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ABSTRACT

The objective of the present study was to evaluate the influence of two different environmental conditions on
the quantitative change of color and mass, tensile strength and modulus of elasticity of glass fiber reinforced
polymers (GFRP) produced in Brazil. For this purpose, specimens were taken from pultruded composite pro-
files with two different matrices (vinylester and phenolic resins) reinforced with glass fibers. The first condi-
tion consisted of exposing them to cycles of ultraviolet radiation followed by water spray. In the second envi-
ronment, the specimens were continuously exposed to alkaline solution at a constant temperature of 40 °C.
After the exposure, both vinylester and phenolic composites were characterized according to the following
parameters: variation of mass, tensile strength and modulus of elasticity. The CIE 1976 L*a*b* color system
was used to determinate the color variation of the specimens after degradation using a spectrophotometer.
Results indicated significant reductions in tensile strength values for both composites, in addition to expres-
sive variations of mass and color. However, the color variation was not directly related with the loss of me-
chanical strength.
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1. INTRODUCTION

Pultruded glass fiber reinforced polymer (GFRP) has increasingly been used in Civil Engineering since the
1980’s. It is well established that GFRP profiles are used as structural elements mainly due to their low spe-
cific gravity, low electrical conductivity and high resistance to corrosion. Moreover, GFRP structures can be
easily fabricated using adhesives and/or bolted joints where inspection and maintenance procedures are un-
complicated [1]. Production of pultruded GFRP of varied shapes and high mechanical strength enables its use
in different structures such as bridges, walkways, and stairs. Presently, GFRP structural profiles are common-
ly used in oil and gas plants where the material is exposed to the corrosive platform and refinery environ-
ments. In spite of its numerous advantages, several studies have shown that the durability of GFRP can be
seriously affected by long-term ultraviolet (UV) radiation and water exposures due to the plasticization and
swelling of polymeric matrices and leaching in glass fibers [2, 5]. These adverse effects can be accelerated in
the presence of alkali ions [6] and high temperature [3]. A way to overcome this problem is to understand
how GFRP behaves under severe environmental conditions, as has been reported by several studies [3,6-9]

In general, GFRP degradation has been initially observed by the change of the resin color. Neverthe-
less, the discoloration is often subjective and cannot be associated with loss of strength, stiffness or some
other im-portant mechanical property of the composites. Although GFRP photodegradation has been exten-
sively studied [4,7, 9-12], there is little information on the quantitative color variation and its influence on the
mechanical behavior of GFRP composites. In this study, the influence of the accelerated degradation of two
types of GFRP composites produced in Brazil on the quantitative change of color was investigated. Moreover,
measurements of change of mass, tensile strength and modulus of elasticity were also carried out in two types
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of GFRP composite specimens (vinylester and phenolic resins reinforced with E-glass fiber) exposed to two
environments: (i) ultraviolet radiation followed by water spray; and (ii) alkaline solution at a constant tem-
perature of 40 °C. GFRP degradation was investigated by detailed measurements of the direct longitudinal
tensile test, water absorption, spectrophotometry, and scanning electronic microscopy.

2. MATERIALS AND METHODS

2.1 Materials

The GFRP pultruded profiles used in this study were fabricated using a standard pultrusion process in a com-
posite company in S&o Paulo, Brazil. In the pultrusion process, fibers were impregnated with a low viscous
liquid polymer in a resin bath and then the pre-impregnated composites were pulled and cured through a
heated die [13]. The profiles were made with matrices of vinylester and phenolic resins reinforced with E-
glass fiber (fiber content of 50 and 60 wt.%, respectively) in the longitudinal direction. The E-glass fiber had
a diameter of 20 pm, density of 2570 kg.m™, tensile strength of 1.2 GPa, and modulus of elasticity of 70 GPa.
The vinylester resin was made with 1.7 wt.% of methyl ethyl ketone peroxide, 0.5 wt.% cobalt chloride as
catalyst and accelerator, respectively. The phenolic resin was cured in an oven at 210 °C for 15 min. Speci-
mens for the different tests were accurately extracted from the pultruded profiles using a Discovery 560 Romi
vertical machining center. Figure 1 shows the dimensions of the specimens that were based on the studies
performed by Vieira [14].
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Figure 1: Dimension of the specimens used in the tensile properties tests (values in mm). Top (a) and lateral (b) views.

2.2 Exposure conditions

The GFRP specimens were exposed to both UV/spray condition and an alkaline immersion condition. These
tests were separate and independent of each other. Prior to the UV/spray and alkaline exposures, the speci-
mens were oven-dried at 60 °C to a constant mass. For the UV/spray conditions, the exposure of 280-330 nm
UV radiation was made artificially in a weathering machine (ADEXIM-COMEXIM). The aging conditions
required for one complete cycle were as follows: 60 min. exposure to light; 60 min. without light plus water
spray; 10 min. under ventilation. The water temperature was maintained at 40 °C. The tests of tensile strength,
mass variation, and color change were carried out after 160, 320 and 480 complete cycles.

The alkaline exposure was represented by continuously maintaining specimens of both GFRP compo-
sites in high-density polyethylene boxes containing a 40 °C alkaline solution. This solution was formed by
using mass concentrations of 1.0% NaOH, 1.4% KOH, and 0.16% Ca(OH), in 1 L deionized water to provide
a high pH level (pH 13). This exposure condition was previously used by KIM et al. [6]. During the exposure,
the volume of alkaline solution was equal to three times the volume of the samples and the solution was peri-
odically stirred. Specimens of both composites were taken out after 90 and 120 days from immersion to
measure the different properties.

2.3 Test methods

The mass variation of the samples over time was defined by Equation 1 [6]. The same specimens used to
evaluate the tensile strength during 480 UV/water spray cycles and 120 days of alkaline immersion were used
in the mass variation tests. Before the mechanical test, the specimens were dried in an oven at 60 °C for 24 h.

M, = 100-(M; - M;)-M;* ()
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Where: M, is the variation of mass (in percent); M, is the mass of the specimen at time t; and M; is the initial
mass of the specimen (t = 0).

The direct tensile tests were performed in an Emic universal testing machine at a crosshead speed of
0.5 mm/min and load cell of 50 kN. The strain values were obtained by an electric clip-gage with a gage
length of 50 mm. The modulus of elasticity was calculated considering the slope of the linear portion of the
stress-strain curve. Results were expressed as an average of 5 specimens + standard deviation. The results
were validated by statistical testing using Analysis of Variance (ANOVA) and Duncan’s Multiple Range
Tests with probability < 0.05 [17].

The color measurements were performed using a GretagMacbheth ColorEye XTH spectrophotometer
with the CIE D65 standard illuminant. The CIE 1976 L*a*b* color system was used for quantitative deter-
mination of color variation [15]. In this system, the total color difference (4E£*) is calculated in accordance
with Equation 2. A 4E* equal to 3.3 is the critical value of human visual perception [16]. Eight color meas-
urements were made on four 30 mm wide by 50 mm long specimens. Then, the average values were calculat-
ed for both GFRP composites. Measurements were made after 160, 320 and 480 UV/water spray cycles and
60, 90 and 120 days of alkaline immersion. The results of the color variation tests were also validated by
ANOVA and Duncan’s Multiple Range Tests (p < 0.05).

AE* = [(AL*)Z + (Aa*)Z + (Ab*)Z]O'S (2)

Where: AE* is the total color difference, AL* is the variation of brightness and 4a* and 4b* are chro-
matic variations - red-green (value scale a*) and yellow-blue (value scale b*).

Scanning electronic microscopy (SEM) analyses were performed to clarify the degradation for both
types of composites after severe exposures. Microscope Jeol JXA840-A images were taken from the compo-
site sur-face and fractured section of the specimens. The samples were gold-coated under vacuum and the
secondary electron images were taken on 15 kV.

All tested specimens from both the UV/water spray and the alkaline exposures were compared with
GFRP reference specimens (vinylester and phenolic) tested under room-conditions (unexposed specimens).

3. RESULTS AND DISCUSSION

3.1 Mass variation

The mass variation of the vinylester and phenolic composites during cycles of UV/water spray is presented in
Figure 2. There was no expressive mass variation irrespective of the composite type. As can be seen, 0.2 and
0.3% loss of mass values were observed to vinylester and phenolic composites, respectively, after 480
UV/water spray cycles, indicating only a surface phenomenon. This behavior was confirmed by SEM analy-
sis as discussed in section 3.4. In this case, the loss of mass is likely to be due to the volatiles and residual
moisture in the specimens.
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Figure 2: Mass variation over time (square root) of the vinylester and phenolic composites exposed to the UV/water
spray cycles.
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The mass variation was more pronounced in the alkaline exposure than those in UV/spray cycles,
mainly for the phenolic composites. Figure 3 shows that the vinylester specimens presented a 0.7% gain of
mass after 71 days of continuous alkaline immersion. The gain of mass for the phenolic composite was about
15% in the same immersion period. In both composite types, the gain of mass over the square root of time
increased with a constant rate (linear curves with R? higher than 90%). This behavior roughly follows a Fick-
ian diffusion behavior, as it was observed by KIM et al. [6]. Severity of alkaline exposure on the loss of mass
for polyester GFRP was also reported by CORREIA et al. [4]. Results of gain in mass for vinylester GFRP
were also previously observed [4,6]. However, the gain of mass determined in this study for phenolic compo-
sites was much higher than verified by other works. This behavior can be explained to a progressive visible
delamination observed in all phenolic GFRP specimens during the alkaline immersion period. In this case,
the longitudinal delamination of the phenolic composite can be attributed to a progressive swelling (Figure 4).
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Figure 3: Mass variation over time (square root) of the vinylester and phenolic composites exposed to the alkaline solu-
tion.

Figure 4: Lateral view of a phenolic composite specimen after 71 days of alkaline exposition.

3.2 Mechanical properties

Figure 5 shows the stress versus strain curves for unexposed (reference) and all ultimate exposed composites,
where expressive differences in strength and modulus of elasticity were observed due to the studied degrada-
tion environments. Both UV/water spray and alkaline exposures reduced the tensile strength of the compo-
sites. Based on the obtained values of tensile strength (Table 1), it can be observed that both types of compo-
sites presented different strength in relation to the references after 480 UV/water spray cycles. In this case, a
reduction in strength of about 10% was observed for both types of composites. A similar reduction was ob-
served in GFRP with isophtalic matrix after about 80 days of UV exposure [4].
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Figure 5: Typical stress versus strain curves of the vinylester and phenolic GFRP specimens.

Table 1: Mechanical properties of the reference and exposed UV/water spray (UV) and alkaline (AS) composites (stand-
ard deviation is indicated within bracket).

Composite Tensile strength (MPa) Modulus of elasticity (GPa)

Reference-Vinylester 394.4 (£ 15.7) 30.0 (x 1.5)
Reference-Phenolic 201.7 (£ 9.5) 27.3 (£ 1.4)
Vinylester-Uv160 355.6 (£ 27.3) 29.9 (£ 3.4)
Vinylester-Uuv320 340.9 (£ 31.6) 30.4 (£ 4.9)
Vinylester-UVv480 356.1 (+ 23.1) 322 (x1.7)
Phenolic-UV160 171.0 (£ 10.9) 28.6 (£2.2)
Phenolic-UV320 189.0 (¢ 13.4) 30.7 (£3.2)
Phenolic-UV480 185.6 (+ 24.4) 28.1 (x1.3)
Vinylester-AS90 316.9 (£ 22.2) 29.7 (£ 2.5)
Vinylester-AS120 241.3 (£ 25.4) 30.3 (x1.7)
Phenolic-AS90 34.6 (£ 4.0) 19.2 (x 2.0)
Phenolic-AS120 23.7 (£ 5.3) 19.2 (£ 1.7)

Comparing the tensile strengths of the UV/water spray vinylester composites with different exposure
times, no significant differences were observed between them. The same trend was observed for the tensile
strength results of phenolic-UV composites based on statistical analysis. This was probably due to post cur-
ing of unreacted resin matrix during the aging tests. SOOKAY et al. [18] observed this behavior in a study
with epoxy-based composites. For both types of composites, UV/water spray exposure did not cause a signif-
icant difference in modulus of elasticity (Table 1). It is important to note that in this work we opted to con-
duct longitudinal tensile tests, in respect to the fiber direction, to simulate real structural applications. In this
case, the strength is dominated by the fiber properties, which it seems, did not significantly change after
UV/water spray cycles.

The differences in the stress-strain curves of the reference and the alkaline specimens (Figure 5) clear-
ly showed the aggressive action of the alkaline environment on the tensile properties. In fact, the reduction in
tensile strength of both composites was more pronounced in the alkaline solution immersion than those in the
UV/water spray exposure. After 120 days of immersion, significant reductions of about 40 and 90% in
strengths were observed for the vinylester and phenolic composites, respectively, in relation to the references.
Reductions of about 20 and 80% were observed for the vinylester and phenolic composites, respectively,
after 90 days. In spite of the alkaline-vinylester composites presenting similar modulus of elasticity values in
relation to the reference, the final slope of the curves decreased while strain increased. For phenolic compo-
sites, no significant differences were observed between the modulus of elasticity values after 90 and 120 days
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of immersion. However, both alkaline-exposed composites presented significant lower modulus of elasticity
values (70%) than the phenolic reference. The loss of tensile strength in the phenolic composites exposed to
the alkaline solution was linked with the high mass variation (Figure 3), fiber degradation, and delamination
(Figure 4).

3.3 Color variation

The total color difference (4E*) values for all exposed composites increased with the exposure time, as can
be seen in Figure 6. Based on statistical analysis (ANOVA), the 4E* was significantly influenced by the
number of cycles and immersion time for UV/water spray and alkaline exposure, respectively. A good linear
correlation between the AE* and the square root of time was found for all curves (R? > 0.97). The vinylester
composites had the 4E* values between 3.8 (after 160 cycles) and 6.8 (after 480 cycles) And the 4E* values
of the phenolic composites ranged between 6.8 and 9.5 after 160 and 480 UV/water spray cycles, respective-
ly. Considering the measurements performed immediately after 60 days of alkaline immersion for both com-
posite types, the 4E* values were 8.6 and 4.2 for vinylester and phenolic composites, respectively.
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Figure 6: Total color difference (4E*) values of vinylester and phenolic GFRP specimens exposed to the UV/water spray
cycles (UV) and alkaline solution (AS).

It is important to note that the visual observations of the discoloration of the specimens were very in-
formative. In fact, the specimens of both phenolic and vinylester composites presented detectable color
changes after all observed times indicated in Figure 6. This occurred because the 4E* values were higher
than the difference values (41E* = 3.3) recognizable by all people [19], i.e., the color changes after the expo-
sure was easily distinguished by the human eye. The photodegradation of the vinylester composite was mani-
fested by yellowing of the composite (increase of b* value in the CIE 1976 L*a*b* color system), while the
UV/water spray exposure darkened the color of the phenolic specimens (decrease of L* and increase in a*
and b* parameters). The results showed that the continuous exposure in the alkaline solution also darkened
the color of the phenolic specimens. On the contrary, the vinylester composites exposed to the alkaline solu-
tion lightened, with increases in L* value.

It is important to note that the color variation was not directly related with the reduction in mechanical
strength, mainly for the vinylester composite. However, esthetical aspects are important in several projects
and should be considered by designers, mainly when GFRPs are used in outdoor applications.

3.4 SEM observations

SEM micrographs of the surface morphologies of different specimens before and after both UV/water spray
and alkaline exposures are shown in Figure 7. Both vinylester and phenolic unexposed composites were ini-
tially smooths (Figures 7a and 7b, respectively). The surface of vinylester and phenolic composites was ex-
pressively degraded after 480 cycles of the UV/water spray, as indicated in Figures 7c and 7d, respectively.
In fact, microcracks appeared on each composite indicating, as expected, that the photodegradation of poly-
meric composites caused apparent surface microcracking. A similar microcracking phenomenon under UV
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exposure has been previously reported by others authors [10-12,10]. After 120 days in alkaline immersion,
both vinylester and phenolic composites presented evidence of resin erosion, which induced the appearance
of microcracks (Figures 7e and 7f, respectively). This behavior was more pronounced on the phenolic com-
posites, where delaminations along the side of the specimens (longitudinal) were visually observed. This was
consistent with the results of mass variation shown in Figure 3.

The clean surface of a fiber from the vinylester composite exposed to the alkaline solution, shown in
Figure 8a, confirmed that the microcracking indicated in Figure 7e was a surface phenomenon. This corrobo-
rated with the mechanical behavior of the vinylester composite (Figure 5 and Table 1). It was confirmed that
the vinylester resin could inhibit the penetration of alkalis into GFRP composites immersed in alkali solu-
tions [21]. On the other hand, the continuous exposure to the alkaline solution affected the fiber surface of the
phenolic composite. In this case, with the delamination, there was a direct contact between the glass fibers
and the alkaline solution. Thus, clusters of hydrated compounds were observed around the fibers, as shown in
Figure 8b. This helped to understand the expressive reduction in tensile strength observed with the alkaline-
exposed phenolic composite in comparison with the reference composite. Moreover, it seems evident that the
damage mechanisms of phenolic composite exposed to the alkaline solution were mainly interfacial (fiber-
matrix bond) and fiber related mechanisms.

. . T Y g ' ¥ * > L LA
Accy  Probe  Mag WD Det H——1 100um AccY  Probe  Mag WD Det
15.0k¥ 40 x100 17 SE LAMAV/UENF 150k 40 x100 16 SE  LAMAV/UENF

e

AccY  Probe Mag AccY  Probe Mag WD Det
150k¥ 40 =x100 20 SE LAMAV/UENF 150k¥Y 40 x100 21 SE LAMAY/UENF

© (d)



CORDEIRO, G.C.; VIEIRA, J.D.; CO, C.M. revista Matéria, v.21, n.1, pp. 1 - 10, 2016.

PR % | 3 :
AccY  Probe  Mag WD Det F—— 100um Acc¥  Probe  Mag WD Det H—— 100um
15.0kv¥ 40 =x100 18 SE LAMAY/UENF 150kV 40 x100 18 SE LAMAY/UENF

©) ®

Figure 7: SEM micrographs of composites: (a) unexposed vinylester composite; (b) unexposed phenolic composite; (c)
vinylester composite exposed to 480 UV/water spray cycles; (d) phenolic composite exposed to 480 UV/water spray
cycles; (e) vinylester composite exposed to 120 days in alkaline solution; (f) phenolic composite exposed to 120 days in
alkaline solution.
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Figure 8: SEM micrographs of glass fiber of the (a) vinylester and (b) phenolic composites exposed to 120 days in alka-
line solution.

4. CONCLUSIONS
Based on experimental results, the following conclusions can be drawn:

= There was no expressive mass variation for both composites due to the UV/water spray exposure.
During the alkaline exposure, the mass variation was very pronounced, mainly for the phenolic
composite. This composite presented a visible delamination;

= No significant tensile strength variations were observed for both composites exposed to the UV/water
spray up to 480 days. On the contrary, the alkaline long-term exposures significantly reduced the
tensile strength for both composites. In this case, the reduction was more expressive for phenolic
composites;

= |t was clear that both degradation exposure conditions caused perceptible discoloration as a function
of time for the vinylester and phenolic composites. The values of the total color difference observed
on the exposed composites were higher than the minimum recognizable value by all people in a col-
or test. However, the color variation was not directly related to the mechanical strength loss;

= Evidence of environmental degradation was obtained by surface microcraking on both composites.
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