The influence of UV radiation on the optical properties of glass fibre reinforcements for polyurethane matrix composites
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Abstract
Polyurethanes represent one of the most frequently used polymeric matrixes in composites. Although there have been many studies focused on the weather resistance of polyurethanes, this important property is unheeded for the reinforcing phase. In this work, the effects of UV radiation on the changes in optical properties of commercially available glass fibre reinforcements containing various polymeric binders used as compatibilizing agents for the polymeric matrix in the final composite products were studied. The standardized experiments were performed using accelerated aging equipment - QUV tester, in a dry mode. Chemical modification of the binder in the form of polyesters or silanes by UV irradiation was studied using FTIR technique. Changes in optical properties caused by degradation processes of polymeric components due to UV irradiation were subsequently evaluated based on the colour changes of the samples examined by means of a yellowness index change with the following statistical evaluation of obtained data via Anderson–Darling test of normality and ANOVA test. It was proved that the amount of the binder and glass fibre reinforcement’s construction can play a more important role rather than the chemical structure of the binder.
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Introduction
Polyurethanes (PUs) are ranked among the most versatile polymer group that has a wide application potential [1]. Polyurethane is a low cost, high performance polymer, whose durability contributes significantly to the long lifetime of many products. In recent years, PU has been increasingly used also as reinforcement material for composites, due to its excellent mechanical properties and fast reaction times [2, 3]. The weather resistance is important for PUs used in outdoor applications. One potential use of polyurethane composites is in structural applications [4], i.e., composite profiles in trams, trains, buses in which they are used as an outdoor roofs and side covers, or in construction as windows, reinforcements for structures etc. One of the riskiest weather factors is UV radiation with a wavelength of 290 – 410 nm. The impact of this radiation on the material surface causes degradation processes that lead to degradation of utility properties [5]. For this reason, outdoor use of PUs is limited. During degradation, there are generally two transformations: chain or branches cleavage, and crosslinking - influenced by the presence of oxygen and temperature. The mechanism of degradation is usually affected by the test method used [6]. Natural aging assessments are time consuming and have poor reproducibility. Therefore, accelerated aging tests are carried out to significantly reduce the degradation time by artificially amplifying the selected aging factor. Solar UV radiation is simulated using artificial sources of radiation (xenon, arc, mercury, or UV fluorescent lamps). For this purpose, samples are usually exposed to radiation in a QUV chamber and a Prohesion chamber alternately [7].
Several methods can be used to increase the UV resistance of PU material. One is the use of UV absorbers, which are substances that preferentially absorb UV radiation and convert it into a different form of energy, mostly thermal. The ideal UV stabilizer is highly radiation-resistant and has a high UV coefficient throughout the UV range. They may be of organic or inorganic nature. Commercially available organic UV absorbers are very effective, but their effectiveness is time limited [8, 9]. Relatively rapid loss of efficiency is caused by constant conversion to free radicals. Due to their relatively low molecular weight, they are also able to migrate in the matrix [10]. Another limitation of organic UV absorbers is that they absorb only in narrow wavelength intervals [11]. Another option is the use of inorganic UV absorbers, most of which are silicon, zinc or titanium oxides. Recently, research in this field has also addressed the UV absorption properties of cerium oxide [10]. The advantage of inorganic UV absorbers is their relatively wide absorption band. Some nanoparticles such as nano-ZnO have the UV protection capability and also exhibit suitable optical properties, since particles with a diameter smaller than the visible wavelength may be embedded in the matrix without compromising the transparency of the product. In addition to UV absorbers, sterically hindered amine light stabilizers (HALS) are used to stabilize PUs. The mechanism of action differs from the UV absorber by the fact that HALS are unable to absorb UV radiation but serve as free radical scavengers. The choice of HALS used depends on the pH of the material to be protected [12]. The additives mentioned above, however, increase the complexity of the PU system that is inherently associated with the price increase and the technological processing difficulties.
Polyurethane-based products are nowadays made almost exclusively in the form of composites where reinforcement of such products is mostly made of glass fibres due to price and design reasons. Glass fibre reinforcements have a silicate base and belong to one of the most commonly used reinforcement material. The glass is non-flammable and has a high chemical resistance and a relatively high tensile strength. Glass laminates are extremely stiff, but have a much lower weight and price compared to metals. In order to increase the compatibility between the glass fibres and the polymer matrix used in the composite system, the fibres are mostly modified on their surface with a polymeric layer most often based on polyesters or silanes. However, polyesters, which are used in the majority of cases as glass fibre reinforcement binding agents, represent a weak point in the composite against the effects of UV irradiation [13], as these reinforcements are frequently presented near the surface of the product, and therefore the weathering factors get in direct contact with the binder material.
One of the major drawbacks in commercially available composite products made of PU matrix with glass fibre reinforcement is therefore the colour change and revealing of the glass fibre reinforcement on the surface of the product due to UV radiation and water initiating degradation reactions in the top layer of the product. For this reason in this paper, the effect of UV irradiation on the optical properties of glass fibre reinforcements with various types of binding agents is studied using common techniques to provide a methodological manual to industrial manufacturers. Furthermore, the factors influencing the above mentioned properties such as binder amount present on the glass fibre reinforcement as well as the structural composition of the reinforcement are taken into account.
Experimental
Materials
Four types of commercially available glass fibre reinforcements (E-glass) commonly used in the production of composite samples by pultrusion technologies were selected as test materials. Table 1 lists the glass fibre reinforcement’s code, brand name, the base composition and the binding polymer. All the used glass fibre reinforcements have been used as received.
Methods
Environmental testing
In order to expose the glass fibre reinforcements to UV light, samples (110 x 75 mm) were cut with special care to ensure minimum damage during cutting. The QUV tester (Q-Lab Corporation, USA) was used to assess the relative resistance of the investigated materials to UV radiation. The experiment itself was designed in accordance with EN ISO 4892-3 [14]. To simulate global solar radiation from 300 to 340 nm best simulating outdoor applications the UVA-340 fluorescent lamps with the radiation peak at 343 nm were used. Test specimens were placed in the QUV tester chamber with the irradiance level of the lamp at 1.40 W/m2 and black panel temperature of 60 °C for 434 h, 868 h, 1302 h, 1736 h, 2430 h, and 3038 h, which at an average annual sunlight of 1100 kWh/m2 and 3.42% of the UV component in this radiation corresponds to the equivalent time of 0.5 years, 1 year, 1.5 years, 2 years, 2.8 years, and 3.5 years, respectively. The cycles of water condensation or water spray were not applied in this experiment in order to observe just the effects of UV radiation in view of attempting to degrade the binder present in test samples.
Yellowness index
Reflection spectra of samples irradiated by UV light for given time were analysed using the Lovibond RT850i (The Tintometer Ltd, UK) equipped with xenon pulse light. Measurement of reflection spectra in the range of 360 – 750 nm was performed with a 10-mm aperture size and d/8° observation geometry. The average yellowness index (YI) was evaluated from the obtained spectrum by averaging 10 measurements at various UV light-exposed locations on the sample under the investigation according to DIN 6167 [15].
FTIR measurement
Surface of the glass fibre reinforcements was characterized through the process of UV irradiation via Fourier transform infra-red spectroscopy (FTIR) on Nicolet 6700 (Nicolet, USA) within a wavenumber range of 3600 – 700 cm–1 with 64 scans and resolution of 4 cm–1, while the attenuated total reflectance technique with a Germanium crystal was employed. The spectra were measured at room temperature.

Results and discussion
Optical changes of glass fibre reinforcements
As can be seen from the yellowness index results (Table 2), glass fibre reinforcements containing higher amount of polyester binder showed a considerable increase of this value with the duration of UV exposure time. Because the glass is inert to the effects of UV radiation, it can be assumed that this change was due to the degradation reactions of the binder component which corresponds with the findings in ref. [16]. This is also confirmed by the fact that sample C, containing the largest amount of polyester as a binder, exhibited the most pronounced colour change compared with samples A and B containing a smaller total amount of polyester binder (Figure 1). Silanes generally exhibit higher resistance to UV radiation due to the presence of the –Si-O– bond in the main polymer chain [17]. This evidence was confirmed by milder increase in yellowness index depending on UV exposure time over the period of time observed compared with samples B and C. The observed changes in the glass fibre reinforcement D may be associated with the degradation processes carried out on the side chains of the silane binder. Interestingly, the sample A with the smallest amount of polyester binder, however, exhibited less pronounced colour change irrespective of the chemical structure of the binder involved which is probably caused by really small amount of the binder used as well as by the glass fibre reinforcement construction since the binder was shielded with dense glass fabrics from UV irradiation. Furthermore, the data in Table 2 was put to the Anderson–Darling test of normality using the Minitab software (ver. 14) which confirmed the normal distribution of all data samples with 0.95 (= 1 –  ) probability. To evaluate the statistical significance of YI values of the investigated glass fibre reinforcements and also the YI values for each glass fibre reinforcement after various time of UV irradiation exposure, a one-way ANOVA test was applied. Based on the results of one-way ANOVA test applied on the YI values for investigated glass fibre reinforcements exposed to the UV irradiation for the equivalent of 1.5 year, the p-value is equal to 0.000 with 1 –  = 0.95 and the probability of error  = 5 %, the hypothesis H0: YI/A1.5 = YI/B1.5 = YI/C1.5 = YI/D1.5 is rejected in favor of the alternative hypothesis HA: NON, which implies that the polymer binder used and its concentration exhibits statistically significant difference of YI values in given irradiation conditions which was proved also for other irradiation times. Applying the above mentioned statistical method for one glass fibre reinforcement (sample A in the following) exposed to the UV irradiation for varying time period, the p-value is equal to 0.000 with 1 –  = 0.95 and the probability of error  = 5 %, the hypothesis H0: YI/A0 = YI/A0.5 = YI/A1 = YI/A1.5 = YI/A2 = YI/A2.8 = YI/A3.5 is rejected in favor of the alternative hypothesis HA: NON, which implies that the UV irradiation exhibits statistically significant difference of the YI values. Figure 1 shows the real appearance of investigated glass fibre reinforcements before and after the UV irradiation corresponding to the equivalent of 3.5 years and is well correlated with yellowness index analysis.
FTIR spectra of glass fibre reinforcement samples are illustrated in Figure 2. Three stretching groups at 1720 cm–1 which match a –C=0 group, 1250 cm–1 and 1100 cm–1 stretching of –C–O– group and finally strong bending (750 cm–1) of –C–H were found in the case of samples A, B, and C which are expected to be a polyester bound on the glass fibres [18], in contrast to the spectrum of material D (Figure 2d), in which only a broad peak for glass was found that proves the absence of any kind of polymer (different from those having –Si–O– group in the main chain) on the surface of the glass fibre reinforcement. The presence of the peak for –Si–O group in the FTIR spectra of sample A is caused by very thin layer of polyester on the glass fabrics, and peaks of –C–H and –C–O penetrate through this broad peak. As can be seen in Figure 2 a), b), and c) peaks related to polyester groups decrease in intensity through the process of UV irradiation. Although peaks of carbonyl and ester should increase in time because of oxygen degradation, the opposite trend is observed. This is probably caused by the bonding of binder-to-glass fibre degradation and the layer of polyester can then erodes to very small particles leaving easily the glass fibre before the FTIR analysis as the accelerated weathering test provides really harsh conditions [19]. However, when the material tested is intended for practical applications, it is better to test it close to its limits. This phenomenon was caused by the polymer becoming excessively brittle due to an increased crosslinking or the formation of microcracking due to chain scission resulting from photo-oxidation reactions induced by UV irradiation. Similar phenomenon was observed in previous work [20]. The Figure 2 e) shows that the erosion is not as significant for sample A. From this it could be concluded that sample A is more UV stable or that UV was not able to penetrate through whole of the glass fabrics easily confirming results from yellowness index analysis.

Conclusions
In this study it has been shown that commercially available glass fibre reinforcements when exposed to UV irradiation and elevated temperature develop significant degradation mechanism of binder, which has to be taken into account when the final composite is prepared. Two types of binder were tested and it was proved that polyester one generally exhibits higher degradation in comparison with silane one. It is worth mentioning that the accelerating weathering was employed without the water effect to focus on the direct effect of UV irradiation on the glass fibre reinforcements as hydrolysis could affect the results in the case of polyester binder. The larger the amount of the binder on the glass fibre reinforcement the larger degradation occurred, which was also reflected in larger change in optical properties shown by yellowness index. Nevertheless, it was found that except for the affinity of the binder to the polymer matrix, the amount of the binder and glass fibre reinforcement’s construction can play a more important role rather than the chemical structure of binder used under some circumstances which have to be taken into account when designing the final composite product intended for external applications with UV exposure.

Acknowledgement
The authors wish to thank the Technology Agency of the Czech Republic, programme Epsilon (TH01011438 - Development of polyurethane matrixes for composite production) for financial support. This work was supported by the Ministry of Education, Youth and Sports of the Czech Republic – Program NPU I (LO1504). This research was also carried out with support of the Operational Program Research and Development for Innovations co-funded by the European Regional Development Fund (ERDF) and national budget of the Czech Republic, within the framework of the Centre of Polymer Systems project (CZ.1.05/2.1.00/19.0409).

References
[1]	L Irusta, MJ Fernandez-Berridi, Polymer Degradation and Stability, 63 (1999) 113.
[2]	I Panaitescu, T Koch, VM Archodoulaki, Polymer Testing, 74 (2019) 245.
[3]	DM Montenegro, G Pappas, J Botsis, M Zogg, K Wegener, Engineering Fracture Mechanics, 206 (2019) 485.
[4]	J Nicholas, M Mohamed, GS Dhaliwal, S Anandan, K Chandrashekhara, Composites Part B-Engineering, 94 (2016) 370.
[5]	KM Zia, M Barikani, AM Khalid, H Honarkar, Carbohydrate Polymers, 77 (2009) 621.
[6]	A Boubakri, N Guermazi, K Elleuch, HF Ayedi, Materials Science and Engineering a-Structural Materials Properties Microstructure and Processing, 527 (2010) 1649.
[7]	XF Yang, J Li, SG Croll, DE Tallman, GP Bierwagen, Polymer Degradation and Stability, 80 (2003) 51.
[8]	S Saha, D Kocaefe, Y Boluk, A Pichette, Applied Surface Science, 276 (2013) 86.
[9]	H Zhang, HY Chen, Y She, X Zheng, JW Pu, Bioresources, 9 (2014) 673.
[10]	M Rashvand, Z Ranjbar, Materials and Corrosion-Werkstoffe Und Korrosion, 65 (2014) 76.
[11]	YZ Wang, HY Wang, XS Li, DX Liu, YF Jiang, ZH Sun, Journal of Nanomaterials,  (2013) 7.
[12]	G Wypych. Environmental Stress Cracking.  Handbook of Material Weathering. 3rd ed. Toronto: ChemTec Publishing; 2003. p. 731 
[13]	J Wiener, A Chladova, S Shahidi, L Peterova, Autex Research Journal, 17 (2017) 370.
[14]	ISO 4892-3:2016 Plastics – Methods of exposure to laboratory light sources – Part3: Fluorescent UV lamps. 2016.
[15]	DIN 6167. Description of yellowness of near-white or near-colourless materials. 1980.
[16]	XP Yin, J Zhang, Z Zhang, GZ Xu, Polymers for Advanced Technologies, 28 (2017) 1831.
[17]	S Donath, H Militz, C Mai, Holz Als Roh-Und Werkstoff, 65 (2007) 35.
[18]	K Arangdad, A Detwiler, CD Cleven, C Burk, R Shamey, MA Pasquinelli, H Freeman, A El-Shafei, Journal of Applied Polymer Science, 136 (2019) 13.
[19]	TZ Gao, ZY He, LH Hihara, HS Mehr, MD Soucek, Progress in Organic Coatings, 130 (2019) 44.
[20]	TY Lu, E Solis-Ramos, YB Yi, M Kumosa, Polymer Degradation and Stability, 131 (2016) 1.


Table 1: Glass fibre reinforcements under investigation
	Coding
	Brand name
	Composition
	Binding agent

	A
	Dipex Ltd.
	multiaxial glass fabrics
	PES (< 2 wt.%)

	B
	Ilium w.l.l.
	glass fibre reinforcement with built-in veil mat
	PES (14 wt.%)

	C
	Owens Corning Ltd.
	glass fibre reinforcement with built-in veil mat
	PES (20 wt.%)

	D
	PD glasseiden GmbH
	sprayed cloth with glass woven rovings
	silane






Table 2: Yellowness index values for tested glass fibre reinforcements
	 
	Equivalent time of UV exposure [years]

	Sample
	0
	0.5
	1
	1.5
	2
	2.8
	3.5

	A
	2.51 ± 0.60
	4.23 ± 1.39
	4.29 ± 1.14
	4.72 ± 0.70
	4.86 ± 0.59
	5.11 ± 1.04
	6.03 ± 0.94

	B
	3.67 ± 0.47
	5.54 ± 1.03
	9.48 ± 2.22
	11.9 ± 1.6
	12.2 ± 1.8
	12.4 ± 1.7
	14.6 ± 1.4

	C
	4.15 ± 0.30
	5.61 ± 1.82
	7.99 ± 0.48
	20.8 ± 1.8
	21.2 ± 2.1
	21.6 ± 2.6
	22.8 ± 1.4

	D
	5.93  0.18
	6.17 ± 1.01
	8.58 ± 0.10
	11.0 ± 1.5
	12.2 ± 1.3 
	12.5 ± 2.4
	12.9 ±1.9
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Figure 1. Original samples of glass fibre reinforcements A (a), B (c), C (e), D (g) and samples of glass fibre reinforcements A (b), B (d), C (f), D (h) exposed to UV irradiation equivalent to 3.5 years.
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Figure 2. FTIR spectra of samples a) A, b) B, c) C, and d) D corresponding to 0, 1, 2, and 3.5-years equivalent of UV irradiation, and e) FTIR spectra comparison of samples with polyester binder after 3.5-year equivalent of UV irradiation.
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