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Film embrittlement criteria were determined for photo-oxidative degradation of linear low density
polyethylene (LLDPE) films by using a range of characterisation techniques: tensile, high-temperature
GPC, MAS-NMR, FTIR-ATR, WAXS and SAXS. The key embrittlement criteria was the loss of 95% elon-
gation at break and the reduction in interlamellar distance, reduced down to approximately 30e50 �A, as
a result of recrystallisation of mobile short chain fragments produced from chain scission reaction.
Interlamellar thinning correlated well with the changes in double yield points seen in the tensile data,
where the absence of the second yield point signified that the tie molecules at the lamellar interface
underwent chain scission and could no longer transfer the tensile stress to reach c-axis slip of the
lamellar crystals. This was also supported by a reduction in amorphouselamellar interfacial width with
ageing time, extracted from SAXS data using the linear correlation function.

Crown Copyright � 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The main reactions occurring during photo-oxo-degradation of
polyethylene (PE) are well understood by previous studies [1e5].
These are chain scission reactions, crosslinking, oxidation and
recrystallisation. The main degradation mechanism is chain scis-
sion reaction in the amorphous phase and at the
amorphouselamellar interface [6,7], where oxygen can easily
diffuse into these areas [8]. In contrast, the crystalline phase
remains mostly inert [9]. Chain scission reaction is initiated by the
free radicals generated from the decomposition of hydroperoxide
in the presence of UV and oxygen. In particular, tertiary carbon
groups (branch points) aremore susceptible to chain scission due to
the lower dissociation energy of its CeH bond compared to
unbranched PE chains [10]. Taut tie molecules at the
amorphouselamellar interface are also believed to undergo chain
scission during the early stage of UV exposure as they are under
stress [11]. However little evidence is shown to prove this theory,
ineering, The University of
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due to the difficulties in measuring tie molecule concentration.
Alternate methods to characterise the existence of tie molecules
have been considered in this study, that is determining the inter-
facial width by SAXS data, by using a linear correlation function
calculation [12]. In addition, a study of double yield points found in
tensile tests should also give information on the tie molecules and
the amorphouselamellar interface. The first yield point has been
assigned to the onset of deformation in the amorphous inter-
lamellar phase and the second yield point to the onset of defor-
mation in the lamellar crystals through c-axis slip [13]. Therefore,
the absence of a second yield point would demonstrate the lack of
tie-chain molecules that would normally transfer the stress in the
interlamellar phase on to the lamellar crystals inducing c-axis slip.

Crosslinking also occurs with chain scission reaction, where it is
favoured in low oxygen environments [14,15]. Oxidation and
recrystallisation are other common reactions seen in UV degraded
PE that occur simultaneously with chain scission and crosslinking.
These four reactions are considered to contribute over time to the
change in overall film properties until eventually the degraded film
reaches a point where the film transitions from ductile to brittle.

Film embrittlement is poorly defined in the literature. Scott and
Gilead [16] defined the embrittlement point as the exposure time
for the PE to lose 95% of its original elongation to break while in
other studies [11,17], an arbitrary loss of 50% of the original
rights reserved.
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elongation to break has been used. Fayolle et al. [11] recognised that
the embrittlement point was when the polymer property transi-
tioned from ductile to brittle. Fayolle et al. [1] suggested that
embrittlement occurs when the interlamellar thickness was
60e70 �A. They argued that at this point, the lamellar crystals are
unable to deform either because of physical constraint or because of
scission of tie molecule between the lamellae. Other criteria, like
lamellar thickness or long period, were not used because they were
dependent on thermal history. However, Fayolle et al.’s [1]
embrittlement criteria were based on thermally degraded HDPE.
Other studies have tried to link film embrittlement with oxidation,
where one study [17] claimed the carbonyl index (CI) at embrit-
tlement is 0.3, but others [18,19] found no relationship. The
CIeembrittlement relationship is clarified in this study.

Nowork has previously examined the photo-oxo-degradation of
commercial LLDPE. This study aimed at defining a film embrittle-
ment criteria for photo-oxidative degradation of LLDPE by corre-
lating the mechanical, molecular chain, crystal morphology and
chemical properties at the point when PE transitions from being
ductile to brittle. A double yield points study and SAXS/WAXS
interfacial width was also used to understand the changes in tie
molecule at the interlamellarelamellar interface.

2. Experimental

2.1. Materials

The base LLDPE studied was Dowlex 2045; manufactured by The
Dow Chemical Company and synthesised by a ZielgereNatta cata-
lyst with octene-1 co-monomer [20]. Two sets of cast Dowlex 2045
LLDPE films were studied, where one set was aged in a QUV (an
accelerated UV ageing device) immediately after processing (ZN-
LLDPE), but the other was stored in an ambient and dark environ-
ment for a six month period, then aged in a QUV (stored ZN-LLDPE).

2.2. Film processing

Films were cast extruded at Queen’s University Belfast (QUB,
Belfast, United Kingdom) to 50 � 3 mm thickness, using a Dr Collin
cast film/sheet extrusion line Ex-25-M, with a 25 mm screw
diameter, through a coat hanger die at 30 rpm screw speed, 205 �C
melt temperature and 88 bar melt pressure.

2.3. UV ageing

ZN-LLDPE cast films were aged in a QUV, following a standard
ageing method [21]. The QUV used was a Q-Panel first generation
model (1992) that did not have irradiance control and was installed
with Q-Lab UVA-340 lamps. The film samples were 55 mm in
distance from the UV lamps, and the humidity cycle was not uti-
lised. The QUV irradiance was measured using a CR-10 radiometer
and found to have an average irradiance of 0.77 � 0.01 W/m2nm
340 nm. Samples were aged in the QUV for various time intervals,
up to 92 days.

2.4. Mechanical properties by tensile testing

Tensile testswere carried out on an Instron 5584, operating with
Blue-Hill 2000 software. Samples were prepared into
22 mm � 200 mm rectangular strips by following ASTM D6287
[22], and tensile tests were carried out at 250 mm/min between
two rubber faced grips with 25 mm gauge length, at 23 �C and 50%
humidity (ASTM D288 [23]). Eight to ten samples were performed
for each sample type in both the extrusion or machine direction
(MD) and in the transverse (to the extrusion) direction (TD).
2.5. Molecular weight distribution by high-temperature gel
permeation chromatography

Samples were dissolved in 1, 2, 4 tri-chlorobenzene (stabilised
with 200 ppm butylated hydroxytoluene/ionol) for approximately
2 h at 165 �C under gentle stirring, then filtered over a 0.5 mm filter.
The solid content trapped in the mesh was dried under vacuum at
150 �C, cooled thenweighed. This solid mass was an estimate of gel
content. The standard method to determine gel content, ASTM
D2765, uses boiling decahydronaphthalene or xylene to dissolve
ethylene plastics for 6 and 12 h, respectively [24]. Although the
solvent used in this gel-content experiment was not recommended
by the standard procedure, and the extraction time was much
shorter, the gel content values provided a higher estimation of
crosslinking PE molecules. The variation in experimental method
was taken into account in the result analysis.

A Waters GPCV2000 GPC system was used. It was set-up with
three mixed B Polymer Laboratories PL-Gel (10 mm particles)
columns and an IR4 concentration detector (PolymerChar, Valencia,
Spain) to measure molecular weight. The injection volume was
218 mL and the GPC injector, columns and detector were operating
at 145 �C.

2.6. Oxidised species characterised by solid-state nuclear magnetic
resonance e cross-polarisation magic-angle spinning (MAS-NMR)

Solid-state NMR was conducted on a Bruker Avance III spec-
trometer with a 300 MHz magnet, 4 mm zirconia rotor, operated at
20 �C at a 5 kHz spinning rate. A cross-polarisation with magic-
angle spinning and high-power decoupling method was used, with
a contact time of 1 ms, decoupling methode tppm 15, of relaxation
delay 3 s and 20,000 scans were collected.

2.7. Oxidised species characterised by Fourier transform infrared-
attenuated total reflectance spectrometry (FTIR-ATR)

A Thermo Nicolet 5700 Diamond ATR was used to obtain FTIR
spectra in the range 500e4000 cm�1 at room temperature. It was
set at 4 cm�1 of resolution and each spectrumwas averaged over 64
scans. Five to six FTIR-ATR spectra were taken for each sample. The
carbonyl index (CI) was calculated by the integral of the carbonyl
peak (1650e1800 cm�1) and the CeH peak (1420e1480 cm�1),
measured above a common baseline (Equation (1)) [4,17,25,26].

CI ¼ Absorption of carbonyl species1650�1800 cm�1

Absorption of CeH peak1420�1480 cm�1
(1)

2.8. Degree of crystallinity and crystal morphology by SAXS and
WAXS

X-ray scattering experiments were carried out at the Australian
Synchrotron small- and wide-angle scattering (SAXS/WAXS)
beamline (Australian Synchrotron, Clayton, Victoria, Australia).
Film samples were mounted on a 2-dimensional translation stage
on a plate with a regular grid of holes, stuck down at the edges
using tape such that the films were perpendicular to the beam but
not under strain. SAXS and WAXS images were collected using
a MAR CCD detector, and the scattering intensity was normalised
for exposure time, transmission and sample thickness. The sample
to detector distance for each configuration was calibrated using
a silver behenate standard sample.

The WAXS configuration used a beam energy of 20 keV and
a sample-detector distance of 318 mm giving a Q range of
0.1e3.8�A�1 (where Q ¼ (4p/l) sinq, 2q is the scattering angle, and l



Fig. 1. Average elongation at break for stored ZN-LLDPE cast films with UV ageing time,
in machine (MD) and transverse direction (TD), n ¼ 8e10, error bars ¼ standard
deviation.
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is the wavelength of the X-ray radiation). The samples were
exposed for 10 s per image.

The SAXS configuration used a beam energy of 10 keV and
a sample-detector distance of 1540 mm giving a Q range of
0.09e0.135 �A�1. The samples were exposed for 2 s per image.

WAXS imageswere processed using Fit2D analysis software. The
background scatter due to the air taken through an empty position
on the sample grid was subtracted and an appropriate mask was
used to exclude scattering from around the beamstop. Radial
integration was performed to give one-dimensional data in the
form of intensity (I) vs. Q. The 1-D data were processed using Igor
Pro’s Multi-peak Fit function to extract the degree of crystallinity
using Equation (2).

%C;W ¼ AC

AA þ AC
¼ Að110Þ þ Að200Þ

AA þ Að110Þ þ Að200Þ
(2)

where AC and AA are the total area of crystalline and amorphous
peaks respectively, and A(hkl) is the area of the peak (hkl). The
crystallite sizes L(hkl) for the (110) and (200) peaks were estimated
using the Scherrer’s equation (Equation (3)).

Lhkl ¼
k0l

b0 cos q
(3)

where k0 is the shape factor (assumed equal to 1), l is the X-ray
wavelength, b0 is the angular broadening in radians and q is the
scattering angle (half of the 2q value). No correction in b0 was made
for the instrumental broadening which was assumed to be negli-
gible in comparison to the size broadening.

SAXS images were processed using the SAXS15ID software by
subtracting for air scatter andmasking around the beamstop. Radial
integrals of the scattering patterns were calculated. The 1-D scat-
tering profiles were processed using the software CORFUNC [27] to
calculate and analyse the Linear Correlation Function (LCF, g1(x))
[12] to extract a number of key structural parameters such as
lamellar long period (LP), lamellar thickness (L), and the interfacial
width (E) between the crystalline and amorphous phases.
Fig. 2. Average Young’s modulus for stored ZN-LLDPE cast films with ageing time, in
machine (MD) and transverse direction (TD), n ¼ 8e10, error bars ¼ standard
deviation.
3. Results and discussion

3.1. Mechanical properties

The mechanical properties of ZN-LLDPE films are key criteria to
determine film embrittlement. Figs. 1 and 2 show the average
elongation at break and average Young’s modulus, respectively, for
stored ZN-LLDPE film in both MD and TD. Only one aged (unstored)
ZN-LLDPE film (UV 19 days) was tensile tested due to insufficient
amount of samples (Fig. 3). However, when comparing the
stressestrain curves of stored and unstored ZN-LLDPE films, the
yielding behaviour of ZN-LLDPE films showed similar trends with
ageing time.

Stored ZN-LLDPE films showed significant decrease in ductility
after 7 days of UV exposure and after 21 days, it had lost over 95% of
its original elongation at break. The elongation at break decreased
and the modulus gradually increased with UV ageing. The high
Young’s moduli values of highly UV aged films were characteristic
of brittle materials.

The embrittlement point has traditionally been defined in terms
of a specific loss of elongation to break. The data in Fig. 1 shows that
the elongation to break follows an approximately S-shaped curve
with exposure time. The inflection point of the S-shaped curve is at
approximately 50% loss of the initially elongation to break although
at this point, the films still have significant ductility. A better
indication of embrittlement is given by the lower shelf of the S-
shape curve. This region is reached after approximately 95% loss of
the initial elongation to break. Film embrittlement can be very
pragmatically simulated by handling the film and finding the point
when the film breaks with a gentle tug of the film. Although arbi-
trary, the ‘finger poke’ test suggested brittleness occurs some 7e10
days longer than the point where the material had lost 95% of its
initial elongation to break in the tensile test. Consequently, Scott
and Gilead’s [16] definition using the 95% loss of initial elongation
to break will be used in this paper. The relationship of this point to
structural parameters in the polymer and deformationmechanisms
will be explored in subsequent sections.

ZN-LLDPE films reached embrittlement after 56e70 days. Stored
ZN-LLDPE embrittled after 21 days, which was approximately three
times faster than unstored films. This suggested that a six month
storage period had a significant effect on the degradability perfor-
mance of ZN-LLDPE. Prior to storage, ZN-LLDPE films were exposed
to UV, heat and oxygen for a short period of time (during poly-
merisation and/or processing) that could have led to the formation
of hydroperoxides and free radicals. While the films were stored,
these hydroperoxides could decompose and the free radicals



Fig. 3. Typical stressestrain curves for stored and unstored ZN-LLDPE in machine direction. Left graph displays tensile stress between 0 and 250% strain. Y1 is the first yield point,
Y2 is the second yield point and arrows depict the yield point trend.
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initiated chain scission reaction. Later, when exposed to UV in the
QUV, this accelerated the photo-oxo-degradation of PE.

3.2. Molecular weight distribution

The weight-average molecular weight (Mw) and number-
average molecular weight (Mn) of ZN-LLDPE films decreased
dramatically with UV ageing time, and the polydispersity (PDI) and
gel content gradually increased with ageing time (Table 1).

The averageMwof unaged ZN-LLDPEwas 108,700� 5440 g/mol
and it decreased to approximately 20,000 g/mol at film embrittle-
ment (between 56 and 70 days). The decrease in average Mw was
due to chain scission reaction. Although there were some cross-
linking reactions, as shown by the gel content increase with ageing,
the dominant photo-degradation reaction was chain scission
reaction, in the presence of oxygen and UV [14,28].

Fayolle et al. [11] defined one of the criteria for embrittlement as
a critical molecular weight range, 40,000e100,000 g/mol, calcu-
lated by viscosityeshear rate curves of thermo-degraded PE.
Fayolle’s values were much higher than those found for photo-oxo-
degraded ZN-LLDPE, which could be due to discrepancy in the
definition of embrittlement at 50% elongation at break, differences
between thermo- and photo-degradation (additional crosslinking)
and the characterisation method.

The increase in PDI suggested that chain scission reaction
increased the number of lower molecular weight species as well as
the heterogeneity in the PE system, due to crosslinking and
oxidation (shown by MAS-NMR and FTIR-ATR).

3.3. Oxidative products

Solid-state magic-angle spinning nuclear magnetic resonance
(MAS-NMR) spectra for UV aged and unaged ZN-LLDPE are shown
in Fig. 4. The main oxidative products formed were secondary
Table 1
Number-average and weight-average molecular weight, polydispersity and gel
content of ZN-LLDPE films with increase UV ageing time.

UV ageing
time (days)

Mn (e) Mw (g/mol) PDI (e) Gel content (%)

0 29,700 108,700 3.66 n/a
56 6890 26,800 3.90 13.30
70 4320 17,900 4.15 12.90
90 2240 9100 4.08 22.00
alcohols (72 ppm), alkenes (vinyl groups) (114 and 138 ppm), and
esters and acids (172e184 ppm), and the hydroperoxides (85 ppm)
were believed to decompose to form these oxidative product, based
on a gamma-radiated PE study by Assink et al. [29]. However, the
signal to noise in MAS-NMR spectra was too low to clearly deter-
mine this. The low signal to noise ratio in MAS-NMR spectra also
made it difficult to make a quantitative study. Alternatively this was
done using FTIR-ATR by calculating the carbonyl index.

FTIR-ATR was used in conjunction with MAS-NMR to quantify
the degree of oxidation in ZN-LLDPE films over the ageing period.
Similar oxidative products were observed in FTIR-ATR as to MAS-
NMR; these were carbonyl, vinyl and ester groups.

The carbonyl index (CI) values for stored and unstored ZN-LLDPE
are shown in Fig. 5. The CI for stored and unstored ZN-LLDPE
increased at a similar rate, which shows that the photo-oxidative
degradation of ZN-LLDPE was determined by its UV exposure
time and the additional storage period did not affect its photo-oxo-
degradability. This result did not match with the tensile results (i.e.
the number of days until embrittlement), which suggest that the
mechanical and oxidation properties do not correlate. The average
CI at embrittlement point was approximately 0.5 (56 days) for
unstored and 0.1 (21 days) for stored ZN-LLDPE, which was
significantly different to the value determined in Naddeo et al. [17]
of 0.3. This further shows that there was a weak correlation
between the degree of oxidation and embrittlement. Similar results
were found by Geetha et al. [18] and Liu et al. [19].

The carbonyl index was not a reliable indication of degradation
for a few reasons. CI indeedmeasures oxidised species but the chain
scission process does not solely terminate with oxygen groups but
with crosslinking. Secondly, the oxidation process begins on the
surface and free radicals propagate towards the centre of the
sample leading to further degradation. The ATR technique can only
analyse 1e2 mm deep from the sample surface, which limits the
total oxidative products measured and consequently may not
represent the bulk sample that was 50 � 3 mm thick. This would
become less significant for thinner film samples. Alternatively,
transmission mode was used, but very thin films were required to
achieve a substantial signal.

3.4. Degree of crystallinity and crystal morphology

The degree of crystallinity for ZN-LLDPE film measured via
WAXS is listed in Table 2. The degree of crystallinity increased
gradually with ageing time, starting from 34.7% (unaged) and
increased to 51.8% at film embrittlement (56 days).



Fig. 4. MAS-NMR spectra for ZN-LLDPE from unaged to 90 days exposed in the QUV
(bottom to top); SSB, spinning sidebands; secondary alcohol ¼ 72 ppm,
hydroperoxides ¼ 85 ppm, alkenes ¼ 114, 138 ppm, esters, acids ¼ 173e184 ppm [29].

Table 2
Degree of crystallinity as extracted fromWAXS data for ZN-LLDPE films, as a function
of UV age.

UV ageing time
(days)

WAXS degree of
crystallinity (%)

0 34.7
14 46.1
21 47.2
42 48.9
56 51.8
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Fig. 6 shows crystallite size calculated using the Scherrer’s
equation for the (110) and (200) WAXS peaks as a function of UV
age. This shows that the size of the crystallites in these directions
increased significantly from unaged to 14 days in UV, but showed
no significant difference thereafter. The crystallite size was
a measure of the length scales over which the crystals scatter
coherently. This implies that the average length scales over which
the samples are perfectly crystalline increases with age. It also
implies that the existing crystallites do not break apart with
increasing age.

The increase in crystallinity and crystal size was the result of
recrystallisation. Over time, the mobile small chain fragments
formed from chain scission reaction, underwent reorganisation and
re-crystallised. Recrystallisation is a common outcome of chain
scission and has been observed in previous studies of photo-
degraded PE [30e32]. It was interesting to see that in a degraded
PE system, PE chain lengths are becoming more heterogeneous
Fig. 5. Carbonyl index (CI) as a function of ageing time for stored and unstored ZN-
LLDPE.
(increasing in PDI, forming oxidative products and crosslinked
species) but the molecular chains were finding a balance of order
through recrystallisation. The crystallinity increase correlated well
with the increase in Young’s modulus observed in the tensile data
(Fig. 2).

The SAXS spectra for ZN-LLDPE are shown in Fig. 7, where the
asterisk marks the position of a peak present in unaged films of
unknown origin. It is believed that this peak is attributed to
a surfactant or oil contaminant from the cast extrusion process, as
other Dowlex 2045 LLDPE films made using a film blowing tower
did not show the same peak. This contaminant is considered
a volatile compound, and hence is not present once exposed to UV.
Fig. 8 shows the LCF g1(x) as a function of UV ageing time for the
data shown in Fig. 7. SAXS data is presented as I*Q2 which includes
the Lorentz correction to take into account the random orientation
of the lamellae. The clearest direct observation from g1(x) is that
the second maximum, indicating the long period of the periodic
semi-crystalline structure gets shorter with increasing UV age.
Further parameters are extracted mathematically within the COR-
FUNC software and this process is described in detail elsewhere
[27].

The lamellar long period (LP) and lamellar thickness (L) as
extracted from SAXS data analysed using LCF are shown in Fig. 9
and the interfacial width between the lamellar crystals and the
interlamellar phase as a function of UV age is shown in Fig. 10.

Lamellar thickness for ZN-LLDPE showed no significant change
with UV ageing, but the long period decreased gradually from
137 � 10 �A (unaged) and reached 98 � 10 �A at film embrittlement
(56 days) (Fig. 9). This in turnmeans the interlamellar spacing (long
period subtract lamellar thickness and two interfacial widths) has
Fig. 6. Crystallite size calculated using the Scherrer’s equation for the (110) and (220)
WAXS peaks as a function of UV age for ZN-LLDPE films.



Fig. 7. SAXS data from ZN-LLDPE film with a range of UV ageing times from unaged to
56 days, presented as I*Q2 vs. Q. The asterisk marks the position of a peak present in
unaged films of unknown origin. Inset: a typical SAXS image from the MAR detector.

Fig. 9. Lamellar long period (LP) and lamellar thickness (L) as extracted from
SAXS data for ZN-LLDPE film. The interlamellar spacing or amorphous thickness
S ¼ LP � (L þ 2E); (a) unaged, (b) undergoing chain scission and recrystallisation, (c)
significant reduction in interlamellar thickness due to recrystallisation; error
bars ¼ standard error.
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decreased from 81 � 7 �A (unaged) to 42 � 9 �A (56 days). The
interlamellar thickness at film embrittlement was at a similar scale
to Fayolle et al.’s [11] embrittlement criterion of 60e70 �A
interlamellar thickness. The interlamellar thinning occurred as
a result of chain scission reaction and recrystallisation in the
amorphous phase (Fig. 9). The decrease in molecular chain
lengths, due to chain scission reaction, increased chainmobility and
the chains recrystallised. The PE films shrank with UV ageing,
indicating an increase in density. Control PE films thermally aged at
the same temperature as that experienced during UV ageing did not
show any increase in the degree of crystallinity indicating that the
densification was a result of exposure to UV. Moreover, SAXS data
showed a densification of the amorphous phase (signified by the
decrease in scattering intensity with age in Fig. 7 and the increase in
the first minimum of the LCF with age in Fig. 8) and such densifi-
cation would be expected to result in a decrease in the long period.

The interlamellar amorphous phase is the phase that contrib-
utes to the film’s ductile property [13]. However, with interlamellar
phase recrystallising with ageing time, this results in the ZN-LLDPE
film becoming more crystalline and is one of the attributes to film
embrittlement. Fig. 10 shows there is a gradual decrease in inter-
facial widthwith ageing time, where it is estimated to be 4.4� 0.3�A
(unaged) and decrease to 1.2 � 0.1 �A after 42 days in the QUV and
increase back to 2.8 � 0.3�A after 56 days (film embrittlement). The
interfacial width (E) represents the length scale over which the
electron density varies between the crystalline and amorphous
regions of the films. This corresponds to an area occupied by
partially confined molecules (i.e. loop and tie molecules) that are
neither fully crystalline nor fully amorphous. A net decrease in E
Fig. 8. For ZN-LLDPE films: Linear correlation function as a function of UV ageing time.
may be interpreted as evidence for chain scission within (but not
confined to) this interfacial region, and that in turn suggests that
loop or tie molecules could be cut and their fragments incorporated
either into the crystalline or amorphous phases, creating a sharper
interface. However, E could be broadened by crystal imperfections
in the re-crystallised amorphous phase (caused by bulky oxygen
groups and crosslinked species), which may explain the increase in
E between 42 and 56 UV ageing days.
3.5. Double yield points

The typical tensile stressestrain curves for stored ZN-LLDPE are
plotted in Fig. 11. These show the two yield points characteristic of
polyethylene, labelled Y1 for the first yield point and Y2 for the
second yield point. The tensile stress and tensile strain of these two
yield points changed with ageing time, and these values are plotted
in Fig. 12.
Fig. 10. Interfacial width (E) between crystalline and amorphous regions as a function
of UV age for ZN-LLDPE film, as extracted from SAXS data using the LCF; error
bars ¼ standard error.



Fig. 11. Typical stressestrain curves for stored ZN-LLDPE with ageing time, in machine direction (left) and transverse direction (right). Bottom graphs display tensile stress between
0 and 250% strain for the respective graphs in both testing direction. Y1 is the first yield point, Y2 is the second yield point, and the arrows indicate the yield point trends.
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These stressestrain curves suggest that the embrittlement point
was reached when the material did not pass Y2 and the ZN-LLDPE
film could not sustain a stable neck. It also corresponded to when
the tensile stress of Y1 was higher than Y2’s.

The tensile stress of Y1 for ZN-LLDPE increased with ageing
time, while the tensile strain of Y1 showed no significant change.
The tensile stress of Y2 also increased but Y2’s tensile strain
decreased with ageing.

The first yield point in semi-crystalline polymers has been
associated with the deformation of interlamellar chains, where the
tensile stress acts on the tie-chain molecules and the amorphous
chains surrounding lamellar crystals (Fig. 13). This effectively
rotates the crystal blocks so that the chain direction is parallel to
the drawing direction. When further strain was applied past Y1,
plastic deformation and necking begins at Y2 where the lamellar
crystals start c-axis slip [13]. The stress and strain profiles for Y1
and Y2 were used as a characterisation tool to understand the
changes in interlamellar and lamellar properties of photo-oxo-
degraded PE.

The Y1 tensile stress showed a significant increase with ageing
and this increase was associated with the increase in WAXS degree
of crystallinity due to recrystallisation and to a decrease in the
interlamellar thickness. Both the increased crystallinity and the
hindrance of more closely spaced lamellae increase the force
required to rotate the lamellar crystal blocks. The tensile strain of
Y1 showed no significant change, suggesting that the strain
required to onset the deformation of the interlamellar phase
remained the same.

The slight increase in tensile stress of Y2 with ageing was
associated with an increase in crystal size (Fig. 6) (and not lamellar
thickness (Fig. 9) [33]). The decrease in Y2 tensile strainwith ageing
suggests that the strain allowed in the interlamellar phase was
restricted by the new crystals formed due to recrystallisation.

The elongation of tie molecules and deformation of the amor-
phous phase would occur between Y1 and Y2. The results showed
that once the film had reached embrittlement, the material did not
reach Y2. This suggests that taut tie molecules at the
amorphouselamellar interface were broken due to chain scission,
which corresponds to the decrease in interfacial width (Fig. 10). So
when these films were further drawn past Y1, c-axis slip of the
lamellar crystals (associated with Y2) could not begin without the
tie molecules linking the amorphous phase to the lamellar crystal
(Fig. 13).

Interlamellar thinning and decrease interfacial width as a func-
tion of ageing time correlated well with the double yield behaviour
and film embrittlement. It was understood that a combination of
the interlamellar thickness decrease due to recrystallisation and
chain scission of tie-chain molecules that eventually led to ZN-
LLDPE film transitioning from being ductile to brittle and reach-
ing film embrittlement. Tie molecule concentration was difficult to
monitor but these results demonstrated how a combination of
SAXS andWAXS, and double yield point properties from the tensile
stressestrain curves could give some understanding to how the
interlamellar, lamellar and tie-chain molecules changed during
photo-oxidative degradation.

Double yield points have been studied extensively by Brooks
et al. [13], and Seguela and Rietsch [34] for (unaged) PE but they
have not been studied for UV aged PE. Double yield points have
shown to be a useful tool to understand the intricate crystal
properties of semi-crystalline polymers.



Fig. 12. Tensile stress (left) and tensile strain (right) at first (Y1) and second yield point (Y2) for stored ZN-LLDPE, in machine direction (top) and transverse direction (bottom),
n ¼ 8e10, error bars ¼ standard deviation.

UV agedUnaged

Y2 
c-axis slip

Y1

embrittlement

Fig. 13. Diagrams of unaged and UV aged ZN-LLDPE samples during tensile defor-
mation up to 250% elongation e the first tensile stage depict the deformation of the
interlamellar phase (onset at the first yield point (Y1)) and the c-axis slip of the
lamellar crystals (onset at the second yield point (Y2)), arrows indicate the draw
direction.
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4. Conclusions

The definition of film embrittlement was not well defined in the
literature. Embrittlement point was defined as the point where the
elongation at break is when the film loss 95% of its initial elongation
at break. This corresponded to the point where films fragmented
when a small amount of force was applied. Other embrittlement
criteria observed were the interlamellar thickness decreased to
approximately 30e50 �A and the critical weight-average Mw at
embrittlement was approximately 20,000 g/mol. These critical
values were lower than Fayolle et al.’s [11] criteria (60e70 �A and
40,000e10,0000 g/mol, respectively), due to differences in
embrittlement definition (50% loss of initial elongation at break)
and characterisation technique. Little correlationwas seen between
film embrittlement and carbonyl index, which was a result of
limitations in the FTIR-ATR technique.

The mechanism in reaching film embrittlement correlated well
with the mechanism proposed by Fayolle et al. [1], where chain
scission reaction was the main photo-oxo-degradation mechanism
observed in ZN-LLDPE films. The average molecular weight and
mechanical properties decreased with UV ageing. Simultaneously,
the film underwent crosslinking (shown by increased gel content),
oxidation (FTIR-ATR and MAS-NMR) and recrystallisation
(increased in WAXS degree of crystallinity and crystal size).

The PE chains and crystal morphology increased in heteroge-
neity (increased in polydispersity) with ageing time, as a result of
molecular defects formed during crosslinking and the addition of
bulky oxygen groups formed during oxidation.

The role of the tie molecule chains is important for the forma-
tion of a stable neck when polymer films are under tensile
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deformation. Tie-chain molecule concentration was difficult to
measure directly, but the tensile results showed that as ZN-LLDPE
films were exposed to UV, the film began to lose its ductile prop-
erties and it reached a point where the film could no longer strain
to reach a second yield point. This signifies that the tie-chain
molecules linking the lamellar crystals were scissioned and could
not transmit the stress to cause c-axis slip of the lamellar crystal.
This result correlated well with the decrease in interfacial width
determined by SAXS data using LCF. Double yield point studies and
interfacial width extracted from SAXS data, have proven to be
useful methods to understand the change in tie molecule concen-
tration and changes at the amorphouselamellar interface as
a function of UV age.
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