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a b s t r a c t

Complex degradation processes occur during synergistic aging of polymers and Polymer Matrix Com-
posites (PMCs) by UV radiation and water condensation at elevated temperatures. The damage is asso-
ciated with the formation of surface micro-particles and their subsequent removal by slowly moving
water. The particle removal significantly accelerates the overall degradation process of the materials [1].
In this research, hydrodynamic effects have been analyzed to explain removals of micro-particles from
polymeric materials affected by synergistic aging by UV and water. Viscous shear stresses generated by
slowly moving water were determined on polymer surfaces as a function of surface morphology, flow
rates, and volumetric forces. Subsequently, a new micro-particle removal mechanism was suggested by
comparing the adhesion forces calculated using the Johnson-Kendall-Roberts (JKR) model and the
Hamaker approach with the drag forces created by slow water flows. In the experimental part, the
particle removal mechanism has been verified on an inclined unidirectional glass/epoxy surface with
randomly distributed epoxy particles subjected to a gravitational flow of water. It has been shown that
the movement of polymer particles on polymer/composite surfaces depends very strongly on particle
sizes, water velocity and surface morphology. The research presented in this study clearly explains why
polymer and GRP degradation by UV in the presence of occasional slow water flows is much faster than
just by the individual exposure to UV radiation reported in Ref. 1.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental aging and degradation of polymers and Polymer
Matrix Composites (PMCs) is a well-known phenomenon. It affects
the above materials when exposed to a variety of environmental
conditions [1e8] either individually or in combination. Current
research on this topic, however, is usually limited to one individual
degradation factor such as UV light, elevated temperature, water
diffusion, acid exposure and others [2e5]. Very few studies have
concentrated on synergistic aging under multiple degradation
conditions [6e9]. One of them has been recently completed on the
environmental degradation of a group of unidirectional glass fiber/
polymer composites subjected to combined UV, moisture conden-
sation and elevated temperatures as a function of time [1]. Strong
synergistic aging effects were observed when six different GRP
composites with E-glass and ECR-Glass Fibers embedded in
polyester, vinyl ester, epoxy and polyurethane resins were sub-
jected to cyclic UV radiation/water condensation conditions at
elevated temperatures (Table 1 [1]). Aging cycles, consisting of 16 h
of UV exposure at 80 �C followed by 8 h of water condensation at
60 �C for 1000 h, resulted in a significantly higher rate of aging than
under the long term sequential aging by UV for 1000 h at 80 �C
followed by water condensation at 60 �C for another 1000 h.

The synergistic combined cyclic aging resulted in noticeable
material weight reductions, whereas the sum of the individual
exposers to UV and water resulted in clear weight gains (Table 1).
The sequential long term individual UV and water aging of the
composites was dominated by water absorption by the materials.
The UV and water cyclic aging was dominated by the UV damage
to the polymers of the composites accelerated by particle
removal (cleaning) from the surface of the composites and indi-
vidual polymers by slowly moving water (see Fig. 1, Ref. [1]). It
has also been observed in Ref. [1] that under the combined UV/
water condensation conditions the main role of water is to
remove the particles generated by UV (Fig. 1(a)) from the com-
posite surfaces and to expose the underlying virgin polymer to
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Table 1
Total weight changes with standard deviations for six different GRP composites (A-F) tested in Ref. [1] individually under UV for 1000 h at 80 �C followed by water
condensation at 60 �C also for 1000 h (Individual Exposures) and under combined 16 h of UV exposure at 80 �C followed by 8 h of water condensation at 60 �C for 1000 h (Cyclic
Exposures).

Composites Sum of Individual Exposures (%) STD Cyclic Exposures (%) STD

A 0.0471 0.0029 �0.1060 0.0314
B 0.0641 0.0131 �0.1030 0.0050
C 0.0038 0.0016 �0.0889 0.0091
D 0.0126 0.0060 �0.0187 0.0040
E 0.0017 0.0028 �0.0760 0.0086
F 0.0734 0.0049 �0.0823 0.0056

Fig. 1. SEM images of an ECR-glass/epoxy composite after (a) UV radiation for 1000 h at 80 �C and (b) after combined 16 h of UV exposure at 80 �C followed by 8 h of water
condensation at 60 �C for 1000 h [1]. The samples were vertically located in a UV chamber and moisture condensation created low velocity water movements on the composite
surfaces purely by gravity.
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the next UV cycle (Fig. 1(b)).
According to the damage hypothesis made in Ref. [1], the UV/

water flow aging model consists of two consecutive stages
including: Part (A) UV radiation damage formation on polymer
surfaces and Part (B) cleaning UV damage on polymer surface by
moving water (Fig. 2). In this research, hydrodynamics effects are
added to the degradation study in Ref. [1] to explain in detail the
accelerated aging under the cyclic UV/water condensation situa-
tion. In particular, the briefly described particle removal model in
Ref. [1] is greatly expanded, experimentally verified, and then used
to determine the manner micro-polymer particles are moved by
slowly moving water on UV damaged polymer and GRP surfaces.

The UV/water synergistic aging model is based on the following
main assumptions:

� No water absorption or diffusion occur during condensation
exposure.
Fig. 2. Material is exposed to the UV radiation (a), then small particles are f
� Water does not react with the polymer.
� Water flow velocity is low.
� Water is accelerated by the gravity alone.
� The particles are spherical in shape and perfectly smooth.
� The substrate is also perfectly smooth.
� Micro-particles are distributed on the surface as a monolayer
and subjected to laminar flows.

� Only adhesion forces between particles and the surface are
considered; interactions between particles are neglected.

� Additional less important assumptions will be added to this
research.
2. Interaction of particles with substrates

It is known that particle adhesion and detachment depend on
many factors such as particle and surface material properties,
ormed on the surface, which are then washed away by water flow (b).
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particle shape and morphology, contact area, and surface rough-
ness [10e12]. To simplify this potentially complicated problem, all
of the particles in Ref. [1] and in this work are assumed to be
perfectly smooth and spherical. In addition, the effects of gravity
and buoyancy are relatively small for micro-scale particles and are
neglected [13]. Also, for many microscopic particle systems the
electrostatic double layer forces are insignificant compared to the
van der Waals forces when the particles and surface are the same
material and in contact [14]. Moreover, since the particles are
assumed to be constantly immersed in water, capillary forces were
also neglected. Therefore, the adhesion forces acting on the parti-
cles considered in this research are mainly determined by the Van
der Waals forces.

H.C. Hamaker [15] employed the concept of the London-Van der
Waals interaction between molecules for the attraction between
two spherical macroscopic bodies. If the diameter of one sphere is
allowed to approach infinity, the Hamaker equation (Eq. (1))
[13,16,17] can be used for the case of a sphere adhering to a flat
surface.

F ¼ AHd
12z20

(1)

where F is the adhesion force, AH is the Hamaker constant, d is the
particle diameter, and z0 is the particle-surface separation distance
at contact, which is generally assumed to be the equilibrium
spacing in the Lennard - Jones potential equal to 0.4 nm [14,18]. It
can be seen, however, that Hamaker's method does not consider
the contact area between particles and flat surfaces. To determine
the total force including the Van der Waals force and the force
acting on the contact area, Eq. (2) has been adapted [19e21].

F ¼ AHd
12z20

�
1þ 2a2

z0d

�
(2)

where a is the radius of the contact area between the particle and
the flat surface. The contact radius depends on the physical prop-
erties of the materials involved. These properties determine
whether the particle or the surface will deform, which could be
calculated using Eqs. (3)e(6).

Johnson-Kendall-Roberts (JKR) developed amodel that included
the effect of adhesion forces on the deformation of an elastic sphere
in contact with an elastic half space [22]. Accordingly, the contact
radius in the model is given in Eq. (3) [21,23,24]:

a3 ¼ d
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where K is the composite Young's modulus, P is the external force,
and WA is the thermodynamic work [21]. K is given by Eq. (5) in
which y1 and y2, E1 and E2 are Poisson's ratios and Young's moduli
for the particle and the sample surface, respectively [10,22,23]. In
this research, the particles and supporting substrates were
assumed to be of the same material; therefore, y1 ¼ y2 and E1 ¼ E2.
The contact radius for a zero external force P in Eq. (2) can be easily
derived from Eq. (3), and the simplified result is given by Eq. (6).
a ¼
�
3pWAd2

2K

�1=3

(6)

The Derjaguin-Muller-Toporov (DMT) model [25] is an alterna-
tive model for adhesive contact problems which assumes that the
contact profile remains the same as in the Hertzian contact but has
additional attractive interactions outside the area of contact. Ac-
cording to the DMT model, the contact radius for a zero external
force is given in Eq. (7) [26].

a ¼
�
pWAd2

2K

�1=3

(7)

The JKR model is appropriate for soft, highly deformable parti-
cles such as soft polymers adhesively bonded to soft surfaces. In
case of hard, less deformable particles and substrates, the DMT
model should be applied [17,26]. David Tabor [27] showed that the
JKR and DMT approaches were the extreme cases of a single theory
parameterized by the Tabor coefficient (m) defined in Eqs. (8) and
(9)

m �
"
RðDgÞ2
K2 � z3o

#1 =

3

(8)

Dg ¼ 2g (9)

[28] where R is the radius of the particle, g is the surface energy of
the material, and Dg is the work of adhesion. According to Tabor,
when the coefficient m[1, the JKR model should be adapted.
However, when the coefficient m≪1, the DMTmodel should be used
[29].

3. Particle removal by hydrodynamics

The characteristic features of photolytic damage is the formation
of small micro-size particles on the surface of a glass fiber/polymer
composite (Fig. 1(a)). Under combined UV/water flow conditions,
thesemicro-size particles are subsequently removed by the flowing
water (Fig. 1(b)) [1]. Here, we assume that the drag force (i.e.
viscous shear stress) caused by water flow plays a primary role in
the particle removal process. When the viscous shear stress is
sufficiently large, UV generated micro-particles will be removed
from the surface and expose a fresh undamaged layer to the next
UV cycle. According to [20,21], when a stream of fluid passes over a
surface with distributed particles, drag forces, lift forces, and
external moments of surface stresses are generated. These forces
are dependent on the flow conditions, particle conditions and the
conditions of the substrate. In this work, Surface roughness is
neglected to simplify the model.

Based on [20], there are three potential particle removal
mechanisms by water flow: lifting, sliding, and rolling; as shown in
Fig. 3. The criteria for particle removal by the mechanisms are
derived from the equilibrium equations; see Eqs. (10)e(12). The
lifting criterion is derived from the force balance in the vertical
direction through Eq. (10). The sliding criterion is derived from the
force balance in the horizontal direction according to Eq. (11). The
rolling criterion is derived from the moment balance described by
Eq. (12).

Fl � Fa (10)

Fd � usðFa � FlÞ (11)



Fig. 3. Particle removal mechanisms in laminar flow: (a) lifting; (b) sliding; and (c) rolling.
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T þ Fl � aþ Fd �
d
2
� Fa � a (12)

where us is the coefficient of wet friction, which was assumed to be
0.01. T is the hydrodynamic moment, Fl is the lifting force, Fd is the
drag force, Fa is the adhesion force, a is the contact radius of a
particle, and d is the diameter of a particle.

The viscous shear stresses resulting from a pressure difference
across the particles are evaluated in this study numerically using
COMSOL [30]. The lift forces resulting from a gradient in the shear
flow are given in Eq. (13) [31].

Fl ¼ 81:2ðd=2Þ3 1ffiffiffiffiffi
my

p t3=2 (13)

where y is the kinematic viscosity, t is the shear stress and m is the
dynamic viscosity. Dynamic viscosity, also known as absolute vis-
cosity, is a measure of the fluid internal resistance to flow, while the
kinematic viscosity is a ratio of the dynamic viscosity to density,
y ¼ m/r.

The drag forces can be estimated using the viscous shear stress
in Eq. (14) [30]. The moment of the surface stresses is given by Eq.
(15) [20].

Fd ¼ 8:014d2t (14)

T ¼ 0:943993,2pmd2Vp (15)

where the constant 0.943993 accounts for the effect of the surface
on the moment [32,33] and Vp is the fluid velocity at the center of
the particle (0.01 m/s).
4. Simulation of hydrodynamic effects on flat and wavy
surfaces

In our previous UV/water condensation research [1] the samples
were positioned perpendicular to the ground and the water flow
was driven solely by gravity. Hence, the velocity of the water flow
was slow (0.01 m/s) and the thickness of the water layer on a
composite surface was assumed to be 0.5 mm. The dynamic vis-
cosity of water at 25 �C, m, was taken as 8.9 � 10�4 Pa s and its
density, rw, was assumed to equal 1000 kg/m3. The volumetric
force, g, was assumed to be 9.8 m/s2. The open boundary condition
was assumed on the water surface in the numerical simulations
using COMSOL.

According to [34] the distribution and the magnitude of viscous
shear stress are affected by the surface morphology, flow velocity,
and the slope of a surface. Under the same water flow rates and
volume forces, the distribution andmagnitude of viscous stress will
be different when different amplitudes and frequencies of wavy
surfaces are assumed. This effect could be important on GRP sur-
faces with large amounts of surface fibers. For the same frequency
in the sine function but different amplitudes, water flow velocities
and viscous shear stresses were obtained in Fig. 4 and Fig. 5 for
0 mm, 0.02 mm, and 0.2 mm surface amplitudes.

It can be noticed in Fig. 4 that the flow velocity is slightly
affected by the amplitudes of sinusoidal surfaces. The maximum
flow velocity on the flat surface in Fig. 4(a) was found to be 0.34 m/
s, which then decreased to 0.32 m/s on the rough surface in
Fig. 4(c). In addition, the average viscous shear stresses of these
three different surfaces (Fig. 5) were found to be 1.87 Pa,1.59 Pa and
0.55 Pa, respectively. It can also be observed in Fig. 4 that when the
amplitude of the wavy surface profile increased from 0 mm to
0.2 mm, the maximum viscous shear stress increased almost three
times, the average viscous shear stress decreased three times, and
the minimum viscous shear stress decreased from 0.5 Pa to around
zero. Therefore, when the surface roughness increases, the average
viscous shear stress decreases affecting negatively the efficiency of
particle removal.

A steadily decreasing viscous stress on a flat surface and sig-
nificant oscillations of the viscous stresses on a sinusoidal sample
surface can be noticed in Fig. 5. The decrease in the shear stress in
Fig. 5(a) was caused by a decrease in the gradient of the velocity of
water flow as it gained distance in water flow direction (du/dy is
decreasing in Eq. (16)). It can be seen in Fig. 5(b) that there are
periodic oscillations in the viscous stresses on the polymer surface
caused by the initial surface configuration affecting streamlines.
Streamlines are the curves that are instantaneously tangent to the
velocity vector of the flow. In Fig. 6(a) the streamlines follow the
solid wavy interface in the valley locations. However, in Fig. 6(b),
the streamline configuration rapidly changed to closed circles in-
side the valleys, which was caused by an increase in the roughness
of the surface. Clearly, under certain circumstances, surface profiles
of a sample can rapidly influence the streamline configuration
drastically changing water flow and affecting particle removal.

According to the viscous stress distribution along the interface
in Fig. 7, locations can be found with the maximum and minimum
viscous stresses, respectively. The bottom of the valley exhibits the
maximum viscous shear stresses because of a rapid increase in the
shear water velocity (du/dy) (Eq. (16)) caused by a decrease of the
path area due to the elevated surface profile at that location
(0.24 mm). Similarly, slightly over the peak (0.41 mm), the water
shear velocity decreases rapidly because an increase in the flow
path area leads to a low-pressure conditionwhich eventually forms
a minimum shear stress.

t ¼ m
du
dy

(16)

The effect of the volumetric forces is shown in Fig. 8. The volume
force equals the gravity when a sample is positioned perpendicular



Fig. 5. Viscous stresses along three surfaces with three different surface profiles: flat (a), sinusoid low amplitude (b) and sinusoidal large amplitude (c).

Fig. 4. The effect of surface morphology on water flow velocities for 0 mm, 0.02 mm, and 0.2 mm surface amplitudes all with a frequency of 20 1/s.
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to the ground (90�). However, when the surface is inclined at 45�,
the volume force is 0.707 g. Comparing the data in Fig. 8 for the 90�

and 45� inclined surfaces, the average shear stresses was reduced
from 1.59 Pa to 1.29 Pa, almost a 20% decrease, when the volume
forces changes from 1.0 g to 0.707 g.

Correlations between the surface roughness, body forces and
viscous stresses are summarized in Fig. 9. Again, when the surface
roughness increases, the average viscous shear stress decreases
affecting negatively the efficiency of particle removal. Also, when
the inclination of the sample surface increases, the average viscous
shear stress increases affecting positively the efficiency of particle
removal. However, surface roughness (amplitude here) has a more
significant effect on particle removal in comparison with surface
inclination.
5. Particle removal simulations and preliminary verifications

5.1. Adhesive forces for small epoxy particles on wet epoxy surfaces

According to Section 3, the adhesion forces between smooth
spherical micro-particles and a smooth surface are mainly deter-
mined by the van der Waals forces. They can be determined using
Eqs. (2)e(7) following the DMT and JKR models, and the Hamaker
approach. The forces were calculated in this study for epoxy par-
ticles assuming that the density of the epoxy, re, is 1400 kg/m3, the
density of water, rw, is 1000 kg/m3, the Hamaker constant, AH, is
1� 10�20 J [35]; the gap distance, z0, is 0.4 nm, the Young's modulus
of the epoxy, E, is 3.0 GPa, and the Poisson's ratio of the epoxy
particles, y, is 0.38. The surface energy, g, of the perfectly wet



Fig. 6. Streamlines of water flow for 0.02 and 0.2 mm amplitudes.

Fig. 7. Maximum and minimum viscous stress locations for 0.02 mm surface amplitudes.

Fig. 8. The effect of volumetric forces on 45� and 90� inclined surfaces.
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contact area between the particle and the substratewas assumed to
be equal to 0.072 J/m2 [36]. The estimated van der Waals forces for
the assumed physical properties are listed in Table 2 with the
estimated weights and buoyancies of the particles.



Fig. 9. The effect of surface profile amplitude and surface inclination on average
viscous shear stresses. Fig. 10. Critical size of particle which could be removed by different average shear

stresses caused by volumetric forces.
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It can be seen in Table 2 that the gravitational forces and
buoyancies of the particles were much smaller than the van der
Waals forces for the particles smaller than 200 mm. Therefore, for
small micro size particles their weights and buoyancies could be
neglected in the calculation of their adhesion forces. For those
particles, the van der Waals force is the main factor which prevents
the particle detachment in the presence of water. It can also be
observed in Table 2 that the adhesion forces estimated from Eq. (3)
by using the contact radii determined from the JKR model are
higher than those from the DMT model.

For the assumed physical properties of the particles and the
contact area, the Tabor coefficients were subsequently calculated
using Eq. (8). The coefficients were found to be ranging from 1.8 to
17 for the particle sizes ranging from 0.2 to 200 mm. According to
[29], the JKR model is applicable when the Tabor coefficient is
larger than 5. When the Tabor coefficient is around 1, the Maugis-
Dugdale model should be adopted [37]. In this study, the JKR
method was adopted to calculate the contact radii, which were
then substituted into Eq. (2) to calculate the van der Waals adhe-
sion forces [38].
5.2. Explanation of particle removal in Fig. 1 from ref. [1]

For a shear stress of 1.59 Pa obtained from the hydrodynamic
FEMmodel and determined for a surface amplitude of 0.02 mm and
by using equations (2)e(15), the movements of the epoxy particles
seen in Fig. 1(a) were predicted for gravitational water flows. It has
been shown that the particles larger than 1.3 mm can roll, and that
the combined sliding/rolling type of motion is possible for particles
larger than 34.1 mm. It has also been found that particles larger than
84.5 mm will move by a combination of sliding, rolling and lifting.
These preliminary predictions can be verified by the SEM obser-
vations in Fig. 1(b). Slow water flows, created by Moisture
condensation on vertically positioned composite samples with the
fibers oriented with the water flow as shown in Fig. 1, removed
Table 2
Adhesion and gravitational forces, and buoyancies for epoxy particles of different sizes d

Particle diameter (mm) Adhesion force (N) DMT Adhe
(N)JK

0.2 5.0859 � 10�9 9.454
2 9.7547 � 10�8 1.916
20 1.9813 � 10�6 4.008
200 4.1484 � 10�5 8.516
almost all the 2-50 mm diameter particles in Fig. 1(b) that were
generated by UV radiation in Fig. 1(a). However, smaller particles
(<1 mm) still adhered to the surface. This has already been briefly
reported in Ref. [1] without however any specifics regarding the
combined movements of the particles depending on their sizes.
5.3. Predictions of particle movements on smooth inclined surface
caused by moving water

The above simulations were subsequently extended to other
shear stresses created by slowly moving water due to gravitational
forces on smooth inclined polymer surfaces for the inclination
angles of 30�, 45�, 60�, 75� and 90� (Fig. 10). From the particle
removal simulations, it is noticed that small particles can be
washed away by lifting, sliding or rolling if removal conditions are
satisfied. Thus, it is possible for each viscous shear stress in Fig.10 to
remove three different size particles by different combinations of
rolling, sliding or liftingmechanisms depending on their diameters.
Large size micro-particles will tend to move by the three different
movements. On the other hand, smaller particles will tend to
mostly roll. Fig. 10 shows these relationships between viscous shear
stresses caused by gravitational water flows, particle sizes and their
movements on inclined smooth surfaces. It should be stated here
that in reality, particle collisions can also have a significant effect on
particles' movements. These effects were ignored in this study
assuming that each particle is removed independently.
6. Experiment verification of particle removal by
hydrodynamic effects

In further validate the particle removal model, an alternative
particle removal experiment was designed. A polymeric powder
made from crushed epoxy was deposited on a flat glass fiber/epoxy
substrate and subjected initially to a constant flow of water of 5 ml/
etermined from the DMT and JKR models.

sion force
R

Gravitational force (N) Buoyancy (N)

0 � 10�9 4.5976 � 10�16 3.2840 � 10�16

6 � 10�7 4.5976 � 10�13 3.2840 � 10�13

8 � 10�6 4.5976 � 10�10 3.2840 � 10�10

5 � 10�5 4.5976 � 10�7 3.2840 � 10�7



Fig. 11. Initial particle distribution before water cleaning test.

Table 3
Particle size distribution analyses; maximum Ferret's diameters.

Initial (before water) I II III

Particle size (mm) 0.1e45 0.1e20 0.1e47 0.1e119
Average size (mm) 8.9 3.5 4.8 9.4
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min for 10 min at room temperature. The particle removal effi-
ciency in different areas of the substrate was examined. The initial
randomly distributed particles had irregular shapes and were 0.1
and 100 mm in size (Fig. 11). They were distributed inside a region
20mmby 50mm, as shown in Fig.12(a), on an inclined specimen at
30�. After the particle cleaning process was completed, several SEM
images were collected from different locations of the substrate to
assess the particle interaction with the water flow (Fig. 12(b)).

According to Fig. 5(a), viscous shear stresses decrease along flat
surfaces in the direction of water flow. This decrease is caused by a
gradient of the water flow velocity. Therefore, any variation in the
shear stress would be reflected in the particles' interactionwith the
flowing water. Based on the water experiment, the extent of par-
ticle removal can be estimated to verify the hydrodynamic model
simulation. First, from the areas of interest, represented in
Fig. 12(b), it can be concluded that the viscous shear stress in
location I is larger than that in location II, and the viscous stress in
location II is greater than that in location III, as water gains distance,
Fig. 12. Schematics of particle distributions (a) bef

Fig. 13. SEM images of remaining particles after water flow; (I) mostly small particles, (II) co
i.e. tI>tII>tIII. Secondly, the SEM images in Fig. 13 show that the
particle size distribution was different in the selected locations
after the water flow. The measurements conducted in those loca-
tions are summarized in Table 3.

The small average size of the particles left in region I indicates
that most of the large particles were washed away by water, as
evident in Fig. 13(I). The largest particles concentrated in region III
(Fig. 13 (III)). Therefore, it can be concluded that the viscous shear
stress in this location was not large enough to cause significant
movements of large particles. Once the large particles began to
agglomerate, it is possible that this created an obstacle for the
subsequent particles to pass through, which eventually led to the
agglomerations of the particles seen in region III. Finally, it can also
be observed in Table 3 that the average particle size significantly
increases with the water flow direction clearly supporting the hy-
drodynamic model.
7. Summary observations and conclusions

In this work, hydrodynamicsmodelling is performed to estimate
the viscous shear stresses generated by slowly moving water on
polymer and GRP surfaces affected by synergistic aging by UV and
water flows. It has been shown that when the surface roughness of
the specimens increases, the average viscous shear stress decreases
negatively affecting the efficiency of particle removal. On the other
hand, when the inclination of the surface increases, the average
viscous shear stress increases positively affecting the efficiency of
particle removal. A micro-particle removal model is proposed by
comparing the adhesion forces calculated by JRK model with the
drag forces created by water flows. It has been shown that the
movement of polymer particles on polymer surfaces depends
strongly on particle sizes, water flow rate, surface morphology, and
ore and (b) after water cleaning experiments.

mbination of small and large particles, and (III) agglomerates of mostly large particles.
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the viscous shear stresses caused by the moving water. It was also
shown in this research that depending on particle sizes and mag-
nitudes of viscous shear stresses, small particles can be moved by
rolling only, and large particles could be cleared by a combination
of rolling, sliding and lifting. The particle removal model by water
was verified experimentally showing the average size of epoxy
particles moved by water on a GRP surface increases in the direc-
tion of the water flow.

We have clearly demonstrated in this research that slow water
movements caused by rain, mist, moisture condensation and others
on polymer and PMC surfaces damaged by UV radiation can
accelerate the aging processes by the removal of UV generated
polymer micro-particles and by exposing fresh undamaged virgin
materials underneath to more UV exposure. The particle removal
processes appear to be very complex in nature with complex par-
ticle/substrate interactions and particle movements, strongly
dependent on many surface conditions and particle sizes.
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