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Abstract

The carboxylated butadiene—acrylonitrile XNBR composites containing layered
double hydroxides (Mg—Al-LDHs) were prepared with the aim to investigate the
effect of various Mg:Al ratio in the filler composition on the rheological behavior,
kinetic of curing and viscoelastic properties of final material. Due to the presence of
metal cations, LDHs can form ionic cross-links with carboxylic functional groups of
XNBR nitrile rubber. The DSC analysis indicated lower ranges of curing tempera-
tures as the Mg:Al ratio raised (90-184 °C for Pural MG63, 88-187 °C for Pural
MG70). The apparent energy of activation E, decreased with increasing Mg:Al
ratio reaching the value of 111.46 kJ'mole™! for XNBR composite containing Pural
MGT70. The rheological analysis revealed the presence of specific polymer—nanofill-
ers and fillers—fillers interactions. The XNBR-LDHs rubbers exhibited two transi-
tions corresponding to the glass temperature of elastomer 7, (in range of —13.08
to—13.60 °C) and the ionic transition temperature 7, (in range of 32.95-37.90 °C).
The ionic transition temperature 7, was not observed for the nitrile rubber compos-
ite containing Pural MG5 with the lowest Mg:Al ratio. The formed ordered ionic
phase significantly affected the viscoelastic behavior of XNBR composites at room
and sub-zero temperatures leading to the increase in the storage modulus G'. There-
fore, among the various possible applications of LDHs, their use in rubber technol-
ogy offers the potential for production of environmentally friendly rubber products
cured without any additional curatives.
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Introduction

Rubber is one of the most useful classes of materials that is applied in a broad
range of fields due to its unique mechanical properties. Practically, the sulfur
vulcanization is necessary to obtain significant enhancement in properties, such
as toughness, elasticity and strength of rubber material. The formation of irre-
versible chemical cross-links brings the difficulties in processing and recycling
of this way cured rubber [1]. Nowadays, the development of the dynamic, revers-
ible cross-linked elastomers becomes the crucial issue of the environmental pro-
tection. Cross-linking induced by non-covalent interactions in rubber materials
attracts a great interest. These cross-links can reversibly break and re-form under
external stimuli, thereby allowing the easily processing and recycling of cured
rubber [2-5]. The ionic elastomers are polymers containing a small amount (up
to 10-15 mol%) of ionic functional groups. The carboxylated nitrile butadiene
rubber (XNBR) is a typical ionic elastomer, because of the presence of the car-
boxylic (<COOH) functional groups along the hydrocarbon chain [6, 7]. The
structure of XNBR allows the formation of either covalent or ionic bonds [7-9].
The carboxylic salts can be formed between carboxylic groups and metal oxides
(e.g., ZnO, MgO, CaO0) leading to the ionomers with the thermoplastic nature and
the enhanced mechanical properties [10-13]. Many authors [6, 14] reported that
ionomer salts can associate to form two principal types of ionic phase: multiplets,
statistically dispersed in polymer matrix, which do not form any separate phase,
and aggregated clusters containing a higher amount of ion pairs as well as non-
ionic hydrocarbon content. Therefore, the properties of elastomers cured in such
way strongly depend on the type of formed ionic phase. Multiplets act a similar
way as physical cross-links. While clusters exhibit some properties of a separate
phase including a special relaxation behavior, and they act not only as physical
cross-links but also as a reinforcing phase [15].

Layered double hydroxides (LDHs) tend to be a promising material in prep-
aration of the polymer and elastomer nanocomposites [16—20]. Layered double
hydroxides LDHs are layered crystalline materials, with a general formula of
MY, M™ (OH),]** (A"~ ,,"-mH,0)*", where M" is a divalent metal ion, such as
Mg?*, Ca**, Zn?* and M is trivalent metal ion, such as AI**, Cr**, Fe*, Co’",
and A is an anion with valence number of (n and x/n) [21-23]. The crystal struc-
ture of these materials depends on the nature of cations and M'/M™ molar ratios
[24]. The structure of most of them corresponds to the natural mineral, magne-
sium aluminum hydroxycarbonate, hydrotalcite MgAl, (OH),,CO5;'4H,0 [25].
Their properties such as high specific surface area 100+300m*g~! [21-24],
the ability to generate after calcination mixed metal oxides and to reconstruct
the original LDHs structure by contact with solution containing anions resulted
in increasing development of LDHs industrial applications [24]. Due to the fact
that LDHs possess basic hydroxyl groups on their surface [26], they have poten-
tial as a reinforcing fillers in elastomers containing functional carboxylic groups
(carboxylic butadiene—acrylonitrile rubber XNBR). Pradhan et al. [26] reported
that the secondary interactions between surface of the LDHs fillers and XNBR
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elastomer matrix were formed and this way improved the reinforcing effect. The
LDHs can affect the strain-induced crystallization of XNBR, and this way signifi-
cantly improve the mechanical properties of rubber [26, 27]. Storage modulus of
LDH-XNBR increased with increasing filler concentration. On the other hand,
loss factor tan 6 maximum values decreased with increasing filler loading con-
firming the strong interactions at the filler—rubber interface [26, 27]. The ability
of LDHs to interact with XNBR was confirmed by FTIR analysis [28, 29], with
increasing content of the filler the intensity of the band corresponding to —-COOH
group decreased remarkably. Another important aspect is that LDHs may provide
metal ions for reaction with the —-COOH group, thereby leading to the formation
of ion pairs similar way as it takes place for zinc salts [5], ZnO [15] and MgO [9].
For the XNBR containing zinc—aluminum layered double hydroxide Zn—Al-LDH
no extra high-temperature dynamic relaxation process exhibited, although the
ionic reactions with —-COOH groups occurred [6]. The rheological data obtained
by Arrigo et al. [29] demonstrated that the relaxation motions of the maleated
poly(styrene-(ethylene-co-butylene)-styrene) copolymer chains were inhibited
due to ionic interactions occurred between the functionalities grafted on SEBS-
g-MA and magnesium—aluminum layered double hydroxide Mg—AI-LDH. These
ionic interactions were responsible for the formation of an inorganic—organic gel-
like structure. Previously, it was reported [14, 28, 30] that the Mg—Al-LDHs can
be used as an alternative to conventional curing systems. This way the production
of mechanically strong and transparent elastomer composites without any sup-
plementary additives is enabled. It is huge ecological and economical benefit for
layered double hydroxides (LDHs) to serve multifunctional suitability in XNBR,
such as cross-linking substance, UV screener, thermal, mechanical and barrier
property enhancer [14, 28, 30].

In the present work, the commercially available Mg—Al-LDHs generated after cal-
cination mixed oxides of various Mg:Al ratio were applied as a curing substances
for carboxylated acrylonitrile-butadiene XNBR elastomer. The influence of Mg-Al-
LDHs specific surface areas, and the tendencies to form fillerfiller interactions on the
dynamic viscoelastic behavior of the uncured and cured XNBR elastomer was ana-
lyzed. It was shown that the type of incorporated Mg—Al-LDHs affected the kinetic
of XNBR curing, the range of curing temperatures and the apparent activation energy
E, of the process. The effect of Mg—Al-LDH with various structure on the kinetic of
curing, the viscoelastic behavior and the processability of uncured rubber was not pre-
viously analyzed. The investigations proved that the commercially available magne-
sium rich LDHs can be applied at once as a reinforcing filler enhancing the dynamic
mechanical properties of rubber at room and sub-zero temperatures, as well as a cur-
ing agent of carboxylated XNBR elastomer. The study evaluated the effects of various
Mg-Al-LDHs structures on the formation of ionic clusters and the special relaxation
behavior.
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Experimental
Materials and preparation of rubber mixtures

Various hydrotalcites and LDHs able to generate after calcination mixed metal
oxides with various MgO:Al,O; ratio were applied before calcination as fill-
ers and curing substances of carboxylated butadiene—acrylonitrile rubber XNBR:
Pural® MGS5 (Al-rich material with 5:95 MgO:Al,Oj ratio after calcination); Pural®
MG30 (Al-rich material with 30:70 MgO:Al,O, ratio after calcination); Pural®
MG63 HT (Mg-rich material, hydrotalcite like analogue with 63:37 MgO:Al,O4
ratio after calcination); Pural® MG70 HT (Mg-rich material, hydrotalcite like ana-
logue with 70:30 MgO:Al,O; ratio after calcination), thereafter designed as MGS,
MG30, MG63, MG70, products of Sasol. These materials were used without any
modification as curing substances in amount of 30 wt% for carboxylated acryloni-
trile-butadiene rubber XNBR (Krynac X750, Mooney viscosity ML (1 +4) 100 °C
MU —-47+5 MU-ISO 289/ASTM D 1646, specific gravity 0.99, total ash <1.0 wt%-
ISO 247/ASTM D5668) containing 27+ 1.5 wt% of acrylonitrile (ISO 24,698-1)
and <7% of carboxylic group -COOH (FTIR spectroscopy), product of Arlanxeo.
The XNBR formulas are listed in Table Al (Supplementary Material). The Mg—Al-
LDHs—XNBR composites were prepared using a melt compounding method. The
rubber and filler were homogenized using Brabender Measuring Mixer N50. The
rubber compounds were processed using equivalent of 1.5 s~! shear rate at the tem-
perature of 80 °C. After 5 min of rubber mastication filler was added and mixed for
additional 15 min. Rubber mixtures before vulcanization were stored at 5 °C. XNBR
mixtures were molded and cured using electrically heated hydraulic press under a
pressure of 5 MPa at 180 °C during 60 min. Cured sheets were conditioned before
testing (24 h maturation at room temperature).

Oil absorption measurement

The oil absorption parameters OAP were measured according to ASTM D2414
using Absorptometer C equipment connected with Brabender station. The process
parameters were: sample weight 20 g, titration rate 4.0 ml'min~!. The oil used in
this study was dibutyl phthalate (DBP).

The analysis of viscoelastic properties and complex viscosity of uncured XNBR
compounds

Rubber Process Analyzer RPA 3000 MonTech with lower die of the chamber oscillated
sinusoidally at a fixed angle and frequency was used to characterize viscoelastic prop-
erties of uncured rubber compounds at temperature 80 °C. Behavior of uncured XNBR
was studied according to ASTM D6204 standard. The RPA rheometer allows to apply
different shear rates by elther varying the frequency or varying the strain. The com-
plex dynamic viscosity #" was measured based on frequency sweep tests, in which the
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frequency and strain amplitude were programmed to give the equivalent of 0.5-125 s
shear rate. The storage shear modulus G, loss shear modulus G~ and loss factor tan
8 were measured at 80 °C in angular frequency range of 0.5-100 rad's™' under con-
stant low oscillation strain (0.1%, linear viscoelastic region) and high oscillation strain
(100%). The consistency index K and the exponent of the potential equation n were
calculated by applying the power law [Eq. (1)] to the experimentally obtained values of
the complex viscosity 7" and shear rates y.

n=Ky" " (1

Enthalpy of vulcanization

A DSCI analyzer (Mettler Toledo) was applied to determine the range of curing and
the enthalpy of the process for XNBR compounds. Measurements were taken in tem-
perature range of —80 to 250 °C with a heating rate of 10 °C min™". Nitrogen was used
as the protective gas at the flow rate of 80 mL min~'. The DSC exothermic curves were
used to evaluate the enthalpy of vulcanization (AH), which is directly proportional to
the area under the DSC curve. The values of the enthalpy of vulcanization (AH) were
calculated by area integration software STAR® (Mettler Toledo) based on the exother-
mic peaks of curing in the studied temperature range (—80-200 °C). Enthalpy of the
curing (AH) corresponds to the integral of the exothermic peaks of curing with respect
to time. And it was calculated using Eq. (2) [31].

2

dH

AH = —dr.

/ 5 2)
1

Kinetic of curing

The curing studies were done at 140, 150, 160, 170 and 180 °C according to ASTM
D5289, using RPA 3000 MonTech rheometer. The values of elastic torque S as a
function of time were used to calculate the kinetic parameters. The increment of elas-
tic torque AS defined as AS'=S, —S ., where S —maximum elastic torque,
S .. —minimum elastic torque, was calculated based on the curing curves. The range
of temperatures studied and vulcanization parameters were chosen based on our previ-
ous studies [14] and based on the DSC measurements indicating the range of curing
temperatures for every type of Mg—AI-LDHs—XNBR formulas. From rheometric RPA
experimental data, the cure rate « at time # was calculated using Eq. (3):

/ /

a(f) = 3)

ot J
o0 0

Experimental data were fitted to the empirical model (4) proposed by Isayev and
Deng [32] to calculate the kinetic parameters of MG-XNBR compounds.
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da _n i, »

— =—t
dt K * )
By taking a with respect to time, Eq. (4) can be expressed:
Lo K1 5
1+K-m ©)

The rate constant K of process and n-order of reaction were calculated using the
rearranged Isayev’s equation (6):

ln<1§a>=nlnt+an. 6)

The apparent activation energy of ionic clusters formation E, (kJ/mole) was calcu-
lated according to an Arrhenius equations (7-8):

K =k -
0eXp | — ¢ (7)
InK =1Ink - 8
f T RT ®)

where k, is the pre-exponential factor, R is universal gas constant (8.31447
J'mole™""K~") and T is absolute temperature (K).

Glass transition T, ionic transition T, analysis and the characterization

of rheological properties for cured rubbers

The studies were carried out using Ares G2 oscillation rheometer under shear. The Ares
G2 rheometer was equipped with parallel-plate geometry (diameter of 25 mm). Firstly,
to determine the glass transition 7, and ionic transition T, temperatures, the meas-
urements of mechanical loss tan 6 using the temperature sweep mode with a heating
rate of 2 °C min~! at constant angular frequency of 5 Hz and oscillation amplitude of
0.1% were conducted in a temperature range from —20 to 60 °C. The oscillation sweep
tests at 25 °C in an oscillation strain range from 0.1 to 100% and angular frequency of
10 rad's™" were performed to determine the changes in mechanical loss tan & as a func-
tion of the applied deformation. The measurements of the storage shear modulus G' and
loss shear modulus G~ were taken at 25 °C at low oscillation strain 0.1% (linear vis-
coelastic region) and at 1% of oscillation strain in angular frequency range from 0.1 to
100 rad's~". Additional frequency tests at —5 °C in angular frequency range from 0.1 to
100 rad's~" at 0.02% of oscillation strain (linear viscoelastic region) were carried out.

Measurements of cross-link density

The network structure was analyzed according to ASTM D6814-02 standard.
Weighted rubber samples were swollen at 25 °C in solvent (reagent grade purity

@ Springer



Polymer Bulletin (2021) 78:3199-3226 3205

toluene) for the time necessary to achieve weight balance of swollen samples. The
solvent was replaced with fresh toluene every 24 h. After swelling, the excess of
liquid was removed from the surface of samples with a soft paper towel and samples
were weighted. Then, samples were dried at 50 °C in a forced-ventilating air oven
for 24 h until constant mass. In the next step, the dried samples were cooled down
to room temperature (25 °C) using a desiccator and weighted again. The samples
were swollen in toluene in a desiccator with saturated ammonia vapor (25% aqueous
solution) at 25 °C to determine the content of the destroyed under basic treatment
cross-links. The cross-link density for various MG-XNBR was estimated using the
Flory—Rehner’s equation [33]. The percentage of non-covalent cross-links (formed
during curing (v*) was determined by decomposition of present ionic cross-links
under the ammonia vapor treatment and it was calculated according to Eq. (9):
% Vi— Vg

v = * 100% 9)

Vi

where v, is the cross-link density determined for samples treated with ammonia, v, is
the cross-link density determined for samples swollen in toluene.

Stress relaxation experiments

Stress relaxation experiments were performed using Ares G2 rheometer equipped
with parallel plate—plate geometry. The measurements were taken at 25 °C. A strain
of 0.05% was kept constant during measurements. The stress monitoring started
immediately after the required strain was attained. Relaxation curves were recorded
during 1000 s.

Results and discussion

The influence of filler on the flow behavior, viscoelastic properties
and processability of XNBR mixtures at processing temperature (80 °C).

Analysis of the complex viscosity of the material

The analysis of viscosity of the material at processing temperature is one of the
characteristics that allows to determine the processability of a given rubber com-
pound [34]. The flow behavior at the processing temperature of 80 °C and the
shear thinning properties were analyzed. The parameter such as the complex
dynamic viscosity " from the RPA rheometers, which is analogous to the appar-
ent viscosity (77,,,) from the capillary rheometer [34], was measured under con-
ditions of steady shear rate. Studied shear rate range was programmed using an
applied constant strain (100%) by increasing the frequency of the sinusoidal oscil-
lation. Application of high strain more effectively destroys the filler aggregates,
which are formed during rubber mixture storage. Additionally, these conditions
are more comparable with the real conditions of processing. During high shear
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Fig. 1 Complex viscosity 7"
(kPas) at 80 °C (process- i i
ing temperature) for XNBR 100 7
mixtures containing various MG %
fillers e
g
= 10 g
£ ‘.
* ¥
1
0.1
0.1 1 10 100
Shear rate (1/s)
XNBR a2 MG5 o MG30 aMG63 e MG70
Tab|e'1 Consistency inds:x K, K kPas n R
flow index n and correlation
. 2
coefficient R XNBR 25.8 0217 0.998
MG5 168.4 0.228 0.995
MG30 172.2 0.207 0.996
MG63 130.0 0.202 0.996
MG70 1444 0.219 0.997

mixing or extruding, the material is subjected to relatively high deformations as
compared to compression molding. Melt rubber compounds are non-Newtonian
fluids and usually their viscosity decreases according to the power law model
[34]. The increase in the initial viscosity of uncured rubber after addition of filler
results from three facts: the hydrodynamic effect of the filler, the interactions
between filler surface and polymer chains and the interactions among filler parti-
cles [35]. The influence of type of filler on the shear thinning behavior of XNBR
compounds was analyzed (Fig. 1, Table 1). The observed variation of complex
viscosity " and its decrease with shear rate is typical for pseudoplastic materials.
In the whole range of studied shear rates, MG5 and MG30-XNBR (Al-rich fillers)
presented higher values of viscosity than MG63 and MG70-XNBR (Fig. 1). This
fact is attributed to a stronger filler—filler interactions and larger surface area of
both MG5 and MG30 fillers. According to our previous studies [14], the surface
area of MG63 and MG70 (Mg-rich fillers) was much lower (MG63 —200 m?r g_l,
MG70-196 m*g~!) than MG5 and MG30 (MG5 250 m*g~!, MG30 276 m*'g),
as measured after activation (calcination) at 550 °C for 3 h. Others studies
showed [30] that also before calcination MG63 and MG70 fillers exhibited lower
surface area comparing to MG30. The increase in this parameter resulted in the
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enhancement of the interphase contact between the solid surface and elastomer
and thus had impact on the flow behavior at whole range of shear rate. Other
filler property, which caused an increase in the initial viscosity, especially at a
relatively low deformation rate (<1 s_l), it was the tendency to create “own-
filler-structure” in an elastomer via particle—particle interactions. Layered dou-
ble hydroxides exhibit a strong tendency to aggregate due to electrostatic interac-
tions and possibility to form hydrogen bonds. This tendency can be estimated on
the basis of oil absorption parameters (OAPs). The void volume between aggre-
gates and agglomerates connected together through physical interactions can be
expressed as the volume of dibutyl phthalate (DBP) absorbed by a given mass of
filler (g DBP per100g filler). Our previous studies [14] revealed the lower values
of oil absorption parameters OAPs and weaker tendency to create “own-structure”
for magnesium rich MG63 and MG70 fillers (MG30 —172.9 g'100g™", MG63
—104.2 g'100g™!, MG70 —86.5 g*100g™"). The measured value of OAPs for MG5
—140.1 g'100g™" indicated stronger tendency to create particles—particles interac-
tions than these observed for MG63 and MG70, fillers with lower surface area
and higher Mg;Al ratio. The obtained values OAPs parameters confirmed that the
complex viscosity 4 of MG5-XNBR and MG30-XNBR compounds was slightly
higher due to both: the larger surface area of fillers and the stronger filler—filler
interactions between filler particles.

It is important not only to measure the viscosity but also to know how rapidly
the viscosity is reduced with increasing shear rate. The consistency index K related
to the viscosity of the compound and the exponent of the potential equation n were
calculated. The values of both parameters are compiled in Table 1. The higher val-
ues of consistency indexes K observed for MG5-XNBR and MG30-XNBR, can
be explained by the facts described previously, the larger surface area and stronger
tendency to form the ordered filler particles structure. The break-up of filler aggre-
gates and re-orientation of the filler particles in the same direction, as the shear rate
increased, resulted in higher value of flow index n observed for the MG5-XNBR
mixture.

The viscoelastic properties of uncured composites at low and high deformation

Rubber is a viscoelastic material, that possesses both viscous and elastic proper-
ties in melt, uncured and cured state. The elasticity of rubber mixtures before cur-
ing is mostly due to the chains entanglements. However, too low ratio of the vis-
cous quality (loss modulus G") to the elastic quality (storage modulus G') and too
low values of loss factor tan 6 for the uncured rubber can influence on the mate-
rial processing. The processes such as rubber mixing, the incorporation of fillers,
forming the shape of final products, are affected by viscoelastic properties. Rub-
ber mixtures with higher elasticity (higher values of storage modulus G') can resist
processing leading to greater die swell during extrusion and poorer dimensional
stability. Additionally, viscoelastic properties of elastomer materials containing
nanofillers are strongly dependent on the size of the dispersed filler phase and its
uniform distribution throughout the elastomer matrix. These effects are further mag-
nified if additional interactions (polar, chemical, van der Waals interactions) occur
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at the polymer—filler interface. The reinforcing microphase between elastomer and
filler surface may be formed resulting from polymer—filler interactions and occlu-
sion of elastomer chains on the filler surface roughness. This process can take place
even during mixing at lower temperature influencing the processing of rubber. The
carboxylated nitrile rubber (XNBR) is an elastomer with carboxylic groups along
chains, which are able to react with metal ions leading to the formation of ionic
cross-links [6]. Higher Mg:Al ratio (MG63, MG70) gives the opportunity to form
stronger interphase interactions with carboxylic groups present in elastomer chain.
From the other hand, the larger contact area generated by higher values of surface
area (MGS5, MG30) also influences on the values of the storage shear modulus G.
Certainly, the higher values of storage shear modulus G observed for uncured MG5
and MG30-XNBR compounds resulted from the larger surface area and the stronger
tendency to form aggregate—aggregate associations (Fig. 2). Differences in formed
agglomerate-agglomerate network (filler network) were also responsible for higher
values of the loss shear modulus G observed for MG5-XNBR and MG30-XNBR
compounds (Fig. 3). The morphology of filler particles was another factor influenc-
ing on the elastic behavior of uncured XNBR compounds. Figure 2 reveals lower
values of the storage shear modulus G’ measured in linear viscoelastic region for the
uncured MG63-XNBR comparing to MG70-XNBR compound. Effect was attrib-
uted to the various shape and morphology of particles of both filler. More agglomer-
ated structure of MG63 was confirmed by optical microscopy study (Supplementary
Material, Fig. Al). Higher platelet aspect ratio of MG70 filler was responsible for
stronger polymer—filler interactions and increased values of G’ modulus comparing
to these observed for MG63-XNBR. It should be taken under consideration, that
the filler—filler and filler—polymer interactions can be competitive in certain way for
the active fillers [35]. The higher temperature 80 °C can promote the mobility of
elastomer chains facilitating the adsorption of polymer chain on the filler surface

Fig.2 Storage shear modulus 1000 S
G’ (kPa) of uncured rubber 4 ]
mixtures XNBR at 80 °C as a ¢ s
. A

function of angular frequency F} A
 (rad's™!) (linear viscoelastic 3 A
region) E 3 .

= UIEN
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Fig.3 Loss shear modulus 1000
G’ (kPa) of uncured rubber

mixtures XNBR at 80 °C as a

function of angular frequency
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= 100 8 a
—8 A
1S3
k

XNBR a2 MG5 0 MG30 a MG63 e MG70
10
0.1 1 10 100

Angular frequency (rad/s)

(occluded rubber) and preventing the filler—filler network formation. The amount of
polymer chains adsorbed on the filler surface having restricted mobility is mainly
affected by filler’s concentration (similar for all studied rubber mixtures), the area of
interphase contact (the surface area, platelet aspect ratio) and the surface chemistry
(Mg:Al ratio). As Fig. 4 shows, the values of tan 6 for the angular frequency @ lower
than 1 rad's~! (longer relaxation time) significantly varied for MG30 and MG70-
XNBR compounds as compared to MG5 and MG63-XNBR. The higher amount of
polymer chains with restricted mobility (occluded rubber) and the strength of poly-
mer—filler interactions influenced on the relaxation of melt MG30 and MG70-XNBR

Fig.4 The mechanical loss tan 1.2
J (—) as a function of angular
frequency w (rad's™") (linear

viscoelastic region) 1
Doa
JETEE
o
0.6 L p—"
A
e 12
]
0.4 ﬁ
$ ¢
0.2
0.1 1 10 100

Angular frequency (rad/s)
XNBR a2 MG5 oMG30 aMG63 e MG70
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compound in linear viscoelastic region leading to lower values of the loss factor tan
d.

To estimate the influence of formed filler—filler associations on the viscoelastic
properties, the storage shear G, the loss shear modulus G” and the values of tan &
were measured in function of angular frequency w applying high values of oscil-
lation strain (100%), equivalent of 0.6-125 s~! oscillation shear rate for studied
angular frequency range. The high strain leads to the break-up of filler aggregates
and changes in the orientation of filler particles resulting in changes of viscoelastic
properties. Additionally, high deformation can cause the slippage of loosely bonded
polymeric chains from the surface of filler reducing amount of occluded rubber,
which is shielded from deformation. At high applied strain, the hydrodynamic effect
connected with the surface area and the aspect ratio of the particles should be domi-
nant. At these conditions, the enhancement of the storage shear modulus G should
be in accordance with the measured values of the surface area. Above explanations
were confirmed by the results of viscoelastic properties measurements (Supplemen-
tary Material, Fig. A2—-A3). The larger surface area of incorporated filler generated
stronger enhancement of the storage shear modulus G of XNBR compound. For
all uncured XNBR compounds under this conditions (100% of oscillation strain),
the cross-points of both modulus (G'=G', tan §=1) were found indicating that
from some values of angular frequencies (equivalent of some shear rate) the vis-
cous behavior of melt rubber compound was dominant (Fig. 5). The cross point
for MG5 occurred at slightly higher value of frequency (MG5 —3.9 rad's~!, MG30
—1.6 rad's™', MG63 —1.4 rad's™', MG70 —1.5 rad's™}) (Fig. 5). For the measure-
ment at linear viscoelastic region the cross point was observed only for pure melt
XNBR (Fig. 4). Analyzing the influence of high deformation on the processabil-
ity of rubber, it should be noted that for high frequency and short times of relaxa-
tion (equivalent of 125 s~! shear rate, typical for the extrusion processes), only the
MGS5-XNBR compound exhibited similar tan 6 values as neat rubber. For other

Fig.5 Mechanical loss tan § 1.4
(—) as a function of angular fre-
quency @ (rad's™") (oscillation

strain 100%) 1.2 P E A
Y a
1 oY
_____ .
=z a
0.8
S
® g
06 A
0.4
0.2
0.1 1 10 100

Angular frequency (rad/s)
XNBR aMG5 oMG30 aMG63 e MG70

@ Springer



Polymer Bulletin (2021) 78:3199-3226 3211

MG-XNBR compounds, lower values of mechanical loss tan § were observed indi-
cating worse processability. The decrease in the storage shear modulus G observed
after application of high deformation confirmed that one of the factors, that had
strong impact on the viscoelastic behavior, was the tendency to form particles—parti-
cles associations. These associations were easily destroyed at high deformation con-
ditions. Additionally, the analysis of cross-points and the observed lower values of
tan 6 suggested that at this temperature conditions (80 °C) for MG fillers with higher
amount of Mg?* ions some ionic pairs were formed. These ion pairs influenced on
the processability and relaxation behavior of rubber compound, at high frequency.
Taking into account the assumption that during processing at 80 °C, the formation
of some ionic pairs may partially occur, in the next paragraph the kinetic of cross-
linking reaction and its dependence on the type of MG filler is analyzed.

The influence of MG filler characteristic on curing at various temperatures

In the literature, various techniques are applied to investigate the kinetic of cur-
ing, among them FTIR spectroscopy [36] and the differential scanning calorimetry
DSC [37]. The RPA rheometers allow to study the cure kinetic of rubber mixtures,
together with the viscoelastic properties during curing [38]. First, the differential
scanning calorimetry (DSC) was applied to estimate the temperature of XNBR ionic
curing. The DSC curves are shown in Supplementary Material (Fig. A4—A7). From
the exothermic peaks, the range of curing temperatures as the onset, endset tempera-
tures and the temperature at the maximum of peak were determined. The glass tran-
sition temperatures of uncured rubber compounds 7, and the range of curing tem-
peratures are compiled in Table 2. The glass transition temperatures 7|, of uncured
XNBR-compounds containing MG fillers with higher amount of Mg>* (MG63,
MG70) were slightly shifted to higher values of temperature comparing with
MGS5-XNBR compound. This confirmed that for the MG63 and MG70 fillers dur-
ing preparation of XNBR mixtures the stronger and more stable interphase interac-
tions appeared. Higher amount of immobilized rubber with restricted mobility was
formed on the filler surface even before the ionic curing of rubber. Prior research
[39] indicated that the differential heat capacity (Ac,) is directly proportional to the
amount of the polymer that undergoes this transition. The results reported in Table 2

Table2 Glass transition temperatures 7, (°C), the enthalpy change of curing AH Jg™h

T, °C Acy, ] g TK™! AH, Jg™! Temperature at maximum Curing
of the peak, °C temperatures,
°C
MGS5 -25.9 0.501 3.30 186 150-247
MG30 -24.3 0.452 4.02 192 136-223
MG63 -233 0.433 8.11 150 90-184
MG70 -229 0.378 8.57 163 88-187

The differential heat capacity Ac,, (J. ¢! K1), temperature at the maximum of exothermic peak and the
range of curing temperature (°C) for uncured MG-XNBR compounds
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indicated that the values of the heat capacity Ac, of the investigated samples con-
taining MG fillers decreased slightly with the increase in magnesium amount in filler
structure. This also confirmed the differences in the amount of immobilized polymer
chains. The behavior and the structural mobility of the MG-XNBR within the tem-
perature of the glass transition was changed as the Mg;Al ratio increased. Curing of
XNBR compound by MG fillers was one-step exothermic process, which occurred
in various temperature range as the Mg:Al ratio changed. The lower amount of Mg>*
ions (MGS, MG30) significantly shifted the onset curing temperature toward higher
temperature. Therefore, it was concluded from the DSC studies that the activity of
MG fillers with various Mg:Al ratio was strongly depended on the temperature of
curing. It should be taken into account that the optimal curing temperature for MG
fillers with predominance of Al over Mg (MGS5, MG30) was higher (180 °C) than
for these with predominance of Mg over Al in structure (MG70) (160 °C). Moreo-
ver, the beginning of curing for MG63 and MG70 fillers started at approximately
80-90 °C, that confirmed our previous observations. Some ionic immobilized phase
was formed during processing. Higher values of the enthalpy change of curing and
the higher amount of heat evolved in the transformation of the reactants for MG63
and MG70-XNBR confirmed that the curing reactions led to the formation of inter-
facial bonds with greater intensity. Based on DSC studies, the temperature range for
RPA Kkinetic studies was estimated (140-180 °C).

Regarding the increase in the normalized elastic component AS as a function of
time (Table 3), usually calculated based on the vulcanization curves (Supplemen-
tary Material, Fig. A8-A9), every filler was able to form cross-links during curing
at the temperature of 160—180 °C. The increase in the normalized elastic compo-
nent AS lower than 1 dNm, observed for the MG5-XNBR at 140-150 °C and for
MG30-XNBR at 140 °C indicated that at this temperature conditions the formation
of cross-links did not occurred. These observations were in accordance with DSC
studies pointing out that for fillers with lower Mg:Al ratio the higher temperatures
are needed to achieve a satisfactory progress of curing reactions. The formation of
ionic cross-links was time dependent. It was observed that at any temperature, the
AS' curves raised with reaction time. Moreover, regarding the rate of cure, during
first 30 min, at 160 °C, the MG70 filler enhanced the increase in the elastic compo-
nent S’ comparing to other fillers. The acceleration of the reaction during first stage
of curing may be achieved by the increase in the temperature. As it was observed
for MG30 and MG63-XNBR compound after increase in curing temperature from
160 °C to 180 °C (Supplementary Material, Fig. A8-A9).

In Table 3 are compiled calculated parameters such as: the rate constant K,
n-order of reaction and the apparent activation energy E,. The lower calculated
values of the apparent energy of activation E, confirmed that the amount of Mg
present in filler structure had the catalytic effect on XNBR curing (Table 3). The
calculated values of the rate constant K and n-order of reaction revealed that the
process mechanism for every filler was affected by temperature. Raising tempera-
ture of curing caused an increase in the reaction speed, as confirmed by higher
values of the rate constant K, together with the decrease in the n-order of reac-
tion. Moreover, it was observed that the rate constant K related to a particular fac-
tual mechanism occurring at chosen temperature (e.g., 160 °C) were dependent
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Table 3 The minimum values of elastic torque §',;,

T,°C §,;,dNm AS dNm CRI K¥10* n  E kl'mole™ kys™! R?
dNm*min™"!
MG5 140 * * * * * 0 203.27 3.63E+20 0.995
160 1.18 1.34 0.10 1.063  1.24
170 0.94 1.55 0.15 4407 107
180 085 2.26 0.21 12.806 0.92
MG30 140 * * * * *185.76 2.97E+18 0.999
150 1.86 3.42 0.17 0349 1.34
160 1.46 4.54 0.23 1183 1.23
170 1.31 5.61 0.42 3723 112
180 1.12 5.53 0.57 11562 1.03
MG63 140 133 2.72 0.19 0.086 152 159.16 1.14E+15 0.997
150 1.19 3.60 0.17 0.283 136
160 121 4.98 0.24 0.638 135
170 0.93 5.43 0.34 2001 121
180 0.9 6.92 0.45 5414 1.9
MG70 140 3.06 3.97 0.58 3.857 0.88 111.46 525E+11 0.993
150 239 4.09 1.09 10.565 0.79
160 2.87 4,56 1.44 18.108 0.71
170 2.56 4,44 2.34 40.288 0.63
180  2.04 4,68 3.21 70.461 0.56

The increase in the elastic torque during curing AS’, cure rate CRI and calculated kinetic parameters for
Mg-Al-LDHs—XNBR compounds

* - at this temperature condition the formation of crosslinks did not occured

on the type of filler incorporated into XNBR. Similarity of the kinetic parameters,
such as the rate constant and the n-order of reaction was observed for aluminum-
rich fillers (MG5, MG30). It suggested that the changes in Mg?*:AI** ratio did
not influenced significantly on the reaction mechanism for both filler. This trend
could be attributed to much larger specific surface area and the porosity of both
filler increasing the possibility for the interaction with the rubber chains. Prob-
ably, in this case, the active cation sites on the filler surface and hydroxyl groups
were more easily accessible resulted in higher values of the rate constant K than
these observed for MG63 filler. However, it should be underlined that the lower
amount of magnesium in the structure of both filler had an impact on the temper-
ature range of curing. Also the efficiency of curing understood as an increase in
the value of the normalized elastic component AS' was lower. The curing reaction
between XNBR and MG70 filler was characterized by the rate constants K of a
higher order than it was observed for other MG fillers. Moreover the much lower
values of n-order of reaction (lower than 1 for every investigated temperature), as
compared to the previously described aluminum-rich fillers (MGS5, MG30) and
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the magnesium rich MGG63 filler, suggested different mechanism of reaction. The
order of reaction [40] refers to the power dependence of the rate on the concen-
tration of each reactant in this case: carboxylic groups —-COOH present in XNBR
and curing substance, cations Mg>":AI** provided by Mg—AI-LDH filler. Thus,
a first-order reaction refers to one whose rate is dependent on the concentration
of a single species. Experimentally determined order of reaction can take on a
fractional value. For simple one-step reaction, the order and the stoichiometry of
the reaction (the theoretical integer value of the number of molecules involved in
the reaction) should be similar. It is obvious that the curing of XNBR by Mg—Al-
LDH is more complicated than one step reaction occurring between Mg?* cations
and carboxylic groups of XNBR. The cross-linking of XNBR by Mg-Al-LDH
can take place through both (a) polar interactions between the functional groups
of XNBR (-CN, —COOH) and basic hydroxyl groups on the surface of LDH, and
(b) the formation of ionic cross-links between the carboxylic groups and metal
ions provided by Mg—Al-LDH. Higher amount of magnesium in MG70-LDH pro-
moted the formation of more ordered ionic phase with higher amount of ionic
clusters resulted in the lower apparent activation energy E, of the process. The
larger palettes aspect ratio and smaller size of the MG70 particles increased inter-
phase area between rubber and filler enhancing the accessibility to the active sites
on the filler surface. These factors caused that the formation of ionic clusters for
MG70-XNBR was more favorable and the reaction occurred with higher rate
constant K and lower order of reaction. The agglomerated structure of the mag-
nesium rich MG63 filler, the lower aspect ratio of the particles led to restricted
accessibility to the active cationic sites resulting in lower values of rate constant
K of curing.

To confirm better activity of MGS and MG30 during curing at higher tem-
perature 180 °C, the storage shear modulus G* was investigated at 100 °C directly
after curing at 140 °C and 180° C using RPA rheometer (Supplementary Mate-
rial, Fig. A10). As we expected, curing at higher temperature 180 °C significantly
enhanced the values of the storage shear modulus of MG30-XNBR compound
due to the formation of filler—rubber interactions and ionic cross-links. The effect
of temperature was not observed for MG63 and MG70-XNBR (Supplemen-
tary Material, Fig. A10). The values of the storage shear modulus G after cur-
ing at 140 °C were as follows: MG63 —1267 kPa (1% oscillation strain); MG70
1326 kPa (1% oscillation strain), after curing at higher temperature 180 °C the
modulus changed as follows: MG63 —1273 kPa (1% oscillation strain); MG70
—1368 kPa (1% oscillation strain). Slight increase in the modulus observed for
MG63 and MG70-XNBR after curing at higher temperature 180 °C confirmed
our previous statement that the formation of ionic cross-links occurred at whole
studied temperature range 140-180 °C. For both MG5 and MG30-XNBR com-
pounds cured at 180 °C, the filler—filler structure was formed in higher extent
comparing to MG70-XNBR. Significant decrease in the modulus was observed
after first cycle of deformation (Supplementary Material, Fig. A11). The decrease
in the values of G’ after first cycle of deformation was as follows: MG5 —95 kPa,
MG30 —230 kPa, MG63 —23 kPa, MG70 —29 kPa.
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Influence of Mg-Al-LDHs on the glass transition temperature T, the ionic
transition temperature T, of XNBR and the amount of the ionic cross-links
formed.

The temperature 180 °C was chosen as a curing temperature. To further investigate
the viscoelastic properties of Mg—Al-LDHs—XNBR, the glass transition temperature
T, of cured rubber was analyzed. The spectra of tan 6 for MG-XNBR are depicted in
Fig. 6. The peak of mechanical loss tan ¢ attributed to intense « relaxation transition
and the changes in the segmental movements was observed in the lower temperature
region indicating the glass transition temperature 7,. of XNBR. As we expected, the
application of MG-AL-LDHs as curing substances of XNBR instead of sulfur cur-
ing system led to formation of cured vulcanizates with lower 7, values. The segmen-
tal movement and the structural mobility of the rubber matrix containing chemical
sulfur bond were much restricted comparing with the ordered ionic phase. As it can
be seen from Fig. 6 and Table 4, the glass transition temperatures 7, of studied ionic
cured XNBR were similar. The values of 7, were shifted to higher values of tem-
perature than these determined by DSC for uncured XNBR compounds (Table 2).
This confirmed the formation of cross-links with restricted mobility of rubber chains
during curing. Analyzing the heights of tan 6 peak it should be noted that incorpora-
tion of MG63 and MG70, magnesium rich LDHs, into XNBR decreased the height
of tan 6 peak comparing with these containing aluminum-rich fillers. The intensity
of the relaxation transition of the soft segments (height of the tan 6 peak at glass
transition temperature 7,) was more pronounced for aluminum-rich MG5-XNBR
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Fig.6 Mechanical loss tangent tan 6 (—) versus temperature for Mg—AL-LDH-XNBR compounds.
Small picture in the right corner exhibited the tan & of & relaxation process of ionic hard phase
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Table 4 Glass transition temperature T, Ionic transition temperature T, the height of tan & peaks, cross-
link density calculated from the swelling measurements in toluene v, and the percentage of the destroyed
cross-links under basic treatment Av for Mg—AI-XNBR compounds

T,,°C Height of tan T,,°C Height of tan 2, x 10°, Av (%) v,ly,

satT, satT, mole/dm?
MG5 —-13.59 1.408 - - 3.6 12.0 0.89
MG30 -13.37 1.202 36.92 0.229 9.3 40.6 0.59
MG63 —-13.60 1.089 32.95 0.235 49 54.1 0.45
MG70 —13.08 1.133 37.90 0.242 14.0 48.0 0.52
S, MBT -1.92 1.013 - - 23.9 16.4 0.84

comparing with other Mg—AIl-LDHs—XNBR. The results indicated that the weak
interphase interactions between polymer chains and surface of the MGS5 filler were
present in XNBR composite.

Because of the labile character of ionic cross-links, it was possible to detect the
changes in the relaxation transition of the ordered ionic phase (a relaxation) [41].
This transition generated a maximum in the tan & at T,, A second maximum (&
relaxation) was detected at a temperature of above 30 °C (Fig. 6). The second peak
of loss tangent tan 6 resulted from the relaxation transition of the ordered ionic
structure containing ion pairs as well as nonionic hydrocarbon content (segments
of polymer chain) “trapped” in ionic structure. Significant differences were found in
determined ionic transition peaks of MG-XNBR. The ionic cluster relaxation was
not observed for MG5-XNBR. During curing of MG5-XNBR, the small amount
of ionic cross-links with low number of ion pairs, statistically dispersed in hydro-
carbon, was formed. The observed increase in tan § as the temperature rose above
30 °C resulted from the plasticizing and melting of rubber. The reported height of
tan ¢ at T, increased as the amount of magnesium in filler structure rose (Table 4).
The amount of magnesium played a significant role in the ionic phase formation
and its relaxation transition. The peak observed for MG63-XNBR was narrowed and
shifted to lower temperature (32.95 °C) comparing with MG70-XNBR (37.90 °C) or
MG30-XNBR (36.92 °C). This pointed out that the formed ionic network present in
MG63-XNBR was different comparing with the ionic phase formed for MG30 and
MG70-XNBR.

The conclusions from analysis of Fig. 6 were confirmed by the results of cross-
link density measurements (Table 4). The formed ionic clusters between metal ions
and the carboxyl groups of rubber were easily destroyed under ammonia treatment.
The percentage of this type of cross-link and the total cross-link density calculated
from swelling in toluene were significantly lower in case of MG5-XNBR. This
confirmed that aluminum ions were less or not active during curing. The higher
amount of magnesium ions in filler structure was needed to form ionic phase. The
obtained cross-link density results were in agreement with the observations from
kinetic studies. The activation energy of the process decreased as the magnesium
amount in filler structure increased. Taking into consideration that all samples were
cured at 180 °C during the same time (60 min.) the achieved lower state of cure

@ Springer



Polymer Bulletin (2021) 78:3199-3226 3217

and lower values of total cross-link density of MG63-XNBR confirmed the observa-
tions from kinetic studies concerning the lower rate constant at 180 °C calculated for
MG63-XNBR. Moreover, both MG30 and MG70-XNBR exhibited almost similar
values of v,/v, parameter, opposite to lower value observed for MG63-XNBR. The
amount of ionic associations destroyed under more aggressive conditions (ammo-
nia vapor) Av was lower for MG30 and MG70-XNBR. The much lower cross-link
density of MG63-XNBR, together with the higher amount of ionic associations eas-
ily destroyed indicated less compacted ionic phase, with a low number of ion pairs.
These observations were in accordance with the studies of the relaxation transition
of formed ionic phase. The ionic transition peak of MG63-XNBR occurred at lower
temperature 7, and the increase in tan ¢ at 7, was lower comparing with MG30
and MG70-XNBR. Additionally, the ATR-FTIR analysis (Supplementary Mate-
rial, Fig. A12-A13, Table A2) confirmed the formation of ionic bonds. The peaks
at 1697 cm™! (a stretching vibration of hydrogen bonded acid dimmers of carboxylic
acid groups) and the second one at 1730 cm™! (carbonyl stretching of monocarbox-
ylic acid) decreased. The new peaks in the region of 1610—1580 cm™! appeared for
MG30, MG63 and MG70-XNBR. These peaks were attributed to stretching vibra-
tion of >C =0 in carboxylate ions (-CO-O") such as: 1610 cm™' carbonyl stretch-
ing vibration of magnesium carboxylate salt, 1582 ¢cm™' asymmetric carbonyl
stretching vibration of magnesium carboxylate salt. According to Krzemiriska et al.
[9], such ions may be formed during cross-linking with metal cations via -COOH
groups from XNBR. Other authors [26] also reported the formation of new band
at 1583 cm™! corresponding to the C=0 stretching vibration of metal carboxylate
salt. It can be assumed that the ionic cross-linking occurred with the -COOH groups
but the structure of clusters differed as the Mg:Al ratio changed. For MGS5 filler,
no new peaks were observed confirming that the formation of ordered ionic bonds
did not occurred. The intensities of peaks attributed to the stretching vibrations of
monocarboxylic acid and H-bonded —COOH group decreased less intensively for
aluminum-rich filler MG30-XNBR, however the peaks indicating carboxylate ions
were observed. It is worth noted that the formation of new ionic bands occurred in
higher extent for the magnesium rich MG70 filler. The ionic structure in this case
contained ionic network nodes together with ionic clusters formed by the aggrega-
tion of ionic groups. Spectrum of MG63-XNBR revealed the presence of the broad-
band in the range of 3200-3700 cm™~! corresponding to symmetric stretching (vg
O-H) in hydroxyl groups. Moreover, the band at 1365 cm~2 appeared indicating the
presence of interlayer carbonate anion in MG63 structure. This can be attributed to
more agglomerated structure of the filler in elastomer matrix.

The influence of MG fillers on the viscoelastic properties of cured XNBR

This section discusses the influence of different filler structures on the viscoelas-
tic properties of cured XNBR compound. The enhancement of the mechanical
properties of Mg—Al-LDHs—XNBR most likely originated from the direct chemi-
cal interactions between the carboxylic groups of XNBR and metal ions present in
Mg-Al-hydroxides. The ability to form ionic cross-links was reflected in the higher
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enhancement of the storage shear modulus G as the ratio Mg:Al rising (Fig. 7). In
this regard, the incorporation of the magnesium rich MG70 allowed to obtain revers-
ible cured ionic elastomer with similar values of storage shear modulus (elasticity)
as observed for conventionally cured by sulfur and MBT XNBR. Here, we must dis-
cuss more critically the obtained results and the reinforcing activity of the Mg—Al-
LDHs fillers. The reinforcing effect for ionic elastomer, in opposite to conventional
sulfur cross-links, is connected with the formation of ordered ionic structure in form
of large aggregates containing higher amount of ion pairs as well as trapped non-
ionic hydrocarbon content [42]. Thus, the properties of ionic elastomers are strongly
dependent of the strength of ionic clusters formed and their distribution through-
out matrix [7, 15, 17]. As we described in the previous section, the ionic transition
temperatures were observed for the magnesium rich Mg—Al-fillers. Therefore, the
presence of ionic phase was responsible in higher extent for the enhancement of the
storage shear modulus G as compared with MG5-XNBR containing aluminum-rich
filler (Fig. 7). Similar to the Payne’s model [43], the strain-independent part of the
modulus was observed at low oscillation strain for all XNBR (Fig. 7). Opposite to
sulfur cured rubber the linear viscoelastic region, in which the viscoelastic behav-
ior of rubber is not affected by the deformation, extended to lower values of strain.
The polymer chains movement upon straining was facilitated. The strong decrease
in values of shear modulus, observed for Mg—Al-hydroxides—XNBR above the
10% of oscillation strain, resulted from both: the destruction of ionic clusters and
pulling out the trapped chains from the ion phase, and the destruction of other type
interactions, e.g., filler—filler interactions or polymer—filler interactions. It should be
underlined, that the basic hydroxyl groups present in Mg—Al hydroxides structures
enhance their potential to form filler—filler structure. Additionally, the strong polar
interactions between the polar —-CN groups of XNBR and basic —OH functionalities
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on LDHs surface can occur and this way also strengthen the reinforcing effect [26].
This type of interactions is usually destroyed up to 20% of oscillation strain [35].

The increase in mechanical loss tan 6 (Fig. 7) observed for MG63-XNBR above
the 1% of oscillation strain confirmed that the movement of polymer chains was
facilitated comparing to MG70-XNBR. This effect was a consequence of differences
in formed ionic network. The lower amount of cross-links and the lability of ionic
phase at lower temperature (lower value of 7,) caused the changes in viscoelastic
behavior and damping properties of material at 25 °C comparing with MG30 and
MG70-XNBR (Fig. 7).

The frequency sweep tests were performed in the linear viscoelastic region
at very low oscillation strain (0.1%) and applying the higher oscillation strain
(1%) to estimate if the stretch influenced on the behavior of formed clusters. The
dependencies of the shear storage modulus G and shear loss modulus G” at 25 °C
on angular frequency @ for MG-XNBR are shown in Fig. 8. For all the composi-
tions at 25 °C, the storage moduli and loss moduli registered an increase with the
frequency. At any given frequency, the aluminum-rich MGS filler exhibited sig-
nificant lower storage modulus G than other MG fillers. The formation of more
ordered ionic clusters had a meaningful impact on the behavior of MG-XNBR
causing the reinforcement effect, as it was observed for MG30, MG63 and MG70
fillers. The incorporation of the magnesium rich MG63 and MG70 instead of
MG30 increased the values of G' and G" modulus in whole studied angular fre-
quency range. Here, also, both compounds characterized more similar viscoelas-
tic behavior as angular frequency was decreased. The formation of ionic phase,
as confirmed by the presence of T, led to the increase in storage modulus G
measured at high angular frequency @ (short time relaxation). The ordered ionic
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phase acted as reinforcing element at high angular frequency w. The mobility and
ability to reorganization of formed ionic structure led to decrease in the storage
modulus G at low angular frequency and at long relaxation time.

The mechanical behavior of ionic phase depends on the structure of ionic
aggregates [6]. Aggregates with a low number of ion pairs can undergo reorgani-
zation or even the destruction as a result of the slippage of loosely bonded poly-
mer chains when the level of deformation increases. Under higher deformation,
the changes in mechanical response can be observed. The changes of the values
of storage modulus G and loss modulus G measured at higher deformation (1%
of oscillation strain instead of 0.1%) confirmed the differences in permanence
and stability of formed ionic structure (Fig. 8). The significant decrease in stor-
age shear modulus G' for MG30 and MG63-XNBR indicated that the applica-
tion of such way cured XNBR should be limited to the low deformation condi-
tions. According to frequency sweep studies, the higher deformation stability of
MG70-XNBR predestines the Pural MG70 filler to be used for obtaining ionic
elastomers.

The use of elastomers is not limited to the application at room temperature
but also at subzero temperatures. The values of the shear storage modulus G and
shear loss modulus G* at —5 °C are shown in Fig. 9. At any given frequency,
the higher values of storage shear modulus G and loss shear modulus G were
observed for the Mg—AI-XNBR rubber exhibited the ionic glass transition tem-
perature T,,.. The increase in the storage modulus G occurred in higher extent for
magnesium rich MG63 and MG70 as compared with MG30-XNBR. The linear
viscoelastic region at —5 °C was extended for XNBR cured by magnesium rich
MG63 and MGT70 fillers comparing with MG30 and MG5-XNBR, as indicated by
the changes of mechanical loss tan ¢ as a function of oscillation strain (Supple-
mentary Material, Fig. A14). Although the increase in tan 6 at room temperature
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for MG63-XNBR started at about 1% of oscillation strain, it is worth underlined
the better stability of damping properties observed for MG63-XNBR at —5 °C
temperature.

The relaxation behavior

Stress relaxation can be defined as the decrease in stress that occurs at applied con-
stant strain. The relaxation of shear stresses is much faster than relaxation of nor-
mal stresses [44]. To illuminate the differences in mobility and behavior of formed
ionic network in XNBR more clearly, the relaxation behavior of cured samples
using fixed 0.05% shear stress was investigated. As reported in literature [45] stress
relaxation occurs due to the physical relaxation caused by the relocation of the rub-
ber chains and the fillers, when subjected to deformation. A reorientation of rub-
ber network, the disengagement and re-engagement of chains entanglements, and
the destruction of the secondary bonds between chain and filler particles result in
decay of the stress required to maintain the fixed strain with time. Physical relaxa-
tion refers to the rearrangement and motion of polymer chains and the deformation
or the rupture of ionic micro-domains and cross-links. Thus, it should be signifi-
cantly influenced by the strength and the surrounding structure of the ionic clusters.
Figure 10 illustrates plots between the relaxation stress and logarithm of time. The
typical relaxation behavior was observed. Initially, fast stress decay slowed down
with time as system approached equilibrium. The freedom of movement of rub-
ber chains depended on the morphology of formed ionic network and the degree of
cross-linking. The higher amount of energy stored in material and the higher values
of initial stress o, were observed for the magnesium rich MG-XNBR. The deformed
chains trapped in ordered ionic phase cannot so easily retract. The relaxation plots
of MG5-XNBR indicated lower values of initial stress o,. The stress relaxation plots
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Fig. 10 The relaxation stress (applied shear strain 0.05%) and rate of stress decay /o, for XNBR
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for all MG-XNBR consisted of two or three straight lines of unequal slopes due to
different mechanisms of relaxation. A fast stress relaxation was observed at short
times for all rubbers. This relaxation was associated with the changes in orientation
of small segments of molecular chains at the filler—matrix interface. The mechanism
caused by a long-range rearrangement of formed ionic phase and/or the progressive
failure of polymer—filler ionic bonding dominated at the later stage of relaxation.
In order to compare the degree of relaxation, the relaxation curves were normal-
ized with respect to initial stress ¢,. The normalized curves are presented in Fig. 10.
Both MG30 and MG70-XNBR exhibited slower stress decay during the later stage
of relaxation than MG63-XNBR. Moreover, the residual stress values obtained at
the end of the relaxation measurements significantly varied for both rubber com-
paring to MG5-XNBR and MG63-XNBR. This could be explained on the basis of
previous studies. The differences in the structure of formed ordered ionic phase and
higher cross-link density of MG30 and MG70-XNBR vulcanizates caused differ-
ent relaxation behavior. For both MG30 and MG70, the peaks of ionic transition
were more visible. The higher amount of polymer chains was partly incorporated
into the ordered ionic phase. The more restricted mobility of molecules entrapped in
the ionic network caused a lower decrease in stress during the long-time relaxation.
Hence, less pronounced long-term stress relaxation results were observed for MG30
and MG70-XNBR. The stronger stress decay for MG63-XNBR occurred due to the
reactions over time indicating rupture of ionic cross-links and breaking of the bonds
formed between filler particles and elastomer. The highest relaxation rate obtained
for XNBR containing MGS5 particles may be attributed to the much lower degree of
cross-linking.

Conclusions

The rheological properties of XNBR cured by using different layered double hydrox-
ides were analyzed. It was found that stronger tendency to create particles—parti-
cles interactions of aluminum-rich fillers MG5 and MG30 was responsible for an
increase in the complex viscosity and calculated values of consistency index K. The
stronger tendency to form the filler—filler structure was confirmed by higher values
of oil absorption parameters OAPs (MG5 140.1 g'100 g~!; MG30 172.9 g'100 g~ )
as compared with magnesium rich fillers (MG63 104.2 g'100 g~!; MG70 86.5 g 100
g~ !). At the processing temperature of 80 °C, the uncured XNBR containing alu-
minum-rich filler MGS5, MG30 exhibited higher values of the storage shear modulus.
Effect was attributed to the larger surface area and interphase contact as well as the
stronger tendency to create filler—filler interactions.

The DSC studies confirmed that some ionic pairs were formed during processing
of magnesium rich MG63 and MG70-XNBR affected the glass transition tempera-
ture 7, of uncured rubber. The lower amount of Mg?* in structure of MG30 filler
shifted the range of curing temperatures (136223 °C) as compared with magne-
sium rich MG70 (88-187 °C). The calculated values of the apparent energy of acti-
vation E, confirmed that the amount of Mg>* had the catalytic effect on XNBR cur-
ing. The agglomerated structure, the lower aspect ratio of MG63 particles restricted
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the accessibility to the active sites on the filler surface leading to lower values of rate
constant K of curing. As a result, the cross-link density of MG63-XNBR decreased
comparing with MG70-XNBR.

The intensity of the relaxation transition of the soft segments at glass transition
T, was more pronounced for aluminum-rich filler MG5-XNBR. The MG30, MG63
and MG70-XNBR exhibited more restricted chains mobility. The relaxation transi-
tion of the ionic structure was detected for MG30, MG63 and MG70-XNBR. The
ionic transition temperature T, of MG63-XNBR was shifted to lower temperature
(32.95 °C) due to differences in formed ionic structure, as compared with MG30 and
MG70-XNBR compounds. The increase in the loss tan 6 observed for MG63-XNBR
at room temperatures above the 1% of oscillation strain revealed that the movement
of polymer chains was facilitated as a consequence of differences in formed ionic
phase. Additionally, the lower permanence and stability of MG63-XNBR ionic
phase were confirmed by more pronounced long-term stress relaxation. The stronger
stress decay occurred due to facilitated rupture of ionic cross-links and the bonds
between MGG63 filler and elastomer.

Significant decrease in the storage modulus G measured as a function of angu-
lar frequency at higher deformation (1% of oscillation strain instead of 0.1%) was
observed for MG30 and MG63-XNBR indicating that the application of such way
cured rubber should be limited to low-strain conditions.

Due to analysis of the viscoelastic properties, especially higher deformation sta-
bility, the Pural MG70 HT is recommended for obtaining ionic XNBR elastomers.
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