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Abstract: This study presents the comparative study of two different accelerated aging methods of 
poly(D-,L-lactide acid) (PLA). One is the well-known and widely used accelerated weathering 
chamber. The other procedure is photodegradation with a homogenized laser beam, which has not 
been used for the artificial aging of biopolymers so far. The film sample was artificially aged with a 
xenon test chamber for 200 hours, with an acceleration factor of approximately 7:1. We also 
performed a comparative artificial aging test using a krypton-fluoride (KrF) excimer laser in a way 
that the amount of energy transferred by the laser is the same as the energy transferred by the xenon 
lamp; the acceleration factor of the laser is higher than 42000:1. The resulting two types of 
photodegraded film products were compared and broadly characterized by scanning electron 
microscopy (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), gel 
permeation chromatography (GPC) and attenuated total reflectance Fourier-transform infrared 
spectroscopy (ATR-FTIR); the goal was to create comparison and possible conformity between the 
two methods to achieve higher acceleration factor for accelerated aging. 

Keywords: accelerated aging, xenon test, excimer laser, poly(lactic acid) 

1. Introduction 
Nowadays poly(lactic acid) (PLA) is gaining in popularity because there is an increasing social and 

industrial need for certain polymer products to be produced from renewable sources, such as bio-

based and bio-degradable polymers [1]. PLA can possibly replace polyethylene, polypropylene, 

polystyrene and other petroleum-based polymers in several areas, satisfying engineering 

requirements (processing conditions, final product properties) and costumer needs (biodegradability) 

[2-4]. The degradation processes of polymers are extremely important, therefore they are 

extensively researched. In the case of biopolymers, the investigation of biodegradation by enzymes 

and microbes is of paramount importance [5]. We must not forget, however, that one of the primary 

aspects of design by engineers is the monitoring of various thermal [6], oxidative, and 

photodegradation processes during the lifetime of the product, and taking their effects into account. 

As a result of these processes, unfavourable mechanical and optical changes strongly affect product 

lifetime and usability depending on exposure. One of the most significant causes of natural aging in 

the case of polymers is solar radiation, since UV radiation coming from the Sun can break up the 

bonds in polymers [7]. Calculation with these degradation processes during the lifetime of a 

polymeric product is an important question not only academically but these processes also play a 
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great role in the industry as well [8, 9]. Well-known and widespread testing methods include 

accelerated natural weathering and the use of xenon test chambers [10-12]. Their typical 

acceleration factor (accelerated aging: natural aging) is 2:1 or 5:1; with extreme and expensive 

methods it can be increased to 63:1, although it only gives reliable results in certain conditions [13-

15]. Therefore, material and production development processes require significant additional 

development time. There is a less researched method, which is based on irradiation with excimer 

laser, which has been used by several research groups [16, 17]; based on data in the literature, the 

acceleration factor can be up to 3200:1 or greater [16], but mostly non-oxidative types of aging can 

be modelled with this method [18, 19]. This procedure may be suitable for the investigation of the 

accelerated aging of polymers but so far researchers have not tackled the issue of how laser 

accelerated aging relates to accepted standard aging procedures in the industry at the micro and 

macromolecular level. Based on the literature, the effects of high-energy laser treatments are widely 

researched; in these publications the property modification of PLA is focused on from various 

medical technology, medical or packaging technology aspects [20]. As a result of laser treatment, the 

polylactide undergoes various changes. Stepak et al [21] pointed out that an unhomogenized KrF 

laser beam (above the ablation threshold) can cause considerable degradation in semicrystalline 

poly(l-lactic acid) (PLLA), which shows in the reduction of molecular weight measured with a GPC 

test, and the increase of polydispersity. They also showed that as a result of the reduction of 

molecular weight, transition temperatures, such as glass transition temperature, cold crystallization 

temperature and crystalline melting temperature decrease. Hsu et al [22] found that a homogenized 

KrF laser beam decreases the crystalline fraction, just as in the case of the widely used accelerated 

weathering chambers [23-25]. The investigation of the accelerated laser aging of some polymers 

(Acrylonitrile Butadiene Styrene Terpolymer (ABS), Modified Polyphenylene oxide/Polystyrene 

(PPO/PS), Polypropylene (PP)) can be found [16] but these are not thorough investigations, and no 

literature can be found where the morphological and materials structure differences resulting from 

the two procedures were compared in detail. Also, our literature research showed that there are no 

similar comparative studies in the case of biopolymers, and as the importance of biopolymers 

increases, the need arises to gain more knowledge in this area. The goal of this paper is to describe 

chain scission as a result of artificial aging and the results of laser treatment and the widely used 

accelerated aging method (xenon test).  

Therefore, we produced poly(lactic acid) films (flat film extruded, high D-lactide percentage, 

amorphous), then we tested the 200-hour exposure of poly(lactic-acid) film samples using a standard 

environmental chamber (xenon lamp, daylight filter, based on standard conditions: ISO 4892-

2:2013), which corresponds to nearly 2 months of exposure in Central Europe, since PLA is not 

weather resistant, and amorphous PLA is even less so than semicrystalline PLA [18, 23, 26]. At the 

same time, a special type of accelerated photo degradation procedure was applied. We irradiated 

the films with an excimer laser at a given wavelength, simulating a 200-hour exposure. The resulting 

two types of photodegraded film products were compared and broadly characterized with the use of 

differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), attenuated total 

reflectance (ATR-FTIR), scanning electron microscopy (SEM) and gel permeation chromatography 

(GPC) to find out possible conformity between the two methods. 

2. Material and Methods  

2.1. Material 

We used extrusion type commercially available poly(D-,L-lactide acid) (PDLLA), Ingeo Biopolymer 

4060D with 12 mol% D-lactide content (producer NatureWorks© LLC, USA). This type of PLA is 

amorphous in the case of a conventional cooling rate, because of the 12% D-lactide content. The PLA 
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has a density of 1.24 g/cm3, its glass transition temperature is between 55-60 °C, its gloss (20°) is 

90%, and haze is 2% according to the material technical data sheet [17]. 

2.2. Preparation of film and specimens  

From the 4060D type of PLA, a thin (100 µm) biopolymer film was produced with a flat film extrusion 

line (Labtech Engineering Co. Ltd 25-30C single screw extruder with LCR-300 flat film line, Thailand 

Samutprakarn). The zone temperatures were 185/190/195/200/205/210/210/210 °C, the screw 

rotation speed was 35 rpm and the draw ratio was 1.14. From the films specimens that we produced, 

20 mm x 20 mm specimens were cut for the degradation tests. 

2.3. Xenon test exposure 

Some of the PLA film samples were aged in a machine to simulate weathering phenomena 

artificially—in a xenon test chamber Q-SUN Xe-3 Xenon Test. The equipment was set in accordance 

with the ISO 4892-2 standard. We used a Daylight Q filter, and TUV irradiation mode with an 

irradiation energy density of 46 W/m2 (in the 300-400 nm range), which corresponded to an energy 

density of 0.4 W/m2 at 340 nm. The air temperature in the chamber was 38 °C, black-standard 

temperature was 50 °C, relative humidity was 50%, and we also used the irradiation cycle without 

the injection of water. Exposure time was 200 hours, which corresponded to an acceleration factor of 

7:1, compared to natural aging. 

2.4. Excimer laser exposure 

The experimental layout used for the laser treatment of the PLA samples can be seen in Figure 1. The 

PLA samples were irradiated with a 248 nm Lambda Physik EMG 160 MSC, twin-tube unpolarised KrF 

excimer laser. The laser beam first passes through a variable attenuator, and is then reflected by a 

45-degree mirror. The laser beam passes through an aperture, which cuts out a 9.8 mm diameter 

laser beam. Since the active medium has a short lifetime, the beam is reflected in the resonator only 

a few times, and so its coherence is low. Alongside the high-voltage electric discharges pumping the 

active medium, amplification can be greater, which can cause up to twofold or threefold intensity 

differences in the top-hat beam profile. To avoid this, we used a microlens (Suss microoptics) 10 mm 

x 10 mm fused silica beam homogenizer. A circular, 8 mm diameter beam was cut from the slightly 

divergent homogenized laser beam with another aperture. The PLA sample was placed in the path of 

this laser beam, which entered an energy monitoring device (GENTECH, Maestro series) after passing 

through the PLA sample. 

 

Figure 1. Layout of the laser treatment of the PLA sample 

2.5. Testing methods 

2.5.1. Absorption measurement of neat film 

Before the aging procedures, we measured the transparency of the unaged PLA sample with a Zeiss 

MQ3 spectrophotometer in the 190–400 nm range and with 1 nm steps. Then, we calculated 

absorption with the help of Eq. (1). 

Absorption = 100 − Transmittance	�%�, (1) 

2.5.2. Gel permeation chromatography 

We subjected the reference (unaged) and treated film samples to gel permeation chromatography to 

determine their molecular weight distribution. We used tetrahydrofuran eluent, a Jetstream 2 plus 

thermostat, a Waters HPLC Pump 515 and Waters Styragel HR1, HR4 column. We performed the 
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analysis with an Agilent Infinity 1260 differential refractometer detector. Measurement temperature 

was 35 °C and the flow rate was 0.3 ml/min. Evaluation was carried out by calibration based on 

narrow molecular weight polystyrene standards, with the PSS WinGPC software. We determined the 

average molecular weight by number (M̅n), average molecular weight by weight (M̅w), peak molecular 

weight (Mp) and the degree of polydispersity (PD, where PD= M̅w / M̅n). 

2.5.3. Differential scanning calorimetry 

The differential scanning calorimetry (DSC) measurements of the samples were carried out with a TA 

Instruments Q2000 automatic sampling device. The measurement temperature range was 0-200 °C, 

the heating rate was 5 °C/min, the cooling rate was 5 °C/min and two heating scans were performed. 

The weight of the samples was between 3 mg and 6 mg, and the tests were performed in nitrogen 

protective gas (20 ml/min) and with a nitrogen measuring atmosphere (20 ml/min). The degree of 

crystallinity after cold crystallisation (χ
�
) was calculated according to Equation (2) and the degree of 

crystallinity before cold crystallisation (χ
�′

) created via the cooling rate of flat film extrusion was 

calculated according to Equation (3), where ∆H� is the melt enthalpy and ∆H�� is the cold 

crystallization enthalpy. PLA100% is the theoretical melting enthalpy of 100% crystalline PLA, which is 

93.1 J/g [27]. 

χ
�
=

∆��

�� !""%
∗ 100	�%�, (2) 

χ
�$
=
∆�� − |∆���|

�� !""%
∗ 100	�%�,	 (3) 

2.5.4. Thermogravimetric analysis 

TGA measurements were performed with a TA Instruments Q500 device equipped with an automatic 

sampling device. The measurement temperature range was 50-800 °C, the heating rate was 10 

°C/min, the weight of the samples was between 3 mg and 6 mg, and the tests were performed in 

nitrogen protective gas (40 ml/min) and with an industrial air measuring atmosphere (60 ml/min). 

The registered weight reduction was characterised with different kinds of evaluated values. We 

assessed initial degradation with the temperature value corresponding to 5% weight reduction (T5% 

[°C]), the temperature value corresponding to 50% weight reduction (T50% [°C]), and the temperature 

of the maximum of the weight change rate TdTGmax [°C]). 

2.5.5. Scanning electron microscopy 

Scanning electron micrographs were produced with a Jeol JSM-6380LA SEM with an acceleration 

voltage of 10 kV. Prior to the test, the samples were sputter-coated with a thin gold layer. 

2.5.6. Attenuated total reflectance Fourier-transform infrared spectroscopy 

We mapped and investigated the materials and chemical processes with a Bruker, Tensor 37 

transmission infrared spectrometer. The equipment records the IR spectrum of the sample with a 

DTGS detector, 16-time sampling in the 4000 cm-1 to 600 cm-1 range. The traditional transmission 

measuring technique would require extensive sample preparation causing considerable structural 

changes in the sample, or would not work at all, therefore we used the device with a Specac ATR 

(multiple weakened full reflexion) IR head unit. 
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3. Results 

3.1. Calculation of xenon test equivalent laser exposure    

Our goal was to compare xenon test aging and laser aging with the same irradiation energy. First we 

calculated the degree of xenon test exposure. Figure 2 a) shows the characteristic radiation intensity 

of the xenon lamp as a function of wavelength (blue line). Figure 2 a) shows that in the 280 nm to 

400 nm spectrum, the irradiation power generated by the xenon test chamber increases practically 

linearly, therefore radiation can be calculated with irradiation at 340 nm (arithmetic mean of the 

range), which is 0.4 W/m2. With this, it can be calculated that in the 280-400 nm range, the total 

absorbed energy in 200 hours is approximately 28800 mJ/cm2. 

 

(a)        (b) 

Figure 2. (a) Blue line: the characteristic radiation spectrum of the xenon lamp (with a filter approximating the spectrum 

of sunlight), yellow: the spectrum of sunlight [28], (b) The light transmittance of PLA as a function of wavelength. 

Then we examined the absorbance of untreated PLA as a function of wavelength, so that we could 

determine the amount of energy PLA absorbs in the different procedures. To do this, we measured 

the transmittance of the 100 µm thick amorphous PLA sample with a spectrophotometer in 1 nm 

steps in the 190 nm to 400 nm wavelength spectrum (Figure 2 (b). The transmittance of the PLA film 

can be considered practically linear in the range of the xenon lamp aging procedure (280-400 nm) 

therefore it can be approximated with the value at 340 nm, which is 86%, that is, the sample absorbs 

14% of incident radiation. This way, the energy absorbed by the PLA sample during the 200-hour 

exposure to the xenon lamp is 14% of the 28800 mJ/cm2 calculated earlier, that is, 4032 mJ/cm2. 

Then, we have to determine the degree of energy absorption by the PLA film at the wavelength of 

laser treatment (248 nm), and how many shots are necessary for the sample to absorb 4032 mJ/cm2 

of energy. For this, we measured the energy density of the laser impulses of the KrF laser (248 nm). 

The fluence of one laser impulse is 20.4 mJ/cm2. The central wavelength of the KrF excimer laser is 

248 nm, at this wavelength transmittance is 40% based on Figure 2 (b), therefore the PLA film 

absorbs 60% of incident laser irradiation. This means that the PLA sample absorbs 60% of 20.4 

mJ/cm2 in each shot, that is, 12.24 mJ/cm2. This way the number of necessary laser impulses can be 

calculated: 4032 mJ/cm2 divided by 12.24 mJ/cm2, which is 330, rounded to the nearest whole 

number. The designation of the samples can be found in Table 1. The duration of exposure to the 

laser was approximately 2 minutes at a repetition rate of 3 Hz, and the acceleration factor of the 

laser is approximately 42000:1. 

Sample name PLA type Form Treatment 
Dosage 

[mJ/cm
2
] 

PLA_neat_film Ingeo 4060D film without 0 
PLA_xenontest Ingeo 4060D film Q-sun, 200h 4032 

PLA_laser Ingeo 4060D film 
330 laser 

pulses 
4039 

Table 1. Designation of the samples. 

3.2. Scanning electron microscopy 

First we wanted to compare the samples aged with the xenon test accelerated aging process 

(PLA_xenontest) and the samples aged with photodegradation by a homogenized laser beam 

(PLA_laser) using SEM images. The SEM images of the samples aged with the two methods show (Fig. 

Error! Reference source not found. a), b), c), d)) that the homogenized laser beam is advantageous 
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because there were no local, dot-like or intensively degraded parts on the surface of the film, 

therefore no difference was observed in the case of laser aging (Fig. Error! Reference source not 

found. c), d)) compared to the xenon test aging procedure (Error! Reference source not found. a), 

b)). 

 

(a)       (b) 

  

(c)       (d) 

Figure 3. SEM image of a PLA film aged for 200 hours in a Xenon test chamber (PLA_xenontest) at a magnification of (a) 

250x and (b) 1000x., and the SEM image of a laser-aged PLA film (PLA_laser) at a magnification of (c) 250x and (d) 1000x. 

3.3. Morphological and thermal properties of the films    

Then we examined the reference PLA film (PLA_neat_film) and the treated samples using differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA). DSC allowed the examination of 

the thermal changes of the sample as a function of temperature, their transformations and the 

enthalpy changes connected to them. We performed two heat-up cycles on the samples. The first 

one provided information about the thermal and mechanical history of the sample, while the second 

heat-up curve (thermal history was erased with a controlled cooling cycle) allowed us to draw 

comparative conclusions about the effects the treatments had on material structure [29]. The DSC 

curves can be seen in Figure4 and the calculated values can be found in Table 2.  

 

(a)       (b) 

Figure 4. The DSC curves of the reference PLA and the treated samples, (a) 1st heat-up, 5 °C/min, (b) 2nd heat-up, 5 

°C/min. 

The amorphous PLA of 12% D-lactide content that we chose has a glass transition temperature of 

57 °C (determined from the second heat-up cycle), which corresponds to the technical specification, 

and no enthalpy change connected to cold crystallization or crystalline melting was registered; the 

material showed an amorphous character. An endothermic enthalpy relaxation belongs to the Tg 

transition during the first heat-up cycle; this originates in the manufacturing technology. These 

phenomena only occur during the first heat-up (Figure4 (a)) and cannot be repeated. The Tg of the 

sample aged in the xenon test chamber is 59 °C and the material is amorphous. Laser aging further 

increased the Tg slightly, to 62 °C; this can be explained with the free volume theory, according to the 

literature [30, 31]. The PLA sample has extra free volume as a result of the higher degree of 

degradation and therefore shows a greater tendency to transform to the equilibrium state. This way, 

decreasing molecular weight allows a more compact structure, which inhibits the start of segment 

movements; this results in a higher Tg. After the thermal history is erased, the second heat-up cycle 

(Figure4 (b)) shows that the Tg of the sample aged in the xenon test chamber is nearly the same as 

that of the untreated film; we registered 58 °C and the material is amorphous in this case, too. Laser 

aging increased Tg slightly to 59 °C. The first transformation phenomenon of the DSC curve is the 

glass transition temperature (Tg); after this, in the case of amorphous polymer materials, there is no 

cold crystallization or crystalline melting connected to the melting of the crystalline fraction. 

However, in the case of semicrystalline polymers, if the sample is capable of producing a further 

crystalline fraction as temperature increases, the exothermic phenomenon of cold crystallization can 

also be seen on the DSC curve, and after this, crystalline melting occurs. The most characteristic 
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difference is that the material, which had been amorphous earlier, was able to form crystalline parts 

during the DSC test as a result of the laser treatment. This exothermic phenomenon is marked by Tcc 

in Figure4 (a). The maximum temperature of enthalpy change is 111 °C and the change of the 

corresponding enthalpy is (∆Hcc) 21.4 J/g. The enthalpy change related to the melting of the 

crystalline fraction that formed is also 21.4 J/g and the crystalline melting peak temperature is 148 

°C. The forming of a crystalline fraction in the originally amorphous PLA (at a heating rate of 5 

°C/min) is probably connected to degradation, since the tendency to crystallize largely depends on 

molecular weight [32]. During the degradation process, average molecular weight decreases, 

therefore the mobility of the polymer chains increases, and so the given PLA type can show a 

semicrystalline character even at a heating rate of 5 °C/min. The first heat-up curve shows that the 

material degraded as a result of laser treatment, but no crystalline fraction formed. The second heat-

up indicates that the material is capable of forming a crystalline fraction of nearly 11%. 

 
1st heat-up cycle 

Sample name 
Tg Tcc ∆Hcc Tm ∆Hm Xc Xc' 
°C °C J/g °C J/g % % 

PLA_neat_film 57 - 0 - 0 0.0 0.0 

PLA_xenontest 59 - 0 - 0 0.0 0.0 
PLA_laser 62 111 21.4 148 21.7 23.3 0.3 

 
2nd heat-up cycle 

Sample name 
Tg Tcc ∆Hcc Tm ∆Hm Xc Xc' 
°C °C J/g °C J/g % % 

PLA_neat_film 57 - 0 - 0 0.0 0.0 
PLA_xenontest 58 - 0 - 0 0.0 0.0 
PLA_laser 59 125 9.7 151 10.2 10.9 0.5 

Table 2. Evaluated DSC values of the reference PLA and the treated samples (5 °C/min). 

To prove degradation and examine its extent, first we performed thermogravimetric analysis. Weight 

reduction is measured as a function of temperature by TGA, and TGA can be used to establish the 

extent to which the polymer has been stabilized or aged [29]. The thermograms in  

Figure 5 (a) indicate that the PLA samples degrade in one step but the beginning and run of the 

weight reduction of the samples differ—these values can be found in Table 3. . While weight 

reduction starts (T5%) at 320 °C in the case of the untreated PLA film, this temperature is lower 

(317 °C) for the sample aged in the xenon test chamber. The start of the degradation of the laser-

aged PLA sample (T5%) can be registered at 258 °C, therefore the average molecular weight of this 

sample is far lower than that of the reference sample and probably also different from the molecular 

weight of the xenon test-aged sample. This lowered heat stability phenomenon is supported by the 

maximum of the decomposition rate (dTG) and the shape of the curves ( 

Figure 5 (b)). While xenon test aging showed a 16 °C decrease in the maximum of dTG compared to 

untested PLA, laser aging produced a 59 °C decrease, and weight reduction is lower than in the other 

two cases. The cause of the different degree of degradation is that molecular weight values probably 

shifted towards even lower values, and the distribution of molecular weight widened [21]. Although 

laser treatment probably caused more intensive degradation than xenon treatment, a single-step 

degradation process is a good indicator that degradation was homogeneous along the thickness of 

the specimen. This is indicated by the homogeneous surface of the sample in the SEM images. 

 

Figure 5. (a) TGA and (b) dTG results of the reference PLA and the treated samples (10 °C/min) 
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Sample 
T5% T50% TdTGmax 

°C °C °C 
PLA_neat_film 320 356 362 
PLA_xenontest 317 344 346 

PLA_laser 258 295 303 
Table 3. Evaluated TGA curve values of reference PLA and treated samples (10 °C/min). 

3.4. Molecular weight distribution of the films 

In order to determine chain scission and the molecular weight distribution of the polymer, we 

performed gel permeation chromatography. Changes in molecular weight distribution compared to 

the reference PLA film are shown in Figure 6. GPC proved our assumption that in both aging 

processes, degradation caused the polymer chains to shift to lower molecular weights. Values 

calculated by GPC can be found in Table 4. . As a result of xenon test aging, MS w decreased a little, by 

5400 g/mol (3.2% decrease) and the degree of PD remained roughly the same. On the other hand, in 

the case of laser aging (with 330 shots), degradation was considerable, compared to xenon test 

aging. MS w decreased to 56970 g/mol, which is a 65.8% reduction and polydispersity grew to 2.137, 

which is a 19.7% increase. This significant breaking of the chains may have enabled the polymer 

chains of the original amorphous PLA to get ordered at an increased temperature and form a 

semicrystalline morphology during the cold crystallization process. It is a positive aspect that beam 

homogenization and aging in the entire cross section were successful, because if the sample had 

degraded more in the upper layers than in the lower layers, we would have got bimodal distribution 

in GPC [21].  

 

Figure 6. The molecular weight distribution of reference PLA and treated samples. 

 

Sample name 
Peak no. Mp M̅n ∆∆∆∆ M̅n M̅w ∆∆∆∆ M̅w PD ∆∆∆∆PD 

- g/mol g/mol % g/mol % M̅w / M̅n % 
PLA neat_film 1 152300 93270 - 166400 - 1.785 - 
PLA xenontest 1 149200 91610 98.2 161000 96.8 1.758 98.5 
PLA laser 1 40610 26660 28.6 56970 34.2 2.137 119.7 

Table 4. The results of the GPC test of the reference PLA, the xenon test-treated and the laser-treated samples. 

3.5. Fourier-transform infrared spectroscopy 

After the degree of degradation was determined, we performed infrared spectroscopy to determine 

the changes in the chemical composition of the material. A typical FTIR spectrum of an amorphous 

PLA contains intensity peaks: –CH– stretching modes (2997 and 2946 cm-1, 2877 cm-1), a –C=O 

stretching region (strong 1759 cm-1), –CH3– deformation (1456 cm-1), –CH– deformation and 

asymmetric bands 1382, and 1365 cm-1, –C–O– stretching of the ester group 1225 cm-1, –C–O–C– 

asymmetric mode at 1090 cm-1, and –C–C– stretch (871 cm-1) [7]. Figure 7 shows that there is no 

significant difference in the FTIR spectrum, no new intensity peak, and no intensity maximum shift 

which would indicate a semicrystalline structure [33]. 

 

Figure 7. Infrared spectra of the reference neat PLA film (PLA_neat_film), PLA treated with xenon (PLA_xenontest) and 

PLA treated with laser (PLA_laser, 330 laser pulses), (a) 600-3200 cm
-1

, (b) 1300-1800 cm
-1

, (c) 800-1300 cm
-1
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Since the character of the measured degradation is promising but goes beyond the 200-hour xenon 

test degradation of the sample, further tests were necessary to find the accurate number of laser 

shots, that is, the amount of irradiated energy. To do this, we chose extra measurement points.  

3.6. Modification of exposure 

The results show that the approximation method did not result in equivalence, therefore a correction 

of laser exposure is necessary. We set two measurement points between the measured values 

obtained by 330 shots and the untreated film: 110 shots and 220 shots. This way we were able to 

examine the relationship between degradation and irradiated laser energy. The designation of the 

samples can be found in Table 5.  

Sample name PLA type Form Treatment Dosage [mJ/cm
2
] 

PLA_neat_film Ingeo 4060D film without 0 
PLA_xenontest Ingeo 4060D film Q-sun, 200h 4032 
PLA_laser_110 Ingeo 4060D film 110 laser pulses 1346 
PLA_laser_220 Ingeo 4060D film 220 laser pulses 2692 
PLA_laser_330 Ingeo 4060D film 330 laser pulses 4039 

Table 5. Designation of the samples in the case of the modified exposure tests. 

We treated the film samples with 110 and 220 laser pulses as well, then performed GPC on the 

treated samples (Figure 8, Table 6). As irradiation energy was decreased, degradation decreased, too. 

When irradiation energy was decreased by one-third (2692 mJ/cm2, 220 pulses), M̅w only decreased 

by 54.7% compared to the untreated film (75340 g/mol). When the PLA sample was irradiated with 

one-third of 4039 mJ/cm2, 1346 mJ/cm2, it degraded to a lesser extent, M̅w decreased by 41.3% 

compared to the untreated sample, to 97720 g/mol and the degree of PD also only increased by 

11.4% compared to the reference sample. 

Sample name 
Peak no. Mp M̅n ∆∆∆∆ M̅n M̅w ∆∆∆∆ M̅w PD ∆∆∆∆PD 

- g/mol g/mol % g/mol % M̅w / M̅n % 
PLA neat_film 1 152300 93270 - 166400 - 1.785 - 
PLA xenontest 1 149200 91610 98.2 161000 96.7 1.758 98.5 
PLA laser_110 1 82770 49160 52.7 97720 58.7 1.988 111.4 
PLA laser_220 1 58210 34840 37.4 75340 45.3 2.163 121.2 
PLA laser_330 1 40610 26660 28.6 56970 34.2 2.137 119.7 

Table 6. The results of the GPC measurement of reference PLA and the treated samples 

 

Figure 8. The molecular weight distribution of reference PLA and the treated samples 

Figure9 shows show the number of chain scissions, expressed by (Mno/Mn)-1, where Mn is the 

number average molecular weight after exposure, and Mno is the initial number average molecular 

weight. The values are presented as a function of total absorbed laser energy. The curve fitted to the 

measurement points is described by Eq. (4). The R2 of the fitted curve is 0.9998. 

y = 0.0006x + 0.0897 (4) 

It is important that while in the case of xenon test aging, at the given settings, the change in 

molecular weight is not considerable, laser treatment significantly reduced the average weight of the 

chains at the same doses. One explanation is the difference of intensities of the procedures. The 

average laser pulse length is 20 ns. Multiplying this with the number of shots yields a difference of 9 

orders of magnitude. Excimers, and generally UV lasers are usually called a class of “cold lasers”, 

because when they interact with materials, they operate well over the thermal excitation levels 
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(infrared, medium infrared). For this reason, thermal excitation could only be expected after the 

primary chemical excitation, during the relaxation phase.  This way, the chains have a short time to 

reorder, but an accurate description of these light-matter interactions would require picosecond 

time scale so-called pump-probe measurements. 

 

Figure 9. The (Mno/Mn)-1 value as a function of total absorbed laser energy (the red line is the fitted trend line) 

5. Conclusions 
We comprehensively examined the accelerated photodegradation of PLA via a xenon test chamber 

and via homogenized laser beams; the acceleration factor of the laser was approximately 42000:1. 

We determined various properties of the reference sample and the samples treated with two 

different methods. The GPC results showed that in the laser-treated sample M̅w decreased to 56970 

g/mol, which is a decrease of 65.8%, while polydispersity grew to 2.137, which is a 19.7% increase 

compared to the untreated PLA film sample. Although degradation was higher than degradation 

achieved by the xenon test, molecular weight distribution had a monomodal character in both cases, 

which suggests that the laser degraded not only the upper layer of the film but the whole cross 

section. We performed further irradiation tests (with 2/3 and 1/3 doses) and analysed chain scission, 

and examined the effect of absorbed laser energy on molecular weight using GPC tests. The curve 

fitted to the measurement points can be described with the y = 0.0006x + 0.0897 equation. The R2 

of the fitted curve is 0.9998.  
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Highlights of “Accelerated photodegradation of poly(lactic acid) with weathering test 

chamber and laser exposure – A comparative study” 

 

• The accelerated photodegradation of amorphous poly(lactic acid) via a xenon test chamber 

and via a homogenized laser beam were compared. 

• Laser treatment can increase the acceleration factor considerably. 

• The measured degradation of laser treated samples goes beyond the 200-hour xenon test 

result. 

• After laser treatment, amorphous poly(lactic acid) was able to go through cold 

crystallization. 

• The effect of absorbed laser energy on the number of chain scissions in the sample can be 

described with the following equation y=0.0006x+0.0897, the R2 of the fitted curve is 

0.9998.” 


