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Abstract. We have developed an ultraviolet (UV) ageing facility consisting of a spectrograph which can be used to expose material
samples with spectrally dispersed UV radiation at the wavelength range 273 – 423 nm, and an automated, high-resolution laser-
based setup for measuring the induced color changes in the transmittances of the exposed samples. The samples are scanned using
a suitable laser wavelength to obtain the wavelength dependence on the color change. The locations on the samples are converted
to exposure wavelengths with the known dispersion of the spectrograph. We demonstrate the facility by exposing and measuring
a set of atactic polystyrene sheets. By studying samples aged for different time periods we derive a complex action spectrum
for the photoyellowing that is nonlinear with respect to the radiant exposure. We further derive linear activation spectra for the
photoyellowing demonstrating how they depend on the selected threshold level.

INTRODUCTION

Polystyrene and many other materials degrade by changing of color when exposed to ultraviolet (UV) radiation, e.g.,
in the form of photoyellowing [1, 2]. All photodegradation mechanisms including photoyellowing are functions of
the exposure wavelength. Knowing the wavelength sensitivity of photodegradation enables predicting the material
behavior under different radiation conditions and helps in developing protection, e.g., for plastics [2], wood [3], and
organic light-emitting diodes [4].

Many degradation models utilizing action spectra, including the well-known calculation of erythemal dose using
erythema action spectrum [5], assume linearity. Doses are obtained simply with weighted integration. However, most
material degradation processes are highly nonlinear. Using linear models may cause inconsistencies for materials with
nonlinear degradation when comparing results obtained using different doses. Recently, Heikkilä et al. [6] presented
a degradation model logarithmic to the radiant exposure containing the UV action spectrum for the photoyellowing
of regular newsprint. The model works well for newsprint, but it does not account for long initiation times that are
present with many other materials, such as polystyrene.

We have developed a facility for exposing material samples to spectrally dispersed UV radiation with different
exposure times [7] and for measuring the wavelength sensitivity of photodegradation with lasers [8]. We use the
facility for exposing and measuring a set of atactic polystyrene sheets, and derive a nonlinear action spectrum for the
photoyellowing. We further derive linear activation spectra for the photoyellowing demonstrating how they depend on
the selected threshold level.

UV AGEING FACILITY AND POLYSTYRENE SAMPLES

The facility includes a spectrograph illustrated in Fig. 1(a) that is used for exposing the samples [7, 8]. It consists
of a 1-kW xenon (Xe) lamp as the radiation source and a concave diffraction grating that spectrally disperses and
spatially focuses the incident radiation at 273 – 423 nm wavelengths on the optical sample plane of 17 × 1.5 cm2 in
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size. The temperature of the sample can be controlled between 30 – 70 ◦C. Higher temperatures typically accelerate
the degradation process.
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FIGURE 1. Structure of the spectrograph [8] (a) with the irradiance levels measured on the sample plane (b).

The irradiance level changes with respect to the exposure wavelength on the sample plane and is calibrated at
15 locations using a spectroradiometer as seen in Fig. 1(b). The expanded uncertainty of the irradiance measurements
was estimated to be 5%. Monitoring the irradiance is necessary due to the ageing of the lamp and thus, the irradiance
spectra are routinely measured before and after the ageing. The average of these two irradiances is used when modeling
the action spectrum.

We exposed eight translucent polystyrene samples by different time periods ranging from 2 to 256 h as powers
of 2 h while keeping their temperature at 60 ◦C. The exposed samples turned partly yellow and they were measured
with the laser-based measurement facility [8]. The setup has multiple laser lines available between 325 – 933 nm and
automated scanning functionality with a 30 × 30 cm2 area and spatial resolution below 1 µm. In this study, we used a
325-nm laser beam, 1-mm step size, and horizontal scanning. Radiation transmitted through the exposed samples was
measured with an integrating sphere photodiode.

Polystyrene is an organic polymer consisting of carbon chains with a phenyl group in each repeating unit. Phenyl
group is a chromophore responsible for the color of pure polystyrene. Figure 2(a) shows the molecular structure of
polystyrene with the minimum bond dissociation wavelengths. These bond dissociation wavelengths are in the same
wavelength region 270 – 340 nm where we see the strongest yellowing of the samples. Breaking of the bonds leads
to long reaction chains associated with free radicals, including photo-oxidation, chain scission, and cross linking
processes [1, 9, 10] and finally formation of carbonyl groups and conjugated double bond systems illustrated in
Figs. 2(b) and 2(c). The electronic n→ π∗ transitions of carbonyl group yield to the near UV absorption maximum of
∼280 nm [10]. The absorption maximum Amax ≈ 280 nm + 30 nm· (n − 1) of nth conjugated double bond system [9]
results from the electronic π→ π∗ transitions, respectively. In addition, those reactions produce low-molecular organic
products including acetophenones and benzaldehydes [10].
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FIGURE 2. (a) Molecular structure of polystyrene with the minimum bond dissociation wavelengths. Typical reaction products of
polystyrene photodegradation are (b) carbonyl groups and (c) conjugated double bond systems. Figure (a) is modified from ref. [1].
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DERIVATION OF THE ACTION SPECTRA

We have developed a mathematical model consisting of a set of absorbing degradation bands, multiplied by the
cumulative Weibull distributions, to depict the absorbance as a function of the radiant exposure as

Aest (λe, t) = A0 h + Asat

N∑
i=1

sech2
(
λe − λi

wi

) [
1 − exp (− (βiE (λe) t)αi )

]
(1)

where λe is the exposure wavelength, A0 h = 0.085 is the absorption baseline at 325 nm, t is the exposure time (s),
and E (λe) is the spectral irradiance in W m−2. Parameter Asat depicts the saturation absorbance, λi and wi are the
peak and width of the ith degradation band. Parameters βi and αi depict the sensitivity and the delay time of the ith

degradation band under cumulative exposure. The model is fitted to the measured absorption spectra by optimizing
free parameters Asat, λi, wi, βi, and αi with the least squares method. The best fit was achieved using N = 5 absorbing
degradation bands with the optimized parameters listed in Table 1.

TABLE 1. Optimized model parameters with pa-
rameter Asat = 0.942.

λi wi βi αi
i nm nm 10−6 J−1 m2

1 278.7 11.88 10.56 1.10
2 287.9 7.93 3.27 2.83
3 296.0 6.93 1.42 4.03
4 303.5 11.43 0.75 3.38
5 305.3 27.99 0.38 2.73

The modeled degradation bands describe the allowed molecular bands of the reaction products [9, 10] where the
incident photon can excite electrons to the higher energy levels. These bands are broad and symmetrical since they are
results of multiple units of the specific functional group stretching and bending at slightly different ambient conditions.
We cannot identify these five chemical functional groups in the model and thus the model is purely descriptive.

Figure 3 shows that the model fits reasonably well to the experimental absorbances. Nonlinearity of the degrada-
tion process with respect to the radiant exposure can evidently be seen in Fig. 3(b). The degradation process consists
of initiation, linear, and saturation stages. The time constants of the stages vary among the exposure wavelengths.
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FIGURE 3. Absorbances of the polystyrene samples aged for 2 – 256 h as a function of (a) the exposure wavelength and (b) the
radiant exposure. Measured absorbances are shown as colored curves in (a) and as symbols in (b). In both figures, the absorbances
modeled by Eq. (1) are shown as black solid curves.
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Because of the wavelength dependent nonlinearity of the photodegradation process, it is difficult to derive an
unambiguous linear activation spectrum. We demonstrate this by determining three activation spectra by setting the
absorbance threshold at three constant levels of Aest = 0.2, 0.6, and 1.2 in Eq. (1) and by calculating the inverse of the
corresponding radiant exposures. The relative activation spectra obtained, normalized to unity at the wavelength with
maximum effect, are shown in Fig. 4. As can be seen, raising the threshold changes the shape of the action spectrum
and shifts it towards longer wavelengths.
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FIGURE 4. Relative activation spectra derived with three constant threshold absorbance levels.

CONCLUSIONS

We introduced a combined UV ageing and measurement setup that can be used to determine the action spectra of
translucent materials exhibiting photodegradation as color changes. We demonstrated the feasibility of the setup by
ageing and measuring translucent atactic polystyrene. A simple action spectrum does not exist for polystyrene due
to nonlinear degradation; the change of absorbance depends both on the exposure wavelength and the radiant expo-
sure. We introduced a mathematical model that describes accurately the temporal development of polystyrene pho-
todegradation. Based on the model, we derived activation spectra at three absorbance threshold levels. With increasing
absorbance levels, the activation spectrum shifts towards longer wavelengths.
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