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ABSTRACT

Flexural creep behavior of nylon 6/6 (NY66) - and polypropylene (PP) -based lond/fice2000
—10000) thermoplastic (LFT) composites was investigated as a function of ultraviolet irradiation and
moisture absorption. Extrusion/compression-molded panels were prepared according to ASTM D-2990 and
conditioned according to ASTM D-618. NY66 and PP LFTs were characterized using scanning electron
microscopy (SEM), differential scanning calorimetry (DSC), and Fourier-transform infrared (FTIR)
spectroscopy in the unexposed condition, and as-exposed to 253.7 nm UV radiation. The creep compliance of
PP LFT increased with increasing UV exposure, whereas the creep compliance of NY66 LFT showed a
moderate decrease with increasing UV exposure. Moisture absorption experiments were performed in boiling
water until saturation on NY66 and its LFT composites. Characterization of desorbed moisture absorption
specimens suggested slight variation in the structure, and an analysis of creep compliances showed minimal

changes as compared to the dry/unexposed specimens.

Keywords: Polymer Matrix Composites, Long Fiber Thermoplastics, Flexural Creep, Ultraviolet Radiation,
Moisture Absorption, Infrared Spectroscopy

ABBREVIATIONS

ASTM  American Society for Testing and Materials NY66Nylon 6,6

DMA Dynamic Mechanical Analysis PMC  Polymer Matrix Composite

DSC Differential Scanning Calorimeter PP  Polypropylene

FTIR Fourier-transform Infrared (spectroscopy) SEM Scanning Electron Microscopy
ISO International Standards Organization uv Ultraviolet (radiation)

LFT Long Fiber Thermoplastic WLF  Williams-Landel-Ferry (equation)

LVDT Linear Variable Displacement Transducer




1 INTRODUCTION

Long fiber thermoplastics (LFTs) are a class of discontinuous fiber-reinforced polymer matrix
composites (PMCs) that are composed of a semi-crystalline thermoplastic matrix, and glass, carbon, or
aramid fiber reinforcements with an aspect (length/diameter) ratio of about 200 to 3000 [1-3]. LFTs combine
high stiffness, comparable processing costs, and comparable densities, making them more effective as
automotive composites over short fibd & 100) thermoplastics (SFTs) [4, 5], which rely upon the matrix
to carry the majority of applied load. LFTs exhibit viscoelasticity at all temperatures with a variable rate,
especially around the matrix glass transition temperaligye(d approaching the melting temperatdig) (
[6]. Since the maximum service temperature of LFTs is near 200 °C, they are compliant due to viscoelasticity
at moderate loads at these temperatures. Fiber reinforcements aid in increasing strength in LFTs compared to
the neat matrix, and, since the fiber length is in excess of 0.8 mm [7], the critical fiber length requirement for
load-transfer is met. The addition of fibers, however, causes a large interfacial area that may cause thermal
mismatch [8], and capillarity [9], and may affect viscoelastic creep compliance. Thus, in spite of possessing
an overall advantage over many competing materials, the mechanical performance of LFTs is function of its

constituents and variables.

Fiber-reinforced thermoplastic composites in outdoor applications encounter ambient moisture and
ultraviolet (UV) radiation in addition to stress and temperature, which affects mechanical properties. In
polymers and PMCs, these variables cause degradation and affect their long-term strength. The extent of
susceptibility varies with each polymer, depending on its fundamental functional group. However, moisture
absorption and UV damage in some cases is beneficial, e.g., moisture absorption in polyamides increases
their impact strength, and ultraviolet exposure may increase the strength if local crystallinity increases [10].

Hence, largely the base polymer controls the effect of environmental variables.

1.1  Moisture Absorption
Moisture absorption has been an area of concern since the introduction and subsequent large volume

usage of glass fibers in fiber-reinforced composites, mainly in automotive applications. Moisture uptake



causes increased mobility of the molecular chains and side groups, causing a replassibiteation, which
ultimately lowers the glass transition temperatdig ¢f the polymer. A permanent weight loss occurs

because of chain dissociation or chain segmentation, which is referred as hydrolysis. In some cases,
hydrolysis may cause material damage, such as microcracking, and accelerate moisture absorption. Moisture
absorption causes a weakening of the fiber/matrix interface, leading to interfacial cracking, and causes

swelling in the polymer matrix due to a dilatational strain caused by segmental relaxation.

Moisture absorption in PMCs follows Fickian absorption, pseudo-Fickian, or non-Fickian
absorption/desorption behavior. As many authors have pointed out [9, 11], the Fickian kinetic model for
moisture diffusion for some polymers is an inaccurate representation because the cumulative moisture-

induced damage in the material is not incorporated [12].

The temperature dependence of the moisture absorption process is represented using an Arrhenius
relation,D(T) = Deexp(A/RT), where the value of the pre-exponential condbgris about 10 mm?/s at
room temperature (23 °C) [13]. The time for moisture saturation in plastics is dependent on the inverse of the

square of the thicknessd 1/c?) of the section.

Creep response of viscoelastic polymers and composites is strongly related with the moisture
content and the overall diffusion process [14]. In time-dependent mechanical behavior of polymers, fluids of
low molecular weight, e.g., water, exhibit equivalence with time similar to the Williams-Landel-Ferry (WLF)
temperature equivalence. In case of water intake, an additional moisture-induced shift is applied to obtain

master curves to estimate the long-term creep response.

In glass fiber-reinforced composites, a decrease in tensile strength after moisture absorption is
typical [11]. However, this generalization may not be true for polyamides such as nylon 6 and nylon 6/6 and
their composites, which show improvements in Izod impact strength but show a decrease in tensile and
flexural strengths [15]. On the other hand, polyolefins, such as polypropylene and high-density polyethylene
remain unaffected with increasing water exposure due to a chemical structure with bonds that are difficult to

hydrolyze.



Many researchers have studied the effect of moisture absorption in fiber-reinforced composites.
Previous studies report fiber matrix separation [9] and microcracking [16] that ultimately cause a decrease in
tensile strength and elastic modulus. In contrast, various other studies report hygrothermal exposure to relax
the processing-induced residual strains [17]. Consensus, however, has been established on dgdrease in

thermoplastics [18].

1.2  Ultraviolet Radiation and Photo-oxidation

Photo-oxidation or photo-irradiation in polymers is dependent on the rate of oxygen diffusion.
Photo-degradation in thermoplastic polymers causes the formation of ester, aldehyde, formate and propy! end
groups [19]. The pendant methyl groups on alternate carbon atoms in the polypropylene backbone causes its
lower resistance to photo-oxidation over high-density polyethylene. Loss of mechanical properties and
optical properties (e.g., yellowing) are common effects in thermoplastics, such as in polyolefins and styrenic
polymers, e.g., polystyrene. This degradation is directly proportional to irradiating light flux and radiation
wavelength. Addition of a tensile stress to irradiation accelerates this degradation, whereas the addition of a

compressive stress decelerates the damage propagation [20].

UV exposure may bring positive or negative changes to modulus locally [21], as the size of
molecules that facilitate molecular motion undergoes a change. Conversely, an increase in local crystallinity
causes a corresponding increase in modulus due to the formation of stiffer segments. Additionally, a decrease

in density may also occur as small molecules undergo a phase change.

Thermoplastic polymers exhibit a decrease in strength with photo-degradation. Navarro et al.
investigated artificial weathering and chemical degradation on injection-molded polypropylene and observed
that after the induction time of degradation, compliance increased, which was attributed to increasing
scission of chain molecules and the formation of oxidation products [21]. Goel et al. studied the effect of UV
degradation on polypropylene and polypropylene/E-glass fiber LFT [10]. They reported a higher degree of
crystallization in LFT composites as opposed to the neat polymer. In addition, an increase in the local

modulus was observed in the UV-affected regions, which was attributed to the presence of chromophores in



the fiber sizing. Surface cracking and discoloration in both the neat polymer and the LFT composite was

observed.

Many mechanistic aspects of LFTs remain unclear in creep behavior. With some exceptions, the
specific effect of ultraviolet (UV) exposure and moisture absorption on LFT creep response has rarely been
reported. In this study, the effect of moisture absorption and ultraviolet radiation of nylon 6, 6, polypropylene
and their LFT composites was investigated. To assess the rate of water intake, the extrusion/compression
molded neat polymer (nylon 6/6) and LFT composite were completely immersed in water according to
ASTM D-570 and ASTM D-5229M, after standard conditioning (ASTM D-618). To assess the effect of
ultraviolet radiation, nylon 6/6 and polypropylene LFT composites were exposed to mid-ultraviolet lights in a
UV reactor. The surface morphology of exposed specimens for both conditioning cases was observed using
scanning electron microscopy and the composition of the surface was analyzed using Fourier-transform
infrared spectroscopy. Post-exposure flexural creep and dynamic mechanical analysis (DMA) data was
combined to estimate the long-term creep response. The scheme of experiments used in this study is

discussed in detail in the following sections.

2 EXPERIMENTAL METHODS

2.1 Materials

Neat nylon 6/6 (NY66), neat polypropylene (PP), and their LFT composites were used in this study.
These materials are listed in Table 1. All materials in this study were obtained as pellets from various
vendors. A measured amounts of the pellets were extruded using a single-screw or a double-screw extruder
with vendor-recommended barrel temperature profiles [22]. The extruded charge (extrudate) was
compression-molded in a 400-ton capacity compression press as panels with the desired thickness. The

residence time in the compression mold ranged from 20 s to 120 s.

A three-layer morphology, i.e., the outer skin, the inner skin, and the core layers, is common for
extrusion/compression molded composites [23]. The outer skin is polymer-rich and prone to the damage

caused by extrusion and compression molding stresses, and particularly critical to the assessment of the



effect of exposure, especially ultraviolet radiation, which adapts to the gradient generated by polymer flow at
the surface during molding. In this study, this polymer-rich outer skin was removed using an end-mill, and

only the fibrous inner skin was exposed to UV radiation.

2.2 UV Exposure and Moisture Absorption
The scheme of material preparation and testing is shown in Fig. 1. NY66, NY66 10 LFT, and
NY66 40 LFT were tested in flexural creep configuration after UV exposure and moisture absorption,

whereas PP and PP 40 LFT composite were exposed to UV radiation only and tested.

UV and visible light trigger degradation in polymers, with the near-UV radiation (290 nm to 400
nm) being critical for the longevity in outdoor applications [19]. UV radiation is classified as a spectral
category with wavelengths ranging in 100 nm to 400 nm, according to the 1ISO 21348 standard [24]. In this
study, a wavelength of approximately 253.7 nm was used [25], which is classified under the middle

ultraviolet (MUV) category.

Test specimens were exposed to constant ultraviolet radiation in a test chamber with 16 UV lights in
a circular array. The flexural creep (127.0 mm x 12.7 mm x 6.3 mm) specimens were suspended at an equal
distance (38 mm) from the UV lights, which corresponds to an intensity of about 21000 mW/cm? at a
radiation wavelength of 253.7 nm [26]. PP LFT flexural creep specimens were exposed to ultraviolet
radiation for 100 h to 400 h duration, in 100 h increments. NY66 LFT specimens were exposed for 100 h to

400 h in 100 h increments and additionally for 3600 h to assess the effect of long-term UV irradiation.

Moisture absorption tests were designed according to requirements in ASTM D-570 and ASTM D-
5229M. ASTM D-5229M requires the sides (depth dimension) be sealed. In this study, all edges were
exposed to water to determine the overall diffusivity of the material (ASTM D-570). The test specimens were
completely immersed inside a glass vessel, and heating was provided by a shell heater with temperature

control. The test apparatus is shown in Fig. 2.



The weight of the specimens was measured using an electronic scale with precision of 0.0001 g.
Two specimen configurations were used; a) moisture absorption specimens of dimensions
76.2 mm x 25.4 mm x panel depth, and b) flexural creep specimens. These specimens were fully immersed
in water until the specimens gained equilibrium moisture content, followed by desorption by drying in an air-

circulated oven to regain equilibrium weight before a creep test.

2.3  Fourier-Transform Infrared Spectroscopy
The attenuated total reflectance (ATR) mode in FTIR (FTIR 4700, Thermo-Nicolet Corporation)
was used in this study [27]. Twenty spectra in 403 @000 crit (mid-infrared) range were collected and

averaged for each specimen condition.

2.4  Differential Scanning Calorimetry

In this study, a heating rate and cooling rate of 20 °C/min were used on a differential scanning
calorimeter (DSC Q100, TA Instruments). The specimens for this method were sampled from the degraded
surface with a mass < 15 mg. The specimens were sectioned using a blade from the edge of the degraded
surface. This location ensured that the entirety of the specimen was representative of the material affected by

the specific conditioning, i.e., UV or humidity.

2.5  Scanning Electron Microscopy
Specimens were made conductive by coating them with a layer of gold-palladium using the vacuum
sputter-coating technique. A SEM (SEM 515, Philips Instruments) with accelerating voltages of 15 kV or

20 kV in the secondary electron contrast mode was used for imaging.

2.6  Static Flexural Testing

Static flexural testing was performed to determine the static flexural yield strength reported in Table
1. A testing frame (SATEC T-5000, Instron Inc.) according to ASTM D-790 [28] at a crosshead movement
rate of 2.0 mm/min with a span length of 96 mm and a span-to-depth ratio of 16:1. The results presented

were averaged for five test specimens.



2.7  Flexural Creep Testing

A creep testing fixture was fabricated for creep testing of specimens in flexural (bending) mode. The
loading roller, support roller diameter, and span length met requirements in ASTM D-2990 and ASTM D-
790 [28, 29]. Flexural creep specimens were machined from compression molded plates to dimensions
127.0 mm x 12.7 mm x 6.3 mm, as specified in ASTM D-2990 (ISO 899). The specimens were conditioned

before testing according to ASTM D-618 (ISO 291).

A constant load was applied to the flexural creep specimens using dead weights. Displacement (or
strain) was measured using a linear variable displacement transducer (LVDT) with a -10 V to +10 V range.
Data points were acquired using a multiple-port data acquisition system that interfaced the LVDTs with a
computer. The measured displacement was used to calculate a creep(Steaid,a creep complianci}),

which is defined as the ratio of time-dependent steginto the constant stresg, is defined by Eqn. 1.

bD(t)d? 1)

J =
® pI3

whereP is the applied load (N),is the span length (mmb),is the specimen width (mmy,is the specimen

depth (mm), and(t) is the creep deformation (mm). With some exceptions, creep data is acquired and
reported as creep compliandé), 1/MPa. For the flexural creep measurements, only the maximum creep
strain in the tensile side of the specimen was recorded, according to ASTM D-2990 standard. Furthermore,
the neutral axis of the specimens is assumed to be at the middle of the thidknebg can be interpreted

as the loadF) remaining constant throughout the test.

The non-linear viscoelastic response of the LFTs was described with a four-parameter model [30]

proposed by Hadid, Rechak and Zouani [31], as shown in Eqgn. 2.

£t) = aagt°exp<e”> (2)
where £(t) is the time-dependent strain (mm/mm)b, ¢, ande are the model parameters, ands the

applied stress.



2.8  Dynamic Mechanical Analysis

DMA specimens (35.4 mm x 12.7 mm x 2.8 mm) were tested in static creep mode in a dynamic
mechanical analyzer (DMA 2980, TA Instruments) at a range of temperatures (Creep-TTS). The creep-TTS
specimens were subject to a constant stress (about 33 % of static flexural yield stress), in a temperature range
of 23 °C to 90 °C. A creep-recovery cycle was used at each temperature, allowing the specimen to recover

for 15 min after creep at each temperature step.

3 RESULTS AND DISCUSSION
3.1 Ultraviolet Exposure Degradation

311 PPLFT

The immediate visual evidence of photo-oxidation is discoloration, which is caused because
polyolefins oxidize in UV radiation. The degree of discoloration or yellowing depends on the degree of
oxidation [11, 32]. The discoloration was expected to be prominent in polypropylene due to its high

susceptibility to photo-oxidation. These polymers are often compounded with a UV stabilizer for this reason.

Yellowing was observed, as shown in Fig. 3. The discoloration increased with increasing duration of
exposure in PP (Fig. 3a), PP 40 LFT (Fig. 3b), and NY66 (Fig. 3c). In the fiber-reinforced composites,
discoloration was observed in natural-colored composites; i.e., PP 40 LFT, whereas NY66 40 LFT was

processed from black-colored pellets, discoloration was not expected.

Another visual aspect observed in UV exposed materials was surface cracking. Neat PP showed
surface cracking at all exposure levels. The surface cracks in neat PP exposed for 200 h is shown in Fig. 4a.
Micrographs of PP 40 LFT exposed for 200 h (Fig. 4b) show fibers resisting blister formation and crack
growth. As the UV exposure duration increased (300h to 400 h), the crack sizes also increases, and is
accompanied by fiber pullout from the fractured matrix, and matrix blistering (Fig. 4c-d), which causes a
weight loss, e.g., the average weight loss in NY66 40 LFT with a 3600 h UV-exposure was approximately

2.5 wt. % of the original weight.
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Overall, embrittlement exhibited at the surface and underlying layers occurs due to a reduction in
volume that is caused by an increased crystallinity [21]. As the amorphous segments crystallize, a
concomitant volume reduction occurs because of a) ordering of polymer segments and b) formation of

degradation products such as esters, which cause cracking in the degraded matrix.

3111 FTIR Analysis
FTIR spectra suggested the formation of various degradation products, as shown in the appearance
of the fingerprint region. Figure 5 shows the FTIR spectra for specimens exposed at increasing durations of
UV radiation. With increasing exposure, the narrow peaks seen in the unexposed specimen broadened, which
led to overlap, lower intensity or disappearance. This change is very visible in the wavenumbers ranging

from 2800 cnit to 3000 crit and from 800 cito 1200 crit.

The carbonyl peak in the spectra showed increased intensity with increasing exposure time, as
shown in Fig. 6. Additionally, the peak at 1720 twas observed to divide into two peaks at 1717 amd
1726 cnt. Furthermore, for 400 h exposure, additional peaks were observed. The increasing intensity of the
carbonyl peaks is an indicator of photo-oxidation [33]. In this case, multiple peaks at ~I¥R0ccmsistent

with findings in [34], representing the formation of a carboxylic acid or an ester.

With the increase in UV exposure in PP LFT, the carbonyl (1713 abrsorbance and hydroxyl
(3300 cn') absorbance showed a corresponding increase (Fig. 7). This increase in absorbance of carbonyl
and hydroxyl groups suggests an ongoing photo-degradation and formation of lower molecular weight
oxidation products. Specifically, photo-oxidation that initiates with the consumption of residual additives
(such as anti-oxidants), is followed by the initiation and the progression of oxidation, causing the formation
of low molecular weight products with carbonyl and hydroxyl radicals, which cause an increase in their

absorbance [33].

3.11.2 Crystallinity Analysis
Percent crystallinity values are calculated by taking the ratio of absorbance at peaks of @2 cm

997 cmi [35]. The peak intensity at 997 Smwhich is related to the vibration of helical structure ofdhe
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phase crystalline phase increases with oxidation, and the peak intensity of 9#éhwains constant [36].

The absorbance of the exposed specimens in the 98@cii00 crit region in the FTIR spectra shows the

two peak intensities (Fig. 8). The crystallinity values obtained from this method are listed under FTIR in
Table 2. Crystallinity showed a minor change with an increase in exposure time. A slight decrease in
crystallinity with increased exposure, however, is apparent from the plot. As photo-oxidation progresses in a
semi-crystalline polymer, the crystalline region degrades due to cross-linking and the amorphous region
undergoes chain scission. The segmented chains often undergo secondary crystallization; these crystalline

regions can cause restriction of chain mobility due to branching [33, 37].

Percent crystallinity values were also calculated from the ratio of the heat of crystallia&tjpof(

the degraded specimen with the heat of crystallization of a 100 % crystalline refevdpgeusing Eqn. 3.

%X = @H ¢ /AH{)x100 (3)

The percentage crystallinity values obtained by this method are reported under DSC in Table 2. The
crystallinity values calculated from this method remained nearly constant during 100 h to 400 h exposure

range, with a slight increase in the 200 h to 400 h range.

3.1.1.3 Creep Response

Flexural creep testing of the exposed specimens showed an increased creep compliance with
increasing exposure time, as shown in Fig. 9. As observed, the creep compliance at 1000 s is about 33 %
higher for 400 h exposure than 100 h exposure. In addition, the margin of increase is higher beyond the 200 h
exposure time. This trend in creep compliance induced by UV exposure for PP 40 LFT is similar to the effect
of increasing temperature. Initial resistance to polymer segmental motion or chain sliding due to increased
local crystallinity is weak or absent, which is confirmed by comparing elastic strain, which showed an
average of (70.0 + 1.2) % increase with UV exposure at the four exposure conditions at a constant load of

about 64 N.
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3.1.2 NY66LFT

3121 Scanning Electron Microscopy
An SEM micrograph of NY66 40 LFT exposed for 3600 h is shown in Fig. 10a. UV irradiation
caused substantial weathering at the surface, with apparent degradation of the matrix and dissociation of fiber
ends. Additionally, brittle cracking (Fig. 10b) on the polymer surface are evident. Brittle cracking occurred

due to high homogeneity in NY66, which is accompanied by crazing.

3.1.2.2 FTIR Analysis

NY66 40 LFT showed a decrease in absorbance with an increase in UV exposure, as shown in Fig.
11a. Specifically, a decrease in peak intensity and overlap is seen, which can be attributed to the formation of
various degradation products. In the 3300*¢mydroxyl) band, a mixed intensity variation was seen. In
pigmented polyamides such as NY66 40 LFT, the oxidation is limited to the surface layers, as the pigments
limit oxygen diffusion. The variation of oxygen allowed to diffuse causes a corresponding variation in
number of degradation products. For photo-oxidation to progress in polymers that do not allow easy
permeation of oxygen to the bulk of the material, thin sections (~ micrometer) are required [38]. Also, the
absorption of UV and visible light in polyamides facilitates the formation of a surface oxide layer that
inhibits the further permeation of oxygen into the bulk of the material [19]. Conversely, the random
degradation mechanisms in polyolefins produce a greater number of degradation products, whereas oxidation
in polyamides [39] advances by the transformation of N-vicinal methylene radical that reacts with oxygen,
further causing the formation of peroxy radicals. The peroxy radicals may isomerize or adapt to one of many
possible reactions, which cause chain-scission of carboxyl/carbonyl end groups. Overall, photo-oxidation in
polyamides is restricted to the surface layers, with low oxygen permeation and increased resistance to oxygen

permeation by UV-reflecting pigments and the presence of a surface oxide layer.

The FTIR spectra of specimens conditioned with prolonged UV exposure (Fig. 11b) show severe
matrix degradation and barely show any characteristic polymer bands in the FTIR spectrum. As observed, the

3600 h exposed and E-glass fiber spectra have approximately similar peaks. This observation is further

13



supported by the SEM micrographs in Fig. 10a-b, which show polymer erosion and exposed fibers at the

surface.

The characteristic bands of a polyamide show a decrease in absorbance with an increase in
exposure, as shown in Fig. 12. Specifically, the amide peaks (amide-I, amide-Il) at 7588630 cm
show lower intensity peaks with an increase in UV exposure (Fig. 12a). The peak intensities of amide-VI
(575 cm®) and amide-V (675 ci) also exhibit a decrease. The decrease of NY66 characteristic linkages
refers to the structural variations and confirms the formation of new products, with an overall loss of amide
groups. The hydroxyl group, which is expected to increase with increasing UV exposure, showed a variable
absorbance (Fig. 12c). The 3300 tabsorbance remained nearly constant until 300 h of exposure, increased
at 400 h and decreased again at 3600 h, with no visible peak. The change in hydroxyl formation from 300 h
to 400 h signifies the presence of an incubation period that exceeds 300 h. The prolonged exposure to UV

radiation may have caused an increase in oxygen permeation and thus, photo-oxidation.

On an average, a decrease in the carbonyl and hydroxyl absorbance is seen with increasing UV
exposure (Fig. 13). This decrease can be explained by considering a low permeation of oxygen to the
polyamide matrix and a low rate of photo-oxidation. However, an overall change in molecular structure of

the surface is evident.

3.1.2.3 Crystallinity Analysis
Percentage crystallinity was calculated using the DSC heat of crystallization data and is reported
under DSC in Table 2. Crystallinity remained nearly constant between 100 h to 400 h and decreased slightly
at a 3600 h exposure, which confirms the minimal effect of UV exposure on the pigmented NY66. This
effect on crystallinity is because of the constriction of oxidation to the surface layers and availability of

oxygen in the sectiord(> 6.0 mm).

3.1.24 Creep response
In flexural creep, a decrease in creep compliance with increasing UV exposure was observed. As

seen in Fig. 14a, the creep compliance followed the opposite trend with increasing UV exposure, with the

14



3600 h UV-exposed NY66 40 LFT showing the least creep compliance, and the 100 h UV exposed

NY66 40 LFT showing the most creep compliance. The unexposed NY66 40 LFT (0 h) showed creep
compliance similar to 300 h to 400 h UV-exposed material. Clearly, the increasing UV exposure caused
changes in crystallinity due to crystallization at the glass fiber interface, and have been reported to cause
local resistance [10] to reduced polymeric segmental motion and consequent decrease in deformation. Creep
compliance increased in 0 h to 300 h range in the UV-exposed material. Crystallinity often increases with
increasing UV exposure, but the crystallized molecules offer hindrance after a maximum, which lowers
crystallinity. Since the intensity in this study was about 21000 mW/cm?2, about 100 % higher than in Ref.
[35], this maximum most likely occurred in the 0 h to 100 h range, followed by a decrease as shown using a
dashed line in Fig. 14b. Since this effect is only limited to the surface (< 10 % of the thickness), the
advantage of crystallinity in decreasing the creep compliance and in aiding local strength is realized only
after 300 h of incubation. As this sustained UV radiation-induced crystallinity changes only after induction,
an increased resistance to deformation is achieved degradation is confined to the surface, and oxygen
permeation is partially inhibited. The bulk of the material remains free of oxidation and changes in

crystallinity, along with low oxygen diffusion.

3.2  Moisture Absorption

Moisture absorption is a function of functional groups in the chemical structure, e.g., the ratio of
CH,/CONH of the polymer [13, 40]. Polyolefins show low water uptake since they have fewer hydrolysable
bonds. In this study, with 24 h of boiling water (100 °C) conditioning on NY66 (10 wt. % and 40 wt. % E-
glass) LFTs showed an approximately 2.4 % to 3.9 % weight gain, whereas neat PP and PP 40 LFT showed
about a 0.06 % to 0.09 % weight gain, which confirms their low moisture absorption behavior. PP and

PP LFT were thus excluded from the moisture absorption study.

3.2.1 Water Absorption Kinetics
NY66 and its LFT composites (10 LFT and 40 LFT) showed a constant moisture gain before they
reached steady-state equilibrium moisture content, as shown in Fig.15a. The moisture diffusion coefficient at

T =100 °C, calculated using regression for NY66 was 4.7 s, 4.0 x 18 m?/s for NY66 10 LFT, and

15



5.6 x 10° m?/s for NY66 40 LFT. The average weight gain in 15 days (360 h) of moisture absorption at
23 °C was about 0.9 % of the initial weight, with a diffusion coefficient of 4.7 %8s, calculated using
average equilibrium moisture content from boiling water immersion experiment. The equilibrium moisture
content is independent of conditioning temperature, at a constant moisture exposure level (complete

immersion).

Figure 15b shows the areal swelling coefficight, A(cross-section(moisture-content) of the
three materials. This areal swelling coefficient is an extension of the dimensional swelling coefficients
defined in Ref. [12]. The absorption of moisture causes an increase in the free volume of the material. The
value off increases with increasing moisture content and increasing exposure tinfevalbie remains
nearly constant for the neat polymer and NY66 40 LFT, as both are homogenous. As the NY66 10 LFT has
low fiber content, the polymer-rich and fiber-rich regions cause variations in the rate of water intake and a

slight variation ing.

The neat polymer and the LFT composites follow Fickian moisture kinetics. The non-steady state

water diffusion in polymers is represented by the Fick’'s second law of diffusion, given by Eqn. 4.

oc _ 9% (4)
'

wherec corresponds to moisture concentratiDris the diffusion coefficientz is distance, antdis time.
Water transport kinetics in materials that absorb moisture in pure diffusion is expected to obey the general
solution of Egn. 4. A comparison of the Fickian absorption model (Eqn. 5 — 6) and the experimental data are

shown in Fig. 16.

G T 1)= 1-expF73(D(T)t/h?) 7] (5)

M(T,t) =My, +G(T,)(M 5, = My) (6)
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whereG(T,t) is the moisture absorption/desorption function representing Fickian diffid{®his the
diffusivity coefficient at temperaturg t is the exposure timé,is the specimen depthi(T,t) is moisture
content of the materiaM,, is the moisture equilibrium content, alil§ is the baseline moisture content in the

material.

The low value of; indicates a predominantly diffusion-controlled water intake (Fig. 15b). In
addition, a minimum 60 % of the equilibrium moisture content was observed to follow a linear uptake of
water as a function of square root of conditioning tim1®.(A very low rate of absorption (~fan#s at
100 °C) is observed, which confirms the presence of purely diffusion-controlled absorption [40]. A mixed

diffusion/relaxation-controlled diffusion was observed by Thomason et al. [T2} 420 °C.

3.2.2 Differential Scanning Calorimetry

DSC thermograms showed a marginal change in the average melting temperature of moisture-
exposed NY66 (259 °C), NY66 10 LFT (263 °C), and NY66 40 LFT (264 °C), all specimens being sampled
from the exposed surface. In contrast to the UV-exposed specimens, the melting behavior for moisture-
exposed specimens were observed to show slight changes from the unexposed NY66 (262 °C) and unexposed
NY66 40 LFT (262 °C). For example, the melting temperature for the NY66 40 LFT 3600 h UV-exposed is
256 °C, whereas for moisture-saturated NY66 40 LFT, it is 264 °C. A near constant melting point suggests a
reversible change in the polymer structure for moisture-exposed specimens, such as plasticization. In the case
of UV-exposed specimens, the surface damage is irreversible, causing a slight shift in melting temperatures,

consistent with weight loss, SEM evaluation, and a decrease in the FTIR absorbance.

323 FTIR

The FTIR spectra of the desorbed specimens are shown in Fig. 17. Overall, the changes brought
about by water saturation were considered reversible in nature in this study. Only a slight change in
transmittance was seen in the three materials after saturation (Fig. 17). Saturation most probably caused a
plasticization of the matrix, rather than hydrolysis, which may cause permanent structural changes. As seen

in Fig. 17e, a slight change in intensity of the hydroxyl group is seen from the saturation. This change may be
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due to the decrease in the number of recombined bonds in the structure, which may adapt to a different

configuration than the original structure [41].

3.24 Surface Damage

Figure 18a-b show the NY66 40 LFT surface that underwent exposure in boiling water at 100 °C for
more than 100 h. The polymer surface (Fig. 18a) shows microcracking after exposure to saturation, whose
evolution can be attributed to the release of residual stresses from compression molding, when the moisture
penetrates into the stressed regions and causes plasticization. The evolution of cracking at the polymer
surface causes an additional increase in the free volume of the material, facilitating an increased rate of
moisture absorption. The polymer at the surface shows whitening because the residual stresses are released
from the bulk of the material, and cracks the surface, which is accompanied by a) shear and b) craze
formation [27]. Specifically, whitening is a function of the craze formation at the crack-tip, which causes the
formation of a region with a different refractive index than the unaffected regions [26]. As shown in Fig. 18b,
the static flexure failure in NY66 40 LFT exhibits interfacial stress whitening and clear stretched regions that
suggest the release of residual compressive stresses and crazing. Additionally, the evolution of microvoids is

evident at the failure surface, further aiding in the failure in static flexure (ASTM D-790).

3.25 Time-Temperature-Stress Superposition

Time-temperature-stress superposition (TTSSP) was performed to estimate the long-term creep
response of the materials under chosen conditions of temperature and immersion humidity. The procedure is
explained in an earlier work . In this study, flexural creep and DMA creep-TTS tests were performed on post-
saturated and dried specimens at 23 °C, 50 °C, 70 °C, and 90 °C temperatures. The creep-TTS data from
DMA was superimposed using vendor software, and the horizontal shift feetpveefe calculated using
the Williams-Landel-Ferry equation for the four temperature values (23 °C to 90 °C). At a chosen
temperature value, the flexural creep curves were plotted on creep compliance versus reduced &R)e (time/
where thea; corresponds to the creep-TTS superposition. The vertical mismatch in the creep curves was
addressed by applying a vertical shift factwet) (As verified in a previous study [42], a high positive

correlation was observed with the long-term tests and the TTSSP data.
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The flexural creep compliance for NY66 (Fig. 19) increases by about 25 % from 50 °C to 90 °C at
=100 s. In addition, creep compliance is about three times higher for the neat polymer than for the
NY66 10 LFT at 100 s, and it continued to increase with the increasing time of exposure. The trend in the
moisture-absorbed NY66 LFT is identical to increasing temperature, as discussed in a previous study [30].
This similarity confirms the equivalence of humidity and temperature with time. Moreover, the irreversible
nature of moisture is observed, as the creep compliance for the NY66 40 LFT is nearly equivalent at 50 °C

for moisture-exposed and unexposed specimetts a€' s.

4 SUMMARY AND CONCLUSIONS

UV exposure studies were conducted on PP and PP-LFTs, and UV exposure and moisture
absorption studies were conducted on NY66 and NY66-LFT. The following conclusions can be drawn from

this study:

* Yellowing was observed in natural colored materials, whereas all materials showed surface cracking
with increasing UV exposure

» Creep compliance of UV-exposed PP LFT increased, whereas the creep compliance of
NY66 40 LFT moderately decreased with increases in UV exposure.

* FTIR suggests an induction period for photo-oxidation, between 300 h to 400 h of UV exposure.

* Creep compliances of UV-exposed NY66 40 LFT decreased due to low oxidation rates, as
crystallinity remained approximately constant.

* NY66 and its LFT composites followed a diffusion-controlled (Fickian) moisture absorption.

» The desorbed specimens showed variable FTIR absorbance, indicating structural changes by
moisture absorption.

* The TTSSP of the desorbed specimens confirmed an equivalence of moisture and temperature in
creep resistance, as they showed a similar superposition behavior as the unexposed specimens

subjected to different temperatures.
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FIGURE CAPTIONS

Fig. 1. A schematic of experiments performed in the current study.
Fig. 2. A drawing of the water immersion apparatus used for moisture absorption tests.
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Stereographs acquired under visible light for specimens exposed to increasing durations of UV
radiation: a) Neat PP, b) PP 40 LFT, and c) Neat NY66. Discoloration is compared here only for
natural-colored materials.

Surface characteristics of a) neat PP UV-exposed for 200 h, b) PP LFT UV-exposed for 200 h, c)
PP LFT UV-exposed for 300 h, and d) PP LFT UV-exposed for 400 h.

FTIR/ATR spectra obtained for unexposed and UV-exposed PP 40 LFT for the durations of 100 h
to 400 h.

FTIR spectra of PP 40 LFT showing formation of convoluted peaks with increase in UV exposure.
Absorbance of PP 40 LFT at carbonyl (1713%mnd hydroxyl (3300 cff) regions with increasing

UV exposure.

FTIR spectra showing the absorbance of peaks at 997a00h972 cr at various exposure times.

Creep compliance plotted as a function of time for PP 40 LFT exposed to UV at 0 h to 400 h
durations at 40 °C (R + 40 °C).

Scanning electron micrographs of surface damage in NY66 40 LFT exposed to UV irradiation for
3600 h, showing a) fiber pullout at surface, and b) shredding (fibril formation) and strain whitening.
FTIR/ATR spectra of NY66 40 LFT a) exposed to UV radiation for various intervals and b) a
comparison of unexposed, 3600 h UV exposed, and E-glass fibers.

FTIR/ATR spectra of UV-irradiated NY66 40 LFT showing a) Amide-I (1630)cand Amide-II

(15122 cm), b) Amide V (675 crif) and Amide-VI (575 ci) bands, and c) Hydroxyl group (3300
cm”).

. Absorbances of NY66 40 LFT carbonyl (1713 9rand hydroxyl (3300 ci) bands plotted with an

increasing UV exposure time.

(a) Flexural creep compliance for unexposed (0 h) and UV exposed (100 h to 3600 h) NY66 40 LFT
tested at 90 °C (R, + 40 °C), and (b) the variation of polymer crystallinity with increasing UV
exposure time. The dashed line represents the common trend of crystallinity variation with UV
exposure.

Change in a) weight gain with progressing water immersion time and b) areal swelling coefficient.

A comparison of Fickian moisture absorption model to the experimental data that shows a close fit.
FTIR spectra of water-saturated NY66, NY66 10 LFT, and NY66 40 LFT. Fingerprint region peaks,
a) —CH rocking, 730 cnl, b) —-CH asymmetric stretching, 2930 émFunctional group peaks, c)
Carbonyl, —C=0, 1720 ch d) Amide-I, -NH, 1630 cni. Hydroxyl (-OH) band for e) saturated

and unexposed NY66 40 LFT and f) Hydroxyl group for the three materials, 3300 cm

Matrix crazing observed on surface of specimens immersed in boiling water.
Time-temperature-stress superposition curves for post-saturation NY66, NY66 10 LFT, and
NY66 40 LFT at a) 50 °C, b) 70 °C, and c) 90 °C.
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TABLES

Table 1. Material properties of the base polymers and LFT composites tested in this study [22, 43-45].

. Tg Tm P Of
Commercial Grade °C) °C) (kg/m?) (MPa)
NY66 RTP200 1140 107
NY66 10 LFT _ 50 265 1200 120
NY66 40 LFT VLF80207EM-HS 1460 338
HDPE HDPS-0250-E 950 24
HDPE 10 LFT _ -30 130 1010 30
HDPE 40 LFT CELSTRAN PEHD-GF40-01 1270 61
PP PPST-0250-E 915 36

0 165

PP 40 LFT CELSTRAN PP-GF40-02 1210 127

Table 2. Alist of percentage crystallinity values calculated using 1) DSC and 2) the 972rch992 cm
peaks in FTIR, for PP 40 LFT.

Crystallinity (%)

Exposure time (h) NY66 40 LFT PP 40 LFT

DSC DSC FTIR
0 341 355 --

100 27.3 30.8 94.9
200 22,5 27.3 99.6
300 22.1 29.5 97.5
400 21.8 31.2 95.1

3600 20.1 - --

23



Processing
Extrusion-compression molding

Specimen Preparation

Conditioning

Moisture Absorption

Ultraviolet Radiation i
Desorption

Characterization
DSC
FT-IR
SEM

Short-term Creep
Flexural Creep
DMA

Long-term Creep
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Fig. 1. A schematic of experiments performed in the current study.
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Fig. 2. A drawing of the water immersion apparatus used for moisture absorption tests.
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Fig. 3. Stereographs acquired under visible light for specimens exposed to increasing durations of UV
radiation: a) Neat PP, b) PP 40 LFT, and c) Neat NY66. Discoloration is compared here only
for natural-colored materials.
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Fig. 4. Surface characteristics of a) neat PP UV-exposed for 200 h, b) PP LFT UV-exposed for 200
h, c) PP LFT UV-exposed for 300 h, and d) PP LFT UV-exposed for 400 h.
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Fig. 10. Scanning electron micrographs of surface damage in NY66 40 LFT exposed to UV irradiation
for 3600 h, showing a) fiber pullout at surface, and b) shredding (fibril formation) and strain
whitening.
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Fig. 19. Time-temperature-stress superposition curves for post-saturation NY66, NY66 10 LFT, and
NY66 40 LFT at a) 50 °C, b) 70 °C, and c) 90 °C.
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