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Abstract

Vinyl siding has become popular for residential exteriors across the United States. In its
insulated form, this siding includes a vinyl shell, capstock, and substrate that encase a foamed
material, serving as an efficient insulating material. Despite offering a cost-effective solution
with numerous benefits such as improved energy efficiency, straightforward installation, noise
reduction, intrinsic low flammability, aesthetic appeal, minimal maintenance needs, durability,
and protection against environmental factors like humidity and mold, there are two critical
areas for potential improvement. Firstly, its durability can be compromised by exposure to sun,
heat, rain, wind, dust, and pollutants, which may lead to the degradation and cracking of the
shell, thus affecting its effectiveness as a protective exterior layer. Secondly, fire performance is
a concern, especially when vinyl siding is used in its insulated form or installed over flammable
foam insulation. The 2021 International Energy Conservation Code (IECC) introduced a
requirement for exterior continuous insulation for residential buildings in most U.S. territories
(climate zone 4 and above) when following the prescriptive compliance option. Some insulating
materials, such as foamed polystyrene or specific grades of polyurethane spray foams, are
highly flammable. In the event of a fire, a vinyl shell, which can act as an external fire barrier
preventing or delaying ignition of the foamed insulation, is desirable to inhibit fire rapid growth.
This feature is increasingly vital due to the prevalence of wildland-urban interface (WUI) fires.
Although vinyl siding, based on unplasticized polyvinyl chloride (U-PVC), inherently exhibits
flame-retardant properties, it might not be an effective fire barrier. This limitation could arise
from issues like melting or possible weathering-induced cracking of vinyl siding.

This study investigated (1) the weathering of commercial vinyl siding and (2) the impact of
various additives (impact modifiers, titanium dioxide, calcium carbonate, and stabilizers) on the
mechanical performance of U-PVC formulations before and after weathering. The color and
gloss retention, mechanical properties, and surface chemistry after weathering were also
studied to understand which additives affected the item's weatherability more. Weathering
experiments were conducted using a Q-Lab accelerated weathering tester (QUV), simulated
photodegradation via high energy radiant exposure (SPHERE), and natural outdoor exposure in
Florida. Mechanical properties were assessed through tensile and impact strength tests, while
chemical properties were analyzed via Fourier-transformed infrared (FTIR) spectroscopy. Aging
effects on color and gloss were also monitored. The impact of additives and weathering on
flammability was also studied with two tests: micro combustion calorimetry (MCC) and a
recently adopted test based on cone calorimetry (ASTM E3367), which was explicitly performed
to evaluate the ability of the siding materials to act as a fire barrier.

Regarding durability, the results revealed that the content of titanium dioxide and calcium
carbonate significantly influenced the weatherability of the siding due to its chemical nature
and interactions with the PVC matrix. Regarding fire performance, MCC revealed a significant
effect of various additives but a low to insignificant impact of weathering. In particular, the
formulation with the highest calcium carbonate content performed best in MCC. Noticeably, all



NIST TN 2304
September 2024

U-PVC formulations - within the limited set investigated in this study - failed to act as an
effective fire barrier, exposing the insulation foam underneath due to melting, flowing, and
shrinking of U-PVC during combustion.

Keywords

Environmental degradation; kinetics; photo-degradation; poly(vinyl)chloride; PVC; reciprocity;
weatherability.
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1. Introduction

1.1. Vinyl siding and research objectives

According to the Energy Information Agency (EIA) of the United States Department of Energy,
the average U.S. household commits nearly half (52 %) of its total energy consumption to
heating and cooling [1]. Thus, improving home insulation can have a measurable impact on
overall U.S. energy demand. In 2021, the International Energy Conservation Code (IECC)
mandated the inclusion of exterior continuous insulation for walls across much of the United
States - specifically in IECC climate zone 4 and above - when following the prescriptive
compliance option in residential buildings [2]. IECC has also introduced similar requirements for
commercial buildings [2]. Exterior insulation can include highly flammable foam materials like
polystyrene foams [3, 4]. Non-combustible exterior insulation materials like mineral wool offer
an alternative, albeit at a higher cost. When exposed to an ignition source, polystyrene and
polyurethane foams, and, to a lesser extent, polyisocyanurate foams can catch fire and
accelerate flame spread throughout the entire structure [5]. The importance of this
vulnerability is expected to grow in the future, driven by the rapid increase in both the severity
and frequency of wildland-urban interface (WUI) fires [6]. This issue is particularly notable in
the Northeast and Midwest regions of the U.S., where vinyl siding is the predominant exterior
material for residential buildings, and the 2021 IECC mandates the use of exterior insulation
when following the prescriptive compliance option [2, 7].

Vinyl siding is a cladding material for exterior walls. It is primarily composed of unplasticized
polyvinyl chloride (U-PVC). It was introduced into the U.S. market in the late 1950s, gradually
replacing wood, aluminum, or fiber-cement clapboard. Vinyl siding manufacturing involves the
co-extrusion of two layers: (1) the substrate layer, which is based on a low-cost U-PVC
compound, and (2) the “weatherable capstock,” a thin outer layer enriched in titanium dioxide
(TiO2), which is composed of either U-PVC, poly(methyl methacrylate) (PMMA), acrylonitrile
styrene acrylate (ASA) or blends of these materials. Additional additives are incorporated into
U-PVC compounds used for substrates or capstocks to aid in processing and shaping, lower
costs, and achieve specific final characteristics such as weather resistance, fire performance,
color, aesthetics, and mechanical properties. In the case of insulated vinyl siding, a layer of
foam insulation (usually expanded polystyrene or polyisocyanurate) is included beneath the
vinyl shell.

Vinyl siding typically exhibits a low flammability thanks to the properties of its main
component, polyvinyl chloride (PVC). PVC is an inherently flame retarded polymer with a
favorable combination of ease of extinguishment, low heat release rate, ignitability, and flame
spread rate [5, 8, 9]. While PVC is a low-cost commodity polymer akin to polyethylene,
polypropylene, and polystyrene, it possesses a significantly lower flammability. For comparison,
the fire growth capacity (a fundamental property measured by ASTM D7309 that correlates
with a material’s flammability [10, 11]) is 1078 J/(g - K) for polyethylene, 836 J/(g - K) for
polypropylene and 88 J/(g - K) for PVC [12].
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In this study, the effects of weathering were investigated on (1) commercial vinyl siding with an
ASA capstock sourced from the U.S. and (2) vinyl siding formulations developed explicitly for
this research (R&DFs), wherein additives such as light and thermal stabilizers, impact modifiers,
titanium dioxide (TiO2) and fillers were systematically adjusted. Specimens from both groups
were exposed to natural and accelerated weathering to evaluate the effect of these additives
during weathering. Following weathering exposure, samples were retrieved for extensive
characterization as appearance (color/gloss) measurements, Fourier Transform Infrared
Spectroscopy (FTIR), laser scanning confocal microscopy (LSCM), scanning electron microscopy
(SEM), and mechanical testing. These analyses aimed to monitor the polymer degradation rate
and the overall deterioration of siding performance.

The fire performance of U-PVC compounds was assessed by Microscale Combustion
Calorimetry (MCC), according to ASTM D7309 method A [10], and a modified cone calorimeter
test - ASTM E3367 [13].

MCC was used to measure the heat release rate of each U-PVC formulation by pyrolyzing
specimens in nitrogen and then oxidizing the pyrolizates in a combustion chamber at 900 °C
[12, 14, 15]. While MCC does not match any specific fire test scenario and does not consider
extrinsic factors (like heat irradiance, ventilation, shape, size, and density of the specimen), it
measures intrinsic material properties (i.e., properties depending solely on the chemical
structure of the material) relevant to flammability. Despite its limitations, MCC has effectively
predicted a material’s likelihood to meet fire test requirements. For instance, the fire growth
capacity (FGC) measured in MCC has been used to predict the outcome of tests like UL 94 V
and 14 CFR 25 [11, 12].

As previously noted, vinyl siding is expected to exhibit low flammability. Yet, its effectiveness as
a fire barrier requires further validation, and it may be compromised by factors such as
embrittlement and cracking in weathered samples. ASTM E3367 is a recent test developed to
assess the combustion behavior of layered assemblies, such as those found in upholstered
furniture [16, 17]. Herein, this test was used to evaluate the ability of vinyl siding to shield a
flammable substrate, such as polystyrene foam, by acting as a protective barrier.

1.2. Weathering of acrylic-based polymers

PMMA and ASA-based capstock are commonly used as protective layers due to their optical
clarity, absence of color, and ease of application. Typically, they contain at least 10 % by mass
of TiOy, which shields the polymer matrix from UV-induced degradation. PMMA and ASA
weathering have been extensively discussed elsewhere [18-20]. Briefly, the TiO-rich polymers
primarily degrade via photo-degradation in areas where oxygen is depleted, and TiO; initiates
photo-oxidation in regions where oxygen is available. Both processes lead to chain scission in
the polymer backbone, resulting in decreased mechanical properties, color alteration, and gloss
reduction.
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1.3. Thermal degradation and weathering of PVC

When exposed to heat, PVC undergoes thermal degradation. This degradation involves
sequentially eliminating hydrogen chloride (HCl) from allylic chlorine and forming polyene
sequences. This process, catalyzed by HCl and Lewis acids, operates through an ionic
mechanism [21]. Allylic chlorine is also the target of photochemical reactions during
weathering.

Extensive studies by various authors, mainly in the 1980s and 1990s, have detailed the
weathering of PVC [22-28]. Weathering of U-PVC is a complex phenomenon that involves
photo-degradation, photo-oxidation, photo-catalyzed oxidation, photobleaching, thermal
degradation, and other chemical reactions. Weathering of PVC results from photon-induced
reactions on the material’s surface. These reactions, with or without oxygen and water, lead to
mechanical and aesthetic issues such as loss of mechanical properties, yellowing, and chalking.
Dark-colored U-PVC articles, reaching temperatures over 70 °C, may undergo simultaneous
light-induced and thermal degradation.

During the weathering of PVC compounds, chemical reactions on the surface lead to the
formation of three layers [25, 26]. The first is the oxidized layer, where photo- and photo-
catalyzed oxidation are the dominant reactions; its thickness depends on TiO; concentration,
grade, and oxygen diffusion. The second is a colored layer with a high molar extinction
coefficient, containing polyene sequences (generated by photo-degradation) and condensation
products. The third one is the undegraded core, whose degradation is prevented by the
protective action of the second layer.

Because U-PVC is transparent at wavelengths below 250 nm, the initiation of these processes is
likely caused by chromophores present in the resins or generated during product
manufacturing. These chromophores absorb UV radiation, leading to the degradation and
alteration of the chemical structure of the U-PVC compound over time, which can result in
changes in color, strength, and other properties. Hydroperoxides and ketones are typical
chromophores found in U-PVC., When exposed to light irradiation, they generate radicals
through a Norrish type | reaction [22].

Polyene sequences can be formed during the PVC resin synthesis or the U-PVC compound
processing. Due to their high extinction coefficient, polyenes rapidly become the main
absorbing chromophores. Only polyene sequences containing more than four units interact
significantly with sunlight. Sunlight reaching the Earth's surface is filtered by the atmosphere,
and wavelengths shorter than 290 nm are mostly absorbed. Consequently, sunlight does not
affect polyene sequences with four or fewer units. In comparison, those with more than four
units absorb light in the range of wavelengths that penetrate the atmosphere, contributing to
the photochemical degradation and weathering of PVC materials [21] [29]. The interaction
between light and polyene generates an excited singlet state of polyene, which deactivates via
both radiative and non-radiative pathways. In one of the non-radiative pathways, a chlorine
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radical is released: Cl from allylic chlorine leads to the formation of polyene sequences, HCl,
crosslinking, and chain scission products, as previously described [22].

This pathway rapidly releases Cl before oxygen can quench the excited singlet polyene, a
process known as photo-degradation. Importantly, photo-degradation can occur both in the
presence and absence of oxygen. However, the second radical formed from deactivating the
excited singlet polyene has a longer lifetime, allowing it to react with oxygen. This initiates a
series of reactions responsible for the photooxidation of the matrix, including chain scission and
the formation of carbonyl and carboxyl groups. The prevalence of photo-degradation occurs in
areas where oxygen is limited, such as beneath the surface. Conversely, photo-oxidation
prevails in regions near the surface where oxygen can readily diffuse, facilitating reactions with
the radicals generated by the excited singlet polyene [25].

Common additives found in the U-PVC compound can further complicate the weathering
pattern. For example, titanium dioxide (TiO>) is a standard pigment and light stabilizer for
outdoor PVC items. TiO, grades for PVC are surface-treated with SiO;, Al,03, and zirconium to
reduce their photocatalytic activity. In this way, their unique ability to adsorb most UV light
impedes a deeper penetration of the photons and protects the bulk matrix from degradation.
Even with a coating, TiO; retains enough residual photocatalytic activity to facilitate surface
oxidation, leading to bleaching and chalking, particularly in the presence of water [30].
Experimental results indicate that direct contact with water, such as from condensation or rain,
leads to more severe degradation than conditions with high air humidity.

Furthermore, fillers commonly used in PVC articles can influence the degradation and chalking
of weathered PVC items. For example, calcium carbonate reacts with HCl and yields calcium
dichloride, which, being hydrophilic and water-soluble, increases oxygen concentration in the
matrix, thus promoting photo- and photo-catalyzed oxidation. Photo-catalyzed oxidation,
photo-oxidation, photo- and thermal-degradation, and chemical reactions leading to the
formation of water-soluble and hydrophilic molecules are responsible for the surface
disintegration of the polymeric matrix in outdoor applications. As a result, free particles of TiO;
and other fillers are released, and microcracks or holes become visible on the surface as faded
and chalked areas. Eventually, the disintegration of the polymeric shell matrix exposes the U-
PVC substrate to light and oxygen. Polyene sequences are oxidized through photobleaching
(which leads to shorter polyene sequences), and photo- or photo-catalyzed oxidation
perpetuates the erosion process deeper into the material.

1.4. Polymer decomposition and combustion

As a thin layer, the PMMA or ASA capstock assumes a secondary role in fire performance
compared to the U-PVC substrate. The initial stage of the thermal decomposition in PVC occurs
between 220 °C and 350 °C, where HCl is released in the gas phase - leaving polyene sequences,
their condensation products, and unsubstituted aromatic hydrocarbons in the gas phase. In the
subsequent stage, above 450 °C, primarily aliphatic hydrocarbons are released, and a
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carbonaceous char is formed from the condensation products of polyene sequences. The
decomposition pathway and release of flammable pyrolyzates are further complicated by
additives in PVC compounds. Detailed information on the decomposition and combustion of
PVC-based formulations is available elsewhere [31-34].
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2. Materials and Methods

2.1. Materials, formulations, and sample preparation

A commercial insulated vinyl siding was purchased in the U.S. The siding complies with ASTM
D7793, which defines requirements for thermal insulation, warp and shrinkage resistance,
impact strength, appearance, thermal distortion resistance, flame spread, and wind-load
resistance [35]. The vinyl shell consists of rich TiO, ASA capstock and U-PVC substrate, while the
insulation material is expanded foamed polystyrene (EPS).

R&DFs were also prepared (Table 1). Table 1 shows the type, trade name, manufacturer, CAS #,
and mass of raw material required to prepare 100 g of a given R&DF.

Table 1. Type, trade name, manufacturer, CAS#, and mass of raw material required to prepare a given R&DF.

Raw Trade name Manufacturer CAS # Aref C F H
Materials (g] (g] gl gl
PVC PVC 264GC Inovyn, UK 09002-86-2 85 85 85 85
pPVC PVC S5745 Inovyn, UK 09002-86-2 15 15 15 15
CaCO:s coated VALTOCHIM Umbria Filler, Italy 00471-34-1 15 15 15 30
Acrylic impact modifier KANE ACEFM50  Kaneka, Belgium 2.5 2.5 75 75
Chlorinated polyethylene CPE 6135 R.G. chem, Italy 64754-90-1 25 25 - -
Processing aids REAMOD P 220 Reagens, Italy - 0.5 0.5 0.5 0.5
TiO2 TRONOX CR 826 Tronox, U.S. 1317-80-2 1.0 7.5 75 75
Tin stabilizer REA. TIN. OR 860 Reagens, Italy 68109-88-6 2.5 - - -
Calcium stearate ARESTAB CA Reagens, Italy 1592-23-0 1.0 - - -
Polyethylene wax REALUBE PO Reagens, Italy 9002-88-4 0.5 - - -
Internal lubricant REALUBE SD Reagens, Italy 90193-76-3 0.6 0 0 0
Calcium zinc stabilizer RPK B-AV/2140 Reagens, Italy - - 4.0 4.0 4.0

In the U.S. market, the U-PVC substrate formulations are usually stabilized with di alkyl tin
mercapto alcohol esters (also known as alkyltin “reverse esters”), dosed at (0.4 to 0.8) % by
mass. This class of stabilizer is not registered in the European Union (EU) and, therefore, is not
used in this research. Instead, an alkyl tin carboxylate stabilizer, dioctyl bis-(ethyl maleate), CAS
number 68109-88-6, was utilized.

The blends of Table 1 were prepared in a turbo mixer (model RV/10/20/FV, Plas Mec) with a
maximum processing temperature of 105 °C. The dry blends were cooled to room temperature
and calendered at 180 °C for 3 min to form polymer sheets. The sheets were hot pressed at
180 °C per 5 min at 150 atm and cooled at room temperature to produce 1.1 mm thick plaques.
Test specimens for tensile-impact test and weathering were obtained from the plaques.
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2.2. Weathering

The vinyl shell underwent accelerated and natural outdoor weathering, whereas R&DF was
exposed only to accelerated weathering. Following ASTM G7/G7M [36] procedures, the
outdoor exposure occurred at a weathering site near Homestead, Florida (U.S.). Samples were
exposed from October 21, 2020, to April 21, 2022 (18 months). During this time, the daily mean
temperature measured on the sample backside was (27 + 7) °C. The average daily UV dose,
calculated between 300 nm and 385 nm, was (0.84 + 0.11) MJ/m?, and the cumulative UV
irradiance for 12 months was approximately 302 MJ/m?. Finally, the average relative humidity
was (76 £ 7) % RH. Dogbone-shaped samples were prepared for mechanical and impact testing
by cutting samples with a punch die Type V [37]. Long rectangular sheet samples were utilized
for chemical characterizations.

Accelerated laboratory exposures were carried out at NIST in the simulated photodegradation
via high energy radiant exposure (SPHERE) [36, 38, 39], and a Q-Lab accelerated weathering
tester (QUV SOLAR EYE, Q-LAB Corporation, Westlake, OH, U.S.), referred to as QUV-1. A
parallel weathering test was performed at Reagens S.p.A. on a QUV-2, which is like the QUV-1.
QUV weathering in presence of UV and water condensation was conducted following cycle 1 in
ASTM G154-23 [40]. It consists of 8 hours of UV exposure (340 nm at 0.89 W/m?) at 60 °C,
followed by 4 hours of darkness at 50 °C for water condensation. This testing regimen was
carried out for up to 12 weeks.

In the NIST SPHERE, temperature and relative humidity (RH) were carefully controlled, and
specimens were uniformly exposed to high-intensity UV light, thus accelerating the degradation
process compared to outdoor and QUV exposures. The UV irradiance on the samples in the
SPHERE is approximately 163 W/m? between 295 nm and 400 nm. While directly comparing
outdoor weathering time is challenging due to the complexity of weather patterns, the
equivalent exposure time of one year outdoors in South Florida, with a cumulative UV
irradiance of approximately 302 MJ/m?, corresponds to roughly 21 days in the SPHERE. Three
test conditions were conducted, including 70 °C/70 % relative humidity (RH), 55 °C/75 % RH,
and 30 °C/0 % RH. The results presented in this paper mainly focus on the 55 °C/75 % RH
exposure conditions. Samples were periodically retrieved for non-destructive characterization
using color/gloss meters to monitor changes in appearance (color shift and yellowing index) and
Fourier transform infrared spectroscopy in attenuated total reflection mode (ATR-FTIR) to track
chemical degradation in the top 2 um of the surface. Destructive tests, such as tensile and
impact testing, were also performed to evaluate the mechanical properties of the SPHERE- and
QUV-exposed samples. Table 2 details the weathering type, daily dose, test conditions, and test
sample geometry.
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Table 2. Details on weathering conditions.
Daily dose between
Weathering type (300 and 400) nm Test conditions Sample geometries
(MJ/m?)
ASTM G7
Natural Outdoor (27+7)°C .
(FL, US)) 0.89 RH (76 £ 6) % Dogbone, 1.1 mm thick
163 W/m? between 300 nm and 400 nm Dogbone,
SPHERE 14.26 (55+1)°C 19 mm diameter disk,
RH (75 +2) % 1.1 mm thick
ASTM G154 (Cycle 1) Dogbone,
QUV1&?2 2:2 8h exposure (340 nm at 0.89 w/m?) at 1.1 mm thick

60 °C + 4 h at 50 °C condensation (no UV)

2.3. Chemical characterization

Fourier-transform infrared spectroscopy with attenuated total reflectance (ATR-FTIR) was
performed using a Thermo Scientific Nicolet iS50 FTIR spectrometer featuring a diamond ATR
crystal. The spectral range spanned between 3700 cm™ and 600 cm-1, with a resolution set at
0.4 cm-1, 128 scans per specimen, and a measurement depth of approximately 2 um. The FTIR
spectra underwent linear baseline correction, employing identical baseline points across all
spectra, and were subsequently normalized by the peak intensity at 611 cm™ (stretching C-Cl).

2.4. Mechanical characterization

Tensile tests were performed according to ASTM D638 using an MTS Criterion 45 testing system
with a 5 kN load cell and a crosshead speed of 12.7 mm/min [34]. Both unexposed and exposed
U-PVC were tested using a dogbone type 5. Elongation-at-break (EaB), yield stress, and elastic
modulus were calculated from the uniaxial stress-strain curves of U-PVC. The elongation-at-
break data presented in this paper are the average of at least five test samples. Tensile-impact
strength was measured on unexposed and exposed dogbone type 2 U-PVC samples using a
pendulum impact tester at 7.5 J (model Zwick Roel, HIT5-5P) following ISO 8256, method A [37].
The tensile-impact strength data presented in this paper is the average of at least five test
samples.

2.5. Surface appearance and morphology characterization

During weathering, samples were removed periodically for characterization using a portable
spectrophotometer with integrated gloss measurement (spectro-guide sphere gloss meter,
BYK-Gardner U.S., Columbia, MD). The specimen color was evaluated in terms of yellowness
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index (YI) according to ASTM E313 and in terms of color shift AE calculated according to ASTM
D2244 as a function of L* a* b* coordinates defined by the International Commission on
[llumination (CIE) [41, 42].

Color shift AE was expressed according to equation 1:

IAE = J(L* — Lp)? + (a* — af)? + (b* — b)? (1)

All AE and Y/ data are reported as the average of four measurements. Uncertainties are shown
as * one standard deviation (calculated from four measurements on the same specimen). Note
that measurement uncertainties for different specimens on the same exposure conditions were
less than 2 %, according to previous experiments.

The surface morphology and surface roughness were characterized by laser scanning confocal
microscopy (LSCM Zeiss model LSM 800, Thornwood, NY, reflectance mode, 405 nm laser) with
20x/0.7, 150x/0.95 air lens at scanning z-step of 0.1 um. The root-mean-square (RMS) surface
roughness (Sq) values were calculated using Zeiss Confomap software using ISO 25178 standard
analysis within a scanning area of 650 um x 650 um [43]. Three locations per sample were
randomly selected for imaging and topography data collection.

Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX) (JEOL,
7600f, Peabody, MA) was performed to investigate the composition of ASA/TiO; - capstock and
image the surface morphology of degraded U-PVC samples by secondary electron and
backscatter emission.

2.6. Fire performance

A microscale combustion calorimeter (Deatak MCC-3) was used according to ASTM D7309 to
measure the heat release rate of each U-PVC formulation by pyrolyzing a (5.6 £ 0.1) mg
specimen in nitrogen at a heating rate of 1°C/s and then oxidizing the pyrolizates in a
combustion chamber at 900 °C.

The ability of the U-PVC shell to protect a polystyrene foam substrate was tested according to
ASTM E3367. U-PVC sheets with a thickness of (1.1 £ 0.1) mm were cut into 125 mm x 125 mm
square samples. Extruded grade polystyrene (XPS) with a nominal density of 30 Kg/m3 and
thickness of 25 mm was cut into 100 mm x 100 mm square samples.

The specimen was assembled within the sample holder according to ASTM E3367. The XPS
foam was placed inside a 25-mm tall insulated liner (see Fig. 1a); the top surface of the XPS
foam was covered by a U-PVC sheet (see Fig. 1b). Notice that the bottom of the sample holder
is open and allows the detection of burn through (see Fig. 1c). All tests were run at an external
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heat flux of 75 kW/m?. Tests were continued until a burn through was revealed by the ignition
of the XPS foam and flame out occurred.

(b)

(c)

Fig. 1. Pictures of (a) U-PVC sheet and XPS foam inserted within the insulated liner; (b) sample assembly ready to
be tested; (c) detail from the bottom of the sample assembly showing an open design that allows the detection
of burn through.
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3. Results and discussions

3.1. Characterization of the commercial insulated siding

The insulated vinyl siding featured a nominally 1.1 mm-thick vinyl shell and EPS insulation (Fig.
2a). The shell consisted of an approximately 40 um - thick ASA capstock with high concentration

of TiOz and a U-PVC substrate (Fig. 2b).

EPS

(a)

ASA +TiO,
capstock

(b)

ASA + TiO,

capstock

-~ -

e &

2 T A s
» ~U-P .
Substrate -

A

" ASA + TiO,

capstock

Fig. 2. Images showing: (a) photo of the commercial vinyl siding and (b) SEM images of the front shell at
different scales with both secondary electrons (upper row) and backscattered emission (bottom row).

Fig. 3 shows the FTIR spectra for all the components of the insulated vinyl siding: the vinyl shell,
which includes the ASA capstock with TiO; (hereafter, front U-PVC), U-PVC side in contact with
EPS (back U-PVC), EPS surface in contact with U-PVC (front EPS), and EPS surface on the vinyl
siding backside (back EPS). The characteristic FTIR peaks for U-PVC (Table 3), ASA compounds
(Table 4), and EPS (Table 5) are shown by front U-PVC, back U-PVC, and front/back EPS,

respectively.

11
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Fig. 3. FTIR spectra of the component of the vinyl siding.

Table 3. Typical FTIR peaks for unexposed U-PVC [44][47].

IR band (cm™) Substance assignment

2972 PVC stretching C-H of CHCI

2924 PVC Stretching C-H of CH,

1801 CaCOs3 Overtone band

1735 IM Ester C=0 stretch

1431 CaCOs Asymmetric stretching O-C-O
1428 PVvC Deformation (Wagg) of CH, -
1332 and 1249 PVC Deformation C-H of CHCI
1101 PVC Stretching C-C

963 PVC Rocking CH;

875 CaCOs Out of plane vibrations 0-C-O
846 CaCoOs Out of plane vibrations O-C-O
714 CaCOs3 Bending O-C-0]

686,637 and 611 PVC Stretching C-Cl

12
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Table 4. Typical FTIR peaks for ASA capstock [45, 46].

IR band (cm) Substance assignment
2239 ASA Nitrile CN stretching
1732 ASA Ester C=0 stretch of butyl acrylate
1602 ASA Benzene C-H Stretching
1490 ASA Benzene C-H Stretching
1453 ASA Benzene C-H Stretching
761 ASA Benzene C-H bending out of plane
702 ASA Benzene C-H bending out of plane
790 - 400 TiO, Ti-O-Ti Bending and stretching

Table 5. Typical FTIR peaks for EPS [47].
IR band (cm™) Substance assignment
3060.8 PS Aliphatic C-H Stretching
3026.0 PS Aliphatic C-H Stretching
1600.8 PS Benzene C-H Stretching
1492.7 PS Benzene C-H Stretching
1452.2 PS Benzene C-H Stretching
756.0 PS Benzene C-H bending out of plane
698.0 PS Benzene C-H bending out of plane

3.2.1. Weathering of commercial vinyl siding

The shell of the commercial vinyl siding was subject to three exposure conditions (natural
weathering, SPHERE, and QUV) on the front U-PVC, which includes the ASA capstock. Fig. 4
displays the relative FTIR spectra. The unexposed vinyl siding shell exhibits spectroscopic
features indicative of an ASA rich in TiO», as indicated in Table 4. Photo-degradation, photo-
oxidation, and photo-catalyzed oxidation by TiO, (see section 1.3) modified the chemical
structure of ASA capstock.

Despite variations in temperature, humidity, and the levels of absorbed energy (dose), all
specimens - independent of the exposure condition - exhibited the following features:

e increased intensity in the hydroxyl region (3120 cm™ to 3750 cm™)

e increased intensity in the (790 to 500) cm™ broadband due to Ti-O-Ti bending and
stretching;

e decreased intensity in the hydrocarbon region (2700 cm™! to 3000 cm™);

e appearance of a shoulder in the carbonyl region (1600 cm™).

13
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In natural weathering (max dose of 415 MJ/m?) and, more significantly, in the SPHERE (max
dose of 1291 MJ/m?), the final exposure dose was higher compared to QUV (max dose of
188.7 MJ/m?). Thus, a more pronounced degradation and modification of the FTIR spectra was
observed. This trend is more clearly displayed in Fig. 5, where FTIR spectra from Fig. 4 are
shifted to highlight the evolution of selected IR regions as a function of the dose level.

For SPHERE weathering (55 °C, 75 % RH), Fig. 6 displays the IR area as a function of exposure

dose in (a) the hydroxyl region (3120 cm™ to 3750 cm™) and (b) the hydrocarbon region
(2700 cm™ to 3000 cm™). This is accomplished by first integrating the area under the

spectroscopic features corresponding to the hydroxyl and alkyl features, then normalizing the
peak area of both features for all exposed samples to the peak areas measured for the

unexposed sample. SPHERE and QUV have similar trends in the hydroxyl region and increase

faster than FL outdoor. In the hydrocarbon region, the increase rate of QUV > SPHERE > FL

outdoors in the exposed dose is less than 400 MJ/m?.
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Fig. 4. FTIR spectra for U-PVC samples exposed to multiple dose levels in: (a) natural weathering, (b) SPHERE, (c)

Quv.
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Fig. 5. Shifted FTIR spectra from Fig. 4b. The evolution of selected IR regions as a function of the dose level are

highlighted.
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Fig. 6. IR peak area in the (a) hydroxyl region (3120 cm™ to 3750 cm™) and (b) hydrocarbon region (2700 cm™ to
3000 cm?) as a function of exposure dose in SPHERE (55 °C, 75 % RH), FL outdoor and QUV. Data points indicate
the mean and the error bars (+ one standard deviation values, calculated over 5 replicate tests).
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3.2.2. Surface morphology and appearance

The role of the capstock (TiOz-rich ASA layer) as a weathering protection layer can be
demonstrated in the QUV weathering tests, as shown in Fig. 7. There were no significant color
changes on the front U-PVC after aging for up to 12 weeks. However, after about four weeks,
the back U-PVC side turned yellow/brown.

Fig. 7b displays the corresponding changes in the yellowness index (AYI) as a function of
exposure weeks in QUV chambers for the front and back surfaces. The values of AYI of the back
U-PVC at four weeks are much higher than the front (no color change). A significant increase in
AYI for the front U-PVC face was first observed in week 6.

(a) (b)

60
50 -
. - Unaged 40 4
Unaged  » U-PVC 301 Back
U-PVC back
front _ 204
=
= 102
2
/&' T~ 1
1 / \\}’“
| v‘\ 04 // Front
/ ’ hee ~  4-week 1] \"*Fc___'/'/
12-week aged— aged
U-PVC front U-PVC 0 2 4 6 8 10 12

Exposure Time (week)

Fig. 7. (a) Photos of U-PVC surfaces (front and back) before and after QUV aging; (b) corresponding yellowness
index (AYI) as a function of exposure duration in QUV. Data points indicate the mean, and the error bars the
standard deviation (5 replicates).

Fig. 8 compares the yellowness index (Yl) measured on the front U-PVC during weathering in
QUV and SPHERE. AYI values in QUV are higher than AYIl in SPHERE. Thus, QUV weathering
appears more severe than the SPHERE weathering at a given dose exposure. The primary
causes could be water condensation and humidity on the sample surface. Although OH radical
production on the TiO; surface remains relevant (see section 1.3), the primary impact lies in
autocatalytic degradation facilitated by hydrochloric acid [48]. The FL outdoor exposed samples
(64 weeks, dose up to 415 MJ/m?) showed relatively low color change and some dirt
accumulated on the surfaces. This result is mainly attributed to temperature. The average
exposure temperature was 27 °Cin FL outdoors, 55 °C in SPHERE, and 60 °C in QUV (Table 2).
Other factors, such as rain (washing off the photodegradation products), could also affect AYl in
FL outdoors.
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Fig. 8. Changes in yellowness index (AY1) as a function of exposure dose for SPHERE QUV and FL outdoor
exposure conditions. Data points indicate the mean and the error bars, the standard deviation values (5
replicates).

Color appearance measurements using a portable spectrophotometer are commonly used in
industrial practice to assess the durability of thermal plastics used in building envelopes. To
connect changes in the samples’ visual appearance with the changes in chemical structure,
color shift (AE) and change in yellowing index (AYI) were plotted as a function of FTIR calculated
areas in the hydroxyl and hydrocarbon regions (Fig. 9) at SPHERE (55 °C, 75 % RH) exposure
conditions.

(a) (b)
8 I T T T 8
@ AE » 4] i
49 a-AYI ; \
g_’fﬁ"'é 6 \i:ii ®
}”4 3 \
3 4 B
éy 4 ) 2 4 =
a4l { — e
< JQ “ < <1
2 L2 21 2
Y
. Lo * o
14 ~ 14 .
& * ><A
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Peak Area* (3120cm - 3750cm 1) Peak Area* (2700cm’1- 3000cm’1)

Fig. 9. Changes in color appearance at SPHERE (55 °C, 75 % RH) exposure conditions vs. changes in IR peak area
in (a) hydroxyl region (3120 cm™ to 3750 cm™) and (b) hydrocarbon region (2700 cm™ to 3000 cm™). Peak areas
are normalized by the peak area at 0 MJ/m?. Data points indicate the mean and the error bars (one standard
deviation, 5 replicates).
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The correlation between color parameters and chemical structure is almost linear in both
graphs. These results indicate that E and DYI can be good indicators of U-PVC degradation. The
surface morphology of front U-PVC was investigated using LSCM and SEM. Fig. 10 displays the
two-dimensional projection of LSCM images (405 nm laser, 150x/0.95 air lens) before exposure
(unexposed) and exposed in SPHERE (55 °C, 75 % RH). Due to ASA polymer matrix degradation
during weathering, more bright spots, attributed to TiO,, appeared on the surface. The surface
roughness (root-mean-square, Sq) changed from (0.52 + 0.06) mm at 0 MJ/m? (unexposed) to
(1.16 + 0.14) mm at 1628 MJ/m?2. SEM and EDX images (Fig. 11 and Fig. 12) indicated
degradation/deterioration of the capstock surface (ASA/TiO;) layer after UV exposure and the
formation of clusters of TiO, (Fig. 12). The presence of these clusters, the higher TiO; IR signals
and the collapse of CH stretching bands (see Section 3.2.1 and Fig. 5) are clear evidence of an
extensive disintegration of the polymeric matrix leaving widespread areas richer in TiO3. This is
a typical behavior in the weathering of polymers containing TiO2[30].

unexposed 1628 MJ/m?

Fig. 10. LSCM images of front U-PVC before and after exposure in SPHERE (1628 MJ/m?, 55 °C, 75 % RH)
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100x - SDE 5000x - SDE 5000x - BSE

Unexposed

1628 MJ/m?

Fig. 11. SEM images of front U-PVC before and after exposure in SPHERE (1628 MJ/m?, 55 °C, 75 % RH). Here SDE
presents secondary electron and BSE presents back scattering electron images.

Fig. 12. SEM of front U-PVC after SPHERE (1628 MJ/m?, 55 °C, 75 % RH) (top-left) and relative EDX mapping for
carbon only (top-right); carbon, oxygen and titanium (bottom-left); carbon and titanium (bottom-right).
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3.3.2. Mechanical properties

The overall effect of photo- and photo-catalyzed oxidation during weathering is mainly a chain
scission reaction that reduces elongation at break and tensile strength. The chain scission
reactions and the erosion of its products progressively reduce the thickness of the undegraded
core and, thus, the mechanical properties of the item.

The tensile properties were affected by the orientation (either parallel or perpendicular) of the
dogbone (DB) specimen versus the surface pattern (Fig. 13). For perpendicular-cut DBs, the
elongation at break (EaB) varies from (0.32 + 0.03) % before weathering to (0.2 £ 0.02) % after
UV exposure (254 MJ/m?). The EaB values (Fig. 13c) are slightly affected by UV dose. For
parallel-cut DBs, the elongation at break (EaB) varies from (3.11 + 0.3) % before weathering to
(0.36 £ 0.06) % after UV exposure, and the EaB values change from over 300 % at 0 MJ/m? to
40 % at 254 MJ/m?2. Because parallel-cut DBs are more sensitive than perpendicular-cut DBs to
weathering effects, parallel-cut DBs were used for the remainder of this study.
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Fig. 13. Tensile tests for dogbones cut parallel and perpendicular to the vinyl siding pattern direction: (a) stress-
strain curves before weathering; (b) stress-strain curves after weathering (254 MJ/m?); (c) elongation at break
vs. dose. Data points indicate the mean and the error bars the standard deviation calculated over 5 replicates.

The weathering conditions have a substantial impact on the mechanical properties, as shown in
Fig. 14. The degradation rate of EaB: EaB (FL) << EaB (SPHERE 55 °C, 75 % RH) < EaB (SPHERE
70 °C, 75 % RH) = EaB (QUV). The results of the QUV test at 60 °C with water condensation on
the sample surface were similar to those at SPHERE 70 °C, 75 % RH conditions and provided
much more damage than those at SPHERE 55 °C, 75 % RH. The effect of weathering conditions
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on the mechanical properties is consistent with the impact of weathering conditions on
chemical degradation and AYI (sections 3.2.1 and 3.2.2).
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Fig. 14. Elongation at break (EaB) of U-PVC under QUV exposure at four exposure conditions as indicated. The
EaB values are average of 5 measurements and error bars represent one standard deviation.

3.2. Weathering of research and development formulations (R&DF)

In R&DF, the type and quantity of additives were varied to study their impact on PVC
weathering. Formulation A was designed to replicate a typical formulation used as a vinyl siding
substrate beneath the capstock. This formulation lacks UV stabilizers and has minimal TiOy, thus
resulting in excellent initial color. Formulations C, F, and H were selected not as representative
examples of U-PVC-based capstock but because they contained additives whose effects on U-
PVC weathering were considered worthwhile investigating. These formulations provide an
opportunity to explore the impact of various additives on the weathering characteristics of U-
PVC materials, shedding light on how different formulations and compositions affect the long-
term durability and performance of PVC-based products.

Formulation A(ref) contains a tin-based stabilizer and very low TiO; content. It is the most
sensitive to weathering. Formulation C included chlorinated polyethylene (CPE) and acrylic
impact modifier (AIM). It was used to investigate the effect of CPE on weathering. Formulation
F closely resembled formulation C but with a higher AIM content and no CPE. This adjustment is
intended to enhance weatherability (due to a significant amount of TiO; and the absence of
CPE) while maintaining good mechanical properties (thanks to AIM). Formulation H was nearly
identical to formulation F but contained a high filler content of calcium carbonate (CaCQs3). This
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variation allowed us to study the impact of filler content on the weathering performance of the
material, particularly in comparison to formulations C and F. All three formulations (C, F, and H)
were stabilized with a calcium zinc stabilizer, a well-established additive used in EU for
manufacturing weather-resistant products such as window profiles.

3.3.1. Effect of weathering on the chemistry of R&DF

Fig. 15 displays the FTIR spectra of all R&DF under QUV exposure conditions up to 12 weeks
(353.8 MJ/m?).
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Fig. 15: FTIR spectra after QUV exposure for: (a) formulation A at different exposure doses, (b) formulation H at
different exposure doses, and (c) comparison of all formulations at 0 MJ/m? and 353.8 MJ/m?2,
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The common features observed in exposed samples as exposure times increase include:

» Decrease of the CaCOsbands (1434 cm™ — 880 cm™)

* Increase of TiO; broadband (790 cm™- 500 cm™)

» Decrease of C-H signal - (2700 cm™— 3000 cm™)

* Increase and broadening of C=0 band from (1731 to 1685) cm™.

The observed degradation patterns are consistent with the findings described in section 3.2.1.
The FTIR-ATR analyzes from the surface to a depth of about 2 um, where photo-oxidation and
photo-catalyzed oxidation dominate. This phenomenon leads to oxidation and disintegration of
the PVC matrix, as highlighted by the increase of the C=0 signal and decrease of CH stretching.
Another sign of surface degradation is the increase in the intensity of the TiO; bands (790 cm™
and 500 cm?), as seen in ASA capstock weathering in section 3.2.1. Furthermore, a collapse of
the bands of CaCOs is also observed. This is a result of photo-degradation releasing HCl and
then reacting with CaCOs to yield CO; and CaCl,.
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Fig. 16: Color shift (AE) and yellowing (AYI1) for formulation samples A, C, F, and H at different exposure doses
under QUV exposure up to 12 weeks (353.8 MJ/m?). Data points indicate the mean. Error bars are the
standard deviation values (5 replicates).

The chemical alterations on the surface manifest themselves through the color changes of
specimens during weathering (see Fig. 16). Formulation A, characterized by a lower TiO>
content, exhibits a significant increase in both AYl and AE, indicating — as expected - a more
pronounced degradation. The fluctuations observed in AYl and AE, particularly evident in Ares,
are attributed to cracks and holes generated by the breakdown of the matrix during
weathering.
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3.3.2. Effect of weathering on the mechanical properties of R&DF

As a result of weathering, the thickness of the undegraded U-PVC layer decreases over

time, ultimately leading to the deterioration of the mechanical properties. To evaluate this
effect on R&DF, the mechanical properties of specimens weathered in SPHERE (55 °C, 75% RH)
were measured in terms of tensile impact strength test (ISO 8256). Fig. 17 compares the tensile
impact strength for U-PVC and the R&DF (A, H, C, F) as a function of dose (see Table 1).
Formulation A exhibits the worst behavior. Before weathering, formulation F, comprising only
the acrylic impact modifier, a TiO2 mass of 7.5 g per 100 g of PVC (hereafter, g of an additive per
100 g of PVC is referred to as phr) and a 15 phr CaCOs content, demonstrates the best initial
mechanical properties, while Formulation H, with the highest CaCOs content (30 phr), performs
the poorest. Formulation C, with less impact modifier, falls in between.
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Fig. 17: Impact strength tests for commercial U-PVC and R&DF. Weathering in SPHERE at 55 °C, 75 % RH. Data
points indicate the mean and the error bars the standard deviation values (5 replicates).

3.3.3. Fire performance of R&DF and effect of weathering

The MCC provided the heat release rate of each U-PVC formulation by pyrolyzing specimens in
nitrogen and then oxidizing the pyrolizates in a combustion chamber at 900 °C. Pristine samples
without weathering (A ref, C, F, and H) were run in triplicates. In contrast, only a single test was
run for the weathered samples (A ref 378h, C 378h, F 378h, and H 378h). They were subjected to
387 h of accelerated aging in the SPHERE.

Representative heat release curves measured by MCC for the specimens before aging are shown
in Fig. 18.
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Fig. 18: Representative heat release rate curves measured by MCC for the pristine specimens.

The heat release curves indicate a two-stage decomposition mechanism [31-33, 49]. As
discussed in these references, the first stage occurs between 230 °C and 390 °C generates a
moderate heat release peak of about 20 W/g to 50 W/g. The second stage occurs between 410
°C and 570 °C and generates a more intense heat release peak of about 100 W/g to 140 W/g.
The first decomposition step is associated with dehydrochlorination, i.e., the release of HCl and
other hydrocarbons (e.g., benzene) in the gas phase. These reactions lead to a mass loss of
about 60 % and the formation of conjugated polyene sequences and cross-linked structures.
The second decomposition step is associated with chain scission of the cross-linked matrix,
yielding tar and char formation.

Fig. 19 shows the heat release rate curves measured by MCC for the weathered specimens. No

noticeable effect of weathering was observed when comparing the MCC curves for the pristine
and aged samples.
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Fig. 19: Heat release rate curves measured by MCC for the weathered specimens.

MCC was used to rapidly screen the effect of formulation and weathering on the fire
performance of U-PVC by using parameters such as residue, maximum heat release rate
(Qmax), specific heat release (hc), and fire growth capacity (FGC). These parameters were
calculated according to ASTM D7309 method A. These data are summarized in Table 6.

Table 6: Values of residue, maximum specific heat release rate (Qmax), specific heat release (h¢), and fire growth
capacity (FGC) measured by MCC for each formulation.

Sample Residue Qmax hc FGC
[%] (W/gl  [ki/g] [1/8-K]
A ref 225+0.2 134+7 119%£0.2 93.3+1.1
A ref 378h 23.0 139 11.1 88.0
C 31.7+£0.2 123+2 9.1+0.1 705%0.8
C 378h 30.6 121 9.0 70.2
F 30.5+0.2 114+2 94+0.2 73514
F 378h 30.6 111 9.4 72.8
H 32.8+0.2 103+1 85+0.0 67.1+0.8
H 378h 32.6 104 8.6 67.5
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Fig. 20: Bar chart comparing the performance parameters calculated in the MCC. Error bars are shown only for
non-weathered samples as + one standard deviation (three replicates).

Among the pristine samples, Aref had the highest average FGC value (93.3 J/g-K), followed by F
(73.5+1.4J/g-K), C(70.5+ 0.8 J/g-K) and H (67.1 + 0.8 J/g-K). A similar trend was observed for
hcand FGC, whereas the trend was inverted for the residue. Based on a simple unpaired
Student’s t-test, these effects of formulation type on FGC are significant [50]. In particular, the
decrease in FGC is highly statistically significant (two-tailed p-value < 0.0001) between A ref and
C, statistically significant (p = 0.0322) between F and C, and very statistically significant

(p = 0.0065) between C and H. For convenience, histograms for the data in Table 6 are shown in
Fig. 20. The samples before weathering (A ref, C, F, and H) were run in triplicates. The samples
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after weathering (A ref 378h, C 378h, F 378h, and H 378h) were run as a single test. Uncertainty
is shown only for non-weathered samples as + one standard deviation.

Considering MCC's limitations in predicting actual fire performance, these data suggest that
sample H is expected to provide the best fire performance within the limited formulation
tested. Compared to formulations C and F, formulation H had a 2x content of CaCOs3 (30 phr)
and identical TiO, content (7.5 phr). The acrylic impact modifier content in formulation H

(7.5 phr) was like that of formulation F and 3x that of formulation C, which also contained
chlorinated polyethylene (see Table 1). These data suggest a marginal beneficial effect of CaCO3
on PVC flammability. This result is somewhat surprising because the reaction of CaCO3 with
hydrogen chloride affects the flame-quenching mechanism. However, for calcium carbonate
with a particle size in the micron range, the acid scavenging ability is low, and experimental
data showed a slight increase in limiting oxygen index (LOI) when CaCO3 was added into
plasticized PVC (P-PVC) [31, 51]. Data also indicate that replacing 2.5 phr CPE in formulation C
with 5.0 phr AIM in formulation F led to a significant increase in FGC from (70.5 £ 0.8) J/g-K to
(73.5 + 1.4) J/g-K. These data suggest that CPE provides a marginal but significant advantage in
fire performance compared to AlM.

The weathering effect was estimated by comparing FGC values before and after weathering in
Table 6 (e.g., H and H 378h). All formulations show no significant impact of weathering on FGC,
except possibly for formulation A ref. However, because only single tests were run on
weathered samples, further testing is required to validate the weathering impacts of FGC for
formulation A ref.

The measured values of FGC and h¢ agree with previously reported data for U-PVC. [12, 52] For
context, polyether ether ketone (PEEK) and polyethyleneimine (PEIl), which are two
performance polymers with very low flammability, have comparable values of FGC (80 J/g-K
and 83 J/g-K, respectively) [12]. Hence, MCC data indicate an excellent fire performance for
PVC. However, this does not imply that a U-PVC layer can act as a fire barrier, i.e., it can prevent
flame penetration into an adjacent flammable substrate. As mentioned previously, MCC
doesn’t provide insight into heat/mass transfer due to the small sample size.

Understanding vinyl siding's ability to prevent flame penetration into an adjacent flammable
insulation layer is of extreme interest for fire building safety, especially in areas subject to WUI
fires. Furthermore, with the adoption of IECC 2021, exterior insulation will be required in U.S.
climate zones (4 and above), where vinyl siding is often the most common siding material in
residential buildings. To assess the barrier performance of the U-PVC formulations investigated
in this study, a U-PVC sheet was placed on top of a 25 mm thick XPS foam insulation and tested
according to ASTM E3367. The bottom of the assembly was open (see Fig. 1c) so that burn-
through could be easily detected and the fire barrier performance among U-PVC formulations
could be easily compared. The higher the barrier performance of U-PVC, the longer the burn-
through time, as revealed by the ignition of the XPS foam.
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Fig. 21 shows pictures captured during an ASTM E3367 test with the control U-PVC formulation,
A ref. The first picture, at t =0 s, shows the test assembly under the cone heater. The second
picture with inset (t = 30 s) shows that the surface of U-PVC turns black due to charring;
simultaneously, shrinkage and melting generate openings due to tearing on the perimeter of
the specimen (see inset), exposing the underlying XPS foam and leading to XPS ignition within
few seconds. The third picture (t = 40 s) shows an image of the specimen after the ignition of
XPS foam, which rapidly melts and leads to a pool fire. Similar behavior was also observed for
the other specimens with C, H, and F formulations, even though tearing on the surface of PVC
and the consequent XPS ignition was further delayed compared to formulation A ref. The heat
release curves measured with each formulation are shown in Fig. 22. For each test, there are
two prominent peaks: the first is associated with the flaming of the U-PVC sheet, and the
second with the flaming of XPS. The better the barrier performance of U-PVC, the longer the
time elapsed between the two peaks. A ref had the worst barrier performance. All modified
formulations showed improved barrier performance. Only single tests were run for each
formulation. Multiple tests were not conducted in this study because none of the formulations
was able to prevent ignition of XPS. Future work is required to improve the fire barrier
performance of U-PVC.

Os 30s 40s

Fig. 21: Pictures captured during an ASTM E3367 test with the control U-PVC formulation, Aref. Att=0s, the
test assembly is exposed to the external heat flux (75 kW/m?) generated by the cone heater. At t = 30 s, the
surface of U-PVC turns black due to charring; simultaneously, shrinkage and melting generate openings on the
perimeter of the specimen (see inset), leading to XPS ignition within few seconds. At t = 40 s, the specimen is
flaming, and XPS rapidly melts leading to the formation of a pool fire.
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Fig. 22: Heat release curves measured for assemblies of U-PVC and XPS sheets according to ASTM E3367.
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4. Conclusions

This study subjected a commercial vinyl siding with ASA capstock and lab-formulated U-PVC
compounds to both natural and accelerated weathering (QUV and SPHERE) to investigate the
chemical changes caused by weathering and its impact on aesthetic appearance, mechanical
properties, and flammability.

Light absorption by ASA and PVC initiated a cascade of photochemical reactions that ultimately
caused the polymeric matrix's disintegration. Weathering of the U-PVC formulation led to the
release of HCl from the polymer backbone, the formation of polyene sequences with
consequent yellowing and browning, the consumption of CaCOs3, and the gradual loss of the
organic matrix with a resulting increase in TiO, concentration at the surface.

The ASA capstock is TiO; rich. This delayed the commercial vinyl siding weathering and
remarkably improved its overall weatherability. The TiO; in the ASA capstock shielded the non-
weatherable U-PVC substrate from degradation. However, over time, the breakdown of the
polymeric matrix led to the formation of voids and clusters of TiO,. This erosion exposed the
underlying polymer to additional light degradation, compromising the mechanical properties.

In tensile tests, U-PVC samples showed a shift from ductile to brittle behavior with increasing
UV exposure. Similarly, the extent of chemical degradation assessed by FTIR and yellowing,
measured in terms of AYI, increased with the UV dose. This study also found that temperature
and moisture content are critical factors influencing the degradation rates of elongation at
break-in tensile tests. Therefore, when comparing and predicting the outdoor weathering of U-
PVC using laboratory accelerated weathering tests, it is essential to consider the effects of
these two key factors carefully.

The tensile impact tests confirmed the anticipated effects of additives — such as UV stabilizers,
acrylic impact modifiers (AIM), CaCOs filler content, and TiO, content — on the mechanical
impact strength (break energy) of U-PVC formulations. Formulation A demonstrated the
poorest performance compared to Formulations H, C, and F. In contrast, Formulation F, which
had high levels of AIM and TiO;, exhibited the best performance.

Microscale combustion calorimetry showed that U-PVC formulations investigated here had a
fire growth capacity between about 70 J/g-K and 90 J/g-K. These values are comparable to high-
performance, low-flammability polymers like PEEK and PEI. The formulation type significantly
affected the fire growth capacity. Specifically, formulation A ref showed the highest fire growth
capacity (worst fire performance), followed by formulation F, C, and H (best fire performance).
Adding calcium carbonate and replacing the acrylic impact modifier with chlorinated
polyethylene reduced the fire growth capacity. Weathering in the SPHERE for 378 h did not
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significantly affect fire growth capacity, except for a possible marginal effect on formulation A
ref.

The fire barrier performance of U-PVC was investigated following protocols defined in ASTM
E3367. All the U-PVC formulations investigated failed to protect the polystyrene foam
substrate. The failure mechanism was identical in all formulations. It involved charring,
shrinking, melting, and tearing on the surface of U-PVC, allowing flame penetration into the
foam substrate. These results show that U-PVC is a remarkable inherently flame-retardant
polymer but does not serve as an effective fire barrier. Further research is required to develop
modified U-PVC formulations and building hardening solutions that may enable the use of vinyl
siding in high-fire risk areas.
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