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Abstract

Recently, a hybrid composite cable has been developed for external strengthening of
structures in seismically active zones, containing a novel thermoplastic epoxy matrix.
While this resin has advantageous properties such as processability, the UV resistance
for outdoor service conditions has not been studied. This paper examines the accelerated
UV degradation behavior by using a xenon arc source, and reporting the changes in
chemical structure and mechanical properties of both the resin and FRP rods. While the
neat resin is susceptible to photo-oxidation and a sharp decline in strength, the hybrid
FRP shows no significant changes in tensile properties even after nearly 2000 MJ/m? of
UV radiation (equivalent to seven years in Florida, USA). This was attributed to the
fiber-dominant nature of unidirectional composites, further supported by a Curtin-type

analytical model.
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1. Introduction

Infrastructure such as bridges, tunnels, marine structures, nuclear plants, and

railways, as well as industrial and commercial infrastructure such as warehouses and

office buildings, are vital to commerce and social prosperity. While steel frame

structures are commonly found in office buildings and roadway bridges, reinforced and

prestressed concrete remains the most common system in the world [1]. However,

corrosion of the steel reinforcing/prestressing materials—usually bars or cables—Ieads

to cracking of the concrete and costly repairs over the life of the structure [1-3]. Of the

various alternative materials and preventative measures available, fiber reinforced

polymer (FRP) composites have steadily attracted attention in the infrastructure sector

as a new concrete reinforcement material, due to their excellent strength-to-weight ratio

and insusceptibility to galvanic corrosion [4-8]. In addition to internal reinforcement

(i.e., inside the concrete), where water- and alkali-resistance is essential, external

reinforcement applications have also been investigated. In particular, lightweight FRP is

an ideal material for seismic retrofitting of in-service concrete and steel structures, since

less inertia is generated by high-frequency vibrations [9,10].

However, these polymeric composites are susceptible to environmental degradation,

which includes a vast range of mechanisms and rates depending on the specific polymer
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and the environmental conditions; numerous studies have reported on neat polymer and

FRP degradation in aqueous solutions of various pH and temperature to simulate a

concrete environment [11-15]. While this is applicable for internal reinforcement,

external applications involve exposure to sunlight—particularly damaging UV radiation

[16-18]. Since epoxy-based resins are widely used as FRP matrix materials, UV

degradation of thermoset epoxy and its FRP has been well studied [19-27]. A

thermoplastic polymer known as phenoxy, having a similar chemical formula to many

bisphenol-based thermoset epoxies, has been used in numerous photo-degradation

studies as a model polymer [28-31]. Previous work found that tertiary carbons in the

phenoxy chain are attacked in the form of a- and -scission, while secondary carbons

are oxidized to ketones and followed by photo-Fries rearrangement (phenol

hydroxylation) [20,24,29-35].

Recently, a glass/carbon hybrid fiber reinforced composite cable (Figure 1a), using a

novel phenoxy-based thermoplastic epoxy matrix, was developed for external seismic

retrofitting of structures (CABKOMA, Komatsu Matere Co., Ltd.) [9,36]. The stranded

cable is composed of seven hybrid rods, comprised of a carbon fiber core and a braided

glass fiber outer sheath, and is available in three sizes depending on the carbon fiber

content—NH2417 (one 24K tow), NH2427 (two 24K tows), and NH2437 (three 24K
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tows), having cable diameters of 7.0 mm, 8.2 mm, and 9.3 mm, respectively [9]. In

addition to exhibiting a hybrid effect on the tensile, flexural and compressive properties

under static and fatigue loading [36-42], this cable structure also provides electrical

insulation to prevent galvanic corrosion in cases where contact with metal components

1s unavoidable.

Although the mechanical properties of the composite cable without aging have been

investigated [36-42], the UV resistance of the rods and its thermoplastic epoxy has not.

This paper reports the accelerated UV degradation behavior of a novel phenoxy-based

thermoplastic and its hybrid FRP, which was investigated by mechanical testing,

microscopy, and UV-vis/IR spectroscopy. As part of the analysis of experimental data,

some phenomenological life estimation models for both the resin and composite rod are

proposed.

2. Experimental procedure

2.1 Material

The polymer in this study was a novel amorphous thermoplastic phenoxy resin

developed by Nagase Chemtex. Based on the manufacturer’s publications [43-45],

aromatic monomers based on bisphenol A and fluorene-bisphenol constitute the main

structure of the resin; however, the exact composition is not disclosed. To briefly
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describe the production method, the monomer mixture (XNR6850V, aromatic bisphenol
and diglycidyl ether compounds) and accelerator (XNH6850V, tertiary amine-based)
were mixed at a mass ratio of 100:6.5 and suspended in MEK until ready for use, where
it is then heated to 150 °C to promote polymerization and remove solvent [36]. Some
scattered crosslinking may occur, but the manufacturer reports no measurable degree of
crosslinking [36,43]. Neat resin plates of 2.3-mm thickness (specific gravity 1.20 g/cm?,
provided by the cable manufacturer, Komatsu Matere Co., Ltd.) were cut into 60 x 10
mm rectangular specimens. The hybrid composite rod was comprised of a PAN-based
carbon fiber core (Toray T700SC, 24K tow) and a braided E-glass fiber outer sheath
(ECG751/01ZY-95T, Nippon Glass Co., Ltd.), which was impregnated with the
thermoplastic epoxy during the heating process mentioned above. The composite rod
product “NH2417” was selected for this study (labeled “1P” in previous studies [36-
42]), obtained from Komatsu Matere Co., Ltd., having a diameter of 2.30 mm and
specific gravity of 1.76 g/cm?, and fiber volume contents of Vo= 24.6% and Ver=
39.8% for carbon fiber and glass fiber, respectively. The thermoplastic resin and hybrid
rods are pictured in Figure 1(b)-(d). This small-diameter rod has the lowest carbon fiber
content of all CABKOMA products, making it the weakest and most vulnerable to

environmental degradation; thus, it was chosen to assess the UV resistance of hybrid
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FRP cables through a “weakest link” approach. However, larger sizes are currently

under long-term investigation and the results will be reported elsewhere in the future.

Some residual MEK is assumed to remain after the resin manufacturing process,

which was confirmed by drying the as-received material in a vacuum oven at 80 °C for

two weeks and observing approximately 1% mass loss. The purpose of this study is not

to investigate the fundamental photo-oxidation mechanisms of phenoxy-based resin

using solvent-free specimens, but rather to assess the real UV durability performance of

commercially-available FRP cables for applications that include outdoor exposure, such

as seismic retrofitting. Therefore, specimens were used as-received unless specified.



O Joy U W

OO T U UG OTUTOOT DD DS DEAEDNDWWWWWWWWWWRORNRNONNNRORNONONNR R P PR e e
R WP OWOVWOINTDEWNROWOVWOJANBEWNROWOW®DJIAANT®EWNRL,OW®OJAANUBNWNRLOWO-JOUNWNR O W

(a)

Hybrid FRP Cable

N
Reinforcement/
retrofit

J Ty he
I:> DGEBA, TETA, etc.

Thermoset epoxy n ~NH,
(traditional) NN

v
— Q Q BPA, BCFL-E, etc.

Thermoplastic epoxy 0.0
(novel) Q O
HO OH

— Improved manufacturability and on-site formability

N7

o

Figure 1. Materials used in this study: (a) Schematic of lightweight hybrid FRP cable for
structural reinforcing and retrofit, (b) outer and (c,d) cross-sectional view of the hybrid

glass/carbon FRP rod, and (e) diagram of thermoplastic epoxy resin.

2.2 UV exposure conditions

The accelerated weathering test machine used in this study was a xenon arc lamp

(SX75, Suga Test Instruments Co. Ltd.), shown in Figure 2. A combination of quartz

glass and longpass filters cut wavelengths below 295 nm, with a maximum irradiance of
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180 W/m? (monitored over 300-400 nm. Temperature and relative humidity constant

were kept constant at 37 °C and 50%, respectively.
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Figure 2. Experimental setup in this study: (a) SX75 xenon arc weathering machine and
(b) inside of the SX75 showing specimen fixture, and (c) spectral irradiance of the
xenon arc lamp (cut off below 295 nm) according to manufacturer’s data; (d) tensile test
setup of the hybrid FRP rod.

2.3 Characterization

Chemical changes in the resin were monitored by FTIR spectroscopy (Nicolet 6700,
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Thermo Fischer Scientific) over the range 650-4000 cm™ (resolution of 4 cm™ and 300
scans) via Ge-ATR (incident angle 45°, penetration depth ~0.7 um); specimens were
handled with gloves to avoid contamination by skin oils, and spectra were collected
from the surface facing the lamp. UV-vis spectra were collected in absorbance mode
over the range 200—600 nm (V-770, JASCO). Glass transition temperature (7,) was
measured by differential scanning calorimetry (DSC 7020, Hitachi High-Tech), where
5~6 mg of resin was heated at 10 °C/min over the range of 30-200 °C in a heat-cool-
heat program; the 7, was taken from the second heating.

Physical changes were assessed by mass-change measurements using a digital scale
(precision £0.1 mg), and fracture surfaces from the mechanical tests were examined by
optical microscope (VHX 6000, Keyence).

Changes in the mechanical properties of the neat resin and hybrid FRP rods were
investigated by three-point bending (five replicates) and axial tension (ten replicates),
respectively, both at a crosshead speed of 1 mm/min on an electromechanical UTM;
tensile strain was measured by a video displacement measurement system and verified
by foil strain gauges. A patented hand-layup grip tab technique [36,45] was used to
facilitate direct gripping in the UTM. Failure in the center two-thirds of the free length

was considered valid.
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3. Results and discussion
3.1 Degradation behavior of thermoplastic epoxy
3.1.1 Physical changes

Visible color change was observed after just 300 hours of exposure, growing
increasingly yellow as time increased (Figure 3a). This is a common phenomenon
associated with oxidation of phenolic substances, as indicated by the absorbance shift to
longer wavelengths after exposure [24,30]. The specimen mass decreased over time

under the selected exposure conditions, which was calculated by:

M =L (1)

where Wrand W; are the final and initial weights, respectively. Mass loss with respect to
the square root of time showed accelerated loss in early stages followed by a more
gradual rate (Figure 3b). This appears to follow the so-called two-stage diffusion model,
which describes the combination of molecular diffusion and polymer relaxation-
controlled mass transport [14]. We modify this model to enforce equilibrium on the

relaxation at long durations:

0.75
AM = AM, 4 [1 — exp (—7.3 (ﬁ) )] + AM, ,(1 — exp(—kt)) (2)

where AM 1 is the typical Fickian long-term saturation value, AMw> is the additional

change caused by relaxation, £ is the relaxation coefficient, ¢ is time, D is the diffusion
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coefficient, and / is the material thickness (Table 1). All parameters aside from ¢ and /
were determined by minimizing the sum of squared errors against the experimental data.
The justification for applying this model—aside from the obvious visual fit—is as
follows. Solvent desorption initially follows Fickian behavior due to the small
molecular size, and some low molecular weight degradation products from the resin
leech out from the outer surface in early stages of exposure; this change in mass is linear
vs V¢ until a certain point (AM-1), where a second process seems to dominate. Similar
observations have been reported for epoxy adhesives [46]. As the polymer becomes
increasingly damaged by UV radiation, leeching of the polymer degradation products
and solvent from deeper inside the material dominates the mass loss process and occurs
more slowly at longer times, eventually reaching a limit (AMx>) in the absence of
erosive forces. If surface erosion occurs continuously during exposure, the distance to
the outer surface for leeching degradation products and solvent becomes smaller and
thus AM,1 should theoretically approach AMsx . Clearly, the values for D and & in the
case of vacuum-drying are nearly an order of magnitude higher than those for UV
exposure due to the highly temperature-sensitive nature of desorption kinetics. However,
the main focus of this figure is to demonstrate that the observed mass loss during UV

exposure can be partially attributed to solvent desorption.
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Figure 3. (a) UV-vis spectra and photographs of color change over time, and (b) mass

loss of the thermoplastic epoxy resin after UV exposure or vacuum-drying at 80 °C.

Table 1. Parameters for the mass-change model for neat resin.

Exposure Time [vhr]

Vacuum oven

Fickian Two-stage Fickian Two-stage

[00%
AMz 1 (%) 0.53 0.53
AMos (%) - 0.43
D (10 m%s) 6.1 6.1
k(10%s™) - 1.9

0.82

19.1

0.82
0.18
19.1
10.3

3.1.2 Mechanical changes

Three-point bending tests show a significant decrease at intermediate durations

(<400 hr) followed by a plateau at later stages (>2000), resulting in a strength loss of
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88% (Figure 4a). On the other hand, bending modulus increases slightly (16%) at

intermediate durations before falling at longer durations (-14%). The initial apparent

increase in modulus could be caused by additional crosslinking between polymer chains,

as well as the desorption of residual MEK solvent, as supported by the mass-loss

results; meanwhile, the loss in strength and overall loss in modulus are attributed to

chain scission. Figure 4(b) illustrates the discussion below of the mechanisms behind

the modulus behavior. Typical force-displacement curves for bending specimens are

shown in Figure 4(c). Two failure modes were observed in degraded specimens, as

illustrated in Figure 4(d): (1) multiple small cracks formed along the center-third of the

span until one main crack leads to brittle fracture, and (2) a single main crack is

immediately formed and the strength is controlled by fracture toughness. There was a

roughly equal amount of both failure modes observed, indicating that the crack

formation type was random for any given specimen; i.e., the strength follows a fracture

probability distribution. The fracture surfaces observed by optical microscope (Figure

4e) show brittle fracture with slight ductility in the control specimens, which is expected

for a thermoplastic epoxy. By contrast, the degraded specimens exhibit smooth fracture

surfaces indicative of micro-crack formation and rapid brittle fracture. This can be

expected based on the force-displacement curves.
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Figure 4. Flexural properties of UV degraded epoxy: (a) flexural strength and modulus

over time, (b) partitioned representation of Eq. (5) for modeling flexural modulus, (¢)

force-displacement curves for different exposure times, (d) schematic of two main

failure modes observed, and (e) optical micrographs of fracture surfaces.

Due to the complex nature of concurrent processes in a bulk polymer, it is difficult

to experimentally quantify the relationship between mechanical property loss and chain
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scission, so we explain the observed behavior as follows. Solvent desorption,
crosslinking, and chain scission all occur at a faster rate at short durations—before
reaching a plateau—and exhibit a spatial gradient through the thickness; while the
former two processes should theoretically increase mechanical properties, the latter
should decrease them. Therefore, the relative rates of desorption, crosslinking, and
chain scission determine the net resulting mechanical properties at any given time. It
follows that since strength largely depends on the development of surface cracks, while
modulus is a bulk elastic property, the strength would be more sensitive to chain
scission than crosslinking or solvent desorption, whereas the modulus would be the
opposite.

Assuming a generic first order reaction process for chain scission, the strength at

any time oy is expressed as:

5 = (9 — o) [1 — exp (- )| ()

1
where op and o denote the values at # = 0 and t — oo, respectively, and 11 is a time
scaling parameter. The parameters represent the net changes of the scission and
crosslinking reactions, reaching some long-term residual strength o% where the resin
degradation rate is too low to be significant on the experimental time scale. Likewise,

the bending modulus at any time E; is a combination of the chain scission and
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crosslinking as first order reactions, as well as solve desorption as a near-Fickian

process (i.e., exponential):
E, = (Ey— Ex) [1 —exp <— (%)Bﬂ +E; [1 — exp (— é)] 4)

where £ is the stretch parameter for the so-called stretched exponential function, 1> and
13 are the time scaling parameters, and E, is the maximum modulus increase attributed
to crosslinking. The stretch parameter is responsible for modifying the initial rate of
exponential decay [12,13], which is mathematically convenient for expressing the
observed changes in the modulus (i.e., a process influenced by Fickian behavior). Each
term in Eq. (4) is plotted separately in Figure 4(b) to help visualize how the “increase”
processes (solvent desorption and crosslinking) and “decrease” process (chain scission)
interact. All parameters are listed in Table 2, and the equations were successfully fit to

the data in Figure 4(a).

Table 2. Parameters for the resin degradation model.

’

0o O T4 E, Es E,. T, T3 B

919 11.0 305 2350 470 700 2000 3500 -2

3.1.3 Chemical changes

FTIR spectra for various exposure times are shown in Figure 5(a), normalized to the
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benzene breathing peak at 1508 cm™'. The characteristic benzene stretch peak is found at
1508 and 1605 cm™!, while aromatic ether appears at 1040 and 1240 cm™ and the less-
abundant aliphatic ether at 1182 cm™ [23]. Methyl groups from substituted benzene and
bisphenol-A units can be seen at 1365 and 1382 cm™!, with several alkyl CH, peaks
hidden amid other peaks around 1400-1470 cm™'. In the degraded specimens, carbonyl
peaks grow with time at 1740 and 1710 cm™!, which could indicate ketone, aldehyde,
ester, or carboxylic acid formation; however, no peak at 2700 cm™! indicates aldehyde is
not present in significant quantity, and the observed C=0 peaks are at a lower
wavenumber range than esters typically are found, so ketone and carboxylic acid are the
two most likely products [30]. The increase in carbonyl groups follows a linear trend
over time (Figure 5c), and does not reach plateau within the duration of the study, in
contrast to the bending strength.

Meanwhile, the T, decreases very slightly (~5 °C) and is assumed to be the net result
of concurrent crosslinking, solvent desorption, and chain scission (Figure 5c¢), which
corresponds to the FTIR analyses and mechanical testing results. Equation (5) is

analogous to Eq. (4) and was used to fit the 7, data:
t\# , t
Ty = (Tg0 — Tyoo) |1 —exp | — <Z> + Tye [1 — exp (— Z)] )

where all parameters are analogous to those for elastic modulus in Eq. (4), adapted
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to the Ty (listed in Table 3). This demonstrates that the same principle of a net decrease

is observed if crosslinking, solvent desorption, and chain scission occur concurrently.

Table 3. Parameters for the 7, reduction model.

Tg 0 Tg oo Tg,c (51 (%) B

95.3 87.9 973 1200 600 1

In order to confirm that a degradation layer is formed rather than uniform

degradation through the thickness, a moderately degraded specimen (1000 hr) was

selected and the outer surface was polished off in 25 um increments, and the FTIR

spectra were taken again (Figure 5b). Comparing the degraded outer surface (i.e., 0 um

removed) with depths up to 100 um from the surface, it is clear that the carbonyl and

ether peaks decrease significantly and suddenly within 25 m of the surface, as shown in

Figure 5(d), and that the inner portion—while no longer virgin—is considerably less

degraded and more similar to the initial condition.
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Figure 5. FTIR spectra at (a) various exposure times and (b) different depths from the
outer surface (1000 hr specimen), (¢) changes in CI and 7, over time, and (d) change in
CI through the thickness from (b).

3.2 UV resistance of hybrid FRP

The tensile behavior of the hybrid FRP rods after UV exposure was investigated,

revealing linear elastic behavior up to failure for all specimens, which is expected for

fiber-dominant tensile properties (Figure 6a). The scatter in tensile strength can be

described by the two-parameter Weibull distribution [47]:
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In [ln (1 —1PF)] = m[In(o,) — In(0,,)] 6)

where Pr is the cumulative probability of failure at the applied tensile stress o, m is the
Weibull modulus or Weibull shape parameter, and o is the characteristic stress or
Weibull scale parameter. The higher the value of m, the less scatter in strength is
observed and thus the reliability can be considered higher—i.e., lower probability of
fracture at strengths approaching the mean. The Weibull plots for all exposure durations
are shown in Figure 6(b), where it appears that the data sets differ little from each other.
The tensile strength and modulus, summarized in Figures 6(c)-(¢), do not change
significantly even after 3000 hours of UV exposure; this is in stark contrast to the neat
resin, which lost its mechanical strength at short durations and quickly reached a plateau
at long durations. This result is expected as the tensile properties of unidirectional
composites are fiber-dominant. To further demonstrate this, we calculated the hybrid
FRP tensile properties using a modified Curtin-style global load sharing (GLS) model

[42]:

1
v 2 Mef+l fmer + 1
9 = Cfo_cf mcf + 2 mcf + 2

1

+ 8,V 2\t (e 1) Ly
o, _— —_— (o}
ar’ar%af mgf+2 mgf+2 mOm

(7
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1 1

_ O-Cf 2 mcf+1 Ggf 2 mgf+1 8
frf(ﬁ) M by ®
cf \Mcf gf \Mgf
Oc
E=—
€7 g )

where o, F, and ¢ are the tensile strength, elastic modulus, and failure strain,

respectively; subscripts cf, gf, and m denote the carbon fiber, glass fiber, and matrix,

respectively, with respective volume fractions V. The Weibull modulus of each fiber

type is denoted by m, and @ 1is the braiding angle of the glass fiber outer sheath. The

fiber properties were taken from the manufacturer, while the respective Weibull moduli

and other parameters can be found in the literature and are listed in Table 4 [42]. The

resin properties discussed in Section 3.1.2 can be used as direct inputs for material

property prediction. The solid lines in Figures 6(c,d) represent model predictions, which

agree closely with experimental values. While the predicted strength decreases slightly

due to the resin strength degradation, the experimental strength values of the FRP seem

to increase very slightly—although within the range of error. Possible mechanisms of

strengthening include UV-induced resin crosslinking, improved interfacial bonding due

to UV-induced carboxylation, or solvent desorption (as discussed in Section 3.1).

Table 4. Parameters for the GLS model of FRP properties [42].

Carbon fiber Glass fiber Resin

V(%) 24.6 39.8 <255
E (GPa) 230 70 2.3
& (MPa) 4900 2200 12~90"



O Joy U W

OO T U UG OTUTOOT DD DS DEAEDNDWWWWWWWWWWRORNRNONNNRORNONONNR R P PR e e
R WP OWOVWOINTDEWNROWOVWOJANBEWNROWOW®DJIAANT®EWNRL,OW®OJAANUBNWNRLOWO-JOUNWNR O W

m (-) 6.0 5.5 -
6 (deg) - 9.12 -

“Resin strength varies according to Eq. (3)

The Weibull modulus increases initially and then decreases linearly with exposure

time (Figure 6¢), resulting in a 37.4% maximum reduction. Although the mean tensile

strength does not change significantly over the duration of this study, the scatter in

strength becomes greater after UV exposure and thus the risk of material failure at lower

applied stresses increases. This warrants further investigation into much longer

exposure durations to determine whether accelerated UV testing can provide data for

life prediction at reasonable time scales—which is currently in progress.
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Figure 6. Tensile properties of hybrid FRP rods after UV exposure: (a) Representative
stress-strain curves and (b) Weibull plot of tensile strength for each exposure duration;

(c) tensile strength, (d) elastic modulus, and (e) Weibull modulus at different exposure

Figure 7 shows the fracture surfaces of the rods at different exposure durations. A

distinct trend was observed in which the resin matrix degradation leads to “unraveling”

Exposure Time (hr)

times.
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of the braided glass sheath, appearing almost as a broom-like failure at longer exposure

times. In addition, the carbon fiber core appears to exhibit more brittle fracture with

debris-like resin fragments visible after UV exposure. Both of these observations could

suggest that the resin degradation has a small effect on the local fracture behavior in the

hybrid composite, although this is not reflected in the average tensile properties.

Figure 7. Fracture surface of hybrid FRP after different UV exposure times (scale bars

are 1 mm and 50 pm for top and bottom, respectively).

The results presented in this paper are limited to the center rod of the CABKOMA

stranded cable product having the smallest diameter, in order to rapidly assess the worst

case in terms of UV resistance. If a single rod from the stranded cable does not show

significant degradation, then the full seven-wire stranded cable should be even more

durable due to the smaller exposed surface area, which can be approximated as roughly
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40% of the total surface area of seven individual rods (Figure 8). Thus, the neat

thermoplastic epoxy resin and the NH2417 (“1P”) rod were sufficient as model

materials to study the effects of UV radiation on mechanical properties. However, a

long-term study on UV exposure of larger diameter rods (NH2437, “3P”) and full

stranded cables simulating 100 years of outdoor exposure is in-progress, and the results

will be reported in the future.

B
. Exposed surfaces

PM AM
UV radiation

Figure 8. Schematic depiction of exposed surfaces in a full seven-wire stranded cable.

4. Conclusions
This paper presents an investigation into the accelerated UV degradation behavior of
a novel phenoxy-based thermoplastic epoxy resin, as well as the corresponding hybrid

glass/carbon FRP rod. A maximum strength loss of 88% was observed within 3000
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hours of accelerated testing of the resin, which is equivalent to sunlight exposure of
6.94 years in Florida, USA (based on total irradiance of 1944 MIJ/m?, and annual UV
dose of 280 MJ/m? in Florida [48]). Although this would hypothetically translate to
significantly compromised mechanical integrity of the FRP in the long term, tensile
testing of the rods showed no significant changes in tensile properties even after 3000
hours of UV exposure. The UV resistance of the rods are attributed to the unidirectional
structure consisting of a glass fiber outer sheath, so that the fiber-dominant properties
are maintained despite degradation of the outer layer of resin. FRP rods used as internal
reinforcement (i.e., embedded in concrete) are generally safe from UV radiation, but
cables used as external rehabilitation or seismic retrofitting materials are at high risk of
UV exposure, so this study provides valuable information on the performance of a novel
thermoplastic epoxy-based hybrid FRP cable for construction applications. Ongoing and
future studies will investigate the UV resistance of larger diameter rods and cables, as

well as coupled effects of UV and moisture.
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