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Abstract

Photo- and thermal ageing of nitrile butadiene rubber (NBR)/poly(vinyl chloride) (PVC)
blends cured with sulfur and a vulcanization agent have been studied. Characterization of the
aged NBR/PVC films was performed by using FTIR and UV-visible spectroscopy, DMTA,
Shore A hardness and swelling measurements. The objective was to understand the
formation of cracks upon ageing and to put in evidence correlations between the different

scales: from chemical structure to functional properties.

Keywords: Nitrile butadiene rubber (NBR), poly(vinyl chloride) (PVC), photooxidation,

thermooxidation, cracks, multiscale correlations

1. Introduction

Nitrile butadiene rubber (NBR) or nitrile rubber is a copolymer formed by butadiene and
acrylonitrile monomers, providing flexibility at low temperature and oil resistance. The
majority of nitrile rubbers have an acrylonitrile content between 19% and 40%; the higher the
content is, the higher the resistance to hydrocarbons will be, but it will impact properties at
low temperatures. These particular characteristics make it a material of interest for the
automotive sector, but its weak resistance to ageing due to the unsaturation present in the

chemical structure limits its applications.

To improve its durability, NBR is blended with various polymers, in particular with poly(vinyl
chloride) (PVC), which is supposed to enhance the ozone and thermal ageing resistance and
the mechanical properties of NBR. NBR/PVC blends are described as miscible, partially
miscible or immiscible blends depending on the ratio of each polymer, the acrylonitrile

content and the characterization technique [1-4].

Under use conditions for outdoor applications, cracks can appear at the surface of hoses

made with NBR/PVC blends. The formation of cracks is an issue as they are a visible
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consequence of the degradation and a loss of functional properties. Cracks have already
been reported in papers dealing with ozonolysis in NBR/PVC blends [5], however this raises
the question of the influence of UV-light in NBR/PVC blend degradation and the combined or
not effect of photo- and thermooxidation of NBR/PVC blend to explain these different

behaviours.

T. Skowronski et al. [6] studied NBR photodegradation at short wavelengths (A < 254 nm)
with NBR acrylonitrile contents varying from 21.7 to 41.6%. They showed the influence of the
copolymer composition on the degradation of the material and highlighted that
photooxidation occurred preferentially on the polybutadiene sequences, leading to the
formation of carbonyl and hydroxyl species. For the study of photooxidation at long
wavelengths (A > 300 nm) of noncured NBRs, the same conclusions were shared by C.
Adam et al. [7] and also by G. Scott et al.[8] in their study on photooxidative ageing of
various blends based on polybutadiene. Studies on the thermal ageing of NBR have led to
similar results [9-12]; F. Delor et al. [9] have shown that the CN bonds were not affected
over the ageing time, while the double bonds were particularly affected and carbonylated and
hydroxylated products were formed. The proposed degradation mechanism of NBR was then
based on the polybutadiene degradation mechanism, which has already been the subject of

many studies [13-15].

PVC photodegradation has already been reported [16—18]: it has been shown that it leads to
the formation of conjugated polyene sequences by the loss of HCI (dehydrochlorination
reaction) and the oxidations of these polyenes. The formation of ketones was also observed;
due to their photochemical instabilities, leading to the formation of carboxylic acids. Other
products are formed as chlorine radicals that are able to attack the polymeric chain. The
main products observed by infrared spectroscopy are carboxylic acids, hydrochloric acid or
even chlorocarboxylic acids. In conditions of thermooxidation, PVC only generates polyenes
through the dehydrochlorination reaction, followed by the oxidation of these polyenes. The
products are then saturated ketones, esters, peresters and lactones [18,19].

Different studies on polymer blends demonstrated that it was not possible to predict the
degradation behaviour of blends from those of the homopolymers. Indeed, a stabilizing effect
has been observed in some cases [20-22], whereas other studies reported that the
degradation of one component leads to the degradation of the other one [23-26]. The
photochemical behaviour of the NBR/PVC blend has been scarcely studied. T. Skowronski et
al. [27] reported a study of the photodegradation of a PVC/NBR (90/10 wt%) blend and
concluded that the formation of hydroxyl species was due to the butadiene unit of NBR, but

the blend morphology influenced the degradation rate. A miscible blend with one phase was
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reported to be less resistant to UV light, which was explained by the reaction of the free
radicals that were formed in one polymer of the blend reacting with the other polymer,
leading to its degradation.

In this paper, we focus on the degradation of a crosslinked NBR/PVC blend (65/33 wt%)
under photo- and thermooxidation conditions. The aim was to put in evidence the links
between the chemical structure changes induced by oxidation and those observed at the
macromolecular scale and on the mechanical properties in order to explain how these

modifications will lead to the occurrence of surface cracks.



2. Experimental
2.1. Materials

A commercial nitrile butadiene rubber (NBR) with a 33% acrylonitrile content and a Mooney
viscosity of 45 and poly(vinyl chloride) (PVC) with kwert K > 60 were used. Curing agents
were also added: sulfur and an accelerator, CBS (N-cyclohexyl-2-benzothiazolesulfenamide).
All products were provided by Trelleborg Industrie SAS.

The composition of the NBR/PVC blend is given in Table 1

Table 1. Composition of the NBR/PVC blend

(%wt) NBR PVC Sulfur CBS

NBR/PVC 65.3 32.7 1.3 0.7

2.2. Sample preparation

Blends were prepared at Trelleborg Industrie SAS in a Banbury mixer type. First, NBR and
PVC were mixed at 50 rpm for 10 min at 160 °C. Then, the final batch was passed on a two-
roll mill at 60 °C for 12 min with curative agents. No stabilizers were added for processing.
Rheometric characterization was performed to determine the optimized vulcanization time
using a moving die rheometer (Monsanto MDR 2000E) at 155 °C for 1 h, and it appeared
that 30 min was needed to cure the samples. Therefore, 2 mm cured samples were made by
compression moulding, and thin films (115 pum) were made by pressing uncured blends at
155 °C for 30 min under 200 bar pressure to obtain cured blends. Films with a thickness of

10 ym were obtained by microtomic sectioning of a 2 mm cured sample.

For micro-FTIR, thick films were immersed in liquid nitrogen and then placed in a Leica
RM2165 microtome with a tungsten carbide blade inclined at 90°. The cross-section of the

blend film was cut to a thickness (approximately 25 um).
All the studied samples are cured blends and are further denoted as NBR/PVC blends.
2.3. Accelerated ageing and test conditions

A minimum of three films of the same sample were studied per ageing time to ensure good

reproducibility.

2.3.1. Photoageing



Films were irradiated under artificial ageing conditions in a SEPAP 12/24 unit from Atlas
(Ametek). It is equipped with polychromatic sources, which are four medium-pressure
mercury lamps with borosilicate envelope filtering wavelengths below 295 nm. The irradiance
was 90 W/m? in the range 295-420 nm, and the instrument setting of temperature at the
surface of the sample was fixed at 60 °C (measured temperature: 54 °C) due to a PE film as
the probe. Irradiation was carried out in the presence of oxygen (under air).

2.3.2. Thermal ageing
Films were thermooxidized in a forced air venting oven Memmert UF30 at a temperature of

120 °C. The oven temperature was controlled with a tolerance of £1 °C.

2.4. Characterization techniques
2.4.1. UV-Vis spectroscopy

UV-Visible spectra of 115 um thick films were recorded between 200 and 800 nm in a

Shimadzu UV-2600 scanning photometer with an integrated sphere.
2.4.2. FTIR spectroscopy

Infrared spectra were recorded in transmission mode using a Thermo Scientific Nicolet 6700
spectrometer with Omnic Software. Spectra were obtained with 32 scans and a 4 cm™

resolution. A minimum of three samples were analysed to obtain good reproducibility.

Infrared spectra in ATR mode were recorded using a Thermo Scientific Nicolet iS10 with a
germanium crystal, a 4 cm™ resolution and 32 scans. Data were studied with Omnic

Software.

Oxidation profiles were obtained using a Nicolet Continuum microscope coupled to a Nicolet
IS10 spectrometer (Thermo Scientific). Spectra were recorded every 5 um with an aperture

of 10 ym, with a 4 cm™ resolution and 32 scans.
2.4.3. DMTA

To determine the dynamic mechanical properties of unaged and aged samples, a TA
Instrument (Waters™) Q800 DMA was used. A liquid nitrogen tank was linked to reach low

temperature (-50 °C). Two types of clamps were used:
- Tensile mode for thick films (e >100 um). Rectangular samples of 1 cm x 1.5 cm x

135 um were prepared for measurements.



- Single cantilever (SC) for thin films (e <20 um). Stainless steel pockets (Mettler
Toledo) were used. These envelopes do not have transitions; they allow us to follow
thermal transition evolution but not modulus transition.

The temperature range was from -50 °C to 100 °C, and the heating rate was 3 °C/min at a
fixed frequency of 1 Hz. The applied strain was 0.05% in tensile mode and 0.05% in SC

mode.

A minimum of five samples were analysed to ensure good reproducibility for DMTA

characterization.

The molecular weight between two cross-link points (M;) can be calculated through the
following Eq.1 using rubber elasticity theory [28,29]:
3pRT
‘T ET

where p is the density of the network at temperature T, R is the gas constant, and E’(T) is the

Eqg.1

rubbery modulus at temperature T = T4+40 K in this study.

The equation 1 was established for unfilled elastomers, it is subjected to corrective models to
be applicated to filled polymer. We used the equation based on Guth and Gold [30] model to
calculate E’

E'(T)fittea Eq.2

D) = (1+ 0.67 of + 1.62 ¢*f?)

Where ¢ is the volume fraction of fillers (i.e. 0.36) and f is the shape factor (length/breadth),

f=3 based on Sosson [31] work.

2.4.4. Swelling measurements

Tetrahydrofuran (THF) was chosen as the solvent for swelling measurements because NBR
and PVC are both soluble in THF. After curing, the NBR/PVC blend swells, and the extent of
the swelling depends on the crosslinking degree. A well-known mass of a sample (W) was
put into THF at room temperature for 24 h. The swollen sample was then removed, wiped
with tissue paper to remove excess solvent from the surface and weighed (W;). Then, it was
placed in an oven under vacuum at 50 °C for 24 h. The dried sample was further weighed
(Wins). The curative system used was chosen to crosslink the NBR phase, so the expression
of swelling was adjusted to take into account the amount of PVC in the blend, based on
Flory-Rhener swelling theory and Kraus rubber-filler interaction theory [28, 29]. The

expression of the swelling ratio and the insoluble fraction are calculated as



. . P1 VVS - Wins
Swelling ratio (Q) =1+ —* ————— Eq.3
g ( ) %) Wins(l - g)

WO - Wins

Fins =1 1——F—
mns 00 *( Wo(]. _ 8)

) Eqg. 4

Where p; is the density of the polymer, p, is the density of the solvent, and ¢ is the weight
fraction of the fillers.

As we assume that the PVC does not influence the crosslinking density, it becomes the

following expression:

Veo In(1=V.)+ Y2 +V,
—
74

1
Vro/3 —% Eq.5

Where V,is the rubber volume fraction at the swelling equilibrium, which can be expressed

as the inverse of the swelling ratio:

1
VTO = 5 Eq6
And V., is
Wins(l—s)
Wins + VVS — Wins
p3 Py

With p3 the density of the blend.

The interaction parameter (x) of NBR/THF is calculated by using Hildebrand model and the

used value is 0.35.
Vs 2 Eq.8
x =034+ RT (rur — OnpR) q

Wherein drye (i.e. 9.5 (cal/lcm®)Y?) is the solubility parameter of solvent and dygr (i.€. 9.57

1/2

(cal/cm®)*) is the solubility parameter of rubber.

Finally, it is possible to calculate the molecular weight between two crosslink points (M)

thanks to the following equation:

2.4.5. Thermoporosimetry



Thermoporosimetry analysis consisted of measuring the freezing point of THF contained in
swollen NBR/PVC blends. The sample was placed into THF at room temperature for 24 h,
removed and immediately analysed by DSC. The DSC procedure with a DSC instrument
(Mettler Toledo 3+) was as follows: an isotherm at -150 °C for 5 min, then the temperature
rate increased at 3 °C/min from -150 °C to 50 °C. The freezing point is directly linked to the
crosslinking density, and it decreases as the system crosslinks. The relation used is [32]

B
Tp=AxTy+— Eq.10
14

where T, is the crystallization temperature of the solvent confined in a R, radius pore and T,
is the crystallization temperature of the free solvent.

2.4.6. Shore A Hardness measurement

Shore A hardness measurements were made with a Hildebrand durometer. According to the
norme [ISO 48-4:2018], 6 mm thickness samples were used, and an average of 10 tests is

given.
2.4.7. Atomic force microscopy

The peak force QNM mode in AFM was used to determine the mechanical properties of the
NBR/PVC blend. Measurements were performed with a Brucker multimode 8 model with a
nanoscope 9.20 in tapping mode. An RTESPA150 probe from Brucker with a curvature

radius of 8 nm and a spring constant near 40 N/m was used.

Modulus measurement was performed on the exposed surface to monitor the stiffness
evolution between aged and unaged material. Images of 5 ym x 5 ym at a scan rate of 0.5
Hz, and 512 scans were recorded. A minimum of 3 different sample zones were tested, and
the average of the 3 images was taken. Probe calibration was realized with PDMS (3.6
MPa), but it was not enough to obtain quantitative measurement of the reduced Young
modulus; therefore, the study is limited to the relative evolution of stiffness. The stiffness was
evaluated thanks to the reduced Young’s modulus E* obtained with DMT modulus images.

The Derjaguin-Muller-Toporov model was used to determine the mechanical modulus.

3. Results and discussion

3.1. Chemical modifications

Infrared spectroscopy is widely used to monitor the oxidative ageing of various materials and
is particularly sensitive to detect carbonylated species. Analysis of changes in the IR spectra

first requires the identification of the absorption band of the NBR/PVC blend before ageing.
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Figure 1 shows the IR spectrum of the NBR/PVC blend before ageing, and the attributes of
the IR bands are given in Table 2.

3

v CHQ/ N
C=C trans-1,4
v CH, 3 CH, CH,
[} 24
(&)
c
8
B 5 CH-CI C=C 1,2 vinyl
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| v C-Cl
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c-C Il
1- l
v C=C vinyl l I
|
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Wavenumber (cm™)

Figure 1. FTIR spectrum of NBR/PVC blend film (e= 115 pum) before ageing

Table 2. Attribution of Infrared absorption bands of the NBR/PVC blend

Wavenumber (cm™) Attribution Ref
2940, 2850 Asymmetric/symmetric CH, stretching NBR, PVC 3934
2240 Nitrile (C-N) NBR .
1730 C=0 stretching NBR impurities .
1668 C=C trans-1,4 stretching NBR .
1640 C=C vinyl stretching NBR .
1580, 1540 Stearates stabilizers NBR impurities .
1440, 1350, 1320 CH, CH, bending NBR, PVC s
1255 C-Cl bending PVC %
1070 C=C trans-1,4 NBR s
966 C=C trans-1,4 NBR .
920 C=C vinyl-1,2 NBR 3
730 C=C cis-1,4 NBR s
690,615 C-Cl stretching PVC 9536




3.1.1. Photoageing

The photooxidation of the NBR/PVC film leads to modifications of the chemical structure
monitored by infrared spectroscopy. Figure 2 shows the two main regions where changes
occur. In the carbonyl region (Figure 2a), IR bands develop with an absorption maximum at
1715 cm™ and shoulders at 1775 cm™ and 1690 cm™. In the first hours of irradiation, an IR
band at 1690 cm™ appears but becomes difficult to observe after 10 h of irradiation. The
hydroxyl region (Figure 2b) shows a broad absorption band with a maximum at 3490 cm™
achieved during the first irradiation hours. Species at 3490 cm™ correspond to products such
as hydroperoxides, OH, and OH from acidic groups [7].

(@) (b)

— g:n aged| Photoaged [—— Non aged|
2h
n an

— 6h ——6h

——8h ——8h

 10h —— 10h

_ish ——15h

_20h —— 20h

——25h —— 25h

2 - [——son ——50h T
0] 75h ) 75h
(8] 100h (8] 100h
= S 3490 cm™ 3390 cm
Qo Qo : :
= e
o 1715 cm™ o
%2} %)
o A\ o)
< I <
/ \\ 1690 cm™®
/ A
NA
1775 em* / ‘N X yA
= :
0+

T T T T T T T T T T T T T
1900 1850 1800 1750 1700 1650 1600 1550 1500 3800 3700 3600 3500 3400 3300 3200 3100

Wavenumber (cm™) Wavenumber (cm™)

Figure 2. FTIR spectra of (a): the carbonyl region (1900-1500 cm™) and
(b): the hydroxyl region (3800-3100 cm"l) of the NBR/PVC film during photooxidation

During irradiation, there is no evolution of the IR absorption band assigned to the nitrile group
(2240 cm™) of the NBR/PVC blend film, which means that acrylonitrile sequences are not
involved, this result is in good agreement with the previous works of F. Delor-Jestin et al.[34]
and C. Adam [7] about noncured NBR..

To follow the modifications of the unsaturations of NBR/PVC, ATR-IR spectra were also

monitored.
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Figure 3. ATR-FTIR spectra of the NBR/PVC blend during photooxidation in the 1100-800 cm™ region

Figure 3 shows a magnified view of the 1100-800 cm™ region of the IR spectra obtained by
ATR-Ge to monitor the evolution of the 920 cm™ and 966 cm™ absorption bands assigned to
1,2 vinyl and 1-4, trans double bonds, respectively. A decrease is observed corresponding to
the consumption of unsaturations linked to the butadiene part of the polymer [7,14,15,37].

We have also compared subtracted spectra of PVC, NBR and NBR/PVC blend films
photooxidized 100h in terms of oxidation products. A particular attention was given to the

carbonyl region (1900-1500 cm™) represented in Figure 4.

—— NBR/PVC

1,2 4 |Photoaged i 1715 cm* ——NBR
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Figure 4. Subtracted IR spectra of NBR and NBR/PVC films in the region 1850-1600 cm™
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We can note that the maximum of the broad IR band is at 1715 cm™ and a shoulder at 1775
cm™ is observed for NBR and the NBR/PVC blend. No band is observed at 1745 cm™ for the
NBR/PVC blend (the oxidation IR band reported for PVC [16]). The absorbance of
carbonylated products for NBR/PVC is similar to that for NBR, for a same ageing time. This
shows no influence of PVC on the photooxidation of NBR, in the NBR/PVC blend, and the
degradation mechanism of NBR/PVC is comparable to that of neat NBR. To complete this
study, degradation of a NBR/CaCO; blend was also performed. The spectra and the
associated absorbance variation are given in supporting information (Figure S1). This result
shows no influence of CaCO; on the photooxidation of NBR in the blend. Moreover, no
difference was observed between the NBR , NBR/PVC and NBR/ CaCO; blends during the

exposure duration. Therefore, PVC in the blend has been considered as a diluent.

Studies on the photooxidation of NBR have shown that the weak point of this copolymer is
the butadiene units, which also seem to be the initiating point for the degradation of the
NBR/PVC blend. Photooxidation of polybutadiene (PB) has received much attention in the
literature, and the mechanism was described as a radical chain mechanism [6,37—39]. Under
the effect of an energy source, the defects present in the NBR (impurities, structural defects)
could form radicals. As summarized in Figure 5, the initial stage is the primary radical attack
on the C-H bond in the a-position to the double bond (966 cm-1 for 1,4 trans and 920 cm-1
for 1,2 vinyl), leading to alkyl formation. In the presence of oxygen, alkyl radical (P*) reacts to
form peroxyl radical (POO®) which becomes hydroperoxides (POOH) after abstraction of a
hydrogen atom from the macromolecular chain. Hydroperoxides (POOH) decompose under
irradiation or high temperature to give two radicals: alkoxyl (PO®) (I) and hydroxyl (HO®) (II)

radicals, as represented in Figure 5.
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Figure 5. Mechanism of oxidation of butadiene sequences in NBR

Alkoxyl radical (1) reacts to form:

- a, B-unsaturated alcohols (at 3490 cm™) by labile hydrogen attack [7]. After oxidation,
unsaturated alcohols lead to saturated alcohols.

- a, B-unsaturated ketones from the cage reaction of the alkoxyl radical with hydroxyl
radical (HO*) are detected at 1690 cm™. Ketones are not photostable; they decompose
through Norrish reactions and lead to saturated carboxylic acids (at 1715 cm™).

- Unsaturated aldehydes by [B-scission. After oxidation, unsaturated aldehydes are
converted to saturated aldehydes and carboxylic acids (1715 cm™).

At the same time, crosslinking reactions occur;
- either by reaction of the alkoxy radical (I) on a double bond, leading to an ether bridge
between the macromolecular chains,
- and/or by reaction of the alkyl radical (P*) on a double bond creating a C-C bridge
between the macromolecular chains.
The shoulder at 1775 cm™ could be y-lactones obtained by two hydroperoxides cyclization,

anhydride formed by dehydration of carboxylic acids, and/or peresters [15].

Rate of photooxidation

The variation in the absorbance of the IR bands (at 1715 cm™ and 3490 cm™) was plotted as
a function of the irradiation time to characterize the oxidation kinetics of the NBR/PVC blend.
Figure 6a shows no induction time for these two bands with a huge increase in absorbance

observed between 0 and 25 h of irradiation. After 50 h, these absorbances reach a plateau.
13



These phenomena have already been observed in other studies [13,15] in the case of an
oxidation profile within the material. This profile is usually observed in rubber materials
because of the heterogeneous degradation coming from either a decrease in the oxygen
permeability due to a crosslinking reaction or a light absorption profile [7,13,40].

The decrease in IR bands of unsaturations was studied in transmission mode for the band at
920 cm™ and in ATR-Ge mode for the band at 966 cm™ because of the too-high absorbance
of the latter in transmission mode (i.e., Beer—Lambert law). Figure 6b shows that the band at
920 cm™ corresponding to 1,2-vinyl double bonds follows the same trend as the one at 966
cm™ because, as shown in the mechanism, radicals can react with both kind of double bonds
and lead to crosslinking. There is a large decrease during the first hours, and a plateau is
reached after 25 h to 50 h for these both bands, as observed for the IR bands at 1715 and
3490 cm™(Figure 6).

a) b)
14| ® 1715cm® 0.00 ‘A Photoaged
’ V3490 cm’?| A
002 |
12+ . .
104 ° -0,04 H A
, A
. W
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< 081 ° S Aa
< S A
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054 ° < -008 A
o A
o -0,10 |
04 / v v
/ v
v
’ 012}
0,2/
l -0,14 |
0,0 T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Ageing time (h) Ageing time (h)

Figure 6. Absorbance variation at (a): 1715 cm™(®) and 3490 cm™( ) and (b): 920 cm™(A) and 966
cm™(#) during photooxidation for a NBR/PVC film

3.1.2. Thermal ageing

Thermal ageing of the NBR/PVC blend was performed at 120 °C, and chemical modifications
were followed by IR spectroscopy (Figure 7).

During thermoooxidation, the IR spectra of the NBR/PVC blend film show the formation of
the same IR bands as those observed in photooxidation, with a maximum at 3490 and a
shoulder at 3370 cm™ for the hydroxylated species (Figure 7a) and a maximum at 1715 and
1690 cm™ and a shoulder at 1775 cm™ for the carbonyl product (Figure 7b). Under
thermoooxidation conditions, there was also no significant change in the absorbance of the

IR band of the nitrile group (at 2240 cm™), as mentioned in previous work [9].

14



It was reported that thermoooxidation of NBR followed the same degradation pathways as
photochemical ageing [9,11,12,41-43], and the main oxidation products were identified:
alkoxyl and hydroxyl radicals are formed and lead mainly to the formation of alcohols (3490
cm™), lactones (1775 cm™), saturated carboxylic acid (1715 cm™) and ketones (1690 cm™).
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Figure 7. FTIR spectra in (a): the carbonyl region (1900-1500 cm™) and (b): the hydroxyl region (3800-
3100 cm™) of the NBR/PVC film during thermooxidation

Rate of thermoooxidation

Figure 8 displays the variation in the absorbance of the IR bands (at 1715 and 3490 cm™) as
a function of the irradiation time. The curves show two different periods as the slope changes
after 25 h with an increase in the kinetic rate. The first period corresponding to a slower
process can be due to the presence of a residual processing antioxidant. We do not observe
a plateau up to 100 h, which suggests that there is no oxidation profile, in contrast to the

case of photooxidation (see Figure 6).
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Figure 8. Absorbance variation at 920 cm™ (4), 1715 cm™ (®) and 3490 cm™ (V) during
thermoooxidation for a NBR/PVC film

Photooxidation versus thermoooxidation

If we compare the IR spectra of photo- and thermooxidized NBR/PVC films, we observed
that the same IR bands appeared but with different stoichiometries. Figure 9 shows the
subtracted IR spectra (between aged samples and the nonaged samples) for NBR/PVC films
after either 4 h of photooxidation or 25 h of thermoooxidation. We can observe that for the
same absorbance (A = 0.5) for the band at 1690 cm™, the absorbances for the two other
bands at 1715 and 1775 cm™ are different. The oxidation product corresponding to the IR
band at 1715 cm™ is formed in lower amount in the case of thermoooxidation compared to
photooxidation, whereas the product corresponding to the IR band at 1775 cm™is formed in
higher amount in thermoooxidation than during photooxidation. From the proposed
mechanism, these oxidation products developing at 1690 cm™ would be ketones, which
would be consistent with their photochemical instability, and then they are not present (or are
present to a lower extent) in photooxidation. In addition, the shoulder at 1775 cm™ is much
more pronounced for the thermooxidized NBR/PVC blend. However, the mechanism of
oxidation of PB cannot explain this difference. Knowing that PVC is particularly poorly
resistant to thermal degradation, we can reasonably assume that it can be a product of PVC

degradation.

16



1,0

—— 25h Thermoaged

|Substracted spectra| |115 pm| 4h Photoaged

1715 cm

1690 cm™

Absorbance

L e e e
1900 1850 1800 1750 1700 1650 1600 1550 1500
Wavenumber (cm™)

Figure 9. Subtracted spectra between the nonaged and aged NBR/PVC film
(after 4 h photooxidation and 25 h thermooxidation)

UV-visible spectrum and light absorption profile

Figure 10a displays the UV-visible spectrum of a NBR/PVC film before ageing. We observe a
high absorbance value at 400 nm for a film of 115 um thick; revealing the yellow colour of the
blend. This can be attributed to sulphurous species used to cure the polymer. It is also

important to note that no evidence of the presence of dienes specific of the PVC aging have
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been monitored during all the exposure duration.
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Figure 10. (a): UV-visible spectrum (b): % of light transmitted at A = 350 nm as a function of the
distance from the exposed surface for a NBR/PVC film plotted from (a)

From the UV-visible absorption spectrum of an NBR/PVC film, we can plot the percentage of
transmitted light / incident light (I/lo X100) at 350 nm as a function of the distance from the
exposed surface (Figure 10b). The profile of light transmitted indicates that the UV light
penetration (A < 350 nm) is heterogeneous and that practically no light is absorbed after the

first 80pm from the exposed surface (l/lo = 0.13 at 350 nm).

Oxidation profile
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Figure 11. Changes of 1715 cm™ absorbance in function of the depth (um)
after 100h of photooxidation

Measurements of absorbance at 1715 cm™ were performed using an infrared microscope on
microtomed aged samples (Figure 11) from the exposed surface to the bulk. In the case of
photooxidation, the resulting absorbances at 1715 cm™ of irradiated sample are highly
different depending on the depth in the film; Figure 11 shows that there is an oxidation profile
resulting in a heterogeneous distribution of oxidation products in the film thickness. This
helps to explain the shape of the kinetic curves in Figure 6 with the formation of a plateau.
Indeed, in the photooxidized film, two zones are distinct: the first microns of the exposed face
are strongly oxidized, but the core of the film remains unmodified. Oxidation is superficial due
to the limited UV-light absorption across the film depth as shown in Figure 10. In addition,
one can also assume that the oxidation profile can be correlated to a decrease in the oxygen
permeability, as previously reported by Adam et al. [7], crosslinking reactions and the

formation of a network or densification of the network can lead to a profile. In the
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thermooxidized film, if we compare the absorbances at 1715 cm™ observed for the surface
and the core, they are similar, which means that oxidation is homogeneous in the whole
thickness of the film. This is in agreement with the kinetic curves obtained in Figure 8 under
our accelerated ageing conditions. However, an oxidation profile, as previously described by
Celina et al. [41], could have been recorded if the same study had been performed using a
thicker film.

3.2. Macromolecular architecture modifications

This section of the paper is devoted to the characterization by DMTA and swelling
measurements of changes at the macromolecular scale resulting from chain scissions or

crosslinking reactions after polymer ageing [2,44—-47].
3.2.1. Swelling measurements

Swelling ratio was measured on both thermo and photooxidized NBR/PVC blend films, and

Figure 12a displays the swelling ratio as a function of time.
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Figure 12. (a): Swelling ratio and (b): M variation of NBR/PVC film versus ageing time and (c):
thermoporosimetry curves of NBR/PVC film before and after 200 h of thermoooxidation

For the photooxidized film, the swelling ratio sharply decreases in the first 10 hours of
irradiation and reaches a constant value after 20 h. During thermal ageing, the swelling ratio
decreases progressively and reaches a similar value as in photooxidation conditions after 80
h of ageing. From the swelling values, M. of the NBR/PVC blend can be calculated using
EqQ.9 and is given in Figure 12b. The same trends are obtained for M. values as those
reported for the swelling ratio. The decrease in molecular weight between two crosslink
points (M;) means that the mesh size of the network decreases upon ageing. These results
reveal a network density phase from macroradical recombination in the presence of oxygen,
as was also observed by S. Berthumeyrie et al. [48].

In addition, when a polymer is crosslinked, there is an insoluble fraction that can be
characterized by swelling measurements when immerged in the appropriate solvent. For
NBR/PVC blends, the vulcanization system reacts with the elastomeric part of the blend, that
is the NBR part, while PVC would be able to be extracted by THF. Initially, the soluble
fraction was calculated as 1-Fi,s (Eq. 4) and represents 20% + 5% which is less than the
weight fraction of PVC in the blend. After ageing, we did not measure any soluble fraction,
which means that PVC could be grafted or entangled. Based on N.R. Manoj et al. previous
work [46], a crosslinking reaction between NBR and PVC can occur but the system needs a
high temperature or light radiation leading to the dehydrochlorination of PVC with the
formation of HCI. HCI could then react with NBR nitrile groups to form amines or acids and
the active sites of PVC crosslinked with these groups. We did not observe any evidence of

this reaction by infrared and UV-visible spectroscopies, which are the classically used
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techniques to monitor this behaviour. In addition, swelling measurements do not seem
satisfactory to claim there is a reaction between NBR and PVC as experiences reported on
PVC/PB blend [25] gave the same result.

For the photooxidized NBR/PVC film, the swelling and M. changes upon irradiation are
similar to those obtained from kinetic curves obtained by IR analysis. The rate change occurs
after the first 20 hours, which suggests a correlation between the consumption of double
bonds and the network densification resulting from crosslinking. From photooxidation profiles
(Figure 11), we have shown that oxidation occurred only at the irradiated surface in the case
of the photooxidized film, meaning that the swelling ratio reached a limited value when the
plateau in the consumption of double bonds was reached (see Figure 6). As thermooxidation
is not limited to this superficial layer at this sample thickness, this explains why there is a
constant decrease and no plateau in the swelling curve (Figure 12a). During the first hours of
thermoooxidation, it is observed that the swelling ratio linearly decreases until 20 h. For
longer ageing time, the swelling ratio is nearly impossible to measure because of extreme
densification of the polymer network. Indeed, the amount of solvent that can penetrate the
polymer network is so weak that it leads to meaningless measurement of the swelling ratio
by the gravimetric method. This behaviour explains the evolution of the critical mass M.
(Figure 12b), which almost reaches zero at the end of both ageing processes. Usually, to
overcome this detection limit, we complete the measurements by thermoporosimetry

because it allows us to characterize the network density.

To better characterize the network modifications, thermoporosimetry experiments were then
performed on these NBR/PVC films. Thermoporosimetry allows the network mesh size to be

assessed by comparison to the pore size of a porous solid.

We did not obtain convincing results for the photochemically aged specimens, which might
be explained by the oxidation profile and the degradation that is limited only to the surface. In
the case of photooxidized films, small pores were formed but in a too small amount to be
characterized. For the thermooxidized films, thermoporosimetry curves are presented in
Figure 12c, showing that two separate peaks are observed when analysing the unaged
NBR/PVC blend: one peak at -110°C corresponding to the free solvent, which appears at the
melting temperature of THF, and a second peak at -119°C corresponding to the confined
solvent. The confinement of the solvent causes a shift of its transition temperature to lower
temperature. This shift is directly linked to the size of the mesh where the solvent is confined.
Concerning the free solvent, the peak is similar for the unaged blend and the thermooxidized

blend (at -110°C). For the confined solvent, before ageing, we can distinguish a broad peak
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with a maximum centred at -119 °C and made up of two populations (bimodal). This
suggests that in the initial state, the network after vulcanization is not homogeneous and is
constituted of several mesh sizes. After thermooxidation, the peak of the confined solvent is
at -125°C, showing a decrease in the transition temperature of the confined solvent. This
results in a smaller pore size, and therefore indicates that crosslinking of the network
occurred upon thermooxidation. The shape of this peak is symmetric, with no shoulder,
meaning that there is only one pore size population, this would be consistent with a more
homogeneous network in the thermooxidized blend. This result is consistent with those of
swelling measurements and the densification of the polymer network upon thermoooxidation
[32].

3.2.2. DMTA analysis

DMTA characterization was performed on NBR/PVC films before and after both kinds of
ageing: under irradiation or thermal ageing. The effect of ageing on the loss tangent (tan &)
of the NBR/PVC blend is shown in Figure 13, and the T, values of the NBR/PVC blend and

their respective homopolymers (PVC and cured NBR) before ageing are reported in Table 3.

Table 3. Tg value of cured NBR, PVC and NBR/PVC blend. Calculated Tg from the Eq.11

T, value (K) Calculated T, (K)
Cured NBR 271
PVC 373
NBR/PVC blend 285 298

The NBR/PVC blend shows a single glass transition peak (Figure 13). The glass transition
peak provides information about the miscibility of the blend; when a blend is miscible, its Tg
value is supposed to be between the T4 value of the two components according to Fox’s
relation (Eqg.11) [49]

L_wm W Eq.11

Ty T Ty

where w; is the weight fraction and Ty is the glass transition temperature of blend component
i.

In the case of the NBR/PVC blend, as we observe only one transition, we can consider that it
is a miscible blend. Fox's law gives a theoretical glass transition temperature of T,

(NBR/PVC) = 25 °C (298 K), calculated from the values of the glass transition temperatures
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of NBR and PVC obtained by DMTA, as indicated in Table 3. The value of T4 measured for
the NBR/PVC blend is 12 °C (271 K). This value is between those of the two components of
the mixture, and even if it does not perfectly follow Fox's law because of various factors, we
can reasonably assume that NBR/PVC is a miscible blend, which is consistent with the
literature [1]. Moreover, no other analysis has shown the presence of two distinct phases.

Thick films (115 pum) were analysed in tensile mode Figure 13a indicates that during
photooxidation, there is a rapid decrease in the tan & maximum value but no change in
temperature, which means a decrease in the molecular mobility. For the thermooxidized
NBR/PVC blend (Figure 13b), this decrease in the tan d value is accompanied by a shift of
the tan & peak to higher temperatures, which can be identified as an increase in the glass
transition temperature (T,), and one can also see a broadening of the peak. This increase in
the T, value implies that the required energy for the transition is higher after
thermoooxidation. The broadening of the tan & peak reveals that the molar mass distribution
is broader since the mid-height width of the tan & peak is correlated to the polymer
polydispersity. It is important to note that the tan & peak is shifted to a higher temperature
corresponding to a constant increase in the molecular weight, i.e., this behaviour is
characteristic of many crosslinking reactions. All these changes result in embrittlement of the
NBR/PVC blend.
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Figure 13. Tan & variation of NBR/PVC blends before and (a): after 24 h photooxidation or
(b): after72 h of thermoooxidation

In the case of photooxidation, as oxidation was shown to only occur in the first microns of the
exposed face of the film, experiments on NBR/PVC films 10 ym thick (Figure 14) were also

carried out in single cantilever mode because of the restrained thickness. The aim was to
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study the glass transition temperature value and its evolution during photooxidation based on
the extreme surface of the material, which presents different properties from the bulk. Under
irradiation conditions, Figure 14 shows a shift in the T, value to higher temperatures,
indicating that crosslinking reactions occurred. This shift was not observed in the case of
thicker films (Figure 13a) due to the existence of an oxidation profile, as previously shown.
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Figure 14. Tan 0 variation of a 10 ym thick film of the NBR/PVC blend before and after 24 h of
photooxidation

Using DMTA analysis and swelling measurement for thermoooxidized samples, it is possible
to calculate an average of Mc. It is important to note that obtained quantitative value of Mc
can be directly calculated from the storage modulus, but a quantitative determination
requires a well-characterized sample, the DMTA apparatus should be perfectly calibrated.
The interactions between the two polymers have to be correctly accounted for and the most
appropriate model chosen. When all these requirements are met, the data still contained a
rather large uncertainty and so in this paper the values of M. that will be calculated and
provided must be taken with caution. As a consequence, only the variations corresponding to
the M. (expressed in g/mol) are discussed in the next part. DMTA and swelling ratio can be
considered as versatile tools for characterizing the crosslinking of polymers. We considered
that the NBR/PVC blend was a miscible blend. However, we only observe the degradation of
NBR in the studied time scale of ageing and not that of PVC. PVC can then be considered,
for this specific study, as a diluent. Thus, to compare the changes in the mechanical
properties with the ageing times, all the modulus and Mc values have been corrected in this
way.

Mc values were calculated from Eq.1 and Eqg.9 and reported in Table 4.

Table 4 - Mc value calculated for a thermooxidized NBR/PVC blend from DMTA analysis
and swelling measurement
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from DMTA analysis (g/mol) from swelling measurement
(s/mol)
L Guth & Gold Kraus
Ageing time (h) (eq.182) (q.10)
0 45 000 54 000
50 3000 4000

Using the equations mentioned in Section 2.4, the critical masses between two crosslink
points for a thermooxidized NBR/PVC film were calculated. This allowed us to make a
comparison of the results obtained by different analytical techniques (Table 4). It is important
to note that NBR/PVC degradation leads to a severe decrease in M, in both cases
corresponding to crosslinking of the blend, one can see a drop of the M. by an average factor
of 9 after 50h of ageing and this independently of the used techniques. We can note that
DMTA analysis gives M, values in the same order of magnitude than those obtained by

swelling measurement.

3.3. Degradation of functional properties

Characterization of surface properties was performed by shore A hardness measurements
and AFM to highlight modulus variation during both kinds of ageing.

3.3.1. Shore A Hardness
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Figure 15. Shore A hardness variation versus photo- (@) and thermal (A) ageing time
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Figure 15 displays the shore A hardness as a function of ageing time for NBR/PVC thick
samples either upon irradiation or thermal ageing. The hardness curve of the photooxidized
NBR/PVC blend in Figure 15 has the same shape as the kinetic rate of formation of oxidation
products in Figure 6: the surface stiffens rapidly in the first 20-25 h before reaching a plateau.
This is consistent with what was already observed; the detected changes in the properties of
the NBR/PVC blend are limited to the surface due to an oxidation profile. In contrast, the
hardness of the thermooxidized NBR/PVC blend does not evolve during the first 20 h and
then increases until 120 h of thermal ageing. Modifications are then only detected after
approximately 20 h, this might be due to the too small variations occurring in the first hours.
The hardness begins to evolve after 25 h of ageing, corresponding to the time after which we
also observed a change in the slope of the oxidation rates in Figure 8 and the first variations
in the molecular weight between two crosslinking points (M. value) in Figure 12b or in the

glass transition in Figure 13a.

The hardness modifications are consistent with the results reported above in this paper, a Ty
increase of the NBR/PVC blend during ageing, meaning a densification of the polymer
network. The denser the polymer becomes, the higher its surface hardness becomes. We
can conclude that the consequences of the crosslinking reactions predominate for the

evolution of the properties in both photo- and thermoooxidation.

3.3.2. Surface Aspect and DMT Modulus

Atomic force microscopy modulus mapping at the nanoscale was carried out on NBR/PVC
blend samples before and after ageing to monitor stiffness changes. Images show
differences for the aged samples. It can be seen in Figure 16b,c that after 100 h of ageing
under photooxidation and thermoooxidation conditions, the surface roughness was modified,
and in the case of photooxidation, cracks appeared after 100 h of irradiation. AFM gives an
elastic modulus average value of 49 + 1 MPa before ageing versus an average value of 132
+ 1 MPa after photooxidation and 172 + 1 MPa after thermoooxidation. It reveals a gain in
modulus of 185% and 274%, respectively, with an even more important increase after
thermoooxidation. This confirms that the NBR/PVC blend becomes harder at the surface

during both ageing processes because of crosslinking reactions.

(a) (b) (c)
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Figure 16. AFM topography images (1) and modulus images (2) of NBR/PVC blend (a): before ageing,
(b): after photooxidation (100 h), (c): after thermoooxidation (100 h)

The occurrence of cracks during the photochemical ageing of elastomers is a consequence
of the observation made at the structural and macromolecular scale because it is conditioned
by the presence of oxygen. Its diffusion is a key parameter and is limited by the polymer
permeability, chemical reactivity and geometry. We have seen by micro-FTIR that during the
irradiation of the NBR/PVC film, a marked oxidation profile appeared. The predominant
reaction is the crosslinking process, which results from the strongly oxidized and crosslinked
layer in the first microns at the surface leading to a fragile layer versus the bulk of the sample
which remains ductile and undegraded: when a stress is applied to the elastomeric material,
cracks appear and propagate. For the thermooxidized sample, for 2 mm thick specimens or
thin films, the oxidation seems to be homogeneous, and a general embrittlement is observed.

3.4. Correlation

In the first part of this study, we have shown that the degradation of the NBR/PVC blend
during photo- and thermooxidation comes from a chain radical oxidation mechanism that
leads to:
- Formation of crosslinking bridges through macroradical recombination,
- Changes in the three-dimensional network (demonstrated by DMTA analysis and tan
0 evolution),

- Increase in the hardness value coming from the crosslinking reaction.

27



In the second part, we aimed to demonstrate that correlations exist between the changes
observed at the different scales [48,50-52]. The parameters chosen to follow the degradation
were the decrease in absorbance of the IR band at 966 cm™, the relative conversion «
versus time of the Shore A hardness, the swelling and the T, measurements. The Eq.12 was
used to calculate «

CO - Ct quz
Co

XX =

where C, is the criteria value at t=0 and C; is the criteria value at instant t.

3.4.1. Photo-ageing
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Figure 17. (a): Absorbance at 966 cm™ () and swelling (A) versus photooxidation time, (b):
Absorbance at 966 cm™ (e) and shore A hardness conversion rate (+) versus photooxidation time

In the case of the photooxidized NBR/PVC blend, the decrease in absorbance at 966 cm™
measured by infrared spectroscopy would be related to the formation of a denser three-
dimensional network. This network would then be responsible for the decrease in the
swelling rate and the increase in the surface hardness. To check if there were correlations
between these parameters, we superimposed the evolution of the absorbance at 966 cm™
monitored by ATR-Ge (a surface analysis) and the swelling rate evolution (Figure 17a) or the
conversion rate of the shore hardness A evolution (Figure 17b) as a function of the
photooxidation time. All these techniques correspond to surface analysis and allow us to only
characterize the degraded layer of the polymer due to the oxidation profile plotted in Figure
11, showing that only a few microns are impacted by UV light under irradiation. Figure 17
shows that the curves follow the same trend, that is, an exponential decline, which confirms

the relationships linking these phenomena together. The disappearance of the unsaturation
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bands detected at 966 cm™ would be at the origin of the visible modifications at the
macromolecular scale and the losses of functional properties with a more important stiffness
after photooxidation. This result is in good agreement with the previous work of C. Adam et
al. [7,13], which associated the consumption of this IR band with the formation of crosslinking

bridges during ageing.
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3.4.2. Thermal ageing
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Figure 18. (a): Absorbance at 966 cm™ (#) and shore A hardness (+) conversion rate versus
thermoooxidation time, (b): Shore A hardness values versus Tq

For the thermooxidized NBR/PVC blend, the superimposed absorbance at 966 cm™ and the
conversion rate of the shore hardness A evolution as a function of thermoooxidation time are
presented in Figure 18 We observe that both curves follow a linear decrease. We can
therefore conclude that these parameters are correlated. Moreover, the shore hardness A as
a function of the glass transition temperature T4 was plotted in Figure 18b based on previous
work relating these two parameters [52]. We observe a linear correlation, allowing us to
conclude that the increase in glass transition temperature T4 during thermoooxidation is

linked to the increase in hardness of the material.

We have then highlighted the relationships that exist between changes in the chemical
structure of the material (consumption of double bonds), which lead to changes in the
macromolecular architecture (loss of mobility, reduction of the network meshes), and the loss

of use properties (stiffness).

Conclusion

The aim of this work was to understand the formation or not of cracks for cured NBR/PVC
blends under photooxidation and thermoooxidation conditions. In both cases, the radical
chain oxidation mechanism of the polymer leads to the formation of oxidation products, such
as carboxylic acids, and a decrease of unsaturations identified by infrared spectroscopy, but
also to crosslinking reactions. The oxidation products and kinetic curves showed that NBR is

the main contributor to NBR/PVC blend degradation because of its butadiene sequences,
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which are the weak points. Furthermore, a strong oxidation profile within photooxidized
samples leads to different properties between the extreme surface, which is oxidized and
crosslinked, and the bulk of the NBR/PVC film, where no chemical modifications occur. This
heterogeneous degradation between the surface and the bulk can explain the occurrence of
cracks on the surface of the material, which means a loss of functional properties. After
thermoooxidation, the oxidation is more homogeneous, and the sample becomes brittle but
does not present cracks.

In the second part, we showed that there is a good correlation between modifications of the
chemical structure and those observed at other scales of analysis to prove that cracks are
induced by UV-light irradiation in the presence of oxygen. The formation of oxidation
products was connected to the decrease in the swelling ratio and the decrease of M, of the
NBR/PVC blend, providing evidence for crosslinking reaction and densification of the network

as the main cause of degradation.
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