aircraft coatings in the following year[7]. Subsequently, plastic media
with a Mohs hardness of 2.0-4.0 was approved by the US military in 1998, usually driven by dry air at 1.5-
4.0 bar. However, each of these methods proves that mechanical pretreatment is feasible, but not always
performed without damaging the substrate (including metallic substrate). Since then, various aspects of
solid particle erosion began to be studied by many scholars.

In terms of process parameters, the optimal value of process parameters has been studied by some
scholars[7-10]. The �ow characteristics of the micro-abrasive jets were studied by Fan et al. [11]. The
particle velocity was analyzed using particle image velocimetry (PIV) and the downstream correlation of
the jet was studied, such as jet expansion angle and instantaneous velocity. The effect of separation
distance, mixing ratio, carrier pressure, particle size and other parameters on material removal rate and
permeability was studied by Verma et al. [12] based on the erosion model. Li et al.[13] studied the effects of
different air pressure, particle mass �ow and drilling time on the evolution of micro-holes and blind holes
in glass. Particles are not the main factor of erosion as described by Neilson et al. [14], based on the study
of the effects of particle shape, particle velocity and angle of attack. The in�uence of PMB method on the
structure of composite materials was studied by Lennon and Mallon[15], and the in�uence of parameters
was observed through experiments. Regarding the erosion effect of abrasives on composite materials,
related research on epoxy resin was conducted by G. Tilly[16]. The results show that it causes pitting
corrosion and compression, and may be broken into fragments that are impacted by the initial particles,
thereby causing secondary damage to the initial impact point in the radial direction. Afterwards, a graph
of the hardness- erosion e�ciency of composite materials was drawn[17]. In recent years, a method using
response surface methods to establish a model for predicting the steady state erosion rate of
polyetherimide and its glass �ber composites was proposed by Avinash A. Thakre[18]. Studies have
shown that the maximum corrosion rate of these composites occurs at about 45-60°, and the semi-ductile
erosion behavior is demonstrated. The main mechanisms of erosion are ploughing, micro-cutting, crack
development and �ber exposure. However, there are few studies on jets for pre-treatment on aircraft skins,
and relatively few studies on erosion of composite fuselages.

In this paper, commercial amino thermosetting plastics are used as abrasives, and the research is mainly
carried out by experimental methods. The hardness of the abrasive meets the requirements of the Boeing
Company in this research. Firstly, the pretreatment erosion experiment is completed in the sand blasting
machine. A reciprocating mobile platform that can accurately control the traverse speed is equipped in
the system. The surface roughness, surface morphology, wettability and adhesion were used as research
indicators. Secondly, the optimal value of the pretreatment process was determined compared with
manual sanding, and the erosion mechanism was analyzed. This research can provide technical
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guidance for the pretreatment of composite aircraft skins to free up manual sanding and to promote the
development of aviation maintenance technology in China.

2 Experimental Details
2.1 Apparatus

The pretreatment erosion experiment were performed in a commercial sand-blasting chamber (JCK-
9060A, Sandblasting machine, Shang Hai, China). The working chamber size is
900mm×600mm×580mm, the required air source is 2~7 bar (kg/cm2), and the �ow rate is 0.8~1.0
m3/min. Nozzle diameter is ∅8 mm, bag �lter. The nozzle possess 6 degrees of freedom in the working
chamber, and the workpiece is clamped on the moving device at a controlled speed. The abrasive and air
are mixed in the nozzle. Fig. 1 shows the experimental device.

In this paper, the �ve-factor and four-level orthogonal design method with process obvious rapid and
accurate results are selected for pretreatment experiments. The detailed experimental condition is
summarized in Table 1.

Table 1 Detailed pretreatment experimental condition.

Pretreatment equipment JCK-9060A type abrasive jet machine tool

Nozzle material Boron Carbide (B4C)

Nozzle dimension(dN) Ø8mm×Ø20mm×35mm

Abrasive size (mesh size) 60-20 (250μm-850μm)

Compressed air pressure (MPa) 0.2-0.65

Distance between nozzle and

workpiece surface(mm)

2dN-8dN

Impacting angle 30°-90°

Traverse speed (mm/s) 4-16

2.2 Abrasive and CFRP

In this experiment, an amino thermosetting plastic was used to prepare abrasive. The plastics have the
properties of self-extinguishing, anti-poison, water resistance, arc resistance, heat resistance, easy
coloring, good electrical insulation, etc. Mohs hardness 3.5-5. The novel preparation process of plastic
abrasives is given in detail in Zhu’s[19] paper, which not repeat them. The key performance indicators of
abrasive are shown in Table 2. It is worth mentioning that in order to regulate the mechanical properties
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of abrasive, elemental components such as calcium and barium are added during the production
process.

Table 2 Key property indexes of the abrasive.

Hardness (Mohs hardness) 3.5-5.0

Impact strength (kJ/m2) <7

Bulk density (g/cm3) 1.4–1.6

Water absorption (mg) <200

Martin heat resistance (℃) <120

The unidirectional T700-12K continuous epoxy base CFRP (Laying method [0°/90°/0°/90°], carbon �ber
diameter is 7 μm, and carbon cloth is 150 grams weight (Toray, Japan)) were supplied by Nantong
Junzhang New Material Technology Co., Ltd., China., and the length, width and height of the laminate are
550mm×550mm×2mm. Properties of CFRP composites are given in Table 3. Bending performance,
tensile performance and �at compression properties of CFRP was tested on the universal testing machine
(UTM 4000) by Shanghai Institute of Metrology and Testing Technology according to GB/T 3356-1999,
GB/T 3354-1999, GB/T 3856-2005 technical speci�cations. The samples with 65mm×45mm×2mm and
150mm×70mm×2mm in dimension were machined and tested.

Table 3 Properties of continuous carbon �ber reinforced plastic composite.

Sample Tensile Strength(MPa) bending strength(MPa) compressive strength(MPa)

CFRP 1982.8 1587.4 Vertical:902.4

Horizontal:133.4

2.3 Skin primer

CFRP skin primer adopts S06-12 polyurethane primer and curing agent according to the proportion (mass
ratio) of 38:9 uniformly mixed, and the two-component polyurethane primer coating is allowed to stand
for 2 minutes. The pretreated substrate sample must be scrubbed with acetone (or alcohol) before
coating. Use high-pressure air spray gun to paint according to the normal process. The nozzle diameter is
1.2 mm, the pressure is 0.36 MPa, and the painting work is completed in the oil-based spray paint
cabinet. Spray two steps uniformly during the coating process, the thickness of the primer is about 30
μm, and the adhesion test needs to stand at room temperature for 7 days after the coating is completed.
All the above work is done by professional technicians in Changzhou CNOOC Environmental Protection
Coating Co., Ltd..

2.4 Measurement
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The surface morphology of the samples was observed with a JEOL-JSM-6360 scanning electron
microscope (SEM). The surface roughness Sa was measured by MICRO XAM1200 3-D optical pro�ler
produced by Kla Tencor, Inc., Beijing, China. Take the average of three measurements. Relying on the
preparation of military aircraft paint samples provided by CNOOC Changzhou Environmental Coatings
Co., Ltd., skin coating painting and adhesion tests were carried out according to the national standards
"Paints and varnishes—Pull-off test for adhesion"(GB/T 5210-2006), "General requirements for painting of
military aircraft"(GJB 4439-2002) and other standards(GJB 385A-1996, GJB 386-1987), and adhesion is
the protagonist.

3 Results And Discussion
For a long time, manual sanding has been the most common method for pretreatment in aviation,
automotive, and anti-erosion �elds. Of course, smart sanding machines have been used by many foreign
companies. Preventing the exposure of carbon �ber �laments as much as possible (non-destructive) is
the original intention of this research and needs to be emphasized. Therefore, manual sanding is used as
a "standard", although manual sanding can cause damage to the substrate. In other words, the test
results of this study are compared with manual sanding, because the CFRP is commonly processed by
manual sanding.

3.1 Roughness

The main in�uencing factors in the adhesion between the coating and the substrate is the surface
morphology. The initial purpose of particles eroding the surface of CFRP is to remove the release agent
rather than to change the surface condition, but uneven morphology has a positive effect on adhesion.
The "boundary conditions" of prevent carbon �ber damage are set in the pretreatment process. It is more
di�cult to remove the release agent because the thickness is only tens of microns. The precise operation
is due to process control. There are many models for roughness analysis, including various processes,
such as injection pressure and impact angle. Some are obtained through regression analysis, or erosion
rates. The roughness model was analyzed according to the Ref. [20].

Where it can be found that erosion is affected by many factors, involving nozzle diameter(D), standoff
distance(S), impact pressure(P), traverse speed(u), impact angle(α), and material properties of abrasive
and workpiece, such as average diameter of abrasive particle(d), velocity of abrasive particles(v),
abrasive density(ρa), elastic modulus of workpiece(E), workpiece hardness(Hw), workpiece density(ρw).
Others are expressed as constants. There are also some default factors, such as nozzle diameter. It is
ignored in this article because it is a supporting device. The roughness inspected by the 3-D optical
pro�ler is shown in Fig. 2. The roughness Sa was measured as 0.343 μm, 2.548 μm, 0.838 μm and 1.605
μm in order from Fig. 2(a)-(d), respectively. Obvious impact pits and plough marks were observed due to
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particle erosion. However, the release agent is left in areas that are not eroded by the particles. The
adhesion of the paint is affected by poor removal conditions. The results of this study are similar to the
Ref. [20].

The test results show that the poor removal effect is caused by the smaller impact pressure, as shown in
Fig. 2(a). Compared with other pressures, elastic impact is mostly displayed except for the areas where
plastic deformation occurs. The same appears in other impact pressures. And these plastic deformation
craters are exhibited due to the impact of larger particles. However, the discontinuity of the impact crater
is due to the longer particle travel (large impact distance) and faster transverse velocity. Therefore, impact
can be ignored under normal erosion and low pressure conditions. The smoothness is maintained and
most of the release agent remains. Even if the particle travel distance is large, the traces of the plough are
shown in Fig. 2(b) at extremely low traverse speed. This is due to the oblique erosion with an erosion
angle, the increase in impact pressure and also due to the smaller particle size. However, not all normal
erosions are bad, and not all oblique impacts are good. This view is proved in Fig. 2. (C) and (d). The
plough was shown under normal impact and a low lateral speed, but the plough was lonely and did not
spread in Fig. 2(c). This is attributed to the uneven distribution of particles in the jet due to the larger
particle size. The unsatisfactory erosion is shown in Fig. 2(d), which is attributed to the larger lateral
velocity, but other conditions are ideal, including oblique impact with erosion angle, larger impact
pressure and smaller particle size. The in�uence of these parameters corresponds to the Eq. (1). In
summary, a more ideal surface is shown in Fig. 2(b). Although the surface roughness Sa is too large, the
release agent is basically removed and can be observed from the �gure. The particle erosion effect is
bene�cial to adhesion. In addition, the continuous surface favorable for adhesion is determined, and the
erosion process is strictly controlled. The average roughness is about 2 μm.

3.2 Mechanism

The surface morphology and state due to the process has been reviewed in detail. The erosion
mechanism will be analyzed in detail in the following process. The erosion rate of CFRP is shown in Fig.
3. The sketch diagram of erosion mechanism and SEM morphological analysis are shown in Fig. 4 and 5,
respectively.

The carbon �ber bundle is wrapped by epoxy resin, and the release agent near the nozzle on the surface
of the workpiece is eroded when the abrasive hits the workpiece. Erosive wear of abrasive is a typical
wear mode, which is the material loss caused by repeated impact of �ne solid particles[21]. The research
results of many scholars have been summarized, there is two types of erosion wear, brittle erosion to
remove material formed by cracks generation and extension, and ductile erosion to remove material from
micro-cutting and ploughing. This difference depends on the erosion rate (ER) as a function of impact
angle[22]. Brittle erosion has been proved by some scholars[18,22,23] under particles eroded on
thermosetting polymer; plastic (semi-ductile) erosion has been proven by other scholars[24-27]. The
maximum erosion rate of plastic erosion is achieved at an erosion angle of 30°, brittle erosion occurs at
90°, and semi-ductile erosion occurs at 50-70°. Until now, there is no precise statement about the polymer
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corrosion mechanism, because particle erosion has a strong dependence on material properties and
different experimental conditions. The maximum erosion rate occurs at 50-70° under impact pressures of
0.32 and 0.38 MPa in this study (Figure 3).

The specimens were eroded for 0.5 min at different impingement angle and impact velocity and each
time the weight loss (Δw) was measured after machining. This procedure was repeated for 5 times for a
total exposure time of 2.5 min until the erosion rate attains a constant steady-state value. The erosion
wear rate (Er) in g/g was calculated as per the following formula:

Where Δw is the mass loss of CFRP in g, and we is the initial mass of CFRP in g. It should be noted that
the erosion rate is calculated through the mass loss in the experiment. Compared with large angles,
tangential erosion plays an important role in cutting and ploughing under low angle erosion conditions.
This view is fully proved by Zhao et al.[28]. The particle erosion mechanism of CFRP is shown in Figure 4.
Includes two modes: elastic fatigue erosion and ductile erosion. Among them, ductile erosion includes
three form: micro-cutting and ploughing, accumulation into "ridges" and large pieces falling off. A large
piece fell off described here can be roughly understood as brittle erosion, because no better explanation
has been found, but it actually exists(Figure 5 (a)).

However, ductile or brittle erosion mechanism is not absolute because smaller particles tend to make the
material removal behaviour more ductile[29], and the AFWAL-MLBE E glass-epoxy composites exhibited
semi-ductile erosion behavior[30]. The obvious groove traces can be seen in Fig. 2(b) and (c), which are
caused by particle sliding, micro cutting and ploughing. There are “�sh scales” with ductile erosion, �ake
accumulation and plough marks can be seen from Fig. 5(b-f), which illustrates the plastic deformation
that occurred during the impact. Finnie[31] �rst proposed the micro-cutting wear mechanism. The particle
wedging into the surface is caused by the vertical partial velocity, while the particle sliding along the
surface is caused by the tangential partial velocity. The "plough" effect is caused by the combination of
speeds in two directions [32]. Material removal is caused by the shear action and the micro-cutting of the
particles at high traversing speed on the solid surface. The resin matrix impacted by the particles is
considered to be in a semi-ductile cutting state when the particles come into contact with the material at
a large angle or strike vertically. Hutchins et al.[33] elaborated on this point of view. The erosion
mechanism is a process in which sheet-like wall materials are continuously generated and disappeared
on the surface of the material. These uplifted ridges and lip-shaped sheets have been repeatedly hit by a
large number of particles for a long time, and the plastic deformation layer is gradually peeled off and
removed[33,34]. The ideal preprocessing state is shown in Fig. 5(d), close to 90% of the epoxy resin layer is
peeled off by impacting. Seven intact carbon �bers were exposed to the scanning electron microscope,
and the others were tightly wrapped in epoxy resin. However, individual "fragments" were exposed on the
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washed-out surface. Nevertheless, the pretreatment effect is better. Despite the "boundary conditions" set
above, the carbon �ber damage cannot be avoided in the experiment.

It can be seen from Fig. 5(a) and (f) that about 90% of the epoxy resin layer is not removed, and the
impact pressure is the main factor determining the kinetic energy (velocity) of the particles. Regardless of
the combination of larger impact pressure and small particle size, or the combination of smaller impact
pressure and large particle size, it is impossible to completely remove the epoxy resin due to the
dispersion of particles, which is affected by the larger traverse velocity, but the particle impact area will
have a obvious effect on the surface layer. The occurrence and propagation of cracks in the impact zone
may provide evidence for the brittle mechanism. Not only did the crater appear after the impact, but also
pitting and scratches. In addition, the epoxy resin was dropped from the �ber surface in the severe impact
area (A large piece fell off). This phenomenon is undesirable because it is most likely caused by the low
bonding of the polymer to the �ber. These invisible debonding can cause skin failure. Compared with
Figure 5(d), the impact effect is worse.

Erosion of abrasive is a complex phenomenon during jet machining. It cannot be summarized as one or
several erosion mechanisms. Taking into account the in�uence of substrate characteristics, this process
coexists with one or more erosion mechanisms. In general, the essence of particle erosion is energy
exchange. Based on the above analysis, the �sh scale fragments, scratches, pitting and ploughing show
that ductile erosion and elastic deformation are exhibited under the process. The occurrence and
propagation of cracks (lateral or longitudinal), the peeling of epoxy group from �ber, and the fatigue
impact of surface particles all indicate the possibility of brittle erosion. In order to provide more support,
more in-depth research is needed. Fully consider that the maximum erosion rate occurs at 60°, the semi-
tough erosion mechanism is demonstrated by the particle impact CFRP.

3.3 Wettability

The wettability of a solid surface can be described by observing the shape of a drop deposited on the
surface. A surface having a high wettability tends to allow the drop to spread over a relatively wide area
of the surface, thereby wetting the surface. For a surface with low wettability (hydrophobic), the liquid
tends to retain a spherical shape[35]. As mentioned in the previous two sections, the CFRP laminate
surface properties is changed by the particle erosion, in other words, the surface wettability of the
workpiece is changed by particle erosion. The contact angle is used to characterize the wettability of the
solid surface, which is the angle formed between the liquid–solid and the liquid–vapor interfaces. The
ideal surface wettability promotes liquid molecules to repel each other on the solid surface through
capillary forces, thereby in�ltrating the solid surface. In general, the contact angle on a smooth surface
will be greater than π⁄�, indicating that the liquid will not wet the surface and the liquid will keep the
droplet. However, the eroded surface is uneven, with obvious peaks and troughs, and the contact angle of
the liquid surface is less than π⁄�, which means that the liquid is easy to wet the surface. Therefore, it is
necessary to improve the surface energy in this study in order to increase the adhesion of the coating.
The contact angle[36] is given by



Page 10/22

where θeq is the equilibrium contact angle, and subscripts indicate the corresponding interfaces. The
untreated laminate with a surface roughness Sa of 188nm is shown in Fig. 6(a), and the manual sanding
with a surface roughness Sa of 978nm is shown in Fig. 6(b). The manually sanded samples are quali�ed
by test of Water �lm continuous test. The continuous ability of the water �lm is re�ected by the contact
angle of the droplet penetration. The droplet contact angle was measured by the JC2000DM penetration
angle measuring instrument (produced by Beijing Zhongyi Kexin Technology Co., Ltd.), and then the
surface energy was calculated. In contrast, the surface has better wettability and wider droplet spreading
(Fig. 6(b)) under the manual sanding, while the droplets remain hemispherical without pretreatment in
Fig. 6(a). Compared with untreated, the surface wettability is better after manual sanding. The average
contact angles are 82.25° and 73.8°, and the surface energy is about 35.598 mN/m and 38.664 mN/m for
untreated laminates and manual sanding, respectively.

The effect of impact pressure and impact angle on surface energy is shown in Fig. 7. Generally speaking,
the wettability of small angle impact is usually better than that of large angle, which is attributed to the
more obvious tangential ploughing effect on the surface under small angle erosion. It is detected that the
surface energy decreases with the increase of the angle and then increases again under the larger impact
pressure. Supports a better impact effect under plough or normal impact. On the contrary, the peak of the
surface energy appears at the middle angle under a small impact pressure. The kinetic energy of micro-
cutting erosion at a small angle mainly depends on the initial speed of the particles. When the impact
angle is 30°, the surface energy is forced to increase due to the increase in erosion pressure. It is worth
mentioning that the surface energy reaches its peak in the experiment at an impact pressure of 0.6MPa
and an impact angle of 30°. This peak may be attributed to the strong plough action of the particles with
enough kinetic energy. The better surface energy appears at 50-70°, when the impact pressure is 0.3-
0.4MPa. The idea that normal impact is not the most ideal condition is again proved by experimental
data. It is also con�rmed that the normal erosion has little effect on the release agent in section 3.1.
Further analysis, the surface energy curve also veri�es that the good surface energy is attributable to the
ideal surface morphology (Figure 5(d)). In particular, the surface energy of the manually sanded sample
is represented by a red horizontal dashed line. It can be seen that the surface energy value is expressed
when the erosion angle is 50°, which is similar to manual sanding. The pretreatment by particle erosion is
reasonable and veri�ed by experimental data.

3.4 Adhesion

The reason why water droplets are used for continuous water �lm testing is that polyurethane coatings
have the same wettability as water droplets. The two-component polyurethane coating and adhesion test
of CFRP skin were provided by Changzhou CNOOC Environmental Coating Co., Ltd. According to the
standard (GB/T 5210-2006), the pull-out test of coating adhesion is shown in Fig. 8(a) by the digital
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display automatic adhesion tester (Positest-ATA-20A, DeFelsko Corporation, New York, USA. The test
range is 0.7-24 MPa, the resolution is 0.01 MPa, the accuracy is ±1% of full scale, and the standard
aluminum dollies diameter is 20 mm). Before the adhesion test is performed, the coated coating must be
allowed to stand at room temperature for 7 days. The sticky area of the dollies needs to be sanded with
400 grit sandpaper. The dollies has been bonded to the coating surface using a two-component epoxy
resin adhesive.

During the test, the adhesion is de�ned as the shearing force of the dollies being pulled out of the primer.
The adhesion test results are roughly divided into three types: cohesive fracture (within a layer), adhesive
fracture (between layers) and glue failure (coating/ glue). The results of the experiment should be
attributed to the primer adhesive fracture in Fig. 8(b). Because the black substrate can be clearly seen.
Each test piece was tested twice and the adhesion was average.

The adhesion curves of impact angle, impact distance, lateral velocity and particle size as a function of
impact pressure are shown in Fig. 9. In particular, the adhesion test value after manual sanded is
represented by a horizontal line. The study showed that the best adhesion did not appear under the
maximum impact pressure. The surface state of oblique impact does not play a decisive role in the
adhesion of the experiment. Because the adhesion of normal impact is better than that of oblique impact,
under the maximum impact pressure (Fig. 9(a)). Therefore, it is preliminary inferred that the mechanical
interlock has little effect on adhesion. However, the better value of adhesion appears at an impact angle
of 50-70° and an impact pressure of 0.4-0.5 MPa. The judgment about the better surface condition in
section 3.2 is correct, as shown in Figure 5(d), which is proved by above view. Similarly, better adhesion
occurs in large-angle erosion, rather than normal erosion. It can be seen from Fig. 9(b) that the erosion
distance (particle running time) shows a trend of �rst increasing and then decreasing under the in�uence
of increasing impact pressure, except for 48mm. In fact, the surface is caused more obvious damage in
the smaller particle erosion distance. Because the smallest erosion distance leads to the best adhesion. It
shows that the in�uence of erosion distance on adhesion is not dominant. But it can be determined that
the adhesion is relatively poor at the lowest impact pressure. The impact distance effect is not obvious, at
the maximum impact pressure.

The traverse speed in Fig. 9(c) determines the number of particle impacts per unit time. This is a
mathematical statistics problem. As mentioned above, the material is removed due to repeated impacts
of many particles. The erosion of the particles is continued at a reasonable traverse speed, which is
bene�cial to the surface morphology and adhesion. Although the average diameter of the impact site of a
single abrasive is about 1/10 of the average particle size[37]. The particle size does not seem to be
important. However, the erosion mechanism is fatigue shedding due to the impact of a large number of
particles. The stable erosion is attributed to the smaller particle size in Figure 9(d).

The wettability and surface energy (adhesion) are more prominent when the pressure is higher (excluding
normal erosion), in the above analysis of surface morphology and wettability. Polyurethane coatings and
epoxy resins are similar high molecular polymers with the same functional groups. Intermolecular
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hydrogen bonds are more conducive to changes in surface morphology (increasing contact area).
Adhesion is more helpful under the additional "mechanical interlock". Of course, the premise for this
research to be meaningful is that the substrate is not damaged (the carbon �ber is not damaged).

The protection of the skin is more effective in improving the adhesion of the coating. However, the skin
coating is necessary to maintain and repair after a period of �ight. This work needs to be considered and
executed for ground service engineers. Too strong adhesion caused unnecessary trouble during
maintenance and repair of damaged coating. Improving the adhesion of the CFRP skin coating and
extending the service life without damaging the substrate are the original intentions in this research, but
maintenance and repair of damaged coatings should also be considered. This is also the di�culty in this
research.

4 Conclusions
An experimental study of erosion CFRP with amino thermosetting plastic particles is presented in this
paper. Compared with traditional paint stripping, it is more suitable for CFRP skin coating to use the
method in this article. The ideal state of adhesion is that the surface energy with a wetting angle of 70° is
38 mN/m. The carbon �ber �laments are exposed and damaged when the impact pressure is greater than
0.4 MPa. The results show that the ideal process conditions are P=0.36 MPa, H=64 mm, θ=70°, v=8
mm/s and the particle size is 40-50 mesh. Semi-ductile erosion is the erosion mechanism studied in this
paper. Amino thermosetting particles have broad development prospects due to the advantages of
multiple recycling and environmental friendliness. This research laid the foundation for follow-up
research and provided guidance for the pretreatment of aircraft CFRP skins.
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Figures

Figure 1

Schematic diagram of experiment device (a) and control system (b).
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Figure 2

3D topography of different impact pressures when (a) 0.3MPa, (b) 0.4MPa, (c) 0.5MPa and (d) 0.6MPa.
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Figure 3

Erosion rate as a function of impact angle.
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Figure 4

Two types removal modes for particles impact workpiece: (a) elastic impact modes; three different forms
in ductile erosion modes (b), (c) and (d).
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Figure 5

SEM morphology of solid particle erosion CFRP.
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Figure 6

Sample of CFRP laminate, untreated (a) and manual sanding (b).

Figure 7

In�uence of pressure and angle on surface energy.



Page 22/22

Figure 8

Coating adhesion test process (a) and results (b).

Figure 9

shows the adhesion curve of (a) impact angle, (b) impact distance, (c) traverse speed, and (d) particle
size as a function of impact pressure.


