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immersed in saltwater. The short-beam-shear test and the single-fiber frag-
mentation test were selected to reflect the degradation of macro- and micro-
interfacial properties, respectively. After 180-day immersion in deionized water
and saltwater at 60 + 1 °C, the inter-laminar shear strength of specimens
decreased 28.8% and 18.5%, respectively, and the corresponding interfacial
shear strength decreased 53.2% and 23.5%, indicating that the diffusion rate of
micro-interface was higher than that of macro-interface in the fiber direction.
Immersion in all media leads to pronounced degradation in tensile strength,
modulus, and inter-laminar shear strength. Furthermore, based on the change of
interfacial strength and Weibull distribution, a prediction model was proposed
to describe the degradation trends and temperature effects on ultimate bearing
capacity of pultruded GFRP composites in hygrothermal environments.

Introduction to traditional materials due to their characteristics,

namely lightness, high strength, ease of installation,
Fiber-reinforced polymer (FRP) composites, espe- and corrosion resistance. Pultrusion of FRP is a par-
cially glass fiber-reinforced polymer (GFRP) com- ticularly easy method that can produce continuous

posites [1-3], have been widely used in civil  lengths of constant cross-sectional shapes at relatively
engineering applications as a competitive alternative low cost. This material is suitable to be used to
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fabricate a structural profile for civil engineering
application, in both new construction and rehabili-
tation of degraded infrastructure [4]. One of the most
important fields of application of FRP profiles is the
replacement of reinforced concrete or steel-deterio-
rated bridge decks. However, during their service
life, these materials, especially in an outdoor envi-
ronment, are inevitably exposed to high temperatures
and high moisture (either in the form of rain or
atmospheric vapor). The water uptake in FRP com-
posites exposed to hot/wet conditions would lead to
the reduction of the glass transition temperature (T)
of FRP composites and the degradation of mechanical
properties of FRP composites [5]. Therefore, it is
important to understand how the behavior and per-
formance of pultruded GFRP composites are affected
by the in-service hygrothermal environments.
Numerous studies have been carried out on the
mechanical properties and long-term durability of
FRP composites under hygrothermal environments
[6-8]. Silva et al. [9] investigated the mechanical
properties of E-glass fiber/epoxy resin laminates
after immersion in a 5% NaCl solution kept at three
different temperatures: 35 °C, 50 °C, and 65 °C. After
immersion for 5,000 h, the ultimate strain increased
1.8% at 30 °C, while decreased 3.84% at 40 °C and
14.7% at 55 °C. In addition, the elasticity modulus
decreased 14.1, 12.2, and 7.5% at 30 °C, 40 °C, and
55 °C, respectively. Similar observations were made
by Guermazi et al. [10] in which the tensile strength
and Young’s modulus were affected by hygrothermal
aging. The tensile strength and Young’s modulus of
glass fiber-reinforced epoxy composites decreased
27% and 20% of their initial values, respectively, after
90 days immersed in distilled water at 24 £ 3 °C,
while the reductions of tensile strength and Young’s
modulus were 31% and 26%, respectively, after
90 days immersed in distilled water at 90 °C. Fur-
thermore, Grammatikos et al. [4] investigated the
effects of hygrothermal aging on the durability of
pultruded glass fiber-reinforced isophthalic polyester
composites immersed in distilled water at 25 °C,
40 °C, 60 °C, or 80 °C for a period of 224 days. They
found that the tensile strength and shear strength of
pultruded FRP composites reduced by ~ 16%
and ~ 31% after 224 soaking days at 80 °C.
Although the researches on the mechanical prop-
erties and long-term durability of FRP composites
have been conducted, to some extent the effect of
hygrothermal environments on the interfacial
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performance between fiber and matrix is limited. Gu
et al. [11] investigated the changes of macro- and
micro-interfacial properties of carbon fiber/epoxy
resin composites under hygrothermal treatments
based on a short-beam-shear (SBS) test and a single-
fiber fragmentation test (SFFT). They found that the
inter-laminar shear strength (ILSS) and interfacial
fracture energy (I'}) of CF-1/5228 composites
decreased by 11% and 52%, respectively, when
exposed to water at 70 °C for 7 days. Ramirez et al.
[12] evaluated water degradation of FRP composites
by SFFT tests based on energy-based model. They
concluded that specimens subjected to seawater at
60 °C showed more loss of fiber/matrix interface
shear strength (~ 75%) for 1300 h compared to those
exposed to seawater at 40 °C (~ 69%). In the study of
Sousa et al. [5], the pultruded GFRP profiles were
exposed to thermal cycles (— 5 to 40 °C) for 190
cycles. They found that changes in Ty and mechanical
properties were less significant when compared to
those caused by hygrothermal aging. Scanning elec-
tron microscopy (SEM) results indicated that thermal
cycles aging had two main consequences in GFRP
pultruded specimens: some degradation of the
fiber/matrix interface and some degradation of the
matrix itself.

As described above, many studies have been car-
ried out on the durability of FRP composites. How-
ever, to the best of our knowledge, there has been
little report on the degradation mechanism of FRP
composites in the hygrothermal environment based
on both the spectroscopic and microstructural anal-
yses. This study analyzed the degradation mecha-
nism of pultruded GFRP composites in the
hygrothermal environment from a microstructural
view using scanning electron microscope (SEM) and
Fourier transform infrared spectroscopy (FTIR)
analyses of the changes in microstructures and
chemical structures. Moreover, in this study, the
effects of hydrothermal environments on the macro-
and micro-mechanical properties were explored.
Additionally, an analytical model depended on
Weibull distribution of debonding strength between
single fiber and matrix, considered the effect of
hygrothermal aging, was developed to predict the
long-term tensile performance of pultruded FRP
composites.
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Experimental details
Materials

Unidirectional E-glass fiber of 24 um diameters and
tensile strength of 2991 MPa, in the form of EDR480-
T910, were manufactured by Mount Tai Glass Fiber
Co., Ltd, China. Isophthalic unsaturated polyester
resin was supplied by Jinling DSM Resins Co., Ltd,
China. Based on tests of unreinforced resin plates, the
tensile strength and modulus were determined to be
62 MPa and 3.4 GPa. Furthermore, T, of isophthalic
unsaturated polyester resin was 87 °C. Benzoyl per-
oxide (BPO) and tert-butyl perbenzoate (TBPB) were
purchased from Aldrich, which represent the 0.6%
and 1.2% of weight, respectively. As oxidant initia-
tors, they can initiate the curing reaction of isoph-
thalic unsaturated polyester resin. All chemicals were
used as received, without further purification.

Composite processing

Pultruded rectangular laminates have been produced
using unidirectional E-glass fiber and isophthalic
unsaturated polyester resin. The fiber volume frac-
tion is & 60% for the components, of which ~ 50%
is unidirectional roving and & 10% is fabric (0°/90°)
around unidirectional roving. Both TBPB and BPO
have been used as curing agents, which represent
0.6% and 1.2% of weight, respectively. Heat deflec-
tion temperature (HDT) for the resins measured by
the producer is 110 °C. In the heated molds, the
temperature 110 °C was set to make the surface of
specimen obtain ~ 95% of complete polymerization
inside the mold. It was verified by testing the poly-
merization with the resin powder obtained from the
surface of the specimen with differential scanning
calorimetry (DSC). Laminate thickness was 2.7 mm.

Hygrothermal aging

Specimens were immersed to deionized water and
saltwater for 15, 30, 60, 90, 120, and 180 days at
30 £ 1 °C and 60 £ 1 °C, respectively. The saltwater
was formulated as described by Chin et al. [13]. The
saltwater solution comprised of 3.5% by mass sodium
chloride (3.5% NaCl) and deionized water. In addi-
tion, another two groups of the specimens aged in
solution at 20 & 5 °C for 180 days. An unexposed
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condition (storage in a room environment) was set to
represent control condition.

Absorption tests

Water absorption measurements were taken by
gravimetric analysis according to ASTM D5229 [14].
The specimens were harvested from the immersion
tank, wiped to remove surface moisture, kept in room
environment for 2 h, and then weighed to monitor
the mass change periodically. At least five specimens
sized as 250 mm long, 25 mm wide, and 2.7 mm
thick were tested for each condition. (See details in
Table 1.) The moisture absorption M; of the samples
was calculated using the following equation:

Wi — Wo
M; =100 (T(J) (1)
where W, is the specimen weight at time t and W, is

the dry weight of the untreated dry specimen.
Tensile tests

The ultimate tensile properties of the composites
were determined by standardized static tension tests
in accordance with ASTM D3039 (type C) [15]. (See
details in Table 1.) Each specimen was 250 mm long,
25 mm wide, and 2.7 mm thick with 1.5-mm-thick-
ness aluminum tabs, as shown in Fig. 1, bonded at
both ends of the GFRP profiles to minimize stress
concentrations near the gripping zone before tensile
tests. Then, the holding area of the specimens was
clamped to be loaded by friction force, and uniform
tension field is formed in the working section. The
tensile tests were carried out after 15, 30, 60, 90, and
180 days of immersion. At least five specimens for
each condition were tested using a universal testing
machine (model CS5-44100) produced by Changchun
Research Institute, with the load cell of 50-kN
capacity and the test speed of 2 mm/min. An
extensometer was used to monitor the strain of the
specimens. All specimens were tested in the fiber
direction, which is basically less susceptible to
fiber/matrix interface and matrix damage. All spec-
imens were tested at 20 &5 °C and 75% relative
humidity (RH).



Table 1 Outline of the experimental details of the tests
Test types ~ Specimen types Dimensions of Number of Temperature Immersion Immersion
specimens (mm) specimens per group (°C) environment time (days)
Absorption  Pultruded GFRP 250 x 25 x 2.7 5 20 £+ 5, Deionized water, 180
test laminates 30 &1, saltwater
60 £ 1
Tensile test Pultruded GFRP 250 x 25 x 2.7 5 20£ 5 Deionized water, 180
laminates saltwater
SBS test Pultruded GFRP 162 x 5.4 x 2.7 20 30 £ 1,60 &= 1 Deionized water, 180
laminates saltwater
SFFT dumbbell-shaped - 20 30 £ 1,60 &= 1 Deionized water, 180
SFFT sample saltwater
SEM test Pultruded GFRP 250 x 25 x 2.7% 1 20£ 5 Deionized water, 180
laminates saltwater
FTIR test Pultruded GFRP 250 x 25 x 2.7° 1 30 £ 1,60 &= 1 Deionized water, 180
laminates saltwater

“Before SEM tests for pultruded GFRP laminates, specimens were cut into thin films along the section perpendicular to the fiber and the

section parallel to the fibers, respectively

Before FTIR test for pultruded GFRP laminates, specimens were ground into powders

Figure 1 Test coupon of
GFRP tensile test.

aluminum tabs

Jeus-

S0mm

GFRP composites

150 mm

Short-beam-shear (SBS) test

The short-beam-shear test is a widely used method
for characterizing the inter-laminar failure resistance
of FRP composites. This test method involves loading
a beam under three-point bending with the special
dimensions such that an inter-laminar shear failure is
induced. The apparent inter-laminar shear strength
can be measured from this method [16]. Five test
coupons for each material were cut along the unidi-
rectional laminate composites for an inter-laminar
shear strength test, according to standard ASTM
D2344 [17]. The Zwick/Roell universal testing
machine was used with a loading rate of 1 mm/min
(Fig. 2). The diameters of the loading nose and side
supports were 6 mm and 3 mm, respectively. And
the strain was tested by setting the strain gauge on
the upper surface of specimens at the support posi-
tion. The size of the specimens for short-beam-shear
test was 162 mm x 54 mm x 2.7 mm, at a span
length of 12 mm. All specimens were tested at

Figure 2 Experimental setup for short-beam-shear test.

20 £ 5 °C and 75% relative humidity (RH). The ILSS
value can be calculated by Eq. (2).

3P,
LSS = (2)

where P, is the maximum failure load, and b and
h are the sample’s width and thickness, respectively.

@ Springer



2106

Single-fiber-fragment test (SFFT)

The fragmentation test was developed from the early
work of Kelly and Tyson, who investigated brittle
tungsten fibers that broke into multiple segments in a
copper matrix composite [18]. Depending on the level
of fiber/matrix adhesion, such tensile forces are
transferred from the matrix to fiber. The higher the
axial strain, the more fractures will be caused in the
fiber (Fig. 3a). The calculation of the interfacial shear
strength 7 was carried out according to the following
equation:

-4(0)

where o¢ is the fiber strength at the critical length, d is
the fiber diameter, and I. is the critical fragment
length of fiber.

The critical fiber length is defined as the shortest
fragment length that breaks due to a stress applica-
tion. We determined this using the following
equation:

4 _
Il = 3% L 4)
where L is the average fragment length.

A single fiber was put in the middle of a high-
temperature-resistant silicone mold with a metal
weight of 10 g at each end of the fiber to pre-strain it.
Weights of 10 g imparted a pre-strain of about 0.65%
for a typical glass fiber. The fiber was then filled with
isophthalic unsaturated polyester resin using a pip-
ette. After curing at 20 = 5 °C for 6 h, it was moved
into an oven at 80 °C for 1 h. The dumbbell-shaped
SFFT sample can be seen in Fig. 3(b). The SFFT test
was tensioned with a cross-speed of 1 mm/min
using the Zwick/Roell universal testing machine,
with a load cell of 20-kN capacity (Fig. 4). And at
least 20 specimens for each condition were tested.

g e >
== 03{/\ .
fesf
c,>0,> 0, L
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(See details in Table 1.) When the specimen is broken
into two parts, they will be observed under an optical
microscope. The break points of the fiber will be
marked one by one. Then, the distance between two
adjacent points is the length of fiber fragments. The
fiber inside the resin broke into increasingly smaller
fragments at locations where the fiber’s axial stress
reached its tensile strength.

Scanning electron microscopy (SEM)

SEM observations and image analysis were per-
formed with a QUANTA 200 (Philips-FEI, Holland)
to observe the microstructure of specimens before
and after aging. Samples were taken from uncondi-
tioned specimens and specimens that were aged in
deionized water and saltwater at 20 + 5 °C for 30, 90,
and 180 days, respectively. (See details in Table 1.)

Fourier transform infrared spectroscopy
(FTIR)

To further identify the changes of chemical structures
of pultruded FRP composites before and after
hydrothermal aging. (See details in Table 1.) FTIR
spectra were recorded on a Nicolet-6700 spectrometer
from Thermo Electron. The powders were ground
into a dry KBr pellet. In all cases, 32 scans in the
400-4000 cm ™! region at a resolution of 4 cm ™" were
used to record the spectra.

Introduction of the theory analysis

In Coleman’s [19] study, the integrated intensity
distribution function of fiber Pgof) can be well
described by the use of the Weibull distribution. At
the same time, the strength of single fiber and the
strength of fiber bundle can be interchanged if the
following assumptions are satisfied.

(b)

Figure 3 a Schematic representation and b test coupon of the single-fiber-fragment test coupon.
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Figure 4 Experimental setup
for single-fiber-fragment test:
a experimental setup and

b optical microscope.

1. The tensile strength of fiber is subject to Weibull
distribution function, which is described in form
as

of *

Pf(O'f) =1- exXp |:—L (0'_0> :| (5)
where P¢(oy) is the failure probability when the
stress level is equal to or less than o. L is a length
ratio about a reference length. oy is the scale
parameter when L = 1. o is the shape factor. It is
must be mentioned that all of the parameters are
material constants and usually determined by
test.

2. Also, the stress g¢ and strain & of single fiber obey
the Hooke’s law, formed as

of = Ef8f (6)

where E; is the elasticity modulus of fiber.

3. During the tensile test of fiber bundle, the applied
load was uniformly distributed to the effective
fiber at any time.

So that, the relationship between tensile load and
strain (F—¢) can be established as

Pe(er) =1 —exp {L <8f> ] (7
€0

where ¢ is the scale parameter when L = 1, and

&0 = 00/ Ex

It is assumed that the strain of fiber changed evenly
in pultruded GFRP composites, and a number of
effective fibers are defined as Ny, when the total
number of fibers in composite profile is N. And Nj is
given as
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No = N[1 — Pi(e)] = Nexp [—L <ﬁ> } (8)

o

In most cases the number of effective fibers is
related to the tensile load F, and the relationship is
given as

F= O'fAfN() (9)

where A¢ is the cross-sectional area. Substituting
Egs. (5) and (8), respectively, into Eq. (9) gives

F = AEeeN exp [—L(ﬁ) } (10)

éo

Results and discussion
Moisture absorption

Figures 5 and 6 show the effects of immersion time in
deionized water and saltwater on the moisture
absorption of pultruded GFRP composites during
180 days of aging under different temperatures. The
moisture absorption curves indicated a multistage
process. The data increased linearly with time at
initial diffusion stage, which appeared to follow
Fick’s law. However, when immersion time
increased, a dramatic mass loss can be found in
specimens immersed in both deionized water at
20 £5 °C and seawater at all three temperatures,
which deviated from Fick’s law. The loss of the
material was due to a dehydration reaction following
hydrolysis when the specimens were in both water
and saltwater conditions, which will be discussed in
“FTIR analysis ” section.

@ Springer
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Figure 5 Moisture absorption curves of pultruded GFRP
composites immersed in deionized water.
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Figure 6 Moisture absorption curves of pultruded GFRP
composites immersed in saltwater.

At an immersion time of 60 days, the moisture
absorption of specimens in deionized water and
saltwater at 20 £ 5 °C was 0.84% and 0.26%, respec-
tively. Instead, the mass loss in saltwater at 30 + 1 °C
and 60 £ 1°C happened after 90 days, and the
moisture absorption of specimens at 30 = 1 °C and
60 £ 1 °C was 0.72% and 0.78%. The result suggested
that the equilibrium moisture absorption in seawater
was slightly lower than that in deionized water,
which was consistent with the results reported in the
previous literature [20-22]. Also, the increase of
immersion temperature accelerated the level of
moisture absorption and greatly shortened the
moisture saturation time, which was consistent with
results reported by Xian [23] and Firdosh [24].
However, when pultruded GFRP composites
immersed in deionized water at 30 £1°C and
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60 £ 1 °C, no saturation plateau was found after
extended immersion time. At an immersion time of
180 days, the maximum moisture absorption was
1.3% and 1.48%, respectively. Similar behavior has
been observed in a previous study by Xin et al. [25]
who reported that the water absorption of GFRP
composites immersed in water at 65 °C kept rising
after 6 months and began to decrease after
14 months.

Table 2 lists the overall results in terms of maxi-
mum moisture absorption over the 180-day period of
investigation, diffusion coefficient, and the activation
energy for diffusion determined from the moisture
absorption curves. During the detection period, when
the average moisture absorption of the material is less
than 0.01%, the material is considered to have
reached the effective equilibrium moisture absorp-
tion. Uncertainty in table is showed by the standard
deviation, “S”, from laboratory average data. The
initial part of the moisture absorption curves can
satisfy /Dt /h<0.28, and the plate can be viewed as
infinite in the plane directions with a large width-to-
thickness ratio. The independent diffusion coefficient
(D) was calculated as follows, according to a study by
Shen and Springer [26]:

)

where M., is the equilibrium amount of absorption,

is the plate thickness, M; and M, are the amount of

. . . M,—M
absorption at times ¢; and t,, respectively, and R

is the slope of the moisture absorption plot in the
initial linear portion of the curve. The slope remains
stable and is not affected by aging. A comparison
with the values of moisture absorption and diffusion
coefficient in Table 2 showed that the specimens
immersed in deionized water had a larger diffusion
coefficient (D) and higher value of moisture absorp-
tion than those obtained for specimens immersed in
saltwater under the same condition. Chin et al. [14]
reported a similar result which suggested that the
presence of NaCl molecules in the diffusion of water
played a role in decreasing the maximum moisture
absorption at saturation. The reason was caused by
the reverse osmosis phenomenon in which water
entering into the composite formed electrolysis
environment as it dissolved water-soluble substances
within the polymer [27]. The activation energy for
diffusion (Eq) provides an indication of the energy
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Table 2 Characteristics of moisture absorption

2109

Temperature (°C) Immersion in deionized water

Immersion in saltwater

M~ 180 days (%) S(%) D (x 107 'mm%s) E (kJ/mol) M —igo days (%) S(%) D (x 10~'mm%s) E (kJ/mol)

205 0.84 0.05 1.75
30+ 1 1.30 0.05 2.00
60 =1 1.48 0.05 2.40

5.07 0.26 0.04 0.73 4.68
0.72 0.04 1.40
0.78 0.03 1.66

barrier that must be overcome for diffusion of mois-
ture to take place, and can be determined using an
Arrhenius type of relationship [28]:

—E
D = Dy exp (R—Td> (12)

where Dy is a constant coefficient, R is the universal
gas constant (8.31 J/mol K), D is the diffusion coef-
ficient, and T is the temperature (K). Plotting
In(D) versus (1/T), values of activation energy for the
composites immersed in deionized water and salt-
water are determined to be 5.07 and 4.68 kJ/mol K,
respectively. The values are lower than those repor-
ted by Valadez-Gonzalesm [29] (= 8.6 k]J/mol with
vinyl resin), Chu [30] (~ 12.14 kJ/mol with vinyl
resin), and Abanilla [31] (& 48.09 k] /mol with epoxy
resin). It can be noted that the activation energy is not
only affected by the immersion conditions, but also
influenced by the types of matrix. Moreover, the
difference in the maximum moisture absorption at
saturation indicated that pultruded GFRP composites
immersed in deionized water would suffer more
degradation because of the water aging, which would
influence on the mechanical properties and the
damage mechanisms [32]: hydrolysis of the matrix,
chain breakage, creation of small molecules, and
extraction out of these molecules from the
composites.

Tensile behavior

The changes in the tensile strength and modulus of
aged specimens versus time of immersion are shown
in Figs. 7 and 8, and Table 3. A two-phase evolution
of the tensile strength was observed. First, a consol-
idation phase showed an increase in the tensile
strength under all exposed conditions. During this
stage, the tensile strength of composites improved
slightly due to the action of post-curing reaction [31].
As shown in Fig. 7, the tensile strength attained the

130
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—@® - Deionized water
- Salt water

Tensile strength retention (%)

EEHEEN
g z
-
 J
90 |-
80 -
70 i 1 i 1 i 1 i 1 i 1 i 1 i
0 30 60 90 120 150 180 210

Immersion time (days)

Figure 7 Tensile strength retention of pultruded GFRP
immersion time for deionized water

immersion and saltwater immersion at 20 & 5 °C.

composites  versus
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&
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g | R :
= 0t e . :
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Figure 8 Tensile modulus retention of pultruded GFRP

composites vs. immersion time for deionized water immersion
and saltwater immersion at 20 & 5 °C.

top retention at 30 days. The strength increased 12.2,
21.2, and 14.0% for the control specimen and speci-
mens immersed in deionized water and saltwater,
respectively.
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Table 3 Tensile properties of pultruded GFRP composite immersed in deionized water and saltwater

Time Unexposed Deionized water Saltwater
period A ) ) ) ) 3
(days) Tensile S Elastic S Tensile S Elastic S Tensile S(M Elastic S
strength (MPa) modulus  (GPa) strength (MPa) modulus  (GPa) strength Pa) modulus  (GPa)
(MPa) (GPa) (MPa) (GPa) (MPa) (GPa)
Unexposed tensile strength = 503.508 (MPa); unexposed tensile elastic modulus = 22.758 (GPa)
15 556.214 11.359 23.038 0.036 520.595 12.653 22.111 0.129 565.053 11.586 23.067 0.328
30 540.912 14.174 22.811 0.548 600.551 13.011 21.812 0.573 508.483 14.693 23.540 0.531
60 542.730 13.544 22.781 0.541 559.384 10.674 21.500 0.657 538.553 4.285 24.305 0.258
90 536.395 12.366 22.759 0.238 520.451 15.045 20.631 0.429 561.241 10.312  24.598 0.305
180 542.747 11.933 22.658 0.460 468.075 18.893 18.807 0.482 494.613 6.928 20.249 0.628

After 30-day immersion, a degradation phase fol-
lowed, which clearly exhibited a drastic drop of the
tensile strength. Compared to unexposed specimens,
the values of specimens immersed in saltwater
decreased sharply before 90 days, and those
immersed in deionized water decreased continuously
as immersion time increased. The opposite behavior
was observed by Kafodya [33]. In his study, the ten-
sile strength decreased at the first stage and then
increased as the immersion time progressed. The
difference could be attributed to the effect of sus-
tained loading in his study. Also, in Wellington Chu’s
study [30], there was just a degradation phase. The
difference could be the effect of the different matrix
system. Marouani et al. [34] pointed out that the
duration of this phase depended on the aging envi-
ronment and the nature of the composite matrix.
After 180 days of immersion, the tensile strength
retention was 109.5, 94.4, and 99.8% for un-aged
specimens, specimens immersed in deionized water,
and those immersed in saltwater, respectively.

Similarly, Fig. 8 shows that after 180 days, the
tensile modulus retention was 99.6, 82.6, and 88.9%
for un-aged specimens, specimens immersed in
deionized water, and those immersed in saltwater,
respectively. However, the changes in tensile modu-
lus have no marked consolidation phase except when
immersed in saltwater. It can be noted that higher
moisture absorption in water is an important factor in
the degradation of tensile properties. Moreover, the
presence of NaCl molecules prevents the diffusion of
water molecules from the matrix to the fibers, which
leads to less degradation in the tensile property of
specimens exposed to seawater. When water mole-
cules contact with polymer, weak bonds form and
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water molecules diffuse through the material,
resulting in swelling and polymer chains breaking.
The separation of polymer chains reduces the polar
attraction between chains and allows for increased
chain mobility, resulting in diminished mechanical
properties.

Multi-scale interfacial properties

SBS test and SFFT were employed to investigate
changes in macro- and micro-interfacial properties,
respectively. The level of fiber/matrix bond interface
and resin may account for the majority of deteriora-
tion, as noted by Abanilla [31]. The ILSS test provides
a simple way to rank environmental conditions based
on their effects on the inter-laminar strength of GFRP
composites. Overall results and variation tendency of
short-beam strength for the composites immersed in
deionized water and saltwater at different tempera-
tures are shown in Fig. 9 and Table 4. As can be seen
in Fig. 9, the ILSS values dropped in a stepwise
fashion like that reported by Chu et al. [30]. However,
when specimens immersed in either deionized water
or saltwater at 30 & 1 °C, the values were slightly
increased at the initial phase due to residual post-
cure. And the maximum raise was 4.2% at the end of
first 15 days immersed in deionized water, and it was
4.7% at the end of the first 30 days in saltwater. Then,
there was a steady decline, followed by a rapid drop
over the rest of the exposure period. The results were
indicative of an almost pure inter-laminar failure
whereby changes in strength depended only on
interfacial mechanisms without substantial physical/
mechanical degradation of the matrix [30], whereas,
instead of slight increases, there were continuous
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Figure 9 Inter-laminar shear strength retention of pultruded
GFRP composites versus immersion time for deionized water
immersion and saltwater immersion at different temperatures.

declines associated with all conditions at 60 °C. In all
cases, the maximum drop (28.8%) occurred for
specimens immersed in deionized water at 60 °C. At
this temperature level, aging can be considered sub-
stantially accelerated under severe exposure condi-
tions, as explained by Karbhari [28]. The minimum
relative level of degradation was shown by compos-
ites immersed in saltwater at 30 &+ 1 °C, with a drop
of 8.9%. As mentioned above, this could be attributed
to the effect of further polymerization, plasticization
of the matrix, swelling, and release of internal stress
[35]. Beyond this, degradation may also be caused by
water, leading to hydrolysis reaction in both resin
and fiber systems. The coalescence of micro-cracks to
macro-cracks serves to enhance the wicking of
moisture along the fiber.

Figure 10 shows typical failure images of pul-
truded GFRP composites in SBS test immersed in
deionized water at 30 = 1 °C and 60 £ 1 °C, respec-
tively. As aging progressed, the main crack expanded
and extended (Figs. 10a, c), and several small cracks
were visible (Figs. 10b, d). Similar damage patterns
were observed in the case of immersion in saltwater
(Fig. 11). The failure of specimens in both conditions
clearly started as a horizontal shear failure at mid-
thickness in the form of a longitudinal crack, which
propagated to the left or right with no preference
along the neutral axis, as observed during testing.
These results agreed with the findings in Sawpan’s
study [36]. However, when compared to the results in
water condition, it was noted that there were thinner
main cracks and fewer small cracks for specimens
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immersed in saltwater condition. These images again
confirmed the test results, which showed that the
specimens immersed in deionized water had a higher
level of degradation than those immersed in
saltwater.

The values from the SFFT in various immersion
conditions are shown in Tables 5 and 6. Compared
with the results for un-aged specimens, the speci-
mens immersed in 30 &+ 1 °C deionized water,
60 = 1 °C deionized water, 30 &= 1 °C saltwater, and
60 &£ 1 °C saltwater, respectively, needed higher
tensile force and had more fiber fragments during the
SFFT. The results indicated that the interfacial bond
strength, which means the bond strength between
fibers and matrix, decreased after aging. As seen in
Fig. 12 and Table 5, the bond strength increased to
116.7% and 126.3% in the first 30 days and then
declined to 78.9% and 99.5% after 180 days of
immersion in deionized water and saltwater at
30 £ 1 °C, respectively. There were sharp decreases
in the other two conditions, where the values of
specimens immersed in deionized water and salt-
water, both at 60 £ 1 °C, fell to 46.8% and 76.6%,
respectively. Figure 13 shows the failure mode of the
fibers and matrix of the specimens after the SFFT test.
The break points of the fiber and the gaps due to slip
can be clearly seen, while the distance between the
two break points is the length of the broken fiber. The
bonding strength values of specimens immersed in
saltwater were significantly higher than those
immersed in deionized water at the same tempera-
ture, and the reduction in the bonding strength of
specimens immersed in 60 £ 1 °C water was more
dramatic than those immersed in water at 30 £+ 1 °C.
The bonding strength of single-fiber composites
changed in a similar manner to the ILSS results at the
same condition. Thus, the ranks in interfacial resis-
tance were the same based on the results from SBS
and SFFT. Gu et al. [11] found a similar consistency of
macro- and micro-interfacial bonding when evaluat-
ing the effects of immersion time and temperature on
carbon fiber-reinforced epoxy resin composites.

Relationship between moisture absorption
and the macro- and micro-interfacial
properties

To compare the change trend of ILSS values with the
moisture absorption of pultruded GFRP composites,
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60 £ 1 °C

Saltwater
304+ 1°C

60 £ 1°C

Deionized water

30+ 1°C

Table 4 Short-beam-shear test characteristics

Time period

(days)
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Retention

(o)

S

Strength
(MPa)

Retention

(%0)

S

Strength
(MPa)

Retention

(%0)

S

Strength
(MPa)

Retention

(%)

S

Strength
(MPa)

(MPa)

(MPa)

(MPa)

(MPa)

Unexposed SBS strength = 39.11 (MPa)

100.35

0.59
0.47
0.59
0.74
0.55
0.74
0.55

39.25

99.68

0.43
0.74
0.70
0.59
0.74
0.78

0.63

38.99
40.51

93.26
92.31

0.59

36.48
36.11

104.21

0.70
0.78
0.43
0.43
0.63
0.63
0.51

40.76

15
30
60
90

98.01

38.35
35.21

103.58

0.47
0.47

102.58

40.12
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90.01

104.68

40.94

80.20
78.95

31.37
30.88
75.58

100.90

39.47
39.60

37.38

87.05

34.05

102.39

39.88

0.47
0.70
0.

101.24

86.81

32.07
33.95
31.86

101.97

40.05

29.56

95.56
91.78
81.25

120

81.99
81.47

99.89

39.07
35.97

79.41

66

31.06
27.85

35.90
31.78

150

91.97

71.21

180

an approximate linear relationship could be found,
which is described in form as

where M; and M,, are the percentage moisture
absorption levels at time t and saturation, respec-
tively, (1,,); and (t,,)o are the ILSS values at time t and
0 (unexposed condition), respectively, and m is a
constant relating moisture content to deterioration.
The saturation was not achieved in some tests, in case
of immersed in deionized water at 30 & 1 °C and
60 £1°C. The M, is defined as the maximum
amount of absorption in those case. The term (M,/
M.,,) represents the degree of saturation, whereas the
term 1 — (t,)¢/(t,n)o represents the fractional loss in
strength at time ¢. The relationships between M,/M.,
and 1 — (7,,)¢/(1,)0 of pultruded GFRP composites
immersed in deionized and saltwater are shown in
Figs. 14 and 15. The pultruded GFRP composites had
a value of m of 0.022 and 0.027 immersed in 30 &= 1 °C
and 60 £ 1 °C deionized water, respectively, whereas
those had a value of m of 0.0138 and 0.0263 immersed
in 30 £1°C and 60 £ 1 °C saltwater, respectively,
with corresponding correlation coefficients, R? of
0.53, 0.90, 0.44, and 0.95, respectively. It was noted
that, as the increasing of temperature of solutions, the
values of m were increased, which meant the higher
speed of degradation. In addition, the values of
R-square were also increased, expressed a better
agreement with the test data.

Figures 16 and 17 show the effect of moisture
absorption on the relative inter-laminar shear
strength (t,,/T;n0, Where 1,,, and 1,9 are the inter-lam-
inar shear strengths of the aged and un-aged speci-
mens, respectively) and the relative interfacial shear
strength (ti/t;0, where 1; and 7;p are the respective
interfacial and shear strengths of the aged and un-
aged specimens) of pultruded GFRP composites in
water immersion condition. As shown in Fig. 16a, in
addition to the rising stage of relative shear strength,
the ratio 7,,/t,,0 of the specimen varied from 1.04
when M; =1 to 0.81 when M; = 1.31. The change
trend of t,,/1,,0 was similar to that of 7;/t;o. The value
of 7;/tj for the specimen varied from 1.17 when M,
= 0.87, down to 0.79 when M, = 1.31. As shown in
Fig. 16b, the value of t,,/7,,0 for the specimen varied
from 1 at M, = 0 to 0.71 at M, = 1.48. The value /759
for the specimen varies from 1 at M; =0 to 047 at
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Figure 10 Typical failure images of pultruded GFRP composites in SBS test exposed in deionized water: a 30 = 1 °C, 30 days,
b 30 £ 1 °C, 180 days, ¢ 60 £ 1 °C, 30 days, and d 60 = 1 °C, 180 days.

Figure 11 Typical failure images of pultruded GFRP composites in SBS test exposed in saltwater: a 30 £ 1 °C, 30 days, b 30 £ 1 °C,
180 days, ¢ 60 £+ 1 °C, 30 days, and d 60 £+ 1 °C, 180 days.

Table 5 Characteristics of single-fiber-fragment test

Immersion conditions Strain F S(N)  Number of fiber Max. length L,x  Min. length L;,  Average length L,,. S

™) breaks (um) (m) (nm) (nm)
Unexposed 250.24 10.51 9 1134 854 976 199
30 £ 1 °C deionized 209.82 8.18 5 1643 895 1235 376
water
60 £ 1 °C deionized 183.95 11.88 3 2420 1628 2081 400
water
30 £ 1 °C saltwater  242.61 1043 7 1235 597 980 326
60 £+ 1 °C saltwater  218.64 7.65 6 2081 783 1273 571

Table 6 Interfacial shear strength (IFSS) characteristics

Time period 30 £ 1 °C deionized S 60 £+ 1 °C deionized S 30+ 1°C S 60 £ 1°C S

(days) water (MPa) water (MPa) saltwater (MPa) saltwater (MPa)

Unexposed IFSS = 32.42 (MPa)
15 31.15 0.81 27.44 1.78 32.11 1.75 27.81 1.95
30 32.23 2.83 27.35 1.69 34.89 2.01 27.87 1.64
60 29.98 0.81 22.81 1.69 29.51 2.04 25.45 2.14
90 26.39 1.88 18.49 1.75 29.21 1.95 24.88 1.65
120 25.02 1.59 16.83 1.72 27.99 2.24 22.71 2.01
150 23.59 1.98 13.83 1.75 28.05 1.95 21.67 1.78
180 21.80 1.23 12.94 2.30 27.48 2.04 21.15 1.65

M, = 1.48. Figure 17 shows that M; and t,,/t,,0 have values of inter-laminar shear strength (ILSS) and
the same relationship as M; and t;/7;. The results interfacial shear strength (IFSS), and the decrease in
indicated that moisture absorption can reflect the  the strength of the interface was directly caused by
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Figure 12 Interfacial shear strength (IFSS) of pultruded GFRP
composites vs. immersion time for deionized water immersion and
saltwater immersion.

Figure 13 Images of specimen failure mode after single-fiber-
fracture test.

moisture absorption. It was noted that IFSS was more
sensitive to moisture absorption than ILSS. For the
SFFT specimens, there was a higher diffusion rate in
the fiber direction because the fiber ends were
exposed directly to water, which allowed moisture
wicking along the fiber/matrix interface, establishing
intermolecular hydrogen bonding with fibers and
reducing interfacial adhesion of the fiber/matrix [37].
It can be seen that the decrease of micro-interfacial
bond strength was the direct reason for the change of
mechanical properties. Furthermore, the decrease of
macro-interfacial bond strength was the accumula-
tion of the debonding of the micro-interface.

Morphology analysis

To determine whether water immersion caused any
physical damage to pultruded GFRP composites, the
specimen surface microstructure was examined by
SEM for immersion durations of 0, 30, 90, and
180 days, respectively. Typical images of the control
specimens are presented in Figs. 18a and 19a. No

@ Springer

J Mater Sci (2019) 54:2102-2121

evidence of degradation was observed on the glass
fiber and fiber/matrix interface when the face sheets
immersed in deionized water and saltwater after
30 days, as shown in Figs. 18b and 19b. Additionally,
the polymer started to deteriorate and more and
more gaps observed between fiber and resin as the
exposure time increased. It was possible to observe
that debonding occurred between fiber and resin, and
consequent fiber pullout when aging time increased,
as shown in Figs. 18c, d, 19c, d. Compared to
Figs. 18¢, d, 19¢, d, it could be obvious that the effect
of deionized water on degradation was more than
that of saltwater. The SEM results were consistent
with the tensile and interface test results. In addition,
Aldajah et al. [38] pointed out that the mechanical
properties and the final failure of the composite sys-
tem were significantly affected by the debonding
between the fiber and matrix.

FTIR analysis

FTIR analysis was also used to better understand
whether the degradation reaction could take place
after hygrothermal aging. Figure 20 shows FTIR
spectra of pultruded GFRP composite aged at dif-
ferent temperatures. It was noted that the resin did
not degrade chemically during the immersion in
deionized water after 180 days of aging at 30 £ 1 °C.
However, the increases in the intensity of the peaks at
1700 cm™' were observed for specimens aged with
higher temperature. This can be related to the for-
mation of carboxyl (-COOH), and the break of
hydroxyl (-OH), which explains the occurrence of
hydrolytic decomposition of resin matrix of com-
posite under water immersion [39]. In addition,
changes in the form of the peaks at 1250 cm™' and
950 cm ™' were observed. These changes in the FTIR
spectra can be attributed to a dehydration reaction
following hydrolysis [40]. Similar behaviors are
exhibited in FTIR spectra in saltwater conditions
(Fig. 21). The findings suggested that the negative
effect on resin in saltwater condition was mainly
caused by water, and the salt did not react with the
resin. At the same time, the increase of temperature
would accelerate the degree of hydrolysis reaction.
These observations from the FTIR analysis can
explain the causes of the above-mentioned changes in
the mechanical properties and microstructures of
specimens.
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Figure 14 Regression of degree of saturation and relative inter-laminar shear strength of pultruded GFRP composites immersed in
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(a) 0.012
A  Experimental data
0.010 - Trend line
0.008 - a A
$ A
=0. .007.

§_ 0006 4 ¥=0 0{38x+0 0073
E R=0.44

0.004 -

0.002 -

0.000 . . . . ‘

-0.06 -0.03 0.00 0.03 0.06 0.09 0.12

1-(rm)t/(rm)0

(b) o.015
A Experimental data
Trend line
0.012 -
0.009 -
s
2
~
2" ¥=0.0263x+0.0054
0.006 - 2
e R™=0.95
0.003 -
0.000 '} L L 1 1
-0.05 0.00 0.05 0.10 0.15 0.20 0.25

1-(t ) /(t.),

Figure 15 Regression of degree of saturation and relative inter-laminar shear strength of pultruded GFRP composites immersed in

saltwater: a 30 = 1 °C and b 60 + 1 °C.

Prediction of F-¢ of pultruded GFRP
composites

The sharp and scale parameters of Weibull distribu-
tion can be estimated based on the single-fiber-frag-
ment test. Then, according to Eq. (1), the probability
density function is given as

pi(ot) = Loy ao? " exp {—L (ﬁ> ]

(14)
a0

And according to Eq. (14), the average strength of
fiber (67) is given as

of = / O'fPf(O’f)dO’f = JoLl/aF(l + %) (15)
0

By taking natural logarithms on both sides of
Eq. (15), the In 6—In L relationship is linearized with
— 1/a as the slope. Take the single-fiber-fragment test
in 60 £ 1 °C deionized water condition after 0 day
and 180 days to be an example, the sharp parameters
are 3.008 and 4.152, respectively, as shown in Fig. 22.

It is assumed that the width and thickness of pul-
truded GFRP profiles are W and H, and the fibers
were placed as a hexagonal array (Fig. 23). Then, the
total number of fibers in pultruded GFRP composites
can be expressed as
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Figure 17 Effect of moisture absorption on the relative shear strength of pultruded GFRP composites immersed in saltwater: a 30 4+ 1 °C

and b 60 + 1 °C.

W H
N:N‘lXNz:?XE (16)
dr = 21992 sin(60)r¢/ [V (17)

where d’ is the space between fibers, r¢ is the radius of
fiber, V¢ is the volume ratio of the fibers. The radius
and elastic modulus of fiber are 12 um and 73 GPa,
respectively. The shear modulus and elastic modulus
of matrix are 10 MPa and 2.3 GPa. A series of
parameters are derived from the above material
property  data: d' =0.0177 mm, N; x 1413,
N, ~ 153. Thus, the total number of fibers in a pul-
truded GFRP composite is given as 216189.
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A relationship between the mean value (u), the
shape factor (x), and the scale factor (f) can be
expressed as

u:[iF(H%) (18)

The term determined by the gamma function in
Eq. (18) is equal to 0.8931 for o = 3.008 and 0.9083 for
o = 4.1528. Thus, the scale factor can be directly
approximated by the expected value (f = 9.65, when
o = 3.008; f =9.23, when o = 4.1528).

Based on Eq. (6), the curves of F—¢ are given. Fig-
ure 24 shows the changes in value of tensile force of
pultruded GFRP composites immersed in 60 °C
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Figure 18 SEM micrographs of pultruded GFRP composite surfaces at different immersion time: a 0 day, b 30 days, ¢ 90 days, and
d 180 days for deionized water immersion at 20 + 5 °C.

Figure 19 SEM micrographs of pultruded GFRP composite surfaces at different immersion time: a 0 day, b 30 days, ¢ 90 days, and
d 180 days for saltwater immersion at 20 £ 5 °C.
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Figure 20 FTIR spectra of pultruded GFRP composites at
different immersion temperatures before and after 180 days of
aging in deionized water.
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Figure 21 FTIR spectra of pultruded GFRP composites at
different immersion temperatures after 180 days of aging for
saltwater.

deionized water after 0 day and 180 days. It was
noted that, at the initial stage, the maximum bearing
capacity of pultruded GFRP composites was 49.05
kN, and the maximum strain was 0.077 um. After
180-day immersion, the maximum bearing capacity
of pultruded GFRP composites declined to 46.78 kN,
which represented approximately 6% level of degra-
dation. Also, the value of maximum strain presented
a downward trend, and that was 0.073 pm. Com-
paring the analytical and experimental results indi-
cates that the proposed tensile force of pultruded
GFRP composites based on interfacial strength is able
to match the experiment data well.
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Conclusions

This paper presents the durability of pultruded GFRP
composites immersed in saltwater and deionized
water at different temperatures. The study focused
on the moisture absorption kinetics of pultruded
GFRP composites, and the effects of moisture
absorption on mechanical properties such as tensile
properties and the macro- and micro-interfacial
strength. Based on the above study, the main findings
of this study are summarized as follows:

1. The moisture absorption of pultruded GFRP
composites increased nonlinearly as the temper-
ature rose. Elevating the temperature increased
the moisture absorption capacity and diffusion
coefficient of the pultruded GFRP composites in
both deionized water and saltwater conditions.
The equilibrium moisture absorption of speci-
mens in saltwater was slightly less than that of
specimens immersed in water at the same tem-
perature because of the high concentration of
dissolved particles in saltwater that retard mois-
ture diffusion by osmosis.

2. After 180 days of aging, the losses of tensile

strength and modulus were, respectively, 25.7%
and 26% for specimens immersed in deionized
water at 20 £ 5°C, whereas the equivalent
respective losses were 2.1% and 18.2% for spec-
imens immersed in saltwater at 20 £ 5 °C. The
results indicated that higher moisture absorption
caused more drastic degradation in tensile
properties.

3. As the inter-laminar shear strength of specimens

after 180-day immersion in deionized water and
saltwater decreased 18.8% and 8.9%, respectively,
at 30 + 1 °C, and 28.8% and 18.5%, respectively,
at 60 £ 1°C. The values of interfacial shear
strength decreased were 21.1, 0.6, 53.2, and
23.5%, respectively, at the same condition. It
was noted that the hydrolysis of resin and E-glass
fibers and debonding at the interface were the
major reasons for the degradation of tensile
properties of GFRP composites.

4. The diffusion rate of micro-interface was higher

than that of macro-interface in the fiber direction
because of moisture wicking along the fiber/ma-
trix interface, establishing intermolecular hydro-
gen bonding with fibers and reducing interfacial
adhesion of the fiber/matrix.
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Figure 24 Cures of F—¢¢ of pultruded GFRP profiles exposed in deionized water after a 0 day and b 180 days.
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5.

A numerical method, based on the change of
interfacial strength and Weibull distribution, was
proposed to describe the temperature effects on
pultruded GFRP composites. Moreover, the
degradation trends of ultimate bearing capacity
of pultruded GFRP composites in hygrothermal
environments were noted.
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