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ABSTRACT

This article is dedicated to the understanding of the mechanisms involved in the evolution of the structure of a
“conventionally” vulcanized rubber during thermo-oxidative (TO) aging. Based on swelling measurements,
WAXS and DSC, a scenario of these mechanisms is proposed. Our results show that the crosslinking reactions
are far from being complete at the end of the vulcanization process. During TO aging carried out at a moderate
temperature 77 ° C (350 K), the creation of long bridges first takes place via the consumption of residual sulfur;
this mechanism is mainly responsible of the increase in the density of elastically active chains. The presence of
residual antioxidants inhibits in the early stages of aging the chemical reactions involving oxygen. For longer
aging time (here 7 days), these reactions can then occur and create "unidentified" bridges whose formation may
also involves sulfur grafted onto the polymer chains. Finally, all these cross-linking reaction® ssdrance

the heterogeneity of the spatial distribution of the crosslinks - already existing in the initial material - and to

create highly crosslinked domains.
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1. INTRODUCTION

For most of its applications, Natural Rubber ismiited to a crosslinking reaction, which consigtsthe
formation of bridges between the polymer chaingyTare obtained through curing of the polymer bésheith
different ingredients. The most common recipe dostasulfur, which will form the bridges, and addés
necessary to control the kinetics of the differemolved crosslinking reactions. Among these adldgj one
distinguishes accelerator molecules. Their typetaedatio of sulfur to accelerator pilot the lemgflistribution
of the sulfur crosslinks. Networks rich in long p&llifidic crosslinks, called heafter Conventionpallulcanised
NR (CV), obtained when this ratio is largely abdvere said to provide better fatigue and teastasce [1], [2]
than networks rich in mono- and disulfide crossdinkhese ones, so called hereafter Efficiently ¥nised NR

(EV) system, are obtained when this ratio is below

However, compared to EV systems, CV systems aré w&aihave a lower resistance to ageing. Indeed,
polysulfidic crosslinks should be thermally lesaldé than disulfide and monosulfide bridges [3]. aivh
submitted to thermal ageing (anaerobic), dependimghe temperature and the ageing time, non-rdlersi
change can occur in the crosslink structure [4]-{f7]eads for instance to a non-reversibility bétmaterial
deformation when this ageing is performed on amheéal material [8], [9]. When oxygen is also presavitich

is common in most applications, a reduction of tingecular weight of the elastomer through chaissons
(which can produce a decrease of the Young Modutug)so observed [10], [11]. This reduces thengjiie
properties and possibly adds nucleation sites faclcinitiation and propagation. Oxidation can méveless
also contribute to additional crosslinks formatifi?]—{14], a behavior mainly depending on the matri
chemistry. Thus, thermo-oxidative ageing is theultesf different mechanisms, whose consequenceshen

material properties can be contradictory, and giisodepend on the ageing temperature [12].

For tire application, the use temperature is beBORC [15]-[17]. The studies to understand thesehaeisms
are often performed at higher temperatures [7]], [lIB], [19]. Indeed, this choice enables to aerate the
processes. Nevertheless, the activation energi¢iseoinvolved chemical reactions can be differertt][ [20].
For this reason, accelerated ageing tests may énduoneous lifetime prediction, especially in tdase of CV

systems where likely more mechanisms occur [12]. [$ome studies display experimental results\atdgeing



temperatures for CV NR [8], [21]. However, to theolwledge of the authors, only Ahagon et al. [124]]
independently analyzed thermal ageing and oxidasigeing, which can help to discriminate the chemica
mechanisms involved. He reported that thermal aggderformed below 80°C does not significantly aen
elastic active chains (EAC) density while oxidatageing strongly increases it. All the samples istidvere
filled, but the possible influence of the fillera the oxidation rate [22], [23] was not taken iatount in the
discussion, which hinders any definitive conclusamthe mechanisms involved in the matrix alonesi@es,
using only mechanical tests, he could not dissedlam, neither he evaluated their different cbntion. Thus,
the aim of this paper is to go further in the ustimding of the multi-steps thermo-oxidative agedfidCV
system. To do so, model unfilled samples are psmzkand analyzed by combining rheological, DSC, VBAX

and swelling measurements.

2. EXPERIMENTAL

2.1 MATERIALS AND SAMPLES PROCESSING

Sample code NRL5 NR2.5 NR2.5_Eff
NR? phP 100 100 100
6PPLC, phi 3 3 3
Stearic Acid, phr 2 2 2
Zinc Oxide, phi 5 5 1.5
CBS', phr 0.5 1 2.52
Sulfur, ph 3 6 1.6

v (*10™ mol.cni®) 1.5 25 25

tgg, MiN 55 55 13

#Natural rubber TSR20

® parts by weight for hundred parts of rubber.

¢ N-(1.3-dimethylbutyl)-N’-phenyl-p-phenylenediamine

4 N-Cyclohexyl-2-benzothiazole sulfenamide.

¢ EAC Average density of estimated from swelling meament with an affine assumption.

Table 1: Samples recipes and initial EAC density

The materials are unfilled natural rubber, obtaibgdjum vulcanization (Technically Specified RubB&R20)

according to the recipe given in Table 1. NR1.5 BiRP.5 have a Sulfur/CSB ratio of 6, i.e. abovéedding to



a network crosslinked mainly by polysulfidic bridgen spite of different sulfur content, their sagwdfur/CBS
ratio should ensure a same average length of tipdwsubridges. NR2.5_Eff with a Sulfur/CBS belowisl
crosslinked by an “efficient” recipe leading to etwork mainly crosslinked by monosulfides bridgeisst, the
gum is introduced in an internal mixer and sheate80 rpm for 2 min at 50 °C. The material is sujosatly
sheared at 70 rpm in an open mill for 5 minutegtC. Then the vulcanization ingredients are acdufedi the
so-formed mixture is sheared for 5 minutes at 5d¥@n sample sheets (0.8 mm thickness) are firained
by hot pressing under nitrogen flux at 150°C, fonwentional system and 170°C for efficient syst8thbars.
The cure times were estimated from the torque measents performed with a Monsanto analyzer astititesd
in Fig. 2. As usually, they are defined as the tmeeded to reach 98% of the maximum torque vatyg).(It is

worth mentioning that NR2.5 and NR2.5_Eff exhiltie tsame EAC density with different sulphur/CBSasiti

whereas NR1.5 and NR2.5 have a different EAC dgmgth the same sulphur/CBS ratio.

2.2 RHEOMETRY ANALYSIS

Cure characterization was carried out with an Afpbdel ODR2000 oscillating disk rheometer in accooda
with ASTM D2084-92. Evolution of torque has beeldaed on samples sheets (2 mm) at 150°C from 1D

minutes. Results were provided by Michelin Company.

2.3 DSC ANALYSIS

DSC data were acquired using a Pyris Diamond cakier (Perkin ElImer, U.S.A) beforehand calibratétth an
indium standard. The samples weight was 10 mg esutaied in an aluminum pan. They were heated froro2
150°C at 50°C.mit. Measurements are performed when the samplesairgaimed at 150°C, 160 min in order
to follow the vulcanization process. This one isdemced by the appearance of an exothermic peathen
thermogram (cf. Fig. S2 in Sl). Then, samples wgrenched at 20°C and submitted again to the saemm#h
program to ensure the end of curing. The DSC thgram obtained during this second isothermal treatrae

150°C provides the baseline needed to calculatpringous peak enthalpy.

2.4 WAXS ANALYSIS

Wide-Angle X-ray scattering measurements were edrdut on an apparatus equipped with a copperingtat
anode {=1.54 A) (Rigaku Corporation, Japan), Gobel's miroollimation system 160 (Elexience, France) and

a 2D detector (CCD camera from Princeton InstrusyddSA). The acquisition time of the diffractiontfgan is



5 min. Each pattern was integrated azimuthally eadected from the background scattering. The ctecke
scattering intensity was normalized by the thickresd the absorption of each sample. The decomewolaf the
curve | = f() was performed using Lorentzians functions (c§.B1) in order to extract the ZnS peak. This

method was used to follow the evolution of the @@k area during the vulcanization process.
2.5 AGEING CONDITIONS

All materials were submitted to thermo-oxidatived(jTand thermal ageing at 77 °C from 0 to 21 daysfufill
thermal conditions (absence of oxygen), the sampieie first submitted to a degassing step. Thigifipe

protocol used an home-made device and a succesfsBsteps described in Fig. 1.

Under vacuum
@ r pump @
I'| ®

Metal clamp
Sample —
Vacuum pack —
Glass chamber > Z> z>
' —~

Under vacuum
plll]]p

Closed Valve

R J)

Several cycles to remove absorbed oxygen

Fig. 1: Schematical view of the under vacuum dewice the procedure to remove oxygen from the sample

The samples are sealed in a multilayer envelopr(iaum + cardboard) impermeable to air. They areiput
dedicated system made of two chambers. First, #lcelum pump extracts the air from the vacuum patép(S
(1), then the valve of this pack is closed (Sf8p. Afterwards the vacuum is made inside the gldesrber
(Step(3)). At the end of the third step, the vacuum packlsadue to desorption of air from the sample. Ehes
three steps are repeated until the swelling ofwheuum pack becomes unnoticeable, indicating d tata
desorption. Finally, the vacuum pack is sealedrgefeturning to atmospheric pressure. When notdest| the
samples are then stored at 7 °C to avoid any detjeed When tested, they are first maintained 4C6@uring 5

min to avoid any presence of crystallites.

2.6 SWELLING MEASUREMENTS



Swelling measurement provides elastomer networinathansity (from the swelling rati@) and the fraction of
the chains and soluble species that does not betotige elastically active network (from the sokulitaction
E,). The swelling procedure is as follows: samplethvein initial massn; is introduced in the solvent (these
experiments are performed with toluene and cyclahekfor 5 days in order to reach the swelling idariam at
room temperature. Then, the swollen material ha@ngeightm, is dried under vacuum at 50 °C during one
day resulting in a final sample masg. The swelling rati@) of the polymer and the soluble fractifinare then

calculated through the Eq. 1 and 2:

1 Pp My
Q=—=14+ —x%x(—-1 @
VZ Ps (md )
m; — Mgy
Fs =100 x (T) (2)

Wherep,, andp;, correspond to the density in g.¢rof the polymer and the solvent respectively (G@2nhatural
rubber, 0.87 for toluene and 0.78 for cyclohexaRedm the volume fractiol, of polymer in the swollen mass
(inverse ofQ), the elastic active chain (EAC) density, ., iS estimated using the Flory-Rehner equation
[24]. Vswening 1S the result of two contributions: EAC created tbgpped entanglements and by the chemicals

crosslinks formed during the vulcanization process:

v (@ = V) + Vo + x* V]
swelling — — 1 (3)
Vy* (V3 =2+ V—fz

Wherey the Flory-Huggins interaction parameteijsis the molar volume of the solvent (107.9%mol™ for
cyclohexane and 106.3 émnol™ for toluene) andf is the crosslink functionality. The low solubl@étion of the
processed material (below 5% weight, this fracti@ing mainly curative residuals) suggests that mbains

belong to the rubber network; thfisan be taken equal to 4. As recently mentioneddgntin et al, the Flory-



Huggins interaction parametgrhas a strong impact on the calculateg.;;;,, [25]. A widely used equation to
estimate this parameter is based on the Hildebsahubility constants:

Vi
s+ ﬁ(as - 8]3)2 (4)

X=X
Whereé, ands,, are the solubility parameters for solvent and pay respectivelyR the ideal gas constant and
T the absolute temperature. The first fagipis an entropic contribution and was found empihcalqual to
0.34 for non-polar systems [26]. During thermo-@tide ageing, oxygen modifies the chemical natdréhe
elastomer network by oxidation (i.e. there is fotior of polar functions on the chains). Thus, tlernical
affinity between the solvent and the polymer anerdfore the value of the interaction paramgtehanges.
Considering that the concentration of elasticalijve@ chainsy,,.uing is identical regardless of the nature of the
good solvent used, the observation of differentligwgeratio with different solvent is inevitablyrked to a
modification ofy (andd,). Thus, swelling measurements with two good sdlvenake possible the estimation

of the solubility parameter of the polym&y via Eq. 4. The calculations associated with tlrasasurements are

detailed in the SI (cf. S6).
2.7 THERMOPOROSIMETRY

Thermoporosimetry is a characterization techniquesd to measure the distribution of pore size irop®
material from calorimetry measurements. This isebasn the modification of the solvent melting tenapere

by its confinement in the pores. In swelled crioggld network, a phase segregation in small doma&ns
observed during cooling. Like in porous materittlg, idea is that the size of the segregated donmietated to
the space available for this segregation, in otfands to the local extensibility of the chains arduhe domain.
Thus, this size is related to the local active oltgnsity. The samples were swollen in hexadeashieh is the
best solvent for this experiment, as its crystatln can be complete [27]. They were then intoedluinto an
aluminum pan. The DSC apparatus was a Perkin-Elyeis Diamond. The samples were first cooled at
1°C/minute from 25°C to -10°C, and then maintaired-10°C for 5 minutes. They were then heated at
1°C/minute to 25°C. While increasing temperatucefr-10°C to 25°C, a peak is first observed corradpg to
the melting of the hexadecane domains crystallinethe network. The largest this melting tempemtihe
largest are the related melting domains (followihg Gibbs Thomson description). The first meltirealp is
followed at around 19°C by a second, much sharpek gorresponding to the melting of the free hezade.

The signal is normalized by the mass of dried sampl



2.8 DYNAMIC MECHANICAL ANALYSIS

DMA measurements were carried out on a homemadsgobal pendulum previously detailed [28]. This
apparatus measures the values of the real andnarggparts of the shear modulus (storage modulusn@’loss

modulus G”). Parallelepiped samples (Length*Widthigkness: 30*6*0.8 mf) were tested. The sample
chamber was filled with inert gas (helium at 600amkand the measurements were performed betweei 200

and 320°K at a heating rate of 1 °C.thind a strain frequency of 1 Hz.

2.9 RESIDUAL CONCENTRATION OF ANTI-OXIDANTS (6PPD)

Residual concentration of anti-oxidants was measusing HPLC and ultraviolet absorption spectrurasiits

were provided by Michelin Company only for non-ageu aged NR2.5.



3. RESULTS

3.1 VULCANIZATION AT 150°C

Fig. 2 shows the evolutions ©f,cing and torque for NR2.5 and NR1.5 during the vulcati@n process at
150°C. As expected, the maximum torque increas#ls tlve sulfur content. Moreover, similar evoluticer®
observed fowgyening and torque as a function of cure time for bothemals. These parameters continually
increase during vulcanization until optimal mecleahiproperties are reached aftgy = 55 minutes. Beyond
this time, EAC densities and torque weakly decred$és behaviour has been ascribed to the cleaghge
polysulfidic crosslinks. This decreases the crogstiensity and therefore the EAC density [6].t4\, average

EAC densities of NR1.5 and NR2.5 are found equal 510* and 2.5*1¢ mol.cm?® respectively.

12 4,5
14 C NR1 5 :tw =55 min 4.0
o] m NR2.5 .
L35
9] : 2
o ' 30 2
£ 7 et T 25 %
5 2
: :o 20 g
e 00000 ok 0-0-0-0-0-000000.0.00 0009 15 :—-
)
' w
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Fig. 2 : Torque and EAC density as a function akdime at 150°C Lines are plotted as a guide for the eyes.

The progress of the vulcanization reactions is gdhye associated with the conversion of the crogsli
precursors (i.e. active sulfurating agent) intosstimks. According to the generally accepted — sintplified —
theory of accelerated sulfur vulcanization (cf..F8) : the first step (1) in the reaction sequeimomlves
interaction between the accelerator (CBS), ZnOaligand (stearic acid and/or an amine, like cyelotiamine
freed by CBS decomposition) to form an acceleraboc- complex [6][29], [30]. Then the latter is asmd to
react with free sulfur §X2) to form an active sulfurating agent with vata$S, and $ arm lengths: the higher the

S/CBS ratio, the longer these arms, and consequbitisulfur bridges finally created.
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(X=accelerator fragment)
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Fig. 3 : Chemical mechanisms involved during theeterated vulcanization process [30]

This Zn species is found at an early stage of witedion and is likely to react with a carbon-cartsouble
bond (3) forming a polysulfidic pendant group alahg polymer chain, and a new complex which maygtrea
with this newly formed pendant group and helprikl{4) with another C=C bond, and thus finalize desired
crosslink (either active or inactive). Followinggtscheme, it will eventually produseme ZnS byproduct : at
first sight, formation of two crosslinks, i.e. twmlysulfidic bridges during vulcanization processusld be
indirectly associated to the formation of one ZnS8lenule. Nevertheless, the authors acknowledge ttteat
mechanical scheme is far from being clearly undedit as demonstrated by new evidences from littezat
which suggests for exemple that the Zn complex bea bimetallic one with a 1:1 ratio between Zn el
created pendent groups [31]. Anyhow, looking at blative ZnS content evolution through the vulearg
process remains interesting as a potential ongaitganization marker when one follows its charaster peak

(20 = 27° [32], [33]) through WAXS measurements (df.Ra). We define the followingyxs index:

AZnS Peak(t)
%) =7T—"""-— 5
EWAXS ’ AZnS Peak (tm) ( )

WhereAz,s peak(t) is the ZnS peak area of compound cured for a tim@dAyz,s peax (te) the ZnS peak area

for the same compound in which all the chemicagtiens producing ZnS molecules are assumed tmisdéd

10



(i.e. when the peak does not evolve anymore witie i€y, axs iS plotted as a function of the curing time in.Fig

4b.
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Fig. 4 :(a) Evolution of ZnS and ZnO peaks for NR2.5 altimg vulcanization process (In blue : Curing time in

min) (b) &waxs @s a function of curing time at 150°C.
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Fig. 5: (a)¢psc as a functioned of Curing time at 150°C g3 as a function o€y axs - The dashed line is a

linear fit.

Isothermal DSC measurements were recorded a 159&function of time for an uncured compounded eubb
All involved reactions are exothermidHf, enthalpy); the observed exotherm depends on #beren of the
polymer, curatives and other additives in the mai84], [35] (Fig. S2). Its evolution is associatedth the
progress of all the chemicals reactions involvedrduthe vulcanization process. It can be follovtleidugh the
index:

AH (b)

Epsc(%) = AN (tL)

(6)
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WhereAH (t) is the enthalpy of the compound cured for timed &H (t.,), the total enthalpy for which all the
chemicals events are finished (estimated whiérit) is stabilized)£psc is plotted as a function of the curing
time and ofyaxs in Fig. 5a and 5b respectively. The evolutiorggf: with time is consistent with the one
observed foiwaxs in Figure 5b. A linear dependency is found betweeth indexes indicating that ZnS could
be considered as a probe of the vulcanisation pssgrAdditionallygwaxs, i-€ the ZnS content, still increases
beyondt,g for both materials. Such finding is unexpected amticates that the optimal mechanicals properties

(i.e. the maximum EAC density measuredsg} may not correspond to the end of the crosslinkiragess.

3.2 AGEING AT 77°C

Once cured atyg, the materials have been aged from 0 to 21 dayZ°&, in thermal (no oxygen), and thermo-

oxidative conditions (so called TH ad TO conditioaspectively).

3.2.1 THERMAL AGEING

Dashed lines on Fig. 6 report the evolution of E#&C densities during TH ageing from 0 to 21 daysN&2.5,
NRL1.5 and NR2.5_Eff. At 7 days, conventionally alvéed rubbers display an increasev@fening While no
evolution is noticed for NR2.5_Eff. Variation of EAdensity is more important for NR2.5 (+ 32 %) cemgul

to NRL5 (+ 19 %). Beyond 7 dayg,,ciing do€s not longer evolve for all the samples. By ke of two
solvents (cyclohexane and toluene) and of E{Cdlculation presented in S6), the solubility pagsen of the
polymers, can be deduced and indirectly provides an estimfithe evolution of the polar component of our
samples. Fig. displays its evolution as a function of the ageshgation.As expected$, is found constant,
which is consistent with the fact that no oxygeninigolved in the chemical reactions occurring dgrifiH

ageing of NR1.5 and NR2.5.

3.2.2 THERMO-OXIDATIVE AGEING

Evolutions of EAC densities during TO ageing (sdiites) are compared to the ones obtained duriagrtal
ageing (dashed lines) in Fig. 6. For NR1.5 and MRthe curves superimpose between 0 and 7 ageiysy da
Meanwhile,5,, stays roughly constant (cf. Fig. 7a). These simtilands forv ands, are quite unexpected, as

oxidative mechanisms should normally take place eAplanation may be that during these first 7 dayxggen

12



is consumed by the residual antioxidants (6PPDd ueehinder oxidative reactions [18],[29]) unconsdn

during the vulcanization process.

60

_ 1 ----Thermal ageing O NR2.5
351 — Thermo-oxidative ageing O NRI15
5,04 A& NR2.5_Eff

R
=} [>11
1 1

*104 -3
Vigeling/¥107" mol.om
I

o

|

14 21
Ageing Time / Days

-1

Fig. 6 : EAC density versus ageing time at 771@nes are plotted as a guide for the eyes

" | ---- Thermal ageing (a) ---- Thermal ageing (b)
— Thermo-oxidative ageing _ | = Thermo-oxidative ageing

17.7 T T T 17.7 T
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Ageing Time / Days

14
Ageing Time / Days
Fig. 7 : Solubility parameter of (a) NR2.5 and {MR2.5_Eff as a function of ageing time at 77°Cines are

plotted as a guide for eyes

TO ageing time 0 day 7 days 14 days
NR2.5 previously TO aged 7 days 3.1 3.9 4.2
NR2.5 previously TH aged 7 days 3.1 3.1 3.9

Table 2 vgyening (*10* mol.cni®) for NR2.5, as a function of TO ageing time
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To address this question, a specific study wasopadgd on the most crosslinked sample NR2.5. It firas
thermally aged for 7 days at 77°C, during which residualexidant should be not consumed. Then, it was aged
for additional 7 days and 14 days, presence of oxygen. The sample EAC densities deduced from swelling
measurements are presented in TablEAC density of the sample previously thermally agedng 7 days is
constant during the following 7 days of TO ageifigen it increases again to reach, at 14 days cagé€ng, the
value obtained when the sample is only submitteBQageing during 14 days (In other words, there sift of

the EAC((time) curve). Additionally, some experintewere performed to measure the concentratioasifiual
anti-oxidants after TO ageing (cf. Fig. 8). As esteel, residual antioxidants are still present aftdcanization.
Their concentration rapidly decreases during trst # days and much slowly the following days. T¢osfirms

our assumption that the apparent similarity betwE®rand TH ageing during the first 7 days is dughinitial
presence of antioxidant in the sample, whose copsam prevents the oxygen from playing a role ie th
degradation mechanisms. This explanation should ks valid for NR1.5 if one makes the reasonable
assumption that the remaining quantity of antioridater vulcanization is the same as in NR2.5qpeable as

the initial 6PPD quantity and the curing time dre same).

--O-- Thermal ageing
1.8 4 —O— Thermo-oxidative ageing

e

Antioxidants (6PPD) /phr

0.0 . : T

0 7 14 21
Ageing time / Days

Fig. 8 : Concentration of residual antioxidanteaffH and TO ageing at 77°C for NR2.bires are plotted as

a guide for the eyes

For TO ageing longer than 7 das, (cf. Fig. 7) and EAC densities (cf. Fig. 6) incsedor NR2.5 and NR1.5

whereas they remain both constants for NR2.5_EffchSfinding suggests that presence of oxygen in

conventionally crosslinked rubbers leads simultasgoto supplementary crosslinking and to the fdromaof

polar groups. Note that, after 21 days TO ageing$} variation is the same for NR1.5 and NR2.5, whetkas

EAC density evolution is twice higher for NR2.533%) than for NR1.5 (+ 18%).
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Competitive processes should be involved here:ncheiissions, chain crosslinking and possibly sutfidges
reorganization/scission. The consequences of cleaisslinking predominates for NR1.5 and NR2.5 Fag. 6).
Constant weight soluble fractions, around 5% (tespiesented in S3) means that scissions are moenows
enough to create supplementary free chains. Nealegh, a significant amount of scission occurs@sageing

at 77°C of pure isoprene rubber (no vulcanizatigsiean) leads to a decrease ofMts (cf. Fig. 9a).

10 - 10° 10'
~~~~~ Thermal ageing (a) O NR2.5 Non Aged (b)

O NR2.5 Aged 21 days

—— Thermo-oxidative ageing

L 1o¢

/GPa

Loss Modulus G*

10

10°

0 : . . 107 T T T T T T T T T
0 T 14 21 2000 210 220 230 240 250 260 270 280 290 300 310 320

Ageing Time/ Days Temperature / K

Fig. 9: (a) Average molar mass of the non-vulcatsiisoprene rubber during thermal ageing (dasl) Emel
thermo-oxidative ageing (solid line) at 77°Cirnes are plotted as a guide for the eyes
(b) Loss modulug” (filled dots) and tamf) (unfilled dots) as a function of temperature fmn-aged and

thermo-oxidative aged NR2.5 (f=0.1 Hzbelow 0.001).

Consequently, TO ageing necessarily leads to thedton of dangling chains in the aged rubber netwdhis

is evidenced by the increasedt andtan(¢) , measured in the rubbery plateau, with the agging increase

(cf. Fig. 9b).Fig. 9a indicates that 21 days of TO ageing shiedd to around a maximum of 0.36*1nol.g*

of chain scissions (“maximum” as the presence d€anisation system may decrease the number of chain
scissions in the elastomer). Considering NR1.5]dkg initially crosslinked material, its EAC ddgyshcrease is
around 0.27*10 mol.g* after 21 days of TO ageing. This is much largamtlthe previous chains scissions
estimate £ at least 10 times lower) and suggests that thessi@ns can be considered as negligible compared t

crosslinking.

Ewaxs IS plotted as a function of ageing time in Fig. E&st, it is worth recalling that &g, the ZnS initial
concentration is not the maximum onéyiaxs is equal to 0.71 for NR1.5 and to 0.60 for NR2\Vfore

importantly,&waxs does not evolve from 0 to 21 days which suggdsas the Zn species involved in the
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vulcanization mechanism illustrated in Figa® not involved in the EAC density increase alC7{f. Fig. 6). It

means that a different crosslinking mechanism shtake place during this ageing time at 77°C.
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Figure 10 &y axs as a function of the ageing time measured duri@gageing at 77°C from 0 to 21 daykines

are plotted as a guide for the eyes

3.2.3 STABILITY OF THE NEW BRIDGES FORMED DURING AG EING
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Fig. 11 : (a) In(Crosslink density) versus thernagleing time for different ageing temperature for 28R

previously TO aged at 77°C for 7 days (b) Arrherplet and the deduced thermal activation energy

Evolution of the crosslinks density is studied dgriTH ageing for a previously 7days-TO aged NRZ5%e

temperature chosen for this experiment are 140%807Q, 160 °C, and 170 °C, i.e. consistent with rogri

temperature. In this temperature range, it is knthat polysulfidic crosslinks dissociate and forrosthy non-

elastically active sulfur chains while di or mondfiles are relatively stable [3],[12]. Indeed, faulbridges of

lengths greater than 4 are more easily broken otarbeir lower bond dissociation energies of 130vol [36].

Conversely, decomposition of di- and monosulfideldes are more difficult due to their higher disaton
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energy, which are 270 and 320 kJ.thaéspectively [37], [38]Considering that thermolytic chain scission is not
involved during thermal ageing up to 170°C along plolymer backbone [8][30] (and assuming that iislso
true in presence of sulfur species), variationthefcrosslinks density are mainly due to the destm of sulfur

bridges. Assuming a first order kinetic, the conration of [S-S] bridges may be expressed as :

[S—S] = [S—S]o * exp(—kt) ¥

Wherek is the rate constant in‘sAs shown by Fig. 11a, two regimes are highlighigdhese experiments and
the transition between both regimes occurs, whaténeageing temperature, when crosslink densisyrbaghly
decreased by around 7*10nol.cni®, i.e. when the crosslink density of the sample feisrned to the value of
the non-aged sample. From these results, two snissionstant ratds andk,, corresponding to these regimes,
can be deduced, as a function of temperatures (140iC to 170 °C). Arrhenius extrapolation assuthas a
reaction raté is proportional texp(—E,/RT), whereE, is the Arrhenius activation energy/the gas constant

(8.314 J/mol.KY), T the absolute temperature afidhe pre-exponential factor [14], [40] :

k = Ae—Ea/RT (8)

Arrhenius plots give two straight lines fly andk, (with a correlation coefficient R2 = 0.992) whoslepe
corresponds to activation energies of 99.1 kJmmhd 177kJ.ma! (Fig. 11b). Such result indicates the
successive destruction of two different sulfur netes in NR2.5. Indeed, the former value is founddo than
bond dissociation energy typically found for lengttuch larger than 4 [36] while the latter corregperio
dissociation energy of sulfur bridges of lengthuam 4 [37], [38]. Thus, the first bridges destroykding the
post curing of the aged sample should correspanttsng polysulfur bridges. The variation of the EAEnsity
due to this destruction, obtained after 30 minate$50°C, is around three times larger than the EaCrease
observed when the initial material is cured 30 miore thands. This indicates that the majority of these long

polysulfur bridges have been created during theeri@tageing at 77°C.

4. DISCUSSIONS
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From the previous results, let us now discuss tsvark structure evolution of conventionally craskéd

rubber during TO ageing at 77°C (up to 21 days)sufxsing that ZnS is a probe of the sulfur bridges

concentration during curing, we have plotted EAQsily as the function oy 4xs (i.e ZnS) in Fig. 12for

different curing times, from 0 to 100 minutes a0iG.
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Fig. 12 : EAC density as a function §faxs at 150°C. Curing time in minutes is indicated facle data points

Lines are plotted as a guide for eyes

First, EAC densities increase as a functiog,pfys for both samples untilg is reached and then they decrease
slightly beyond this time. Additionally, evolutiasf EAC density is always 1.6 times higher for NR&h&n the
one for NR1.5. This suggests that the kineticdldha involved chemical reactions are proporticiaihe initial
amount of sulfur (and CBS). The decrease of EAChwiabovet,g cannot be ascribed to thermolytic chain
scission, as it was shown in literature that clsiission mechanisms are negligible during therngeirg of
pure isoprene, even at 170°C (within the reasonasd@imption that the presence of bridges and vigkon
system has no influence on this) [10], [39]. Besjd&nS concentration still increases, which indisathat
formation of crosslink precursors still occurs, atietrefore that sulphur bridges are likely to bemfed.
Nevertheless, these additional sulphur bridges,those possibly formed via the transformation efgldoridges
in two shorter bridges [18] does not hinder therdase of the EAC density. An explanation of thisuteis
given by the literature which suggests that a icamt part of the polysulfidic bridges can be sfoimed as

non-elastic cyclic sulphides groups along the p@yghains.

Conversely to what is observed at 150°C, the EA@3simk densities of the optimally cured samplesdase

during TO or TH ageing at 77°C. Thus, more numeamis/e bridges are created than destroyed (deistinuda
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the formation of polysulfidic cycles). As shown the initial value ofy,axs (cf. Fig. 10) for both materials, the
ZnS concentration does not evolve. Thus, as sadiqusly, other mechanisms than the ones involuaihd
the vulcanization process at high temperature @spansible for the formation of new crosslinks. cbmfirm
this, the evolution of EAC density aggxs has been measured during the TH ageing at 77¢Cnain-cured
NR2.5 (cf. Fig. 13). The EAC density increases ap5t10* mol.cm® while &yaxs Stays nul, showing that
crosslinking can occur at 77°C without the invohesth of the active sulfurating agent appearing ia th
vulcanization process at high temperature (cf. Bjg. The stabilization of the EAC after 7 days miagy
explained by the total consumption of the freewsulSome supplementary experiments measuring giduad
sulfur concentration during ageing would be neagsta confirm this assumption. This total consuraptiof

residual sulphur could also explain the absencesugplementary crosslinking during the TH ageing of

NR2.5_Eff (cf. Fig. 6).

1.0 12
10
0.8
K £
N, Ls &
: =
e 0,64 =
~ *
» 6 =
e 3
S 044 — 5
@ F4 2
> 37
g g
o i
0.2 4 7w
()ﬂ()-:o———-o——o —————————————————— o !
T T T
0 7 14 21

Ageing Time / Days

Fig. 13 : Evolution ofy, ,xs (black) and active chain density (red) during tharageing of a non-cured NR2.5

from 0 to 21 days

The crosslinks formed after 7 days in NR2.5 areknwédges (cf. Fig. 11). They may be formed by pinecess
often named “unaccelerated sulfur vulcanizationWinich only the consumption of sulfurg)Ss involved. As
reviewed by Krejsa [29], 3s able to undergo homolytic (radical) or heterialyfpolar/ionic) ring opening
reactions to form long polysulfidic bridges (as etv&d by NMR studies [41]). There is no differemetween
TH and TO ageing at 77°C during the first 7 dayth@sconsumption of residual antioxidants inhilfiis role of
the oxygen. For conventionally crosslinked rubb&2N6 and NR1.5, and for longer ageing duration,ag@ing

leads to supplementary crosslinks (cf. Fig. 6 & IT)is known that ageing by oxygen at high tempaat
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(140°C) can lead to crosslinks made of peroxideddsi [10]; nevertheless, thd, decreases of pure
polyisoprene during TO ageing at 77°C (cf. Fig. Sajggests that such mechanism is negligible at this
temperature. Thus, the formation of crosslinks eelegke reaction(s) involving both oxygen and sulfthis
might be a reaction between oxygen and cyclic aeddant sulfides groups which are numerous in
conventionally crosslinked NR [42], and are randpmiistributed along the polymer chain. Additionalthe
non-evolution of EAC density arfi), for NR2.5_Eff (cf. Fig. 6 and 7) in the presendeorygen from 7 to 21
days can be explained by the low concentratioreattive polysulfidic groups along the backbonelaesl to

the lower initial sulphur concentration) [43].

The formation of supplementary crosslinks duringiag raises the question of their spatial distidrut From
thermoporosimetry experiments, Fig. 14 presentsdmeparative distribution of the solvent meltingifgerature

for the aged and non-aged NR1.5 and NR2.5. Hetasityes in the spatial distribution of the crosktiralready
exist in the samples prior thermo-oxidative agepayticularly for non-aged NR2.5, for which the gbaof the
peak suggests the presence of domains with a high density. TO ageing leads to a shift of the distiion
towards low temperature and the magnitude of tramsformation is more important for NR2.5. This is
consistent with EAC density evolution. In additioageing leads to appearance of a second peak at low
temperature indicating that the crosslinking istisflst heterogeneous. This phenomenon is more pnooed in

the case of NR2.5, in other words, aged NR2.5 eeted to have a network more heterogeneous thdna\NR

It is worth mentioning that the same comment cammiaele from the observation of the solvent crysation

curves (cf. Fig. S4).
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Fig. 14 : Heating curves from thermoporosimetryeskpents for (a) NR1.5 and (b) NR2.5 aged from @1c

days during TO at 77°C

To sum up, a schematic vision of the network evotuin conventionally crosslinked natural rubberidg TO
ageing is given in Fig. 15:irst, it is often claimed that weakly and densalgsslinked phases are formed after
the vulcanization process [44]-[46]. The latter siehof ZnO/ZnS clusters surrounded by a high dirde=d
phase. Such vision is partly confirmed by the thmyarosimetry curves of unaged NR1.5 and NR2.5Kig.
14, and Fig. S5 in Sl) which show a small shouldearound 16°C and 15°C respectively. Besidesliccyc
sulfide pendant groups are formed along the polychein when NR is conventionally crosslinked [43bme
crosslinks precursors (§saxs # 1) and residual antioxidants also remain in thigvaek after the vulcanization
process (cf. Fig. 15a). During the first 7 daysT@ ageing, whereas vulcanization reactions areantivated
and&y axs Stays constant, residuals antioxidants and fréersare consumed, leading mainly to the formatibn
long polysulfidic bridges (cf. Fig. 15b). On@mtioxidants are consumed, oxygen leads to the &tom via
reaction(s) involving the oxygen, of new crosslinkeely from polysulfidic cycle pendant groups (€fig. 15c).
Such mechanisms are also spatially heterogeneodsdecrease the fraction of rubber which can bélhig
swollen, in other words they suppress the weakbgglinked domains and may create domains too ankssl
to swell. To be complete, in spite of the largedprainance of crosslinking mechanisms, TO leads &dso
relatively few chain scissions, and to the formatd pendants groups along the polymer chain. themes in

Fig. 15 summarize these interpretations.
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4. CONCLUSIONS

This work aims at understanding the chemicals mashas involved during thermo-oxidative ageing atGon

a conventionally crosslinked natural rubber. Thémfiadings are the following:

- Itis important to keep in mind that in conventityarosslinked system, the vulcanization process i
far to be finished atyg. An important consequence is that kinetics modafaot be built only from the
mechanical properties evolution during the vulcatian process when it stopped at that time.

- TO ageing is similar to TH ageing as far as theceatration of antioxidants remaining form the
vulcanization process, is large enough.

- TH ageing at 77°C involves chemical mechanisms iasie different from the ones met during the
material processing.

- At 77°C, TH ageing leads to the formation of weakd polysulfidic bridges from the residual free
sulfur remaining in the unaged material. This pssdast as long as all the free sulfur is consumed.

- Shortening of the polysulfidic bridges does notnsde be a predominant mechanism during TH at
77°C.

- During TO at 77°C, chemical reactions involving theygen take place to lead to supplementary
crosslinking in conventionally crosslinked matesjaivhich suggests that these reactions need the
presence of cyclic sulfide pendant groups (crokslion being negligible, compared to chain scission
mechanisms, in materials in which these groups aabe present). However, some question remains
on the chemical nature of the bridges created dufi® ageing. A specific study devoted to this
question would be undoubtedly interesting...even gihatiis likely very difficult, given the complexit
of NR and the vulcanization recipe, to be able ¢eoaiate among all the chemical species formed
during TO, those specifically forming these suppetary crosslinks.

- In spite of the large predominance of crosslinkingchanisms, TO leads also to relatively few chain
scissions, and to the formation of pendants greilgsg the polymer chain.

- The supplementary crosslinks induced by ageing seemnhance the heterogeneity of the spatial
distribution of the crosslinks - already existimgthe initial material - and to create highly ciodsed
domains.

To conclude this work clearly proves that the use,conventional NR, of accelerated ageing procedat

temperature for instance above 100°C), to addresgquestion of its durability, is highly questiotab
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Fig. S5: Heat flow normalized by the dried sampigight as a function dof/(T°,, — T,,) described by the

Gibbs-Thomson equation

According to the Gibbs-Thomson equation (Eq. SIjpaae” size in the polymer network can be calcedbfrom
the melting temperature of the solvent it contains

_ ZGSLTI?l (Sl)
L.AH,

TI?’! _Tm

Where,AHg is the solvent melting enthalply,the crystal radius within the assumption of a sighépore,ogy, is
the solid-liquid interfacial energy arif, the free solvent melting temperature which is atb21°C for
hexadecaneasg; is not known for the hexadecane-NR couple. Howetrez, crystal radius can be considered
proportional tol /(TS — T,,). Normalized heat flow is plotted as a function1g{TS — T,,) for NR1.5 and
NR2.5 in Fig. S5. For both samples, the formatibilarge crystals is less pronounced after TO ageftggthe
consequence, crosslinking mechanisms decreaserabdoh of rubber which can be highly swollen (i.e.
corresponding the formation of larger crystals whelvent crystallize). In other words they suppassweakly

crosslinked domains and may create domains toslonksd to swell.
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Supplementary information S6 : Calculationsgfby the use of two good solvents
We assumed equality betweefe.ing measured by the used of cyclohexangeing measured by the used of

toluene:

Vswelling (Toluene) = vgyening (Cyclohexane) (S6.1)

Considering the Flory-Rehner approach [24] :

o In(1 — Vro,, ) + Vrigy, + XnrototVI8y | _ 1 . / In (1 - Vrocydo) +Vrog, + XNR—cyclovrgcyclo\
Violuene % Vr&)ml B chc]ohexane \ % VrO.:yclo / 86 2
Vr‘)wl -T2 Vrocyclo - 2 ( ' )
chclo ln(l - VrOt ]) + VrOl T XNR—tolvrét 1 : Vr‘)c cly
= = = vri - —2=)=In(1-V \% XNR-cycloV] 2 .
Veoluene : % Vro *{ VT oeyeto 2 n( r"cyclo) + Vlogyq, T XNR-cyclo V01 (86 3)
To — 72
_ chclo ln(l - VrOm]) + Vrom + XNR—tolvr&Z)wl % Vro:yclo In (1 - Vr‘)cyclo) 1 S6 4
XNR-cyelo = Violuene * VT 2" 1 Vr, *\ Vroeyann ~ 2 - Vr R ( ' )
toluene Ocyclo v — Otol Ocyclo Ocyclo
Otol 2
Veyelo * (Vr% Vr°°y°‘“> ( )
cyclo Ocyclo -T2 In(1-— VFO 1 1
XNR-cyclo = T Ve * (ln(l - Vrowl) + Vro,, + XNR,m]Vréml) - Vg C;C ST g (865)
3 0
Vtoluéne * Vrogyclo * (Vr?)to] - 2t01> eveto evele
With some constants defined by :
1 Vr
3 0
3 cyclo
* — o
chclo (Vrocyclo 2 )
A=
(o Vo (s6.6)
Violuene * Vrocyclo * Vroml - 2
Ci=A+x ln(l —Vr )
1 Ot (S6.7)
Cy =AxVr, (S6.8)
— 2
C; =Ax*Vr
3 O (S6.9)
. In (1 - Vl‘ocyclo) 1 (S6.10)
T ro. 2 Cvr
Ocyclo Ocyclo
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We have:

Cy +Cy + C4 + C3 * Xypotol = XNR—cyclo

Considering the widely used equation to estimagdrteraction parameter:

Vtol

XNR-tol = 0.34 + ﬁ * (8p - 8'[01)2

Veyal
22 (8p - 6cyclo)2

XNR-cyclo = 0.34 +

With (S5.11) and (S5.12), we have :

v,
C+C+C+Cyx {0.34 + R‘—;‘(spz — 28,800 + smlz)} = 034+

chclo

W * (612) - 2(Spgcyclo + Scycloz)

So,

82 8
Gy Gy Cy + 0345 (C3 = 1) + g {CaVeot = Veyaro} + o * {=2Ca VearBtot + 2VeyetorSeyeto}

1
+ ﬁ{c3vtol5m]2 = Veyclo Seyeto’} = 0

Finally, (S6.14) is in the form of a second-degegeation:
ad% +bd,+c=0

With :

_ CSVtol - chclo

RT
b= 2(chclo*Scyclo - CSVtol(Stol)
RT

((:3Vt018t012 - chclo 8cycloz)

=C C C 034x(C3—1
c 1+ C+Cy+ *(C3—-D+ RT
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