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Si-g-LDPE (Silane-grafted LDPE) is the based material of silane-crosslinked polyethylene (Si-XLPE) nominated to be used in renewable
energy (photovoltaic) structures due to its good behavior under weathering circumstances. The present study is an attempt to follow up
the cross-linking process of Si-g-LDPE under cyclic accelerated weathering aging and to track its photo-oxidative degradation at both
microscopic and macroscopic scales. The realized experiments consist to carry out cyclic accelerated weathering aging of 1152 hours, usin
a QUV chamber, on Si-g-LDPE films. The cross-linking process is monitored by using Hot-Set-Test measurements and Fourier Transform
Infrared (FTIR) spectroscopy. Mechanical properties and carbonyl index evolution are used as relevant signs to study the photo-oxidation
degradation. Additional information on the microstructural changes (crystallinity) and on the optical properties is gained by using X-ray
difractometry and UV-visible measurements. Our finding reveal that Si-g-LDPE has a big ability to crosslink under cyclic weathering
aging, with the elastic behavior gradually improving with increasing aging time. The elastic behavior enhancement is a consequence of
crosslink network density increase. FTIR results support perfectly the Hot-Set-Test results by the increase of single or multi-siloxane
linkages absorption bands, which modify the digital fingerprint of the material. Our results ascertained also that we can relate the elongation
at break and tensile strength changes to the changes in the carbonyl index, both indicative of photo-oxidation degradation. This degradatior
leads to a decrease of mechanical properties and to a increase of carbonyl index. An abrupt and sharp increase at the beginning of agin
in the crystallinity of the material followed by a level-off state was observed. Finally, the optical properties (band gaps, Urbach energy and
dielectric constant) are greatly affected by the weathering aging process.
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1. Introduction fect of environmental conditions (UV radiation, rains, humid-
ity, temperature variations, etc). The main consequences of
The fast progress in electrical systems technology has le¥yeathering aging are the photo-oxidation degradation leading
to fast development in electrical insulating materials. A chain scissions and/or cross-linking associated to mFgrnaI
big part of effort is devoted to the polymeric materials de-Stress develgpment and surface cracks. The latter facilitates
velopment because of their effectiveness in numerous agh€ penetration of the water and oxygen in the bulk of the
plications like wire and cable insulation [1]. Cross-linked Material which accelerates the aging process [8].
polyethylene (XLPE) insulation dominates the manufactur- The above mentioned situation is highly prevailing with
ing market of high voltage cables because of its reliability, itsthe growth development of photovoltaic power generation
greater dielectric and mechanical strengths and its low coststations. Hence, to find the suitable material which presents
The cross-linking process is achieved by bringing transvergood resistance to weathering conditions is a big challenge
sal links through physical or chemical process and creating that must be handled. Based on previous findings, the pres-
3D network [2]. This 3D network transforms the polyethy- ence of Si-O-C link in polymer chains leads to a reduction of
lene from a thermoplastic polymer to an elastomeric onethe yellowing index of the material under weathering condi-
Hence the main introduced improvement concerns the meions [9]. Hence, Si-XLPE can be considered as one of the
chanical and thermal properties [3,4]. In industry, one ofnominated materials for such application.
the most used cross—linking methods is silane-crosslinking.  oyer the past few decades, a lot of work has been car-
In this method an alkoxy-silane is grafted on polyethylenejeq out by many researchers to study the degradation mecha-
to form sﬂane-grafteq LDPE, which is later |mmgrsed IN Apjsms of Si-XLPE under different applied constraints to pre-
hot water to hydrolysis the alkoxy groups to form silanol (Si- gjct the lifetime of this insulation. Gazeit al. [10] have
OH) functions. Finally, silanol groups are condensated, andy,gied the photo-oxidation of silane crosslinked polyethy-
tvvp adjacent chains can be crosslinked via siloxane (Si-O-Sikne. celina and George [11] have studied the degradation
bridges [5-7]. behavior of peroxide and silane cross-linked polyethylene un-
In a variety of applications, Si-XLPE insulation cables der thermal and ultraviolet aging. Recently, Hettal and co-
are submitted to weathering environment conditions. In suchvorkers have investigated the effect of radio-thermal aging of
situation, weathering aging might be happened under the eBi-XLPE on the crystalline morphology [12], changes in the
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electrical properties [13] and mechanical properties [14,15]aging on microstructural and optical properties are collected
Previous studies have highlighted that Si-XLPE degradatiomnd analyzed by using X-ray diffractometry (XRD) and UV-
can occur at three distinguished scales: at molecular scalgsible.

(creation of oxidized groups associated to either chains scis-

sion or cross-linking reactions), at microstructural scale (in- .
crease or decrease of crystallinity and lamellar thickness) ana' Materials and methods
at macroscopic scale (brittleness behavior and decrease Q.fl.
mechanical properties like elongation at rupture and tensile

strength). In this philosophy, our study is an attempt to anacommercial silane-grafted polyethylene compound (KI-XL-
lyze the effect of accelerated cyclic weathering aging on th@y3mMT) supplied by Kalpena Industries Ltd (India) and
Si-g-LDPE (based material of Si-XLPE) at both microscopicysed by ENICAB firm of Biskra (Algeria) as insulation in
and macroscopic scales. The choice of Si-g-LDPE insteadg/30 kV high voltage cables is used in this study. The melt
Si-XLPE is more suitable to follow up the effect of weather- flow index MFI (190 C, 2.61 kg) of this polymer is 1.3 g/10
ing conditions on the cross-linking tendency of this materialmin and its density is 0.924 g.cr. In its granulating form
conjointly to the assessment of photo-oxidation degradatiofas received), this material is a mixture of linear low den-
caused by weathering aging. Multiple points of interest ofsjty polyethylene (LDPE) grafted with a silane component
this study may give it a high-spot novelty. The first point (vinyltrimethoxysilane VTMS) and DCP peroxide as the rad-
of interest concerns the application of cyclic aging intendingical initiator. To have adequate samples, Si-g-LDPE gran-
to mimic, as possible, the real weather like UV irradiationyles are extruded in mono screw Brabender extruder (Braben-
(day), temperature variation, humidity, dark (night) and sprayer DSE 20 plasticorder, Duisburg, Germany). The tempera-
(rain). Many authors have limited their studies on the appliture’s profile of extrusion is 155 (feeding zone), 160 (melting
cation of Only continuous irradiation or Only irradiation and Zone) and 16%C (d|e head)_ The screw rotates at a Speed
humidity which present some limitations [16,17]. The secondof 20 rpm. As output, we have obtained long film having
point of interest of our study is, as we have said, to follow up4 ¢cm width and 0.5 mm thickness. It achieves only the first
the effect of weathering conditions on the cross-linking ten-step of the SIOPLA® cross-linking process. To proceed the
dency of Si-g-LDPE conjointly to the assessment of photoweathering aging process in the QUV chamber, we have cut

oxidation degradation. This way to handle the phenomengamples (10 cm length) to be suitable for sample holder.
presents some originality in the point of view of industrial

application, and tries to show the possibility of exploiting 2.2, Cyclic QUV aging

the climatic circumstances, that seem to be nearby to those

needed in silane-crosslinking process of polyethylene, to acto simulate the effect of real weathering aging, cyclic accel-
complish the cross-linking process. The adopted methodokrated weathering aging was carried out using a QUV/spray
ogy is to follow up the effect of weathering conditions on model weathering tester (Q-Lab Corporation, Florida, USA).
the cross-linking tendency and to track the photo-oxidativeThe main environmental conditions like UV irradiation (sun-
degradation at both microscopic and macroscopic scales. Aight), temperature changes (day/night cycle), humidity, dark
macroscopic scale, we have used the commonly approveghight) and spray (rains) have been considered in each aging
technique in the industry called Hot-Set-Test (HST) to fol-cycle. In our work, we have performed long-term aging ex-
low cross-linking process and mechanical properties (elonperiments of 48 aging cycles (total time up to 1152 hours) us-
gation at break and tensile strength) evolution to track théng a modified ASTM G154 test cycle. The samples are irra-
photo-oxidative degradation. At microscopic scale we havaliated with UVB (wavelength of 313 nm) fluorescent lamps.
used FTIR measurement to assess both phenomena. Addiach cycle represents 24 hours and subdivided into succes-
tional results on the effect of cyclic accelerated weatheringsive steps as listed in Table I.

Material and sampling

TABLE |. Aging steps and conditions

Step Irradiance Spray and condensation Temperature Duration
Step 1 UVB light (0.67 W/rR) Non 50C 8 hours
Step 2 Non Spray and condensation °60 10 minutes of spray
followed by 4 hours of
condensation
Step 3 Non Non 30C in dark 12 hours
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The listed conditions try to simulate the semi-arid climatewith a resolution of 4 cm!. The presented spectra are the
of the interior regions in Algeria (region of Djelfa, 300 km average of 32 scans.
south of Algiers, as example) where setup many solar power
plants. As the aging process goes on, we take few sampleés
for a specify aging period and submit them to different mea-"
surements.

3.4. X-ray diffraction analysis

Morphological changes of Si-g-LDPE under accelerated
cyclic weathering aging are assessed with wide angle X-ray
scattering. Xpert-Pro MPD spectrometer (Malvern Panalyt-
ical GmbH, Kassel, Germany) with CueKradiation having
wavelength of 1.54068 was used. The scan is performed at

Hot-Set-Test (or hot elongation) is the commonly applied®0 kV and 1 mA. The Bragg's ang¥ scanning covers an in-
procedure to measure the cross-linking degree of polymers #rval ranging from 5to 90° stepped by 0.02and 0.4 s/step
macroscopic scale. It is related to the kinetic theory of plasScan rate.

tic elasticity. The higher degree of cross-linking the lower

the elongation is. IEC 60811 standards stated that the testis3 5 |\ vVisible analysis

executed on dumbbells shape specimens (7.5 cm length and

0.5 mm thickness) and suspended in a oven heated 200 yy.visible (UV-Vis) is a powerful tool to study many optical
20 N/cn? load was attached to the bottom end of the samplgyroperties of polymers such as optical absorption coefficient,
during 900 s (15 minutes). An elongation L, under load, wasefractive index and transmittance. UV-Vis transmittance
measured between two marked lines on the middle of eachpectra in the wavelength range 200-800 nm of unaged and
sample. The initial distance between the two lines Was  aged Sj-g-LDPE were obtained using a UV- 2100 Shimadzu

=20 mm and the percent of hot elongation is calculated bypectrophotometer (Shimadzu Corporation, Kyoto, Japan).
(L — Lo)/(Lo * 100). A permanent elongation was measured

again after 5 minutes in the oven without load. The cross-
linking progress is displayed in Fig. 1. 3. Results and discussions

2.3. Characterization

2.3.1. Hot-Set-Test measurement

2.3.2. Mechanical testing 3.1. Flow-up the cross-linking process under acceler-

. . . . ated weathering aging
Mechanical tensile measurements were carried out according

to IEC 60540 on dumbbells shape specimens (7.5 cm Iengt§|opLAg® cross-linking process was achieved with two

and 0.5 mm thickness) using Zwick-Roell S01appartus (Gerg  ccessive steps: in the first one, silane side groups (mainly

many) at room temperature. The used_ stretching speed is COVl'nyItrimethoxysilane VTMS) are grafted on polyethylene
s_tant and equal to 100 mm/mln.. Tensile strength and elongel:hains; and in the second one the hydrolysis followed by
tion at rupture were measured simultaneously and each reprggn gensation of silane functions transforms them to silanol

sented value is the arithmetic average of five measurements;;yq groups (Si-OH) then creation of intermolecular siloxane

junctions (Si-O-Si). The chemical reactions involving in this
2.3.3. Fourier Transform Infrared (FTIR) spectroscopy cross-linking process are presented in Fig. 2. When Si-g-
LDPE is subject to weathering conditions during its opera-
tion, the effect of these conditions on the cross-linking pro-
cess is restricted at the second step. The evolution of cross-
in'nking process is followed up in our study by using Hot-Set-
Test as a macroscopic test and FTIR as microscopic measure-
ment. For the Hot-Set-Test, we have measured the elongation

At microscopic scale and from a chemical point of view,
FTIR helped us to highlight the evolution of siloxane bonds
and carbonyl components absorptions during weathering a
ing. IRAffinity-1 spectrometer (Shimadzu Corporation, Ky-
oto, Japan) was used to record spectra from 400-4000 cm

Crosslinking time increase
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FIGURE 1. Schematic representation of the Hot-Set-Test measure-
ment. a) Cross-linked sample, b) non cross-linked sample. FIGURE 2. Chemical reactions of Si-XLPE cross-linking.
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] [ — Ca— . A - E—— - formation of cross-links that bond chains with the help of
i il trapped entanglements [21]. Hence, the elastic character of

o b (5)
s
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Flongation (%)

Aging tima (h)

the samples was progressively enhanced. We may suggest
that the material has a loosely crosslink network during this
first phase. Beyond this aging duration, the second phase
begins, and the samples resist to the load under high tem-
perature (no breaking is occurred) during the specified test
time (15 min). Variation of hot elongation is used in this
phase to follow-up cross-linking progress in Si-g-LDPE. Be-
tween 288 h and 936 h, a decreasing trend is clearly observed
(Fig. 3) in the evolution of elongation. It falls sharply from
102.3% to 20.8%. Earlier findings have made certain that a
decrease in hot elongation is a straight consequence of the

o ) _ _ cross-linking degree growth [19,20]. The reached value is
FIGURE 3. Variation of Hot-Set-Test elongation and time to failure || pelow the general acceptable and recommended value

according to aging time. by IEC 60811 standard (between 60% and 90%) for this ma-
at rupture and the time to failure (break) of the sample (ifte”al' The Iow_va_lue .Of t_alon_gatlon correspond_s to high de-

. . oo .gree of cross-linking indicating that the material pass from
it occurred) simultaneously as the aging time goes on. Thlﬁ1 ) . .

s . . e loosely crosslink network to a tight crosslink one. Hence,
test is highly considered as a straightforward way by the caf is compact network restricts chain movement and flexibil-
bles manufacturers to evaluate the cross-linking degree. ThI Ian q ag 2 consequence tlhe matejrial bgcomes brittle Xlévlen-
theoretical concept of this method is derived from the kinetic,[a/aII visible surfacclze transversal cracking has occurré d and
theory of rubber elasticity [18]. According to this theory, for Y : ) . . 9

. observed during this period of aging. These parallel transver-
each sample the number-average molecular weight between . .

: : - Sal cracks explain the extreme brittleness of the samples due
cross-links (Mc) can be calculated using the stress elongatlot% the high cross-linking degree. It is suggested that the ob-
results measured under high temperatures using Eq. (1) served damage was generated mainly by the UV irradiation

M — pRT ([ L] [Lo 2 @) and can be related to a chemical damage [17].

° F Ly L ’ Furthermore, no level-off is observed in the elongation

h is the densitv of th il at high variations as observed in literature [21]. The monotone de-
wherep Is the density of the material at hig _temperatu_ie, crease of Hot-Set-Test elongation is highly linked to the in-
the gas constant; the absolute temperatut®,is the t_enS|Ie crease of the created crosslink points within the polymer net-
stress, represents the sample length measured just beforg, . The increase of crosslink points may be attributed
breaking of samrpl)le or after thg ythC)lle spﬁmﬁc time, dnd to the fact that each silane fragment presents three alkoxy
corresponds to the mea;ured .|n|t|a. ength. o groups capable to create poly-functional connecting points

Furthermore, materlals with high cross-linking degreedespite the maximum gel content was reached [22] as pre-
present low hot elongation [19,20], consequently low Mc Val'sented in the scheme of Fig. 4. This point will be checked in
ues. h h wuti ¢ le's el i the FTIR analysis. Prolonging the aging time under the ap-

Figure 3 shows the evolution of sample’s elongation un-y i \yeathering conditions more than 960 h, chain scission
der h'gh temperaj[ure (26@) and time to failure (preak) aC- pecomes the predominant process leading to the HST elon-
cording to aging time. As can be seen, the evolution of crossg .0 s increases reaching 48.5 % after 1152 h of aging.
linking density presents two phases: In the first phase (from 8 ) o
to 288 h), the sample did not resist to the tensile stress under When it comes to the FTIR results, the cross-linking reac-
applied high temperature and the breakdown of the sampl@ons lead to the modlflcat'lc')n qf the digital fmgerprm.t of the
occurred after a critical time tc. In this phase the cross-linking?@lymer, hence, the modification (appearance or disappear-
process is evaluated by the evolution of this critical time. ~ 21C€) Of many absorption bands in the FTIR spectra. The

Moreover, it is clearly observed that during the first 48 halterations in digital fingerprint are shown in the FTIR spec-
of aging, all the times to failure are relatively close (all lesstra by all m01d|f|cat|ons in the bands ranging from 400cm
than 30 s), and only little increase was noticed in the firsf©® 1500 et ™.
sub-phase. This sub-phase can be considered as an incuba- FTIR spectra of virgin and aged samples of Si-g-LDPE
tion period of the cross-linking process. After 48 h of agingare presented in Figs. 5a) to 5e). The digital fingerprint of
(two aging cycles), another sub-phase begins where the critiirgin sample [(Fig. 5a)] is caracterized by the presence of
cal time increases sharply to reach 900 s (15 min), suggestado important peaks at 1192 crh and 1092 cm'! which
by IEC 60502 standard, after 288 h of aging. are associated to Si-OGHstretching [23]. The intensities

This sharp increase indicates that only two aging cycle®f these peaks decrease with increasing weathering aging
are enough to get a bulk penetration of the humidity causetime until its disappears approximately after 288 hours of
by the spray and condensation steps leading to progressiaging [Figs. 5b) to 5d)]. It is worthy to note that the peak at
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FIGURE 4. Scheme representing the formation of multi-siloxane linkages.
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FIGURE 5. FTIR spectra of Si-g-LDPE. a) Spectra from 1400¢mo 900 cn! for fresh sample. b), ¢), and d) Spectra from 1400 ¢m

to 900 cn! for aged samples at different aging periods. e) Spectra from 4000 ¢o2700 cn® for all samples. f) Variation of silane
grafting extent as a function of weathering aging.
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1192 cnr! disappears rapidly than the other peak. The dedegradation of Si-g-LDPE under accelerated weathering ag-
crease in the intensities of these peaks clearly reveals the primg we have followed the same methodology as in section
gression hydrolysis of Si-OCHyroups to form Si-OH silanol  3.1. At macroscopic scale mechanical properties are useful
groups [11,10]. The wide-ranging band from 3800 ¢m indicators to evaluate the extent of degradation level. They
to cm! centred at~ 3450 cnt! [Fig. 5e)] is essentially provide information about the evolution of bulk material, but
attributed to stretching of OH in Si-OH groups [13]. This little information is gained about the chemical and micro-
broad band supports the hydrolyzation of Si-OCt¢sump-  scopic modification. Therefore FTIR analysis is used here
tion. The intensity of this band increases with increasingto evaluate the degradation process at microscopic scale.
weathering aging time until 504 h, then decreases with aging The evolutions of elongation at break and tensile strength
time. On the other hand, we note the formation of a differentaccording weathering aging time are presented in Figs. 6a)
siloxane linkages presenting absorption bands at 1122 cm and 6b). Based on earlier findings [8], we expect a decrease
and 1048 cm*, which are produced from the silanol groups in mechanical properties due to the polymer degradation.
condensation [11,24]. These new peaks characterize the new
digital fingerprint of the Si-g-LDPE which is transformed e
into Si-XLPE. This new fingerprint strats earlier at 48 h by o %
the appearance of small new peak at 1048 tiwhich ap-

pears as a shoulder on the large band at 1042'cifihis peak / .
corresponds to a single siloxane (Si-O-Si) [11,25]. After 144 i
h, we noticed the formation of two small peaks at 1117 ém

and 1121 cm' corresponding to multi-siloxane linkages

(Si=(0)=Si) or (SE=(0); =Si) which appear as shoulders on

the large band of Si-OCHat 1192 cnt! and 1092 cmi!, re- /ufh/‘ - 200
spectively [25,26] (see scheme of Fig. 4). Itis very clear from o hago-o-" T
Figs. 5b) to 5d) that as the aging time increases the inten- . . . .
sity of the peaks at 1117 cm and 1121 cm'! also increase, a) ° w0 00 600 0 1o00 1200
which may explain the continious increase of the crosslinking Aginghme ()
network density. This result supports the previous observed
evolution in the Hot-Set-Test elongation. Itis noteworthy that 50 2
in the end, the peak at 1192 crhand 1092 cm! are disap- i
pearing completely.

To quantitatively evaluate the evolution of crosslinking
process by using the FTIR results, the extent of silane graft-
ing is calculted. The extent of silane grafting is the quotient
between the surface under the absorbance peak at 1092 cm
and the area under the absorption peak of C#toups at - i
1378 cnT! (wich is a characteristic peak for polyethylene o -
and is used as an internal standard) [27,28]. It can be given ~ "T--. i

by the fO||0WIng equatlon b 0 200 400 600 800 1000 1200
) Aging ime (h)
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whereR is the extent of silane grafting, anthgg> andA157s M
represent the area under the absoption peaks at 1096 cm
and 1378 cm!, respectively.R is also called the absorption
index of Si-OCH. The variation ofR according to aging
time is depicted in Fig. 5f). Itis clearly seen that the Si-QCH
absorption index declines with the growth of weathering ag-
ing time. This result confirms and supports the outcome oc-
currence of silane cross-linking reaction [29].
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3.2. Flow-up the effect of accelerated weathering aging c)
on photo-oxidation degradation

W ave-number(cm'lj

) ) . ] FIGURE 6. a) Elongation at break and carbonyl index versus aging
It is believed that weathering aging affects almost alltime. b) Tensile strength and carbonyl index versus aging time.
the macroscopic and microscopic characteristics of semie) FTIR spectra of all Si-g-LDPE samples from 1600 cirto
crystalline polymers. To follow-up the photo-oxidation 1800 cm!.
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However, it was not the case for our studied material. It isering, bands for carboxylic acids, vinylidenes, peroxides and
clear from Fig. 6 that the evolution of elongation at breakalcohols may change. This phenomenon could lead to the
of Si-g-LDPE presents three different stages with respect tappearance of new groups in the carbonyl range between
aging time: In the first stage (between 0 h and 48 h) the elon1800 cnt! and 1600 cm' [33].
gation at break presents an increasing tendency from 750 % In Fig. 6c), after 48 h of accelerated weathering aging
to 1125 %. The second stage between 48 h to 288 h is chaof Si-g-LDPE samples, carbonyl groups were formed like
acterized by the decrease of elongation at break from 1128arboxylic acid (at 1717 cm'), ester (at 1733 cmt) and
% to reach around 380 %. No level-off is observed in thisaldehid (at 1772 cm') [34,35] but with moderate intensi-
phase. In the third stage, the elongation at break decreastss. The absorption bands of these groups increase with in-
in a very fast way at the beginning and leveled-off after thatcreasing aging time until 720 h. At this aging time, the car-
to reach a steady state at the end of the aging time. The fboxylic aldehid group (at 1772 cm) disappears and forms
nal value of the elongation at break after 1152 h of aging igwo strong absorption bands between 1771-1682 ‘coen-
around 24.5%. Besides, the tensile strength follows the samered at 1717 cm* and 1737 cm! which correspond to car-
behavior as the elongation at break. Similar three degraddoxylic acid and carboxylic aster, respectively. At 936 h,
tion stages are evidenced by many researchers in the casewé have noticed a strong peak of carboxylic aster is formed
low density polyethylene subjected to the accelerated weatlwhich could be the result of the reaction between carboxylic
ering aging [30,31]. Furthermore, our results may be interacid and alcohol compounds existing as impurities of Si-g-
preted regarding their finding. During the first stage (0-48 h) LDPE [35], where the ester is a derivative components of
the photo-oxidation degradation starts mainly in the amorcarboxylic acid. At a higher temperature, carboxylic acid
phous regions because of the higher permeability to oxygens converted to an ester according to the following principal
and characterized by the surface abrasion escorted by the pehemical reaction [33,35]:
manent cross-linking and chain-scission reactions [32]. Due
to the high mobility of chains segments in the amorphous R+ CO(OH)+ MOH — R-CO-OM
parts, the cross-linking probability is strangely excessive. In (carboxylic ester+ H»O.
the case of Si-g-LDPE this probability is greatly boosted by
a very favorite situation (presence of favorite conditions of  To highlight some cross-correlation between both macro-
silane cross-linking process) which reduces the duration o§copic and microscopic scales, carbonyl indeX) {s plotted
the polymer’s ductile behavior to only 48 hours. according to the aging time in the same figures with mechan-
This ductile stage presents a very low cross-linking de4cal properties [Figs. 6a) and 6b)]. We recall here that car-
gree leading to the elongation at break and tensile strengthonyl index is a quantitative way to show the photo-oxidation
increase. For a longer exposure time (beyond 48 hours), degree and it is given by:
remarkable fall of mechanical properties was observed. This
quick decay is a sign of the ductile-to-brittle transition and CI = ,
the onset of stage 2. In addition, during this first stage a fast Avags
development of relatively high degree of crystallinity, as wewhere A;;35 is the area under carbonyl absorption groups
can see in Fig. 7b), is observed. which takes place at 1733 crh and A;445 is the area un-
By the onset of the stage 2, the more crystalline behaveler the standard peak at 1465 th
ior leads to stress-induced crack formation on the surfaces It is clear from Figs. 6a) and 6b) that both mechani-
cracks as we have ascertained in Sec. 3.2.1. The formeghl properties and carbonyl index present a similar trend of
micro-cracks act as initial breaking points leading to the dechanges. The rise of carbonyl index is accompanied by a
velopment of surface cracks in width and depth promotingdecline of mechanical properties. This behavior indicates
the enhancement of oxygen uptake and possibly speed-up tlige existence of a certain degree of cross-correlation between
chains scission process. Chains scission process leads to tf@croscopic and microscopic scales and evidences the exis-
formation of functional end-groups. As accelerated weathertence of same degradation mechanism.
ing proceeds during this second stage, the cross-linking and From these figures, théI exhibits a monotonic increase
chains scission processes continuous their appearance in paghange which lies perfectly with the observed three degrada-
allel. Both mechanisms contribute in the brittleness of thetion stages. As th€'I is a quantitative indicator of the poly-
material and mechanical properties drop until 288 h of agingmer oxidation under UV radiation, the three stages may be
After this time (onset of stage 3) the degradation starts to afrelated to the well known steps of polymer’s oxidation (ini-
fect the crystalline parts and the probability for cross-linkingtiation, propagation and termination)./ exhibits almost no
reactions starts to become less likely in the end of this stagehange from 0 h to 48 h (initiation step of oxidation). Be-
3 [30]. In parallel, material chains are more strongly affectedyond 48 h of aging(I begins to increase due to propagation
by chains scission which explains the increase of Hot-Setand auto-acceleration of oxidation process leading to the en-
Test elongation in Fig. 3. hancement of polar carbonyl products. After 288 h of ag-
To assess the photo-oxidation degradation at microscoping, C1 increases sharply (seem to be exponential). This
scale, the FTIR analysis is also very helpful. Upon weathprompt intensification in carbonyl index could be ascribed

Aq733 3)
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to the formed oxidized groups by the chains scission proces3.3.1. Evolution of crystallinity with accelerated weather-
in the Si-g-LDPE backbone. Chains scission has, firstly, a ing aging
dramatic effect on the brittleness of the material and the fast
drop of mechanical properties [36], and secondly, the creFigure 7a) displays X-ray spectra of aged samples at differ-
ation of a massive quantity of polar oxidized products. Fur-€nt periods ranged from 24 h to 1152 h. The inset represents
thermore, chains scission might create pairs of alkoxy radithe diffractogram of the fresh sample as a reference. It is
cals [30]. The reactions of alkoxy radicals might result in theobserved that all spectra have two main diffraction peaks ap-
formation of more polar groups making the further increase?€aring at 22.5and at 24.8 which correspond to (110) and
of CI. (200) planes, respectively [37], associated to an amorphous
boss. It seems from this figure that the anglé)(@f two
peaks was slightly changed with weathering aging.

The change in @ angle affects many structural parame-
ters of the material like crystallite size, inter-planar distance
and inter-chain separation. These parameters can be calcu-

. i  lated as follows [38]:
More insights on the effect of cyclic accelerated weathering

3.3. Evolution of microstructural and optical properties
under accelerated weathering aging

aging can be gained by the track of microstructural and op- COs — kA (4)

tical properties according to the aging time. Microstructural Bcosb’

changes lead to the variation in crystallinity degree and size A

of crystallites of semi-crystalline polymers. X-ray diffraction =S5 (5)
Yy Yy poly y 2sin 0

is used in this part to track these features. Moreover, UV- 5\

visible spectrophotometer is used to track the evolution of (6)

optical properties of the material. 8sin

where)\ = 1.54 nm is the wavelength of the used Cy-K-

ray radiation,3 is the full width at half maximum (FWHM)

of the diffraction peakd is the Bragg angle (in radians), k is
_ﬁﬁ the Scherer constant (equal to 0.9), Cs is the crystallite size

— (A), R is the inter-chain separatioi) and d is the inter-

—144n planar distanceA). Table Il lists the calculated parameters
— o using the prlnc[pgl peak. . '

280 The crystallinity degree of semi-crystalline polymers can
e be deduced from X-ray spectra by using the following for-
——936h mula:

o = o = 50 7 1152h

10000 4

8000

6000 -

4000 -

Intensity of diffraction (a.u.)

A
(Ao + Ac)

Protrorm where A, is the portion of crystalline phase and, is the
10 20 30 40 30 50 portion of amorphous phase.

Diffraction angle 26 () The evolution of crystallinity degree according to weath-
ering aging time is given in Fig. 7b). This figure shows that
crystallinity of Si-g-LDPE exhibits an abrupt and sharp in-

64 4 crease after 48 h of aging process from 56.8 % to 65.4 %.
This sharp increase is caused by the very loose network of
the material at this first sub-phase of aging.

- The looser network provides to shorter chains more mo-
" 5 i bility and freedom to crystallize more easily. By the onset of
\/ second sub-phase (after 48 h), the exhaustive development of

crosslink points (Fig. 3) restricts the mobility of chains and

58 then limits its integration into the preexisting crystallites.

h This behavior may explain the decreasing trend of crys-

" " tallinity variation. If we take again the carbonyl index pre-

0 200 400 600 $0 1000 1200 sented in Fig. 6, it is evidenced that oxidation degradation

b) Aging time (h) leads to the chains scission process [8].

Therefore, sharp increase of carbonyl index after 96 h of
FIGURE 7. a) X-ray spectra of aged Si-g-LDPE. b) Variation of aging is related to chains scission process. Chains scission
crystallinity according to weathering aging. process leads to the formation of new shorter chain segments.

zo(%) = x 100, @)

2000

66

60

Degree of crystallinity (%)
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TABLE Il. Calculated structural parameters with respect to the prominent peak.

Weathering 2(°) FWHM (°) Crystallite Interchain Interplanar
aging time (h) size, CsX) separation? (A) distanced (A)
0 22,5 0,4368 191,64627 4,93608 3,94887

24 21,8 0,4368 191,48139 5,09257 4,07406

48 22 0,5616 146,99397 5,04684 4,03747

72 22,17 0,4992 166,29886 5,00862 4,00689

96 21,82 0,4368 191,48782 5,08796 4,07037
144 21,86 0,4992 166,22929 5,07876 4,06301
192 22,07 0,4992 166,27672 5,03103 4,02482
240 21,77 0,468 177,92611 5,09951 4,0796
288 21,85 0,5304 155,98924 5,08106 4,06485
504 22,23 0,4992 166,31283 4,99527 3,99621
720 21,85 0,4992 166,22649 5,08106 4,06485
936 22,31 0,4368 191,60114 4,97758 3,98206
1152 22,59 0,7488 109,38697 4,91667 3,93334

L«:lysl (secondary crystals)

g “ Lc1y50 - LamO ~ LLCI}’;l“ LcrysQ L /’ Laml(‘LamO
3] | i P

3 |

S| N ’ :
@ g ]

Z S A IS

;U (" L_\_f} = >

= . . .

Z During weathering aging

] . S : 4

i Before aging (chemi-crystallization)

Cracks

J\

S

2 ‘E"{'

Post weathering aging (cracking)

<

FIGURE 8. Chemi-crystallization scenario leading to cracks formation by introducing secondary crystallization.

Consequently, the new growth of crystallinity degree corre- It is worthy to state in the end of this section that the
sponds to the secondary crystallization of these mobile shoihcrease of the crystallinity contributes to further stiffen-
segments resulting from the oxidative cleavage of the polying in the polymer upon photo-oxidation. It was high-
mer backbone. The crystallization progression may stop ifighted by many works [17,40] that photo-oxidation creates
the developed defects created by oxidation and chain scissiarew secondary crystallites. This process is called chemi-
are enough to prevent the further migration and alignment oérystallization and is clarified by the given scheme in Fig. 8.
chain segments [39]. This behavior might probably explain
the observed level-off in the crystallinity variation after 288
h of aging.

This scheme illustrates that during photo-oxidation pro-
cess, the semi-crystalline polymer preserves the thickness
of its primary crystalline region, however, the amorphous
The crystallinity degree is leveled-off at about 61%, in domain decreases by the re-crystallization of newly formed
line with the observed level-off in the mechanical propertiescrystalline domain creating secondary crystallites and were
variation [Figs. 6a) and 6b)] and the extent of silane graft-strictly limited within the amorphous region. Consequently,
ing [Fig. 5f)] which suggests the occurrence of coherenthe amorphous part shrinks by the growth of the crystalline
phenomena in the weathering aging process of Si-g-LDPE. part that gains extra organization. With the development
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of secondary crystallites the inter-lamellar space is reduced, 80x10’
causing the embrittlement of Si-g-LDPE, therefore promot-
ing the formation of cracks and the occurrence of sharp tran-

sition from ductile behavior to brittle one.

3.3.2. Effect of accelerated weathering aging on the optical

properties

Thanks to UV-Vis spectroscopy, the optical properties of
polymeric materials can be well characterized. The UV-vis

absorption spectra of unaged Si-g-LDPE and aged one at d

ferent aging periods under accelerated weathering aging are 2)

KEZZI, L. BESSISSA

6.0x10° 4

4.0x10° 4

O ) [om- LEv I

2.0x10° 4

if- 0.0 .

shown in Figs. 9a) and 9b). An inset of enlarged view be- Gptical enerzy{eV))

tween 200 nm and 280 nm is inserted within each figure.

From the fresh sample spectrum, the UV-Vis curve contain

two parts according to the absorbance variation with wave-
length. The first part ranged from 200 nm to 235 nm where

three peaks can be observed with absorption maximums

208 nm, 217 nm and 230 nm. The absorption peaks are orig-

inated from electronic vibration of conjugated double bands

Absorbance (w.a)

T
200 400 600 300 1000
Wavel ength (nm)

Absorbance (u.a)

T T T .
200 400 600 800 1000
b) Wavelength (nm)

FIGURE 9. UV-vis spectra of Si-g-LDPE. a) Unaged sample. b)
Aged samples.

S

2

a

(Othl:oﬂj {em-1.eV)

Optical energy (eV)

FIGURE 10. Variation of optical energy witlfa/iw)'/? a) before
aging, b) after aging.

-(CH=CH),- and -(CH=CH}- [41]. A shoulder is observed
at 285 nm and assigned to the- 7* transition in unsatured
ketones [42].

The second part ranging from 235 nm to 800 nm and de-
creases dramatically (in exponential way) to get close zero.
This part is called the edge of absorbtion of the polymeric
material. Accelerated weathring aging has a noticiable effect
on both parts of the UV-Vis spectra. Weathring aging leads in
one hand to the move of the absorption edge in the direction
of the longer wavelength especially for samples aged to time
longer than 540 h. On the other hand, the appearance of two
broad absorption bands (maximum at 217 nm and 240 nm)
filled with multiple marked sharp and intense peacks.

The second broad absorption band becomes more pro-
nounced with increase of aging time [inset of Fig. 9b)]. The
sharp peaks have been observed only for samples aged to
time longer than 240 h. The move of the absorption edge in
the direction of the longer wavelength and the appearance of
sharply absorption peacks are mostly due to the development
of radicals, unsaturated bands, oxidized components and con-
jugated bands resulting from the chains scission process [42].
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aging, b) after aging.

3.3.2.1. Effect of accelerated weathering aging on the ban

gap

- —a— Ez indirect {eV}
= —a—Eg direct(eV)

Energy gap (cV)
i

T : T . ’ : : . I . : : .
Aring time (h)

FIGURE 12. Variation of direct and indirect optical band gaps with
weathering aging time.

Fig. 12 according to the aging time. It is clear that both op-
tical band gaps (direct and indirect) behave in the same way.
They increase until the weathering aging time reaches 144
hours and decrease afterwards. The increase of the optical
band gaps at the beginning of aging indicates that the insu-
lating character of the material is enhanced which may have
a significant effects on the dielectric properties of the insula-
tion.

Besides, the decrease of band gaps with extended aging
time indicates that the energy required for electronic transi-
tion decreased, which suggests the possibility to create new
intermediate states that facilitate electronic transitions be-
tween molecular orbitals. The decreasing behavior confirms
hat weathering aging produces faults and imperfections in

i-g-LDPE polymer structure, such as bond rupture, free rad-
icals, oxygenated functions, cross-links, etc., which lead to

The optical band gapHyy) of Si-g-LDPE was deduced from growth in_ electronic _disorder WhiCh is responsible for creat-
UV-visible spectra. The band gap of semiconducting materi!n9 permitted states in the for_bldden pand or the dgformatlon
als and polymers generally has two compenents: direct an@f valence band _[46]. The disorder in the crystalline struc-
indirect band gaps [43]. Mott and Davis formula for incident ture of the material can also have an effect on the observed
optical transition was used to calculate the optical energy gafiecreasing tendency of the optic band gaps [43].

for each sample [44]:

B(hw — Eop)"

afw) = 2o

(8)

where« is the absorption coefficient, is light frequency
which equals the ratio of wavelength and velocity of light,

3.3.2.2. Effect of accelerated weathering aging on Urbach
energy

The Urbach energy can be used to estimate the amorphous
character of the polymer, where an increase in the amorphous

is Plank constantj is a constant, n is an index determined by natyre of the polymers materials corresponds to an increase in
the nature of the electronic transitions during the absorptionyrpach energy [45]. The importance of this quantity resides
process andy is the optical energy gap. The Tauc’s graphin, jts help for understanding the electronic transport proper-

plots of (ahw)™ versus optical energyi) for both optical
transitions: directs¢ = 1/2) and indirect ¢ = 2) [45], are

shown in Figs. 10 and 11, respectively.
The energy gap can be extrapolated by determining the
intercept of the linear portion of the curves to the beginning &= ao®Xp| 7 | ©)

of the absorption edge on the energy axis(cdtw)? = 0 and
(ahw)/? = 0 [43]. The direct and indirectZop values of

all samples

are ploted in

ties of materials. The absorption coefficien) {s described
by the Urbach formula [46]:

u

whereqy is a constant and,, is an energy interpreted as the
width of the tail of localized states in the forbidden band gap.
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FIGURE 13. Variation of Urbach energy with weathering aging 20x10° 4"
time.

The Urbach energ¥,, was estimated from the plot of k)
according tohw. The variations off,, with weathering ag-
ing time are presented in Fig. 13. It is clear that Urbach en- &
ergy changes with the increase in weathering aging time. It g'

is well known that the decrease in Urbach energy indicates~ 2 sxio*-
the increase in the crystalline part [47]. This is what has been
observed with the onset of weathering aging. The Urbach en-
ergy decreases from 0.95 eV to 0.85 eV after 48 h of aging. In
this period of aging, it may occur a remodeling of the polymer )

structure leading to a more ordered structure as aresult of the "¢ 7 1 1Tt Tt T T
very looser character of the polymer network. However, the Wavelensth (am)

increase of Urbach energy after 48 h of aging indirectly indi-

cates an increase not on|y in the amorphous phase' but alfd)GURE 14. Plots Optical dielectric constant as a function of wave-
in the non-homogeneous disorder of polymer’s amorphous!€ngth- &) Real part. b) Imaginary part.

ary part

3.0x107 A

2.0x10™ 1

ness [45]. . . )
The sharp rise of tail widthsH,,) can be attributed to the The real and imaginary parts can be calculated by:

growth of crosslink points in the amorphous region of the e —n?_ 2 (10)

polymer (one may admit that crosslinks acts as faults and ! ’

imperfections in the amorphous part). After 144 h of ag- €; = 2nk, (11)

ing, the Urbach energy reaches 1.02 eV. Afterwards, chemi-

crystallisation onsets and the amorphous region shrinks byheren is refractive index and is extinction coefficientn
the growth of the crystalline phase that gains supplemenandk were determined from the below equations [48]:
tary organization. Hence, Urbach energy falls down again to

reach 0.87 eV after 1152 h of aging. These results inversely n — (1+VR) (12)
roughly correspond with a degree of crystallinity variation (1-VR)’
measured with X-ray measurements. a

k= = (13)

3.3.2.3. Effect of accelerated weathering aging on optical
dielectric properties R=1-(A+T), (14)

The optical complex dielectric constant is another importantvhere & is the reflectanceA is the absorbancel’ is the
intrinsic property that can be used for characterizing the optransmittance\ is the incident light wavelength ana is

tical properties of materials because it depends sensitively otne absorption coefficient. Figures 14a) and 14b) display the
the band structure of the material. Optical dielectric constangvolution of the real and imaginary parts of optical dielectric
has real and imaginary parts. The real pay} 6f dielectric  constant with wavelength for the virgin and aged Si-g-LDPE
constant reveals the speed of light that can be slowed dowsamples.

in the material, whereas the imaginary paif) (shows the It is interesting to observe that the variation of both real
absorption of energy from an electric field due to dipoles mo-and imaginary parts increase and decrease similarly. One re-
tion [47]. laxation mode (maximum in the variation of each property) is
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observed situated between 700 nm and 1000 nm for the reather hand, the weakened intensities of Si-QGthction-
part, and between 550 nm and 800 nm for the imaginary partlity groups and elevated intensities of Si-O-Si group peaks
This behavior is observed for all different aging periods. Thein the FTIR spectra. The whole cross-linking period was di-
changes in the optical dielectric constant with aging time carvided into two phases. During the first phase the material
be ascribed to changes in the density of states because theesents a loosely crosslink network, nevertheless, it passes
dielectric constant is straight related to the density of stateto a tight crosslink network during the second phase. Eventu-
within the forbidden gap. According to previous statementsally, the material becomes brittle and visible surface transver-
(based on the X-ray and FTIR results), structural changes osal cracking has been observed during this period. The
curred in the polymer matrix after weathering aging. Thesesecond objective was reached by the assessment of photo-
structural changes may lead to the appearance of defect sitezidation under weathering aging effects on the mechanical
in the material’s band gap. These defects could lead to thbehavior of Si-g-LDPE. After a short ductile behavior, lead-
formation of charge carriers traps that change the polyethying to an increase of mechanical properties at the beginning
lene’s ability to store charges and hence cause changes @i aging, a brittle behavior was observed where the mechan-
the dielectric constant [49]. Another point must be asserical properties drop down. The decrease of mechanical prop-
tained here, that is the dielectric loss spectral peaks changesties is directly linked to the undergone photo-oxidation pro-
with wavelength and consequently with frequency upon ageess. The evolution of mechanical properties and carbonyl
ing time. These results disclose that optical relaxation timéndex was found to be similar. The overall photo-oxidation
() varies with variation in charge carrier concentration, be-degradation is done in three successive steps during the all ag-
cause of dielectric loss andare inversely related each other ing period. The weathering aging effects on microstructural
[50]. It can be noted also that real and imaginary parts ofeatures is checked thanks to X-ray measurements. An abrupt
optical dielectric constant display a scattering performancéncrease in the crystallinity of Si-g-LDPE was observed at the
with wavelength. Such scattering is significant for practicalbeginning of aging. This fast increase of crystallinity is one
purposes, because the dispersion factor plays a predominasft the responsible mechanisms in the rapid transition from
role in the practical use of the studied material. the ductile to brittle behavior of the material. At advanced
stage of aging, the crystallinity is leveled-off at moderate
value. This level-off is the consequence of the defects cre-
4. Conclusions ated by oxidation and chain scission preventing the further
migration and alignment of chain segments. The conclud-
The behavior of Si-g-LDPE under accelerated cyclic weathing remarks concerning the effect of weathering aging on the
ering aging was assessed by macroscopic and microscopiptical properties are: (i) the direct and indirect band gaps in-
methods. Two main objectives were fixed initially. The crease at the beginning of aging and decrease afterwards; (ii)
first objective is to follow-up the cross-linking process un-the Urbach energy follows a reverse behavior corresponding
der weathering conditions, which present a favorable envito the aging time as seen in the crystallinity variations; and
ronment for the silane cross-linking process of polyethylene(iii) the real and imaginary parts of the optical dielectric con-
Hot-Set-Test and FTIR are successfully used to achieve thistant present one relaxation mode for all different aging peri-
objective. The obtained results confirmed the occurrence afds. The changes in the optical dielectric constant with aging
cross-linking reactions by, on one hand, the increase of timéme can be attributed to a change of the density of states
to failure or decrease of Hot-Set-Test elongation, and on thwithin the forbidden gap.
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