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Abstract—Natural weathering was performed in a Saharan region to characterize its effect on low-density
polyethylene (LDPE) films used for greenhouse coverings. The morphological changes, followed by differ-
ential scanning calorimetry (DSC), showed that the damages caused by the oxidation of tie molecules
increased the lamellae thickness, its distribution and the crystallinity. Wide-angles X-ray diffraction (WAXD)
was used to follow both the structural and morphological changes of the film. The WAXD crystallinity
increase had the same trend as that determined by DSC. Field emission scanning electron microscopy
(FESEM) of the films surfaces and cross-sections showed that the degradability increased with exposure
time. Atomic force microscopy (AFM) analysis was used to evaluate changes in the surface morphology and
roughness. Ageing caused a change of the surface topography of the LDPE films as observed by the increase
of surface roughness which is indicated by the increase of the roughness parameters. Simultaneously the
peaks-spacing  decreased.
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INTRODUCTION
Polyolefins have been widely used owing to their

high performance such as high modulus, high tensile
stiffness, high chemical resistance and low cost for
processing. These materials have numerous applica-
tions, such as cable and wire insulation, food packag-
ing, medical components and many more [1]. One of
the most weight consumption of this type of material
is their use for greenhouses coverings. In such an
application, the polyethylene film is subjected to
weathering agents such as sunlight, thermal cycles,
temperature, humidity, rain, atmospheric oxygen,
windblown sand and pollutants [2, 3]. These environ-
mental parameters can affect adversely the polymer’s
thermal and structural properties. These are due to the
microstructural changes undergone by the macromo-
lecular structure, mainly governed by chain scission
and cross-linking [4–6].

Knowing that LDPE is a semicrystalline polymer
having a glass transition temperature far below ambi-
ent temperature, the toughness of the material is con-
trolled by the efficiency of the tie molecules that link
neighboring crystallites across the amorphous phase.

The rapid diffusion of oxygen within the disordered
amorphous interstices leads to chain scission in the
macromolecules activated by consequence of the pro-
gressive exhaustion of vinylidenes (CH2=C<), (char-
acterizable at 888 cm–1 in IR spectra) by reaction with
alkyl radicals and provoking the crosslinking of the
macromolecules. In parallel, natural weathering
causes the continuous production of vinyl groups
(CH2=CH–), (910 cm–1 in IR spectra). They result
from chain scission reactions occurring in the proxim-
ity of carbonyl groups via the well-known Norrish type
II reaction process [2, 4, 7–10]. The consequence of
these chemical changes on the material’s morphology
is an increase of the crystallinity which adversely
affects the mechanical properties by making it much
more brittle. The structural morphology of polyeth-
ylene is an alternation of crystalline and amorphous
layers (two-phases system). The oxidation damages
are mainly confined in the amorphous phase which is
responsible for the cohesiveness of the whole. Also,
the damages (chain scissions) caused to the amor-
phous tie molecules contribute to increasing the crys-
talline concentration. In a previous study, some of us
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and others analyzed the morphological changes
undergone by LDPE films exposed outdoors in a Sub-
Saharan region (Laghouat, Algeria) [7, 11]. They
showed that the short chain segments coming from
chain scissions can either contribute in the thickening
of the existing crystalline lamellae or in the nucleation
of new crystallites in the films. In addition to the mor-
phological alteration, the material underwent surface
changes which were symptoms of the photo-oxidation
mechanisms responsible for the degradation of
the polymer structure. ATR-FTIR, microhardness
techniques contributed in the revelation of the hetero-
geneous alteration of the LDPE films [12]. However,
the question arises; in addition to the numerous
microstructural, morphological, and mechanical
characterizations investigated to understand the age-
ing effect on the polyethylene films, could the micro-
scopic techniques (atomic force microscopy (AFM)
and/or field emission scanning microscopy
(FESEM)) visualize the surface alteration undergone
by the material?

The aim of this work was to highlight the effect of
weathering on the surface topography of the LDPE
films weathered in Algerian Sub-Saharan facilities.
The region is characterized by an average temperature
of 7.8°C in winter, 28.9°C in summer (Tmax = 45°C), a
rainfall of 176 mm, an average wind speed of
17.2 km/h, and sun radiation which can reach
1100 W/m2. The variation of the crystallinity degree
was characterized by means of DSC and WAXD.
WAXD also allowed identifying the type of crystalline
lattice. Field emission scanning microscopy
(FESEM) and atomic force microscopy (AFM) were
used to visualize the surface topography of the LDPE
films upon ageing. Previously, the characterization of
polyethylene film surfaces which underwent different
types of artificial aging (irradiation, plasma treatment,
etc.) showed an irremediable modification of the sur-
face morphology by increasing the roughness [13, 14].
However, we will interest to check the surface topog-
raphies and the modification of naturally weathered
low density polyethylene films by the AFM and
FESEM techniques [14–17].

EXPERIMENTAL

Material and Exposure

The LDPE used in this investigation was a com-
mercial grade supplied by the Saudi Basic Industries
Corp (SABIC), Saudi Arabia as “LDPE 2100 T
N00W”, (ρs = 0.92 g/cm3, MFI = 0.33 g/10 min).
This polymer was a neat grade, exempt of stabilizing
agents. Films were produced by blowing extrusion
from the raw material in an Algerian industry
(Sofiplast of Sétif). The drawing speed of the produc-
tion line was fixed to 15 cm/s. The melt was extruded
at about 175°C and blown in a continuous process
characterized by a bubble diameter of 4.4 m and a wall
POLYMER SCIENCE, SERIES B  Vol. 62  No. 4  2020
thickness of 160 μm. It is known that the properties in
the machine direction (MD) depend on the draw
down ratio (DDR) and those in the transverse direc-
tion (TD) to the blowup ratio (BUR) [18].

The weathering site is located at Laghouat, Algeria
(33°48' N 2°52' E) and the exposure time was from
December to the following August. The films were
mounted on metallic frames, south oriented and
inclined by 33° relatively to the horizontal according to
the NF51-165 standard. Samples were picked up peri-
odically, during all the ageing period, from film zones
sufficiently far away from the contact points with the
holding frame. This precaution was taken to avoid
uncontrolled overheating of the material. The maxi-
mum of eight months of exposure corresponds to the
time at which the film became too brittle to resist the
wind strength; this corresponds to the limit of the
experimental exposure.

Differential Scanning Calorimetry (DSC)

A DSC apparatus (Perkin Elmer TA-Q2000, USA)
was used to conduct the thermal analysis of the non-
weathered and weathered samples (two, four, six and
eight months of exposure). A few milligrams (10 mg)
were taken from the films and pressed in an aluminum
pan and the whole then placed in the furnace. They
were subjected to a thermal cycle: (i) heating from 10
up to 150°C with a heating rate of 10 grad/min,
(ii) maintaining the sample at 150°C for a few seconds
before being subjected to (iii) progressive cooling with
a cooling rate of 10 grad/min down to 10°C. Both the
melting and cooling scans were recorded under inert
atmosphere (N2). Indium was used for calibration.
The melting temperature was determined as the maxi-
mum of the melting peak and the crystallization tem-
perature was the maximum of the re-crystallization
peak during cooling. The mass-based degree of crys-
tallinity was calculated with reference to the thermo-
dynamic heat of fusion of 100% crystallized polyeth-
ylene (ΔHc = 290 J/g). The specific heats Cp of melting
and crystallization were determined from the areas of
the fusion and the re-crystallization peaks, respec-
tively [19]. Furthermore, the DSC melting endo-
therms were used to calculate the lamellar thickness
distribution (LTD). In this approach, a DSC profile,
heat f low versus temperature, is transformed into a
lamellar thickness distribution (LTD) curve by using
the Gibbs-Thomson equation expressed as in Eq. (1)
[20]:

(1)

here  = 143.5°C is the equilibrium melting tem-
perature of crystalline lamellae of infinite thickness,
σe = 90 mJ/m2 is the basal surface energy of the crys-
talline lamellae, ΔHf = 290 J/cm3 is the enthalpy of
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Fig. 1. (Color online) Typical 3D surface topography of
LDPE films.

4

3

2

1

L

30
nm

0

x: 0.40 μmy: 0.40 μm
fusion for the crystalline phase and L is the lamellar
thickness (LT) of the samples melting at Tm [21].

Wide Angle X-ray Diffraction (WAXD)

The overall percent of crystallinity and crystallite
sizes of the unaged and weathered PE samples were
determined by WAXD. The X-ray measurements were
carried out on a D8 Advance Power diffractometer
(Bruker AXS GMBH, Germany) and performed at
atmospheric pressure and at room temperature with a
nickel-filtered Cu target Kα radiation (λ = 0.154056 nm)
at 40 kV and 40 mA over a range of 2θ = 10°–30°. The
analyses of the spectra were carried out by means of
the Eva 9.0 rev.0©software, Germany. The data were
collected at a scanning rate of 6 deg/min with a step
size of 0.02°.

The mathematical peaks deconvolution of the
WAXD data were conducted by means of the Origin
Pro 9 software. The overall crystallinity was calculated
from the ratio of the total crystalline peaks areas Acr
and the total scattering peaks including the contribu-
tion of the amorphous phase (Acr + Aam) using the fol-
lowing equation [22]:

(2)

Field Emission Scanning Electron Microscopy (FESEM)

Samples with three hours of etching were examined
with a FESEM microscope (Zeiss Supra 55 VP, Ger-
many). The etching protocol was done in two steps fol-
lowed by a washing cycle. Each step took one hour.
The first etchant contained 0.7% wt/v of KMnO4 dis-
solved in a mixture of concentrated H2SO4 and H3PO4
in proportion of 2 : 1. The second etchant contained
1% wt/v of KMnO4 dissolved in a mixture of concen-
trated H2SO4, H3PO4 and H2O in proportion of
10 : 4 : 1.

The washing cycle following the etching began with
a frozen mixture of H2SO4 and H2O in the proportion
2 : 7, for 20 minutes, followed by a H2O2 (30%) rinsing
for 20 minutes at room temperature. Then the samples
were washed in distilled water for 5 minutes at room
temperature. Finally, they were placed in acetone at
room temperature for 20 minutes and then dried by
compressed air. This etching procedure removed the
detached impurities (degraded material) accentuating
the reliefs and revealing the outer film surfaces [23].

The samples were immersed in liquid nitrogen and
then cryofractured in shear to allow FESEM observa-
tion of both the etched and cryofractured surfaces.
The energy of the electron beam was 20 kV, and the
micrographs were obtained at a magnification of
1000× for the cryofractured surfaces and from 1000 to
5000× for cross-sections.
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Atomic Force Microscopy (AFM)

The surface morphology of the treated specimens
(etched) was studied using a Nano Navi (E-sweep)
Universal Scanning Probe Microscope (USPM). The
3D surface morphology observations were conducted
in the tapping mode with a constant force of 20 N/m
and a resonance frequency of 0.15 kHz. From the
analysis of the images the root-mean-squared rough-
ness Rrms, the peak pitch (the maximum peak to valley
height Rt) and the average roughness Ra for the topo-
graphic profiles, measured on 0.4 × 0.4 μm2 images,
were evaluated.

Furthermore, to quantify the evolution of the topo-
graphic peaks position against ageing in one direction
(named X), the images were processed as follows. A
measure of etched voids diameters where “L” is the
diameter of the void in the Y direction and n is the
number of voids along the selected Y positions. The
average of voids diameters (named ) for the image in
the X direction and for four different equidistant posi-
tions in the Y direction allowed calculating their aver-
age values  and that for each ageing time (Fig. 1),
where

(3)

RESULTS AND DISCUSSION
Ageing Effects on the Thermal Behavior

Figure 2 displays the heating and cooling DSC
curves of the unaged and weathered LDPE films. The
total heat of fusion (peak area in Fig. 2a) and that of
re-crystallization (Fig. 2b) slightly increased with age-
ing. It is particularly important to notice that the crys-
tallinity obtained initially was partially restored after
ageing during the cooling process (Table 1). Indeed, it
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Fig. 2. (Color online) DSC (a) heating and (b) cooling curves of LDPE films (1) before and after (2) 2, (3) 4, (4) 6 and
(5) 8 months of exposure.
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was expected that, after melting, the prior crystallinity
history would have been completely lost and the re-
crystallization of the aged sample might have resulted
in a small peak, very similar to that of the unexposed
sample. The most interesting aspect in the cooling
process is the reappearance of the two transitions but
at higher temperatures for Tr (excepted for the last age-
ing stage) and lower temperatures for Tc. This means
that despite the melting of all the crystallites during the
heating process, the material, whatever its ageing stage
was, it roughly recovered its initial morphology during
cooling but different lamellar thicknesses (LT).

A comparative approach and an accurate analysis
of the changing thermal properties of the material
showed the impact of ageing on the material morphol-
ogy. First of all, the melting temperature occurred
around 111°C and increased very slightly with expo-
sure. A transition temperature Tr, appearing only as a
very weak shoulder around 54°C, became more visible
with ageing and shifted slightly higher for 6 months
POLYMER SCIENCE, SERIES B  Vol. 62  No. 4  2020
ageing (57.6°C) and then jumped to 65°C for 8 months
ageing (Table 1).

According to Pabiot et al. the presence of several
peaks represents the melting of lamellae of different
sizes [24]. During heating the local melting of the
smallest thicknesses occurs before the ones of thickest
sizes. However, we found after a first heating-cooling
cycle between –150°C and +150°C, when a second
scan was done in almost all the cases this low tempera-
ture transition disappeared [11]. The melting peak
area increased with ageing time and a calculation of
the crystallinity shows that it went from 39.5 to 51.9%
meaning an increase of almost 34% due to the ageing.
The same comparison for the cooling process showed
that the difference between the initial sample re-crys-
tallization and that of the most aged one was about
20.6%. This difference, we suggest, could be explained
by the fact that, when melting the sample, a partial
recombination of the damaged molecular chains could
occur increasing the average molecular weight. This
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Table 1. Transition temperatures of first order Tm, and of second order Tr, degree of crystallinity Xc, crystallization tempera-
ture Tc and specific heat Cp for unaged and aged LDPE films

Ageing, 
months

Heating Cooling

Tm, °C Tr, °C Xc, % Cp, J/(g K) Tm, °C Tr, °C Xc, % Cp, J/(g K)

0 110.9 54.2 39.5 0.29 101.1 62.2 35.9 0.26
2 111.1 54.6 40.9 0.29 100.3 62.1 35.7 0.26
4 111.4 55.5 43.3 0.31 101.2 62.1 35.7 0.27
6 111.3 57.6 44.7 0.32 101.8 62.1 38.8 0.28
8 111.7 65.3 51.9 0.38 104.4 61.7 43.3 0.31
made it more difficult for the material to recover its
original crystallinity degree gained by chain scissions
during the ageing process. Indeed, longer macromole-
cules decrease the chain mobility which favors the sec-
ondary crystallization which we have called the
chemo-crystallization process [11].

Figure 3 reports the lamellar thickness distribution
(LTD) determined by the Gibbs Thomson equation
(Eq. (1)) as applied to the DSC melting peaks data.
From a statistical point of view each point of the curve
corresponds to a lamellar thickness (LT) population,
with the highest population corresponding to the max-
imum of the curve (i.e. the melting temperature Tm).
With the ageing there was a slight increase in the inten-
sity of the maxima of the curves accompanied by a
broadening. The right side of the peak shifted towards
higher lamellar thickness (LT) values while the height
of the left side of the peak increased slightly and
equally for all ageing times. In fact, the maximum of
the peak went from 7.93 nm for the unaged sample up
PO

Fig. 3. (Color online) Lamellar thickness distribution curves fo
(3) 4, (4) 6 and (5) 8 months of exposure.

Heat flow (endo)

5 6 74
to 8.13 nm for the most aged, and the largest lamellar
thickness (LT), determined at the end of the peak
where the curve meets the baseline went from 9.01 up
to 9.49 nm. From these results it can be deduced that
the short chain segments coming from the chains scis-
sion process due to ageing, promoted further the
thickening of the existing lamellae by their diffusion
toward the existing crystallites as the nucleation of new
small ones. Both effects were responsible for the global
increase of the crystallinity suggested to be due to
either the incident solar energy absorbed by the film or
by warming due to temperature, with increase in the
crystallinity degree being higher for the last two
months of the protocol which were the hottest times of
the total exposure.

Crystal Structure and Unit Cell Parameters

The WAXD patterns of the LDPE films for differ-
ent ageing stages are shown in Fig. 4. All the samples
LYMER SCIENCE, SERIES B  Vol. 62  No. 4  2020
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Fig. 4. (Color online) The WAXD patterns of LDPE films (1) before and after (2) 2, (3) 4, (4) 6, and (5) 8 months of exposure.
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showed two large distinguishable reflection peaks
(110) and (200) at 21.29° and 22.52° respectively, cor-
responding to the crystallographic planes of the ort-
horhombic lattice of polyethylene. The diffraction
curves are combinations of an amorphous halo and
crystalline peaks, specific to semi-crystalline poly-
mers. The deconvolution of the peaks and the calcula-
tion of their respective areas allow determining the rel-
ative contribution of the crystalline peaks and the
amorphous bump (amorphous “halo”) which permit
calculation of the degree of crystallinity. As shown in
the figure a slight increase of the peak areas and their
respective maxima occurred.
POLYMER SCIENCE, SERIES B  Vol. 62  No. 4  2020

Fig. 5. Evolution of the crystallinity Xc of the LDPE films
during climatic ageing. (1) XRD, (2) DSC.
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The crystallinity was also calculated using the
WAXD data as well as that in the DSC scans described
above, of the WXRD and, with the latter based on the
area of the melting peak (Eq. (2)) [25]. The crystallin-
ities function to ageing time measured by the two
methods were expected to be different because of the
different physical principles on which the two tech-
niques are based; the crystallinity values recorded by
the WAXD method (Fig. 5) were a little bit lower than
those by DSC. For WAXD, the crystallinity (39% for
unaged film) tended to remain constant till the sixth
month, and then there was a significant increase for
the last stage of ageing (to 45% at 8 months of expo-
sure). For DSC, the crystallinity increased progres-
sively to the last month of exposure.

The unit cell parameters and full width at half max-
imum (FWHM) as determined from WAXD scans are
reported in Table 2. The crystalline peaks of the (110)
and (200) planes of the unaged film had d-spacing of
4.2 and 4.0 Å, respectively. The values of the FWHM,
generally associated with the internal strains, crystal-
lite size and/or the perfection of the polyethylene crys-
tallites, changed with ageing. If we analyze and com-
pare separately the FWHM and the d-spacing of each
crystallographic plane it appears that they varied dif-
ferently. The widths of (110) plane diffraction peak
became larger, except for the 4 months ageing and its
d-spacing decreased (its peak position shifted to
higher values) with increased exposure time. On the
other hand, the width of the (200) plane diffraction
and its d-spacing (peak position) did not change sig-
nificantly.

We suggest that the facts that the 110 and 200 crys-
tallographic planes became closer accompanied by the
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Table 2. Unit cell parameters of LDPE films for different ageing stages

Ageing, 
months

(110) (200)

2θ d-spacing, Å FWHM, degrees 2θ d-spacing, Å FWHM, degrees

0 21.2 4.2 0.47 22.5 3.95 0.37
2 21.3 4.2 0.48 22.6 3.93 0.37
4 21.4 4.2 0.46 22.7 3.92 0.35
6 21.4 4.1 0.52 22.7 3.92 0.37
8 21.8 4.1 0.53 22.6 3.95 0.36

Table 3. Roughness parameters of LDPE films for different
ageing time

Exposure 
time, months

Rrms, nm Rt, nm Ra, nm

0 3.57 14.69 2.78
4 4.42 18.57 3.54
6 4.73 15.15 3.69
7 5.26 23.91 3.13
broadening of the 110 peaks argue in favor the increase
of crystallinity despite the crystallites’ imperfection
(different sizes). Therefore, ageing seems to reduce the
internal strain because of the progressive chain rear-
rangement combined with the relaxation of the inter-
nal stress acquired during the film processing [26, 27].

LDPE Morphologies

Figures 6 show the FESEM surfaces morphologies
of the unaged and naturally weathered samples. The
surface of the control sample was found to be smooth,
with fine granular particles (Fig. 6a). After 4 and 8
months (Figs. 6b, 6c), the concentration of these par-
ticles increased. This could be explained by the pres-
ence of the fine sand particles retained on the outer
film surface, their concentration increase is related to
the exposure duration of the material. Indeed, the
FESEM images of the cryo-fractured cross-sections
of the unaged (Figs. 7a–7c) and aged films (Figs. 7d–
7i) revealed two distinguishable areas with different
types of failure processes. Their respective surfaces
displayed two zones (Figs. 7a, 7d, and 7g); one looked
flat and uniform while the other contained similar
grooves and crazes, more visible at higher magnifica-
tions (Figs. 7b, 7c, 7e, 7f, 7h, and 7i). The presence of
the grooves very probably corresponds to the effect of
tearing just after the crack propagation through the
thickness. As a matter of fact, the bright streaks indi-
cated the presence of crazes. For unaged samples, the
grooves and crazes formed a layer in the vicinity of the
external surface. This mode of failure is relevant to the
viscoelastic character of the film before ageing. After
four months of exposure, the grooves as well as the
crazes multiplied and propagate in a greater thickness
of the film (Figs. 7e, 7f). This phenomenon is
explained by the fact that where the material is
degraded it loses a part of its ductility (i.e. less crazes)
and the failure was accompanied by more damages. In
the last stage of exposure (Figs. 7h, 7i), this failure ini-
tiation mechanism multiplies where the material was
more oxidized and crystallized, displaying smaller but
numerous crazes in a smaller tearing zone, and the f lat
and uniform zone became larger, this is due to the
brittleness of the material promoting the crack propa-
gation with less tearing.
PO
The AFM 2D pictures and the roughness profiles
which highlight the surface topography of the unaged
and weathered LDPE films are shown in Fig. 8. A cur-
sory observation of the roughness profiles indicates an
increase in the number of voids and the valley depth
with ageing. The 3D representation of the aged sam-
ples supports the previous observation and reveals sig-
nificant changes of the films surface (Fig. 9).

Table 3 lists the roughness parameters determined
by analysis of the topography scans of the sample’s
surfaces. The surface profile parameters include aver-
age roughness Ra, the root-mean-squared roughness
Rrms and the maximum peak to valley height Rt, for the
different exposure times. The obtained results illus-
trate that the variations of the average roughness val-
ues Ra and maximum peak to valley height Rt values
have the same trend as the variations of RMS rough-
ness Rrms values; they all tend to globally increase
except the Rt value of 6 months ageing and Ra value of
8 aged months.

To make more evident the effect of ageing on the
sharpness and the increasing density of the peaks on
the film surface, the variations of the peaks-spacing 
and the Rrms are presented function to ageing time
(Fig. 10). It can be observed that  decreased progres-
sively and almost linearly with exposure time t, while
Rrms increased linearly as well. This seems reasonable
since these two parameters are logically inversely
related.

Peaks-spacing follows a regression line which can
be expressed by a mathematical equation (–6.49t +
90.04), that was applicable for the whole range of the
exposure time (0–8 months). The same thing was
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Fig. 6. FESEM images showing the surfaces morphologies of the LDPE films: (a) unweathered, (b) 4 months, and (c) 8 months
of exposure.
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Fig. 7. FESEM images of the cryo-fractured cross-sections of the LDPE films: (a, b, c) unaged, (d, e, f) 4 months ageing,
(g, h, i) 8 months ageing, each at various magnifications.
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Fig. 8. (Color online) AFM 2D roughness profile of unweathered and weathered LDPE film surfaces for different exposure times:
(a) unaged, (b) 2, (c) 6, and (d) 8 months aged.
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observable for Rrms (0.21t + 3.56). The roughness and
peak spacing varied inversely and both obeyed a math-
ematic law, thus demonstrating that they are linearly
related to ageing time. These results also tie in with the
FESEM observations discussed above.

These results demonstrated that ageing, which is a
complex photo-oxidative process accompanied by
morphological changes, significantly affected the sur-
face topography of the films [7, 28]. La Mantian et al.
have demonstrated that film ageing obeys to a gradient
of chemical and physical defects along the thickness
PO
[28]. As a matter of fact, after ageing the crystalline
formation being more prominent at the outer film sur-
face than in the core, this reduces the amorphous
zones in favor of the crystalline ones. Therefore, this
dramatically increases the surface roughness.

CONCLUSIONS

The present work showed that natural weathering
leads to a rapid change of the morphological and sur-
face properties of the LDPE studied film.
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Fig. 9. (Color online) AFM 3D topographic representations of unweathered and weathered LDPE film surfaces for different
exposure times; (a) 0, (b) 4, (c) 6, and (d) 8 months.
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The complex photochemical mechanism taking
place during ageing increases progressively the crystal-
line concentration by increasing either the lamellar
thickness or by nucleating new crystallite.
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Fig. 10. Evolution of peaks-spacing  and RMS with
ageing.
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These results corroborate with those of AFM which
demonstrated that the film surface changes signifi-
cantly with natural exposure. Indeed, the roughness
and the height valley increase in reason of the increase
of the surface crystalline zones. This result supports
the hypothesis that the material degradation follows a
gradient of physicochemical defects from the surface
to the core through the film thickness. Interestingly, it
has been found that the peaks-spacing and Rrms which
logically progress inversely, followed an evolution that
obeys to linear mathematical relationships.
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