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ESTUDO DA INFLUENCIA DAS CONDICOES DE ENVELHECIMENT O NA
DURABILIDADE DO PVC ESTABILIZADO PARA APLICACOES EX TERIORES

RESUMO

Procurou-se com a presente comunicacao apresentasoltados de um estudo para
avaliar a durabilidade de filmes calandrados eggl&xtrudidas em PVC rigido, para aplicacdes
exteriores, submetidas a diferentes condi¢des dahatimento, utilizando técnicas de analise
molecular por espectroscopia de infravermelhodnaoisformada de Fourier (FTIR), de analise
das propriedades macroscopicas, nomeadamente @aepasuperficial por colorimetria e das
caracteristicas mecanicas por traccao. O desemaito das formulagcdes, o envelhecimento e
a subsequente caracterizacao foi realizada no LNEC.

Assim, ap0s uma breve introducéo, a presente caacin expde a parte experimental
do estudo, no que se refere a composicdo das amastaos meétodos experimentais de
degradacdo e de caracterizacdo. Seguidamente raprasge os resultados do estudo, a sua
interpretacdo e as conclusdes finais.



STUDY OF THE INFLUENCE OF THE AGEING CONDITIONS IN THE
DURABILITY OF PVC FORMULATIONS USED IN OUTDOOR APPL ICATIONS

SUMMARY

The main purpose of this paper is to present thelteof a study intended to assess the
durability of stabilized PVC-U for outdoor applicats, in form of calendered films and
extruded plates. The samples were subject tordiffeageing conditions and their degradation
state were evaluated, using techniques of molecahalysis, namely Fourier transformed
infrared spectroscopy (FTIR), as well techniquaseigaluation of macroscopic properties, as
colorimetry and tensiles tests. The developmembmhulations, the ageing and the subsequent
characterisation were done in LNEC.

Therefore, after a brief introduction, this papeesents the experimental part of the
study, as regards the composition of samples andxperimental methods of deterioration and
characterisation. Subsequently, the results of diuely, their interpretation and the final
conclusions are also presented.



ETUDE DE L'INFLUENCE DES CONDITIONS DE VIEILLISSEME NT SUR LA
DURABILITE DU PVC STABILIZE POUR DES APPLICATIONS E XTERIEURES.

RESUME

L’objectif essentiel de cette communication estpdésenter les résultats d’'une étude
visant a évaluer la durabilité du PVC rigide staBilpour des applications extérieures, sous la
forme de films calandrés et plaques extrudées. shaegles ont été soumises a de différentes
conditions de vieillissement et son étatt de dégjiad a été characterize, en utilisant des
techniques d’analyse moleculaire, nommément latgmaopie d’infrarouge para transformé de
Fourier (FTIR), bien comme d’évaluation des pragse macroscopiques, hommément la
colorimétrie et la traction. Le développement desmulations, le vieilissement et la
caractérisation postérieure ont été effectués atd@.N

Ainsi, aprés une breve introduction, cette commativ présente la partie
expérimentale de I'étude, en ce qui concerne laposition des échantillons et les méthodes
expérimentales de détérioration et de caractéisatiPar suite, on présente les résultats de
I'étude, leur interprétation et les conclusionsales.
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1. INTRODUCTION

Poly(vinyl chloride) has his largest market in donstion, mainly in exterior applications, where
weatherability is a primary design factor.

Some artificial accelerated methods are currargd in the prediction of polymer lifetimes, busth
subject is controversial.

On that account, we developed a research studgecoing the weathering of stabilized PVC. The
objectives of this work are the comparison of dgfg artificial accelerated weathering methods andtural
exposure, considering the role of the atmosphgents and the influence of the additives.

To attain this goal, the photo-oxidative weathgrof various polyvinyl chloride formulations was
performed using several commercial apparatus aradwaal exposure in Lisbon.

The weathering action was evaluated by infraredtspmetry and tensile tests.

The experimental results enabled to make a congarietween the different photo-oxidation
conditions used and, consequently, it was alsoilples® develop statistical correlations and tccakdte the
acceleration factors.

A statistical distribution analysis of the experinted data was made. A longevity function for each
formulation and weathering condition (artificial dcamatural) was developed, which allows to lifetime
prediction through the definition of a critical ual of the properties considered relevant for th@iegtion of

the target materials.



2. EXPERIMENTAL

In this study, we use 4 different types of Jigigmented PVC formulations, designed for outdoor
applications, containing CaGQwo types of thermal stabilisers (based on cailzinc or dibutyltin-maleate)
and various additives.

The specimens are submitted to artificial and rtwreathering. The artificial simulated weathering
was carried out in several laboratory chambers,ncerdially available, equipped with different axtiél
irradiation sources, like ATLAS Weatherometer Ci, BRALAB Fitoclima 600 EDTU, SEPAP 12/24,
SOLAR BOX 3000 E and QUV PANEL UVB313. To evaludite influence of certain parameters, different
exposure conditions are used in same apparatus.afbeng parameters were the irradiation source,
alternation of light/dark period, type of filtenglative humidity of the circulating air and cyclixater spray.
Some specimens have been exposed from March 2000ttmor weathering in Lisbon (severe climate,
according to [1]), in accordance with ASTM MethodLB35 [2], at an angle of 45°, facing south.

The different photo-oxidative conditions are preednn table 1.

Table 1: Set of photo-oxidative conditions

Photoo>_(|_datlve Irradiation Source Cychc_ spray qf _vvater "?‘”d Dark Period Time qf
condition relative humidity of air weathering
ATLAS 1 No; Hr= 10% 4755 h
ATLAS 2 Continuous 6500 wat 18 min each 2 hours 3350 h
ATLAS 3 | porosilicate filtered xenon arc No; Hr=10% 2660 h

18 min each 2 hours only in |

ATLAS 4 3550 h (after ATLAS 3) 6010 h
Continuous 6000 watt No
ARALAB 1 borosilicate-quartz filtered No; Hr=60% 1400 h
Xenon arc

ARALAB 2 Continuous 6000 watt No: Hr= 10% 5360 h
borosilicate filtered xenon arc

2500-Watt borosilicate glas

1°2

SOLAR BOX ) No; Hr= 10% 4750 h
filtered xenon arc
QUV 313 313 nm low-pressure mercuty No 4 heach12 h with 910 h
vapour condensation
SEPAP Medium-pressure mercury No: Hr= 10% No 820 h
vapour
LISBON Sun Natural rain and dew Yes (night) 7 yearg

The quality of the water used in water sprays wagrolled by means of a water purity meter. The
intensity of xenon radiation was auto-adjustedgsuge a global irradiation of 550 Winin the wavelength

interval from 290 to 800 nm. The intensity of tlaeliation source was frequently verified with bo#tilorated



340 nm and 295-400 nm radiometers. To assure theatdemperature of the circulating air in the oerarc
chambers, a calibrated black standard thermometesos was used, which was maintained at 65 + 5R€. T
maximum temperature measured in the exposed suwiase53°C. In the case of ARALAB and ATLAS
chambers, the test pieces were placed in a sigilsition relative to the radiation source and aiffginces
in the distribution of the weathering parametersenmmpensated by rotation of the cylindrical saampktk.

The degradation level induced by photo-oxidativeeiag is evaluated by means of infrared
spectroscopy and tensile tests.

All specimens were removed periodically to perfotine several analysis described above and

repositioned after to proceed the ageing.

3. RESULTS

3.1 Infrared Measurements

The oxidation of PVC followed by infrared spectropg can normally be detected by the absorption
of oxidation products containing carbonyl groupsthie 1600-1900 cirarea. The changes result as well from
the consumption of stabilisers as from the increzfsearbonyl groups dliétd the oxidation. So, thequlic
measurement of the optical density variation, edrdut by subtracting spectra of the same samgliesg the
ageing process, makes it possible to quantify #igation resulting from this process.

To illustrate the evolution of the bands in thebcayl range, during each irradiation period in
conditions of artificial ageing in different comrs@l apparatus, over different experimental coodgi the
spectra of differences of one selected represeatidrmulation, stabilised with calcium/zinc, aepresented

in the figures 1 to 5. The different spectra apresented at some scale to simplify a comparatiatyais.

Figure 1- Effect of water in a continuous irradian@ program (cut-off at 290 nm): a) ATLAS 1;
b) ATLAS 2
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Figure 2 - Effect of the filter in Xenon sources: pARALAB 1 (cut-off at 290 nm); b) ARALAB
2 (cut-off lower than 280 nm)
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Figure 3 - Effect of artificial simulated and natural light sources: a) SOLAR BOX (cut-off at
280 nm); b) LISBON

1.0 JEs pecto das diferencas: PVC CZ.26,181 0,607 Especiro das diferengas: PVC CZ-ah LUZ QUV Apr 18 11:53:57 2001
; 1

I
“9Tespectro das diferencas: PVC CZ-162,22n TEspectro das diferengas: PVC CZ-QUV-140h luz Apr 30 13:30:13 2001

0.8 Espectro das diferencas: PVC CZ273,86h

050

T Espectro das diferengas: PVC CZQUV-420h 1uz May 30 09:36:57 2001
Speciro das diferengas: PVC CZQUY-679h luz Jun 20 14:04:14 2001
spectro das diferencas: PVC CZ.QUY-912,8h luz Jul 12 16:30:12 2001

Espectro das diferengas: PVC CZ462,65h
0,71 Espectro das diferencas: PVC CZ532,55h
1e F y

016-JEspecto das difeongas: PVC G
JEspecto das dterencas: PV

2745590
2815,7h

‘Absomance
‘Absomance
i

, 1712 1640

Wavenumbers (cm-1) Wavenumbers €m-1)

a) b)

Figure 4 - Effect of mercury vapour pressure: a) SBAP 12/24; b) QUV UVB 313



Figure 5 - Effect of initial period of continuous rradiation: a) ATLAS 3 (cut-off at 290 nm); b)
ATLAS 4 (cut-off at 290 nm)

Analysing the different spectra, we found thattell’e peaks at same wavelength (148,12 and
1640 nm), concerning to the same degradation pteduwehich means that different photo-oxidative
conditions allows to the same PVC degradation re@actHowever, the spectral modifications detected
between different spectra show also that this meachas different stoichiometries, resulting frotret
different photo-oxidative conditions.

In order to illustrate the changes induced by déife parameters in the stoichiometry of the PVC
degradation mechanism, figure from 6 presents ¥b&igon of the rate of the magnitudes of opticahsities
at 1712 ci (h) and 1640 cih (hy), during the artificial ageing of the reported P¥@mulation at

different photo-oxidative conditions.

ho/hs
2,0
18 - -USBON
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Figure 6: rate of the magnitudes of main carbonyl bnds vs. optical density at 1712 cih
during the weathering performed under different phao-oxidative conditions
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Considering the data represented in previous figuie possible to evaluate the degree of coriatat
between different photo-oxidation systems, basedtlwm FTIR spectra, which is related with the
stoichiometry of degradation reaction. To attaiis tharget, a previous statistical evaluation waslenasing
the methods of Pearson and Spearman [3-5]. Affectsen of the systems presenting a good corralato
second evaluation is made considering the observafithe evolution of the correlation paramet&/li3) in
relation to the value “1”, when both bands hassame magnitude. This final observation is necessary
detect systems with good correlation, but presgraiminverse evolution of the related bands.

Using this method and considering only the formatareported here, a good correlation it is found
between the artificial accelerated ageing systeRAILAB 2 and ATLAS 1 and between SOLAR BOX and
SEPAP 12/24. The more strange behaviour was fautitki systems QUV UVB 313 and ATLAS 4, probably
due to spray of water after a previous long perddrradiation (in ATLAS) and to dark periods with
condensation (in QUV). Considering simulation, gaadrelations were found between the natural exgosu
in Lisbon and the artificial ageing performed in 84S 2 and ARALAB 1, probably due to the role of wat
present in the rain, spray and mostly air. Howeitdég not found a good correlation between twdetiént
systems for the set of all formulations. This metinag, beside we are considering chemical prope(tiet
physical or mechanical), there is an inherent ity in accelerated weathering tests, not onkated with
the type of radiation sources, but also with ofaetors related with interaction between the adégipresent
in the polymer. For example, it can be seen in ddtghoto-oxidation system ATLAS 4 that certain
degradation agents, like water, which effect is allgudepreciated, influences the stoichiometry of
degradation reaction and also that the previowslimtion story can be drastically important (fostance,
compare the figures 1 and 5, as plots of figurercerning ATLAS 1, ATLAS 2 and ATLAS 4).

For a better understanding of the differences waigid by the intervention of the water in the
behaviour of the PVC samples, see for instancegtaeence [6], in which has shown that strong yeithy of
the PVC occurs under Xénon irradiation, but thathim presence of water spray, occurs the whiteoirige
samples. Both phenomena are related with the cdtmopebetween double bond and carbonyl formation,
each one allowing opposite effects in the aesthpetiperties of PVC.

The whitening phenomenon results from the combiaetion of atmospheric agents in the PVC
matrix, participating the water to enhance thelgttaphoto-activity of titanium dioxide pigmentgresent in
such compounds, which leads to a radical attaclny unsaturations in the PVC, responsible for the
yellowing.

In a more recent research work [7], it was fourat flong irradiation periods induce a generalized
degradation of the surface of PVC extruded platemely, loss of Cl, double bond and cross-link fation.
Double bonds and cross-links induce the shrinkiighe surface material and consequent formatioma of
generalized network of micro-cracks all over thefawe. This crack network enables its mechanical
destruction by water jets or rain, discovering game which is much more homogeneous and thencé muc
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more resistant to the ulterior action of radiatidthen that previous long period of xenon irradiati® absent
or shortened, the mechanical degradation of thdasairis mostly concentrated around defects (not
generalized to all the surface) and the erosiothbyvater is rather localized.

All interactions between atmospheric agents andtisdd on stabilised PVC materials difficult the
natural exposure simulation. Furthermore, it i® dfsund that the success of simulation depends @lsoe

considered relevant property of the material thatinsidered for correlation.

3.2 Tensile properties

The stress and the strain strengths at failurgetisnens type 1BA [8], were measured at LNEC by
means of an Instron 4483 Universal Testing Machliie results obtained from a minimum of 14 specsnen
from each sample, were submitted to statisticalyarsafor detection and rejection of outliers [9].

The tensile strain at break was measured withaigneometer, because the occurrence of breaks out
of the specimen gauge-length marks was frequent.

The two groups of formulations have different téndiehaviour. The unweathered PVC stabilized
with a thermal stabiliser based on calcium/zincsprg, in tests conducted at low strain rate (2sHma
lower strain at break=(L1 to 17%) than the unweathered PVC stabilised waithermal stabilizer based on or
dibutyltin-maleate (DBTM), which presents a stratrbreak in the range 55 to 80% even conductingetsis
at higher strain rate (5 mrit)s

Concerning the evolution of the tensile proprietigls the studied PVC materials during the
weathering, no significant modification of the eélasnodules and yield proprieties was observedndutie
course of photo-oxidation. On the contrary, therease of the strain at break induced by the weiatihés
generalised at all PVC formulations, but it occars more interesting scale with compounds comtgittie
DBTM thermal stabiliser.

The influence of the artificial ageing in tensil®perties of PVC materials weathered during 3 years
in Lisbon was published before [10].

The evolution of the relative elongation at braakgonditions of natural exposure at Lisbon during
years, is given in Figs. 11 and 12. As can be $s®n the analysis of these figures, the most ingmart
modifications of the strain at break occurred dyfinst 1460 days (4 years) of the natural weatigerin the
last 3 years the value of the elongation at breakoged an oscillatory behaviour, but after 7 yeaf natural
exposure is nearly the same it was after 4 yedns. Jeasonal behaviour of the formulations, dunatural

weathering, is also an interesting feature to repor
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Fig. 7 - Evolution of the strain at break of speenens, extracted from PVC profiles stabilised
with Ca/Zn, submitted to natural weathering (LISBON)
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Fig. 8: Evolution of the strain at break of specimas, extracted from PVC profiles stabilised
with DBTM, during 7 years of natural weathering (LI SBON)

4. STATISTICS

All atmospheric parameters, like global irradiantsmperature, relative humidity and precipitation,
follow normal distribution functions (95% CI). Accwlated values of these parameters, which are wsed
statistical purposes, fits best a Weibull distribnt For exemplificative purposes the probabilitptpfor
accumulated global irradiance is presented in &dur
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3-Parameter Weibull - 95% CI
Complete Data - LSXY Estimates
= Table of Statistics
Shape 1,33073
901 Scale 172316
801 Thres 322,438
70 Mean 16165,1
60 StDev 12022,7
0] Median  13405,5
407 QR 15269,1
'E 304 Censor 0
8 20 Correlation 0,998
-
&
101 °
5
34
24
1 T T
1000 10000 100000
Accumulated Gobal Energy (MJ/m2) - Threshold

Fig. 9 - Probability Plot for accumulated global iradiance during the natural exposure
(LISBON)

The data from elongation to break of each set ofsgécimens, taken periodically from natural
exposure, follows a normal distribution, even cdaesng a confidence interval of 95%, as indicatgd b
several methods (Anderson-Darling, Wilks-Shapird &olmogorov-Smirnov). The elongation at break and
the optical density at 1712 ¢nof the reported PVC formulation, present a treedrdasing or increasing
during weathering, respectively. These data follewsgnormal or Weibull distribution (95% CI), iesid to

a normal distribution, like is presented in theufig 10 for exemplificative proposes

Probability Plot of relative elongation at break Probability Plot of D.O. (1712 cm-1)
Normal - 95% CI Normal - 95% CI

Mean 54,41
Stbev 19,17
N 18
AD 0,230
P-Value 0,774

Mean 02421
Stbev 01301
N 27
AD 0317
P-Value 0,520

Percent
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b

T T y T T T T r v ! ' ' r : " " "
0 20 40 60 80 100 120 02 01 00 01 02 03 04 05 06 07
Relative elongation at break (%) D.O. (1712,5 cmr1)

Fig. 10 - Probability Plot for a typical PVC formulation, stabilised with calcium/zinc, during
natural weathering (LISBON), concerning the data: 4 of the strain at break (extruded plates);
b) of the optical density at 1712 cf (calendered films)

' Each data point results from average of each set of 15 tested specimens.
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A multivariate analysis was performed with the daten tensile and FTIR tests, taken during natural

exposure, using the following simple equation:
n
Y =) Ciwi

where Y is the property in analysis), are the accumulated values of climatic variabled @ arethe

regression coefficients.

To complete the multivariate analysis, a prelimyjnanalysis of variability and a final residual
analysis were performed. Using the Principal CongmbnAnalysis method it was concluded that the
evolution of main properties during the natural theaing, like elongation at break and optical dgnat
carbonyl domain, can be described only by radiatiemperature and humidity. These three paramaters
responsible by 90% of the total variability of theathering process.

The figures 11 and 12 present the graphic diagnastithe linear multivariate residual analysis,

showing both cases follows Gaussian distributidgteca.
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Fig. 11 - Residual analysis graphs of the multivaaite linear regression that represents the
evolution of the elongation at break of a typical FC formulation during natural exposure

(LISBON), in relation to atmospheric parameters
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Fig. 12 — Residual analysis graphs from the of theultivariate linear regression that represents
the logarithmic relation between optical density atLl712 cni of a typical PVC formulation and
time of natural exposure (LISBON)

5. ACCELERATION FACTORS. DURABILITY AND LIFETIME PREDICTION

Figure 13 presents the evolution of optical denaityl712 cni of the reported PVC formulation
during the weathering at different photo-oxidatoanditions. The mathematical functions represeritiege

plots are indicated in table 2.

AO.D.(1712cm’ —

0 QUV
0, ARTIFICIAL AGEING
o ATLAS
o ARALAF
0, —
NATURAL
0,
0,
0, . .
o Time of weathering
’ 0 1000 2000 3000 4000 5000 6000

Fig. 13: Kinetic plots representing the evolution bthe optical density at 1712 crit during
weathering under different photo-oxidative conditians
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Table 2: Acceleration factors for the formation ofcarbonyl groups during artificial
ageing of the reported PVC formulation in relationto natural weathering

Photo-oxidative conditions Acceleration factor

(Xenon continuous irradiation) ATLAS 13
(Xenon continuous irradiation + cyclic spray of @tATLAS 14

(Xenon continuous irradiation) ARALAB 14

(Xenon continuous irradiation) SOLAR BOX 14
(Mercury medium pressure vapour continuous irraatit 143

SEPAP

(Mercury low pressure vapour continuous irradiatiocyclic -

condensation without light) QUV UVB 313

The plots from regression and the equations cdimglahe properties of the same PVC formulation

with irradiance, during natural exposure, are preseein figure 14.

Carbonyl evolution during natural exposure of PVC CZ Evolution of the elongation at break of PVC CZ during natural exposure (Lisbon)
y=a +hx©9Inx y—1=a +bx°S
1?=0.987 DF Adj ?=0.986 FitStdEr=0.016273644 Fstat=1833.2 ’=0.857 DF Adj r’=0.838 FitStdEr=5.0180664 Fstat=96.1
20,0, arizem Coi soD.amzary KO0 Ty £ 09
0.5 100 \ 100
0.45 |
90 1\ \ 90
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0.35 80 \ \
0.3 \

0.25 70

0.2

60
0.15

011/ 50

0.05 /s
0 0 40
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a) b)

Fig. 14 - Plots of the best function correlating tB accumulated global irradiation during
natural exposure (LISBON) with: a) the optical dengty at 1712 cm’; b) the relative elongation
at break (%)

The figure 15 shows the longevity functions of dendered film and an extruded plate, both

concerning the reported PVC formulation, duringunaitexposure.
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Longevity function for PVC CZ concerning carbonyl formation during nat. exposure Longevity function of PVC CZ for the elongation at break (LISBON)
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Fig. 15 - Longevity functions of the reported PVC drmulation under natural exposure
(LISBON): a) data from the evolution of the optical density at 1712 crit; b) data from the
evolution of the elongation at break

Stipulating a critical value to the property comsiel it is possible to estimate the lifetime foclkea
formulation. Supposing an application in Lisbon,end the mechanical properties of the PVC profile is
critical, and considering admissible a variationtap0% of the original elongation at break, thpomted
PVC formulation will have only a 2 years lifetim@onsidering a similar application, but where therofcal
properties of the PVC profile is critical, requestia critical value of the carbonyl concentrationited to

0,3 absorbance units by FTIR, the same PVC fornaulatill have a 3 years lifetime.

6. CONCLUSIONS

The degradation process induced by weatheringarnP¥MC formulations studied is the result of the
known dehydrochlorination reactions, photo-oxidatend crosslinking, whose induces modificationhe t
molecular structure of PVC and, consequently oatgs drastic changes in the mechanical propertisgah
polymers. The preponderance of each type of cromm@pproducts, containing double bounds or carbonyls
depends mainly of the nature and intensity of déafian agents.

As expected, the measured values of all climatenegfollow a normal distribution. As confirmed by
a principal component analysis, the climatic adbat has higher relevancy in the degradation of R/the
radiation, followed by temperature and humidityeT¢dombined action of these parameters, mainly tiadia
and temperature, gives place to the occurrencenargistic phenomena.

The elongation at break and the optical densitarbonyl domain are good representations of

13



degradation induced by weathering. It was alsodaaugood correlation between these two parametgisgl
weathering, which means that an increased condimtraf carbonyl, induced by weathering, gives plaz a
decreasing of elongation at break.

The comparison of the characteristics of the FTpRctra of differences, resulting from the ageing
under different photo-oxidative conditions, indiestthat stoichiometry of PVC degradation reactiom a
different in each system. In consequence, it isfombd a good correlation between two differentesys for
the set of all formulations, which means that thisran inherent variability in accelerated weathgriests,
not only related with the type of radiation sourdasg also with other factors like the compositafrthe PVC
final product. By other hand, it is also found @aiaism resulting from the interaction of climatigeats with
additives present in the PVC formulations (like evathat catalyses the photochemical activity of ;JiO

The chambers equipped with mercury radiation saupceduce more acceleration of degradation, but
they have a lower level of natural exposure sinmmatThe best correlation with natural exposure was
obtained using artificial ageing with borosilicdtitered Xenon radiation, using a cyclic spray aditer or
condensation periods at dark conditions. This méaaisa better simulation of the natural weathedhguch

PVC materials in laboratory conditions needs tosaer the intervention of water and humidity.
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Objectives of the research

1. Analysis of the evolution of the PVC
properties. Influence of ageing conditions.

2. Evaluation of the role of specific  additives in
the PVC formulations.

3. Correlation between the  microscopic and
macroscopic properties of specimens.

4. Comparison of the degradation level of final
products induced by different processing
conditions (calendering vs. extrusion).

© LNEC 2006
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Objectives of the research &

5. Comparison of different weathering systems.
Evaluation of the simulation capability of the
artificial ageing, carried out in different
photoxidation conditions.

6. Correlation between artificial weathering and
natural exposure ( acceleration factors and
lifetime prediction ).

7. Complementary: Statistical analysis of PVC
properties and climatic parameters.

© LNEC 2006

Experimental: samples

SAMPLES: calendered films (150 um) and extruded plates (2 mm)

COMPOSITION PVC TYPE
CZT|CZ |ST | S
PVC 100 |100 {100 (100
TiO, 4 4 |4 |4
CaCOs 4 4 | 4 |4
Internal lubricant 1 1 (1|1
External lubricant 0,2 10,2 (0,2 10,2
Processing aid 1 1111

Thermal Stabiliser Ca/Zzn| 4 | 4 | - | -
Costabiliser epoxidized

soybean oil
Thermal Stabiliser i i 3 |3
(DBTM)
UV absorver 04| - (04| -

— QO 0O 7T S TTO0 0 -
(DSO_""'QJ_CBHO'I'I
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Experimental: processing n"
TS
Mixing of compounds: “‘ ﬂ

* Films: 8 | Mixer with temperature controller
* Plates: 200 | Mixer with temperature control

Rheological characterization  of compounds
(optimization of formulations):
 Torsion rheometer with a malaxer (190 °C, 100 rpm)

Processing of compounds:
 Calendering of Films (180°C)
 Extrusion of Plates (142 - 169°C)

Initial Characterization of processed samples:
* FTIR, colour, gloss, UV-VIS, Tensile, Flexion, Impact,
DSC, Infrared Microscopy

© LNEC 2006

Experimental: Ageing conditions

ARTIFICIAL THERMOXIDATIVE CONDITIONS

below T (55 et 65 °C/50% Hr), near T, (80 °C) and
above T, (95 et 110 °C)

ARTIFICIAL PHOTOXIDATIVE CONDITIONS

» Xenon sources with different powers and
combinations of filters: borosilicate with cut-off at 280
nm, borosilicate/borosilicate (cut-off at 290 nm) and
borosilicate/quartz (cut off < 290 nm)

e Mercury arc vapour sources: MA-40 medium-
pressure lamps and fluorescent UV-B lamps of
low pressure

NATURAL WEATHERING : LISBON,
45° facing SOUTH

© LNEC 2006
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Experimental: weathering conditions (reported)

Photom_d_atlve Irradiation Source Gz spray o \_/vgter an_d Dark Period Ulie 9f
condition relative humidity of air weathering
ATLAS 1 No; Hr = 10% 4755 h
ATLAS 2 Continuous 6500 watt 18 min each 2 hours 3350 h
ATLAS 3 borosilicate filtered No: Hr = 10% 2660 h
xenon arc T h s —
min eacl ours only in
ATLAS 4 last 3500 h (after ATLAS 3) 6010 h
Continuous 6000 watt
ARALAB 1 borosilicate-quartz No; Hr = 60% No 1400 h
filtered xenon arc
Continuous 6000 watt
ARALAB 2 borosilicate filtered No; Hr = 10% 5360 h
Xenon arc
2500-Watt
SOLAR BOX borosilicate glass No; Hr = 10% 4750 h
filtered xenon arc
4heach12h
313 nm low-pressure with
QUV 313 mercury vapour e condensatio 910 h
n
Medium-pressure No: Hr = 10% No 820 h
mercury vapour o Ly = 208
LISBON Sun Natural rain and dew Yes (night) | 7 years

© LNEC 2006

Experimental: ageing and characterization

METHODS AND APPARATUS FOR CHARACTERIZATION
AND EVALUATION OF THE DEGRADATION

* Infrared microscopy

e Gloss measurements

* Impact Charpy

« DSC

© LNEC 2006

UV-VIS spectroscopy and colorimetry




Experimental: ageing and characterization

METHODS AND APPARATUS FOR EVALUATION OF
THE DEGRADATION (reported here)

* Infrared spectroscopy (FTIR)

* Tensile Properties

© LNEC 2006

Evolution of the PVC properties @

Confirmation of known degradation process
caused by weathering

v'Dyhidrochlorination: liberation of HCI and
formation of conjugated double bonds
(colourimetry, UV-VIS and FTIR)

v Photoxidation : attack to the double bonds,
dealing to the formation of oxidation products
with carbonyl and hydroxyl groups (FTIR)

v’ Crosslinking and chain breaking (tensile, impact,
DSC)

© LNEC 2006
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Objectif 1
Evolution of the PVC properties

Effects of the global weathering process
(confirmed)

:\"9‘5”‘““!7
ZE g€)!
|
Q

RN

v Loss of mechanical properties

v' Partial recovery of mechanical properties due to
crosslinking and/or renovation of surfaces

v' Colour (yellowing) and gloss changes
v' Partial recovery of the whitening due to oxidation,

leading to the decrease of the adhesion of the
degraded surface and consequent erosion

© LNEC 2006

Evolution of the PVC properties Objective 1

&(t)/£/(0)
(%)

E Gl Strain at break vs. time

Artificial weathering

- XENON
‘ —_—_—— . PvC CZT . o
Sr -

PVCCZ

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000

Tempo de envelhecimento artificial (h)

Natural weathering - SUN
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Objectif 1

T X

Vv
PVC + TiO, s *OOH ‘ @

Evolution of the PVC properties

+H,0 (TiO, photoactivity )
Change of stoichiometry whitening

v' The water contributes to the maintenance of
white colour of stabilised PVC.

Specimens picture

A) Reference samples, exposed at
Lisbon

B) 6000 h irradiated (xenon) using
rain cycles (white specimens,
showing stains in samples
stabilised with di-butyl tin
maleate)

C)8000 h irradiated (xenon) without
rain cycles (total yellowing)

PVC CZT

PVC Cz

PVC ST

PVC S

© LNEC 2006

Objectif 1

Evolution of the PVC properties

Another interesting phenomena related to the PVC ag  eing
Specimens picture

A) 7000 h: 2650 h of continuous
irradiation (xenon) without rain
cycles + 4350 h of continuous
irradiation (xenon) using rain
cycles (weather resistant white
specimens)

B) 3350 h of continuous irradiation
(xenon) using rain cycles
(specimens showing stains

v' A previous period of irradiation (without water) ena bles the
mechanical destruction of surface by water jets or rain,
discovering a much more homogeneous surface and then ce

much more resistant to the ulterior action of radia tion.

© LNEC 2006
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Role of the additives

v Influence of the thermal stabiliser: FTIR spectra,
colour, gloss, T ,, impact, tensile proprieties

Best behaviour of Ca/Zn/ESO thermal

= sStabiliser (decreasing colour and gloss
changes; no plasticization nor “staining”)

v'Role of TiO ,: protection to UV radiation

It shows photochemical activity in
=P the presence of water (oxidation and
whitening)

© LNEC 2006

Objective 2

Role of the additives

v'Influence of anti -UV absorber

Positive ( decreasing yellowing and oxidation), during
processing and during artificial and natural

weathering

Negative (decreasing of E,): thermoxidation

Possibility of occurrence of antagonic effects in
cases of interaction of UV absorver with other
additives (like thermal stabilisers), like formatio n of
Hydrogen bonding, which inhibits the tautomeric
rearrangement of benzotriazoles.

Fx: more variability in the case stabilised polymer S

—)

Need of reference data from natural exposure

© LNEC 2006




Correlation between chemical and

mechanical proprieties

Correlation between strain at break of plates and
formation of oxidation products of carbonyl type in films

AO.D.(1712 cm™) Er AO.D.(1712 cm™) 8I’

0600 "
ARALAB - FILMS: DO 1712 cm

LISBON - FILMS: DO 1712 cm™

3 8 8

LISBON - PLATES: Aer (%)

5 8B 8 & 8 8

ARALAB - PLATES: A€, (%)

1250 1500 1750 2000 2250 2500 2000 3000 4000 5000 6000

TIME OF WEATHERING (h) TIME OFARTIFICIAL AGEING (h)

LISBON-SUN ARALAB-XENON

© LNEC 2006

Influence of thickness and processing

conditions

v The processing conditions influences the proprietie S
of the final products and the behaviour of PVC
materials during weathering

Calendering of films mfgsviﬂ;’;rseeszond't'ons (T, O,)

('C:C')n

yellowing

S — [ dehydrochlorination

Initial whitening
weathering | WP | more sensibility to the
radiation effects

© LNEC 2006
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Comparison and simulation capability

157 Especto das GierengasPVC CZATLAS-19,60 Jan 30 16.12:24 2001
{Espectr das diferencasPVC CZATLAS G5h Feb 01 16:50:30 2001

Espocto das dierencas PVC CZATLAS-350.7h Fob 19 14:24:02 2001 A I LAS l

Especto das diferencas PVC CZATLAS 519.3h Feb 26 14:47:17 2001
Especto das diferengas PVC CZATLAS 654 4h Mar 05 16:30'53 2001 1640

Espectrocas ciferencasPVC CZATLAS-1248,3h Apr03 13:50:48 2001
Especirocas diferencas PC CZ ATLAS 1648.4h Apr 24 145742 2001
ecio das dferen CoaT 191 1712

SPVC C2. 2,30 Mar 14 17:02:19 2002
SPVC CZATLAS 38524 A

diterenca:

Espectro das dierencar r 10 13:20:30 2002

Absomance

1900 1850 1800 1750 1700 1650

Wavenumbers (1)

= 115 152325 2003
10}

ISublrction ResultPVC CZATLAS#H20-1000h Feb 25 19:36:04 2003
Jsubiacion CzaTLASHE " 61

SEEEEESEE  ATLAS 2

JSublrction ResultPVC CZATLAS+HZ0-3350 h Jun 13 12:58:49 2

08

1712

o omance

Effect of water

1500 1850 1800 1750 1700 1650
Wavenumbers em1)
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Objective 5

Effect of the filter type of glass filter from Xenon sources

Teczeaim

oasSPve czEA ST
TPve CzEAsB0n

1750

Wavenumbers 1)

TEspecto das diferengas: PVC CZARALAB-15.120 Jan 30 16:44.28 2001

= ARALAB 2

16:42 2001

pecto das difeengas: PVC CZARALAB 359,

Al
pectio das dierencas: PVC CZ ARALABSS1H M

0.7 Especino das dlerencas: PVC CZARALAB1249,1h Apr03 1408557 2001
IEcpectn das diferangas: PVC CZARALAR-1640h Apr24 14:47-43 2001

pecio das diferencas: P RALAB 32622h Jul 12 16:44:02 2001
TEspecto das diferencas: PVC CZARALAB.38524h Aug 03 10/54:30 2001

Tbsobance

0,4 JEsPecto das diferencas: PV GZARALABS361h Oct 08 10:3451 2001

1900 1850 1800 1750 170 1650

Waverumbers crm1)

cut-off around 280 nm
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Objective 5




Objective 5

Comparison and simulation capability

Comparison between mercury vapour pressure sources

PvCCZ28.18n
2

. SEPAP 12/24

N
N
N
N
o
L
q
)
w
0

— e
1900 1850 1800
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Objective 5

1712

=i ATLAS 4 (cut-off at 290 nm)

L. 1712

A 2

1900 1850 1800 1750 1700 1650
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Comparison and simulation capability

Comparison between an artificial simulated and the

e

Objective 5

natural light sources

.

,,

© LNEC 2006

Objective 5

h,/hs
2,0

1,8

ATLAS (4)

AO.D. 1712 cm™

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

0,9
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Comparison and simulation capability Objective 5

Statistical method of Spearman ranking

FTIR Spectroscopy (films): parameter h,/h,

v Stoichiometry differences

v’ There aren’'t couples of systems showing a
perfect correlation to the group of four
formulations (due to different stoichiometry of
the photoxidation mechanism).

colourimetric parameters (films and plates)

a) Evolution of colourimetric parameters (AE*, AY],
AOD(450 nm)) during weathering
b) End values of a group of parameters

© LNEC 2006

Correlation between artificial and
Tensile proprieties

Strain at break vs. Global Irradiance

&€ l high correlation

natural weathering

(Pearson, Spearman)

80

Natural . SUN * Artificial
exposure = .weathering
SUN “ « XENON
LISBON * xexon = ATLAS 2

0
0 2000 4000 6000 8000 10000 12000

Global Irradiance (MJ.m -2)

© LNEC 2006
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- o Objective 6
Correlation between artificial and

natural weathering

high correlation -

(Pearson, Spearmary S e
.. Aurtificial

Natural °= Ny K
exposure °» - ~Wweathering
SUN  os XENON
LISBON g o .. ARALAB 2

0 2000 4000 6000 8000 10000 12000

Global Irradiance (MJ.m -2)

© LNEC 2006

. P Objective 6
Correlation between artificial and

natural weathering

Impact of the weathering conditions in the polymer
degradation:
natural exposition < artificial irradiation source
(to the same dose of energy)

!

» synergistic effects between climatic parameters
(radiation and temperature) or chemicals (water,
oxygen), or with additives

e importance of the instantaneous dose of photons
received by the molecules
(higher electronic excitation in artificial conditi ons)

© LNEC 2006




Objective 6

Correlation between artificial and

natural weathering ,
Time

Acceleration factors (FTIR Data)

System |Fx (PVC CZT) | Fx (PVC CZ) | Fx (PVC ST) | Fx (PVC S)
SILAG A 15+5 15+3 16 +3 23+10
ALAG S 14 +6 14 +3 18+3 27 £ 12
SEILAR O 14 +6 21+7 15+3 29 +17
ARALAB 2 14 +6 12 +£3 13+3 30+14

SEPAP 143 + 89 98 +22 67 £13 133 + 66

QUV 313 58 +23 132 £ 62 16 +£3 124 +79

© LNEC 2006

Objective 6

Correlation between artificial and

natural weathering

Different

- acceleration @)

factors

The acceleration factors are dependent of the
photoxidation conditions (source, filters, climatic
parameters, nature of polgner and stabilisation
degree) E

Need of observations in reference
conditions (natural exposure)

© LNEC 2006




33

Objective 6

Lifetime prediction. Durability

Chemical and mechanical Non i _
proprieties of PVC - On Inear regrgssmn
residual analysis
Longevity function for PVC CZ concerning carbonyl formation during nat. exposure d I St ri b u tl O n an aI yS I S

y=a+bx®lInx
1=0.98565925 DF Adj ?=0.98446419 FitStdEr=0.017693181 Fstat=1718.2839
A0.D. (1712 cm™) 2=0.022681368 A0.D. (1712 cm')
-

b=0.0012569344
0.5 P 0.5
.

Definition of the best
empirical equations

to lifetime prediction
P=f(t)

o
2000 2500

1000 1500
Time of natural weathering (days)

~ Durability: depending of the propriety that is
considered to establish the critical value

© LNEC 2006

Distribution function of the climatic data

Distribution analysis of the Normal distribution
ageing parameters = (95%)

Probability Plot for accumulated Global Energy (MJ/m2)
/' 3-Parameter Weibull - 95% CI
Complete Data - LSXY Estimates
Natural —
. ble of Statisti
weathering srape 507

90 Scale 17231,6
80 Thres 322,438
70 Mean 16165,1
601 StDev 12022,7
50 Median 134055
407 IQR 15269,1

£ 301 Censor 0

3 204 e Correlation 0,998

B

&
10 (
54
34
24
1 T T
1000 10000 100000

Accumulated Global Energy (MJ/m2) - Threshold
> |
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Distribution function of the Objective 7
Polymer data proprieties

Probability Plot of relative elongation at break
Normal - 95% CI

FTIR Analysis of the films
in the carbonyl domain.
Impact and tensile tests
on extruded plates.

.
1 T T T T T T T
0 20 40 60 80 100 120
Relative elongation at break (%)

Statistical analysis of Traction : Normal (E, 0);
normality (Anderson-
Darling and Wilk-

Percent

95 Busseds 8y

Log normal, Weibull (g,)

Shapiro) and distribution FTIR: Weibull
analysis
> |
isti ' ' Objective 7
Statistical Analysis of the influence of m ve

" )
STNEN

climatic parameters in the polymer
degradation

Principal Component Analysis of climatic data and
experimental results (FTIR and tensile) during
artificial and natural weathering.

1. Radiation

2. Temperature, water (rain)

Conclusions from the thermoxydative study :

low contribution of temperature and humidity (by
themselves) to the formation of  oxidation products
but can be important (if T > 65°C) to the formation of
unsaturation

>

© LNEC 2006 |
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Polymer proprieties as

functions of climatic data

Non linear regression

—_ o0 (@712 cm)
05

Residual analysis

Empirical equations
traducing the chemical
and mechanical
proprieties in function of
climatic parameters

P=f(, T, Hr ..)

Logarithmic functions

© LNEC 2006
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L1

Carbonyl evoluti

Objective 7

ion during natural exposure of PVC CZ

=a+bx®I™

1?=0.987 DF Adj *=0.986 FitStJEIT=0.016273644 Fstat=1833.2
= 1

a=-0.! 3455
2000022385917 Ao (171€§'“ gl
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