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a b s t r a c t 

The effect of Machine Direction Orientation (MDO) processing on the photostabilization of LLDPE sam- 

ples containing Tinuvin® 770 was studied. The amount of Tinuvin® 770 in the processed samples was 

deliberately chosen at a level higher than the reported solubility at ambient temperature for two main 

reasons: the first reason was to assess the equilibrium between the soluble and nonsoluble forms of this 

additive and the impact of the MDO process, and the second was to demonstrate the role of a higher 

temperature in accelerated artificial photoaging on the protective role played by the nonsoluble part. The 

results reported in this article show that at room temperature, a nonnegligible amount of Tinuvin® 770 

precipitates at the surface, which is commonly termed blooming. However, the additive that bloomed 

at the surface can be dissolved within the polymer with increasing temperature, which is the case in 

the conditions of accelerated artificial photoaging but not the case of natural outdoor weathering. Such 

physical phenomena are responsible for a possible bias brought by temperature during accelerated pho- 

toaging, which can affect aging tests. This questions the representativeness of accelerated aging at higher 

temperatures for polymers containing a blooming stabilizer. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

It is well established that polymers, such as polyethylene, are 

rone to degradation through an oxidative chain-radical mecha- 

ism upon exposure to external stress factors such as heat or 

V light [ 1 , 2 , 3 ]. This leads to the production of oxidation prod-

cts, such as ketones (further reacting by Norrish mechanisms), 

arboxylic acids, and aldehydes, and causes the modification of 

he polymer properties (especially mechanical and aesthetic prop- 

rties) [ 3 , 4 ]. To prevent photodegradation during processing and 

ubsequent service life, stabilizers (or antioxidants) and/or UV ab- 

orbers are generally added to the polymer formulation at con- 

entrations of 0.01 to 1.0 wt%. Stabilizers are organic compounds 

eadily able to slow oxidation reactions by reacting with key inter- 

ediates such as hydroperoxides and radicals. UV absorbers aim to 

rotect the polymer from UV absorption and/or the stabilizers from 

irect photodegradation, which dramatically reduces their protec- 

ive effect. To act efficiently, an additive must be incorporated in 

n active and soluble form. 
∗ Corresponding author. 

E-mail address: sandrine.therias@uca.fr (S. Therias). 

n

i

t

a

ttps://doi.org/10.1016/j.polymdegradstab.2021.109683 

141-3910/© 2021 Elsevier Ltd. All rights reserved. 
The solubility of an additive within a polymer is actually gov- 

rned by several factors [ 5 , 6 ]: the temperature, the intrinsic nature 

f the additive (its heat of fusion and melting point) and its inter- 

ctions with the polymer (also referred to as their compatibility). 

t is also well documented that soluble additives are only present 

n the amorphous phase of polyolefins, as the crystalline areas are 

oo densely packed for the additive to enter [ 7 , 8 ]. Because they are

ainly based on functional groups such as phenols, amines, phos- 

hites or sulfides, common stabilizers are polar molecules whose 

olubility in apolar polyolefins, such as polyethylene, is poor at am- 

ient temperature [ 5 , 9 ]. 

Additives are generally introduced at concentrations far higher 

han room-temperature equilibrium concentrations. They are nev- 

rtheless fully soluble during polymer processing at high temper- 

ture due to the beneficial effect of temperature on the solubility. 

his results in supersaturation upon cooling and storage, which is 

n important factor in determining their service lifetime and has to 

e considered in accelerated aging tests [6] . Two phenomena can 

hen be encountered: i. microprecipitation (formation of stabilizer 

odules within the polymer, leading to microphase separation) and 

i. blooming (surface segregation of the stabilizer through exuda- 

ion). Low-weight (molecular) antioxidants are prone to blooming, 

s their diffusion coefficient within the polymer is higher [9] . In a 

https://doi.org/10.1016/j.polymdegradstab.2021.109683
http://www.ScienceDirect.com
http://www.elsevier.com/locate/polymdegradstab
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Fig. 1. Chemical structure of Tinuvin® 770. 
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Table 1 

Tinuvin® 770 content and MDO draw ratio of PE sam- 

ples. 

Sample wt% Tinuvin® 770 MDO draw ratio 

PE-1 0 1 (undrawn) 

PE-3 0 3 

PE-770-1 0.3 1 (undrawn) 

PE-770-3 0.3 3 
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ecent paper, Xu et al. [ 10 , 11 ] studied the blooming of the molec-

lar phenolic antioxidant Irganox 1076® at the surface of silane- 

rosslinked polyethylene. 

Tinuvin® 770 is a low-weight Hindered Amine Light Stabilizer 

HALS) used in polyolefins [ 9 , 12 , 13 , 14 ]. It contains two piperidyl

ings separated by a sebacate ester functional group ( Fig. 1 ). Its 

olubility in LDPE has been estimated to be 0.1 wt% at room tem- 

erature [ 9 , 12 ]. Progressive blooming from this polymer after high- 

emperature processing was studied by Zehnacker et al. [12] . 

Machine Direction Orientation (MDO) is a technology essen- 

ially employed for polyethylene (PE) and consists of uniaxially 

tretching a polymer film between consecutive hot and cold rolls 

o improve its properties while reducing the amount of matter 

ecessary to reach them. More specifically, the process can be de- 

omposed into four steps: preheating, stretching, annealing, and 

ooling [ 15 , 16 ]. First, heated rolls uniformly bring the polymer film

o the desired temperature for stretching. Then, it is drawn be- 

ween two rolls inversely rotating at different speeds (namely, the 

slow” and “fast” rolls). The drawn film goes between heated rolls 

or thermal stabilization, especially for shrinkage ability. Finally, it 

s cooled at ambient temperature before winding. The draw ratio 

DR or λ) corresponds to the ratio between the initial and final 

hicknesses of the film, which is mainly governed by the ratio of 

he speeds of the two drawing rolls. As the drawing temperature is 

elow the melting point of the polymer, this process is referred to 

s a “cold-drawing” process. At the macromolecular scale, it causes 

he initial spherulitic morphology to progressively transform into a 

brillar morphology oriented along the machine direction (MD) as 

he drawing rate is increased [17] . Accordingly, the polymer optical 

increase in gloss and transparency, decrease in haze) [ 18 , 19 , 20 ],

echanical (increase in the Young’s modulus along the machine 

nd transverse directions, as well as stress at break along the MD) 

18–21] and barrier (gas, water vapor) [ 18 , 21 ] properties are en-

anced. MDO technology was developed 50 years ago [22] and is 

idely used at the industrial scale. However, its effect on poly- 

er properties remains confidential in the scientific literature [ 17–

1 , 23 , 24 ], and its consequences on stabilizer solubility and poly- 

er photoaging have never been considered thus far. 

From a general point of view, the effect of polymer orientation 

regardless of its origin) on additive solubility has scarcely been 

onsidered. Moisan studied the evolution of Irganox 1076® diffu- 

ion and solubility in oriented LDPE films [25] . Following an in- 

rease at a low draw ratio, the solubility was reported to decrease 

s the orientation increased. However, all the experiments were 

erformed at temperatures higher than the melting point of the 

dditive. 

This paper aims to investigate the impact of the MDO process 

n the photostability of PE films containing Tinuvin® 770, with 

pecial concern for the protective role of the stabilizer precipitated 

t the surface (blooming) in accelerated photoaging tests. For this 

urpose, LLDPE films were deliberately processed at 0.3 wt% HALS, 

hich is a concentration that can lead to supersaturation of the 

dditive at room temperature. Tinuvin® 770 was first individually 

haracterized, and its presence in the films was assessed by in- 

rared spectroscopy. Reversible blooming of the stabilizer was ev- 

denced by washing and thermal treatment, and quantification of 
2 
he amount of soluble HALS was performed. One may question 

ow much of the additive can be present in the polymer at equi- 

ibrium and how physical phenomena affect aging tests. Undrawn 

nd MDO-stretched samples were compared with respect to their 

inuvin® 770 content. Finally, photoaging kinetics in conditions of 

ccelerated artificial aging were obtained and discussed based on 

he effect of the MDO process on the stabilizer total content. 

. Experimental 

.1. Materials 

The linear low-density polyethylene (hereafter denoted 

PE-“) was LLDPE BorShape TM FX 1001 grade supplied by Bo- 

ealis [26] . Tinuvin® 770 (bis(2,2,6,6-tetramethyl-4-piperidyl) 

ebacate, m.p. = 81–83 °C [ 6 , 9 , 12 ]) was supplied by BASF. The

thanol (EtOH, 96 %) used for washing was purchased from VWR 

hemicals. All products were used as received. 

.2. MDO processing 

All PE films were provided by the Barbier group (Sainte- 

igolène, France). Reference films without Tinuvin® 770 and films 

tabilized with 0.3 wt% Tinuvin® 770 (“PE-770-“) were prepared. 

ndrawn films (denoted by “-1”) were processed by cast extru- 

ion to a final thickness of 50 μm. Extrusion and MDO process- 

ng was performed at Omya (Oftringen, Switzerland) from cast- 

xtruded films of 150 μm thickness. The heating step was per- 

ormed at 90 °C, with subsequent annealing performed at 60 °C 

efore cooling at room temperature on water-cooled rolls. A final 

hickness of approximately 50 μm was obtained, corresponding to 

n MDO draw ratio of 3 (samples denoted by “-3”). A list of the PE

amples is given in Table 1 . 

.3. Irradiation 

Photodegradation experiments were carried out in a SEPAP 

2/24 unit [27] in the presence of air. This accelerated weather- 

ng device was equipped with 4 medium-pressure mercury lamps 

400 W) emitting polychromatic light whose wavelengths lower 

han 300 nm are filtered by a borosilicate envelope. The delivered 

ight intensity was 90 W m 

−2 in the wavelength range of 300–

20 nm, and the chamber temperature was measured at 52 °C. For 

ransparent PE samples, it is assumed that the sample temperature 

s close to this value. 

.4. Heating 

Films were submitted to thermal treatment at 52 °C (same tem- 

erature as that of the irradiation device) in a forced convection 

ven from Binder. 

.5. Infrared spectroscopy 

Infrared spectra were recorded between 40 0 0 and 40 0 cm 

−1 

n the transmission mode with a Nicolet 6700 FTIR spectrometer 
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interval. 
ThermoFisher) equipped with a DTGS-KBr detector and operated 

ith OMNIC software. The analysis chamber was maintained under 

 dry atmosphere by the continuous purging of dry air. Each spec- 

rum was obtained by the accumulation of 32 scans with a 2 cm 

−1 

esolution. When necessary, FTIR spectra can be normalized by the 

bsorbance of the 1378 cm 

−1 band (symmetric bending of end-of- 

hain –CH 3 groups). 

FTIR spectroscopy was also performed in single reflection Atten- 

ated Total Reflection (ATR) mode between 40 0 0 and 600 cm 

−1 

ith two types of crystals (Ge and diamond). For the former, a 

icolet IS10 spectrometer (ThermoFisher) equipped with a Smart 

MNI-Sampler accessory (ThermoFisher) was used (64 scans, 

 cm 

−1 resolution). For the latter, a Nicolet 380 apparatus cou- 

led with a Golden Gate ATR modulus (Specac) was employed (64 

cans, 4 cm 

−1 resolution). 

In ATR mode, the penetration depth D p of the IR beam depends 

n its wavelength according to Eq. 1 [28] . 

 p = 

λ

2 π

√ 

n 1 
2 sin 

(
θ
)2 − n 2 

2 

(1) 

In this equation, λ is the wavelength, n 1 is the ATR crystal re- 

ractive index (4.0 for Ge, 2.4 for diamond), θ is the angle of inci- 

ence of the IR beam (45 ° for the apparatus used), and n 2 is the

ample refractive index (1.51 for PE [29] ). For instance, the pene- 

ration depth in the 1700 and 1800 cm 

−1 region ranges between 

.37 and 0.39 μm for a Ge crystal and is 1.19–1.26 μm for a dia-
ig. 2. FTIR transmission spectra of a. undrawn samples PE-1 (light blue) and PE- 

70-1 (blue) and b. MDO-drawn samples PE-3 (light red) and PE-770-3 (red). (For 

nterpretation of the references to color in this figure legend, the reader is referred 

o the web version of this article.) 

F

1

u

F

w

c

3 
ond crystal. Spectra were corrected for the variation in D p with 

avelength, as well as the shifting of absorption bands, with the 

dvanced ATR correction function of OMNIC software. 

FTIR mapping was realized with a Spectrum 100 spectrome- 

er (PerkinElmer) coupled with a Spotlight 400 imaging system 

PerkinElmer). In transmission mode, images of 350 × 350 μm di- 

ensions (56 × 56 pixels, 6.25 × 6.25 μm per pixel) were recorded 

etween 40 0 0 and 650 cm 

−1 (128 scans per pixel, 4 cm 

−1 res-

lution). ATR mapping was performed with a Ge crystal to ob- 

ain images of 300 × 300 μm dimensions (192 × 192 pixels, 

.56 × 1.56 μm per pixel) between 40 0 0 and 720 cm 

−1 (8 scans

er pixel, 4 cm 

−1 resolution). 

.6. UV–visible spectroscopy 

UV–visible spectra of polymer films were recorded with a 

himadzu UV-2600 scanning spectrophotometer equipped with 

n ISR-2600 Plus integration sphere unit and operated with 

VProbe software. Acquisition was performed at a scan speed of 

00 nm/min (“slow” mode) with a 5 nm slit width and 2 nm data 
ig. 3. FTIR transmission spectra of PE-770-1 (blue) and PE-770-3 (red) in the 

90 0–150 0 cm 

−1 region. (For interpretation of the references to color in this fig- 

re legend, the reader is referred to the web version of this article.) 

ig. 4. FTIR transmission spectra of PE-770-1 before (light blue) and after (blue) 

ashing with EtOH and overnight drying. (For interpretation of the references to 

olor in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. FTIR ATR mapping image (300 × 300 μm) of PE-770-1 recorded at 1720 cm 

−1 (left) and spectra taken in the A and B zones identified in the mapping image (right). 

Each pixel is of 1.56 × 1.56 μm dimensions. 

Fig. 6. SEM images ( × 400) of unwashed (left) and EtOH-washed (right) PE-770-1 films. 
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Fig. 7. FTIR transmission spectra of PE-770-1 before (black) and after various dura- 

tions of heating at 52 °C. The arrows indicate the evolution with increasing heating 

duration. 
.7. SEM imaging 

SEM images were recorded with a SEM-FEG Supra 55VP mi- 

roscope from Zeiss. Samples were metallized with Au prior to 

econdary electron imaging in a high vacuum (7 × 10 −7 Torr) at 

0 kV. 

.8. Thermal analysis 

Differential Scanning Calorimetry (DSC) was performed with an 

22e apparatus from Mettler Toledo. Samples (between 11 and 

8 mg) were introduced into an aluminium crucible and subjected 

o a heating-cooling-heating cycle from -20 to 160 °C at a rate of 

0 °C/min under a dry air atmosphere. The crystallinity rate was 

stimated from the ratio of the melting enthalpy of the sample to 

hat of a 100% crystalline PE sample (293 J g −1 [30] ). Data from

he first heating step were used to consider the thermal history of 

he sample. 

. Results and discussion 

.1. Characterization of Tinuvin® 770 in the PE films 

FTIR spectra of pure Tinuvin® 770 were recorded in transmis- 

ion (dispersed in a KBr tablet) and ATR modes (diamond and 

e, Fig. S1). Several absorption bands characteristic of the func- 

ional groups of Tinuvin® 770 can be identified at 3320 cm 

−1 (N- 

 symmetric stretching), 1720 cm 

−1 (C = O symmetric stretching), 

242 cm 

−1 and 1218 cm 

−1 (superposition of several vibrations, es- 

ecially N-H out-of-plane bending, C-N stretching and CH 2 defor- 

ation) and 1168 cm 

−1 (piperidyl ring asymmetric stretching and 

ebacate ester C-O asymmetric stretching) [ 12 , 31–33 ]. 
4 
FTIR transmission spectra of PE films stabilized with Tinuvin®

70 were recorded for the undrawn PE-770-1 ( Fig. 2 a) and MDO- 

rawn PE-770-3 films ( Fig. 2 b). For comparison, the spectra of 

he pristine PE films (PE-1 and PE-3) are superimposed. It can be 

bserved that additional bands corresponding to those reported 

bove for the stabilizer are present. 

Enlarging the spectra between 1900 and 1500 cm 

−1 ( Fig. 3 ) re- 

eals the presence of an extra signal located at 1738 cm 

−1 , either 

s a shoulder for PE-770-1 or a band for PE-770-3. This has been 

ttributed by Zehnacker et al. [12] to the C = O symmetric stretch- 

ng of Tinuvin® 770 dissolved in LDPE. According to the spectra 
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f pure Tinuvin® 770, the 1720 cm 

−1 band is associated with its 

ndissolved form ( vide infra ). The presence of two bands suggests 

hat there is an equilibrium between dissolved and undissolved 

inuvin® 770 in the PE samples. This is not surprising, as the 

mount of stabilizer initially introduced into the polymer formu- 

ation during film processing (0.3 wt%) is higher than its reported 

olubility in LDPE at ambient temperature (0.1 wt%) [ 9 , 12 ]. The in-

oluble part of Tinuvin® 770 would then progressively bloom at 

he surface of the films during cooling and storage. 

Although Tinuvin® 770 is not the best commercially available 

ALS for PE, it can be used as an efficient probe for studying 

looming and for highlighting solubility differences upon MDO 

rocessing. Indeed, it can be observed in Fig. 3 that the equilibrium 

etween soluble and nonsoluble HALS is affected by MDO process- 

ng, which will be discussed later. 

.2. Evidence of Tinuvin® 770 blooming at the PE surface 

An easy way to experimentally demonstrate blooming consists 

f washing the sample films with a solvent of the stabilizer that 

s not a solvent of the polymer. Ethanol was chosen, and PE-770- 

 and PE-770-3 films were briefly washed by spraying and then 

ried overnight. FTIR transmission spectra were recorded before 

nd after washing ( Fig. 4 for PE-770-1, Fig. S2 for PE-770-3). They 

how a general decrease in the absorbance of the Tinuvin® 770 

haracteristic bands. It is worthy to note a total disappearance of 

he 1720 cm 

−1 band, while the band at 1738 cm 

−1 remains unal- 

ered. The complete disappearance of the band at 1720 cm 

−1 in- 

icates that Tinuvin® 770 located at the surface of the films was 

emoved by washing. 

To further assess the presence of bloomed Tinuvin® 770 at the 

urface of the samples, FTIR ATR mapping was performed for a PE- 
ig. 8. FTIR transmission mapping image (350 × 350 μm) of PE-770-1 recorded at a. 172

fter (right) heating. Each pixel is of 6.25 × 6.25 μm dimensions. 

5 
70-1 film and plotted at 1720 cm 

−1 ( Fig. 5 , left). Particles of tens

f microns in size with a strong absorbance at this wavenumber 

re distributed at the film surface (according to Eq. 1, the pene- 

ration depth at 1720 cm 

−1 is less than 0.5 μm). Spectra recorded 

t the location of the absorbing particles ( Fig. 5 , right) show the 

resence of the other bands reported for Tinuvin® 770 ( vide supra ), 

nd these particles can then be confidently identified as bloomed 

inuvin® 770 heterogeneously distributed at the film surface. 

This observation was confirmed by comparing SEM images 

ecorded for unwashed and EtOH-washed PE-770-1 films ( Fig. 6 ). 

everal micrometre-sized particles are distributed at the surface of 

he unwashed sample but are totally absent from the washed sam- 

le. These experiments unambiguously confirm that a nonnegligi- 

le amount of Tinuvin® 770 blooms at the surface of the PE sam- 

les. 

PE-770-1 films were then submitted to thermal treatment at 

2 °C for 20 h, and transmission FTIR spectra were recorded 

t different time intervals ( Fig. 7 ). Such a temperature was se- 

ected because it enables smooth heating (below the Tinuvin® 770 

elting point) and corresponds to the actual temperature within 

he accelerated photoaging setup thereafter used ( vide infra ). The 

720 cm 

−1 band progressively decreases in intensity for the ben- 

fit of the 1738 cm 

−1 band, which is interpreted as a progressive 

olubilization of the bloomed HALS. This was confirmed by the dis- 

ppearance of the micron-sized bloomed Tinuvin® 770 particles 

pon the same thermal treatment, as shown in the SEM images 

Fig. S3). A similar experiment performed on pristine PE-1 showed 

hat no thermooxidation of PE was observed within this range of 

ime. From the variations in the absorbance at 1738 cm 

−1 , it is pos-

ible to estimate the amount of bloomed Tinuvin® 770, which is 

hermally re-solubilized (Fig. S4). More than 90% of bloomed Tin- 

vin® 770 can be re-solubilized within the first 4 hours. This con- 
0 cm 

−1 before (left) and after (right) heating and b. at 1738 cm 

−1 before (left) and 
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Fig. 9. a. FTIR transmission spectra in the 190 0-150 0 cm 

−1 region and b. UV–visible 

spectra of PE-770-1 after various photoaging durations. The arrows indicate the evo- 

lution with increasing UV exposure time. 

I

f

a

w

o

d

n

t

p

w

l

T

s

3

i

i

T

(  

S

s

t

r

a

rms former results reporting that the blooming of Tinuvin® 770 

s thermally reversible [12] . Experiments run at higher tempera- 

ures (namely, 60 and 100 °C) showed a similar but faster process. 

ote that similar observations were made for PE-770-3 films after 

tOH washing and thermal treatment. 

FTIR transmission mapping of PE-770-1 was performed at 1720 

nd 1738 cm 

−1 before and after thermal treatment to assess the 

istribution of bloomed and solubilized Tinuvin® 770 respectively 

 Fig. 8 ). The distribution of the stabilizer within the depth was not 

onsidered here. 

The mapping image at 1720 cm 

−1 shows that bloomed parti- 

les are heterogeneously distributed before heating and totally dis- 

ppear after it ( Fig. 8 a), in accordance with the previous reported 

bservations. In addition, a homogeneous distribution of HALS is 

bserved in the image at 1738 cm 

−1 after solubilization of the 

loomed particles ( Fig. 8 b). Solubilized Tinuvin® 770 is then ho- 

ogenously distributed within the polymer rather than preferen- 

ially located close to the original position of the bloomed parti- 

les, which indicates that it can diffuse into the polymer. 

Upon storage at ambient temperature, the opposite effect is ob- 

erved (Fig. S5), with a progressive blooming of the stabilizer at 

he film surface. However, note that the associated kinetics are 

ar slower. The reported results clearly show that the solubiliza- 

ion/blooming of Tinuvin® 770 is a thermally activated and re- 

ersible process. In addition, the easy experimental distinction be- 

ween its soluble and bloomed forms from the 1738/1720 cm 

−1 

ands observed by FTIR spectroscopy makes Tinuvin® 770 a good 

robe for the HALS blooming/re-solubilization phenomenon and its 

onsequences during accelerated photoaging. 

.3. Quantification of soluble Tinuvin® 770 in samples 

Quantification of soluble Tinuvin® 770 from FTIR spectra can be 

erformed using Eq. 2: 

t % sol ubl e = 

A 1738 M 770 

2 ε 1738 l ρPE 

× 100 (2) 

In this equation, A 1738 and ε1738 are the absorbance and the 

olar absorption coefficient of Tinuvin® 770 at 1738 cm 

−1 , re- 

pectively, M 770 is the molar mass of Tinuvin® 770 (expressed in 

g �mol −1 ), l is the thickness of the polymer film, and ρPE is the

ensity of the studied PE film (0.931 Kg L −1 [26] ). Factor 2 in the

quation considers the fact that there are 2 ester functional groups 

er molecule of Tinuvin® 770. 

The literature indicates a value of 580 L mol −1 cm 

−1 for the 

olar absorption coefficient at 1738 cm 

−1 of Tinuvin® 770 [9] . The 

mount of Tinuvin® 770 was calculated after complete thermal 

olubilization in PE-770-1 samples ( vide supra ). An average value 

f 0.28 ± 0.1 wt% was obtained from experiments performed for 

 samples. This value reflects the quantity initially introduced dur- 

ng the processing of the samples (0.3 wt%). Our results indicate 

hat no (or at least only a negligible part of) Tinuvin® 770 is lost 

hrough evaporation during re-solubilization, which seems reason- 

ble considering the low temperature used (52 °C) and short heat- 

ng time (20 h). 

The same calculation was made to obtain the amount of soluble 

inuvin® 770 at ambient temperature after EtOH washing. Values 

f 0.05 and 0.08 wt% were found for PE-770-1 (8 samples) and 

E-770-3 (10 samples), respectively. This suggests that the amount 

f soluble Tinuvin® 770 in both films is lower than the reported 

olubility (0.1 wt%) [ 9 , 12 ] and is also affected by MDO processing. 

.4. Impact of the MDO process on Tinuvin® 770 solubility in PE 

As seen in Fig. 3 , there are strong differences in the 

720/1738 cm 

−1 ratios of the undrawn and MDO-drawn samples. 
6 
ndeed, the ratio strongly favours the 1720 cm 

−1 band (bloomed 

orm) for PE-770-1, while it is more equilibrated for PE-770-3. In 

ddition, PE-770-1 appears to contain far more bloomed HALS, 

hile PE-770-3 contains more of the soluble form ( vide supra ). The 

verall content of Tinuvin® 770 is then finally higher for the un- 

rawn sample. 

DSC experiments reveal that the crystallinity rates of the origi- 

al and drawn samples are similar (approximately 47 % for both of 

hem). The increase in the soluble content observed for the MDO- 

rocessed samples is thus independent of the crystallinity rate. It 

ould rather originate from the MDO process itself, which also 

eads to a strong decrease in the bloomed amount at the surface. 

hese effects might then affect the photostability of the drawn 

amples. 

.5. Accelerated photoaging of stabilized samples 

To study the effect of the MDO process on the photostabil- 

ty of the PE-770-1 and PE-770-3 samples, accelerated photoag- 

ng experiments were performed in a SEPAP 12/24 device at 52 °C. 

he extent of photooxidation was assessed by FTIR transmission 

 Figs. 9 a and 10 a for the 190 0–150 0 cm 

−1 range; see also Figs.

6–9 for 380 0–310 0 and 110 0–90 0 cm 

−1 ) and UV–visible spectro- 

copies ( Figs. 9 b and 10 b). 

As seen from the FTIR results of both samples, the tempera- 

ure at which the experiments were carried out (52 °C) caused a 

e-solubilization of bloomed Tinuvin® 770 within the first hours of 

ging, as previously observed in Section 3.3 . On a longer timescale, 
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Fig. 10. a. FTIR transmission spectra in the 190 0–150 0 cm 

−1 region and b. UV–

visible spectra of PE-770-3 after various photoaging durations. The arrows indicate 

the evolution with increasing UV exposure time. 
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Fig. 11. Photoaging kinetics at 1713 cm 

−1 of PE-770-1 (blue circle), EtOH-washed 

PE-770-1 (green square) and PE-770-3 (red triangle). The dashed line indicates a 

value of �A = 0.25. (For interpretation of the references to color in this figure leg- 

end, the reader is referred to the web version of this article.) 
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he extent of polyethylene photooxidation can be followed through 

n increase in the intensity of absorption bands due to the appear- 

nce of oxidation products such as carboxylic acids (C = O stretch- 

ng at 1713 cm 

−1 ), hydrogen-bonded alcohols and hydroperoxides 

O-H stretching at 3430 cm 

−1 ) and vinyl groups (C-H bending at 

09 cm 

−1 ) [ 3 , 4 , 31 ]. The latter are due to the Norrish II reactions

ccurring for ketones upon UV irradiation. UV–visible spectra show 

he progressive disappearance of bands located at 230 and 275 nm, 

hich are characteristic of the phenolic antioxidant in the polymer 

sed for processing (also observed for pristine PE samples). No sig- 

al from Tinuvin® 770 was observed by UV–visible spectroscopy. 

ater, a growing absorption front in the UV region was observed, 

hich was associated with the formation of oxidation products [4] . 

Usually, photooxidation kinetics are drawn from the absorbance 

easured by subtracting the spectrum before irradiation from the 

pectra recorded after UV exposure. However, in the present case, 

he absorbance value at 1713 cm 

−1 before UV exposure contains 

 nonnegligible contribution of the 1720 cm 

−1 absorption band 

f bloomed Tinuvin® 770, which has been shown to disappear 

hrough re-solubilization in the photoaging unit ( vide supra ). This 

ill then distort the associated differential spectra. Therefore, �A 

alues at 1713 cm 

−1 were measured by subtracting the absorbance 

fter 100 h of UV exposure, when complete re-solubilization of the 

ALS stabilizer occurred (Figs. S10 and S11). Such an issue was not 

ncountered for the two other bands characteristic of the oxida- 

ion products at 3430 and 909 cm 

−1 (Figs S12–15). The evolution 

f �A at 1713 cm 

−1 is plotted for PE-770-1 and PE-770-3 in Fig. 11

see data for 3430 and 909 cm 

−1 in Figs. S16 and S17). Fig. 10 also
7 
hows the kinetic curve for a PE-770-1 sample washed with EtOH 

efore photooxidation ( vide infra ). 

Photodegradation is faster for the drawn sample than for the 

ndrawn sample. For instance, a �A value of 0.25 is reached in 

0 0 0 h for PE-770-3 vs. 2250 h for PE-770-1. A similar study was

erformed for undrawn (PE-1) and drawn (PE-3) pristine polyethy- 

ene (Fig. S18). This MDO process alone (with the morphological 

volution it induces at the macromolecular scale) does not have 

uch an effect on the photoaging kinetics of the unstabilized sam- 

les. As a consequence, the faster photodegradation observed for 

E-770-3 is due to the loss of a large part of the bloomed stabi- 

izer during MDO processing, which is not able to re-solubilize and 

revent photooxidation. Because of the fast re-solubilization in- 

uced by the conditions of the accelerated photoaging experiment, 

he sample that contains the higher total (soluble and bloomed) 

mount of HALS is consistently better protected against oxidation 

PE-770-1 in that case). 

To illustrate the effect of re-solubilization on the photooxidation 

inetics, a similar experiment was performed on a washed PE-770- 

 sample ( Fig. 11 ). The rate of formation of oxidation products is 

ctually higher than that for the unwashed sample ( �A = 0.25 af- 

er 1200 h). This can be explained by the absence of the bloomed 

art of Tinuvin® 770 after washing, which cannot re-solubilize 

uring the first hours of the photoaging experiment and prevent 

ulk oxidation of the polymer. This is an important result that un- 

mbiguously indicates that the re-solubilized form of Tinuvin® 770 

s actually active for photostabilization. 

. Conclusion 

Undrawn and MDO-drawn polyethylene samples stabilized by 

inuvin® 770 in conditions of supersaturation were studied. At 

oom temperature, the stabilizer is present either in a soluble form 

ithin the polymer or in a precipitated form at the film surface 

s bloomed particles. This was confirmed by washing and heat- 

ng experiments. For MDO-drawn samples with a draw ratio of 3, 

he total amount of Tinuvin® 770 was lower than that in the un- 

rawn samples, whereas the amount of Tinuvin® 770 dissolved in 

he polymer was slightly higher. This means that the MDO pro- 

ess leads to a loss of bloomed Tinuvin® 770. Undrawn samples 

egrade faster than MDO-drawn samples during accelerated pho- 

oaging experiments performed at 52 °C in a SEPAP 12/24 unit. The 

loomed stabilizer can be dissolved in the polymer by increasing 

he temperature, which can explain the larger total amount (solu- 
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le and bloomed) of Tinuvin® 770 in the undrawn samples. They 

re then better protected against oxidation during accelerated pho- 

oaging at higher temperatures. This was confirmed by the obser- 

ation of faster oxidation kinetics for a sample washed prior to 

hotooxidation to remove the bloomed HALS. 

The reported results indicate that the bloomed stabilizer can be 

fficient and play a role as a stabilizer in the case of aging tests 

erformed at temperatures higher than those encountered in nat- 

ral weathering. The complete re-solubilization of bloomed Tinu- 

in® 770 at the temperature used in accelerated photoaging con- 

itions (52 °C in the SEPAP unit) points out a possible bias brought 

y increasing temperature when testing polymers with bloom- 

ng stabilizers, in addition to the bias already reported (day and 

ight cycles, seasonal variations, atmospheric pollution, etc.) [3] . 

ndeed, re-solubilization due to increasing temperature enhances 

he concentration of stabilizer within the polymer compared to its 

ctual solubility at ambient temperature, which might affect the 

epresentativeness of accelerated photoaging compared to natural 

eathering. Moreover, the impact of rain during exposure to natu- 

al weathering could reduce the amount of bloomed stabilizer, as 

t can be progressively washed away from the surface. All these re- 

ults emphasize that great care must be taken when dealing with 

looming stabilizers in accelerated photoaging systems. As bloom- 

ng HALS are generally used in association with non-migrating ( i.e. 

olymeric) stabilizers, the effect of MDO processing on the solubil- 

ty of such high molecular weight compounds and mixture of both 

inds of additives would also be of great interest. 
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