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1. Introduction and Motivation

Since the introduction of the word polymer by Jöns Jakob Berzelius in 1833 [1], it took

about 75 years for the invention of the first synthetic polymer: a thermoset named

phenol formaldehyde (Bakelite™) in 1907 by Leo Baekeland. Innumerable polymers

have been invented hence. Where initially the scope of the polymer was defined after

its creation, polymers were later produced with the end-use in focus. Many of these

have since been innovated to meet very specific demands.

Alternatively, the blending of two or more polymers has been considered a robust

option for achieving optimum property-to-cost value. This saves time and resources

associated with new monomer development or polymerization routes. A wide range of

material properties by just adjusting the blend composition can thus be achieved [2].

In this dissertation, blends of elastomer with another elastomer, and with plastic are

considered.

Elastomers (or rubbers) are a class of polymers that are inherently flexible at room

temperature due to their sub-zero glass transition temperature. Cross-linking imparts

dimensional rigidity to these materials. This allows usage in high load-bearing appli-

cations. Rubbers are also suited for compounding with plasticizers, reinforcing fillers,

antiaging additives, etc. to facilitate processing and improve their durability, among

others. In elastomer blends, the mixing procedure, polymer component ratio, rheology

of the constituent polymers, phase morphology, and interfacial adhesion/cross-linking

dictate the morphology of the blend, and hence, its properties. These factors also

control the distribution of compounding ingredients such as fillers, plasticizers, and

cross-linkers across the blend phases [3–6]. The curatives prefer to locate within the

continuous phase and the lower viscosity component [7]. Curative reactivity is deter-

mined by polymer features like unsaturation and polarity, along with solubility [8].

The most widely used cross-linker, i.e., sulfur, is found to be more soluble in unsatu-

rated rubbers and those containing a styrene group [9, 10], whereas curing accelerators

have an affinity to polar rubbers [11]. The blending of elastomers having such different

natures can lead to a preferential distribution of additives in the blend phases, and

thus to dissimilar cross-link properties. A phase-specific study of the blends is, hence,

crucial.

The most important and common objective across all the research themes of this

thesis is to distinguish the cross-link densities between the phases of a blend, quantita-

tively. Popular experimental approaches for the determination of cross-link densities of

rubber-containing blends include equilibrium swelling of the vulcanizate (based on the

Flory–Rehner equation) [12, 13], rubber elasticity theory (based on the Mooney–Rivlin
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1. Introduction and Motivation

equation) [14], rheometry [15], differential scanning calorimetry (DSC) [16], and atomic

force microscopy (AFM) [17]. However, a phase-resolved quantification of cross-link

densities from these methods has not been achieved. The first three approaches lack

resolution as they cannot distinguish between the cross-link densities across the blend

phases but give an average value [18], whereas AFM gives qualitative information based

on image contrasts in the phases.

The highlight of the studies presented in this thesis is a nuclear magnetic resonance

(NMR) spectroscopy approach that overcomes the limitations of the methods listed

above. In this NMR technique, a polymer blend sample is spun at a moderately high

frequency on an axis at a defined angle with respect to the external magnetic field.

This magic–angle spinning (MAS) approach gives resolved peaks that make a chemical

distinction of the blend phases possible. In combination with a suitable pulse sequence,

the measured quantity can be correlated to the average molecular weight between cross-

links and hence, the cross-link density. The measured quantity is called the residual

dipolar coupling constant (Dres), which arises due to molecular motional constraints

such as cross-links.

As mentioned earlier, the blend phases can possess different cross-link densities

when a product is manufactured. As a result, it can be expected that the constituent

phases of the blend will evolve differently over the product’s lifetime, thus affecting its

performance. This is especially evident if the product is exposed to high temperatures,

continuous mechanical loading/unloading, oxygen, ozone, etc., such as in the case of a

tire. Cases like these require an accurate measurement tool that helps in the modeling

and optimum designing of the material composition so that blend as a whole is long-

lasting. To address this issue, this thesis also explores avenues of thermo-oxidative

aging and accelerated weathering to monitor how the phases evolve over the exposure

duration. The motivation here is to establish the NMR experiment as a predictive tool

for failure analysis.

The aspect of phase-specific properties can also be extended to rubber/plastic

blends. In such materials, the thermoplastic behaves like a reinforcing component

of the blend. When a semi-crystalline thermoplastic is considered, the non-trivial syn-

ergism of the crystalline and the amorphous regions with the cross-linked rubber phase

helps develop interesting properties, the basis for which is still not completely under-

stood. Apart from measuring the Dres of these materials, an additional molecular

property that can be probed is the spin–spin relaxation time (T2) of the spins. Here,

the relaxation time of spins belonging to polymer regions associated with different

motional timescales can be obtained, such that the crystalline fractions can be distin-

guished from the amorphous fractions and so on. With a low-field NMR approach to
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1.1. Outline

the measurement of cross-link density and the identification of the various molecular

fractions based on their T2 times, a detailed microscopic picture can be gleaned.

1.1 Outline

The next chapter (Chapter 2) briefly introduces the blend categories that constitute this

research; rubber/rubber and rubber/plastic blends. This extends into a comprehensive

survey of the literature to mainly understand the role of aging and the presence of

fillers on the performance of rubber/rubber blend phases. The synergism and possible

miscibility provided by a semi-crystalline thermoplastic when used as a reinforcing

component for rubbers are also surveyed. These discussions revolve around the role of

cross-links and other molecular aspects relevant to appreciating blend behavior. The

common methodologies in measuring these facets, their limitations, and how NMR

techniques can be employed for the quantification of properties on a molecular level

are introduced. Based on this background, the aim and research elements of this report

are outlined.

In Chapter 3, the theoretical backgrounds for understanding the functioning of elas-

tomeric materials and semi-crystalline thermoplastics are discussed upon establishing

the physical features of polymer chains. Sections are also dedicated to introducing phe-

nomena of blend formation, cross-linking, and filler reinforcement. Chapter 4 makes

the connection between the material property with quantities observable by NMR. The

chapter builds on a basic introduction to the functioning of NMR spectroscopy and

into discussing various experiments that probe specific molecular information such as

relaxation times and constraints to molecular motions. This includes the MAS-based

experimental approach that makes phase-resolved measurements of the blends possible.

Results of applications of these methodologies (in combination with others) for the

elucidation of different blend materials are already published in journals as research ar-

ticles, which are included here as three separate chapters from Chapter 5 to 7. Chapter

5 delves into distinguishing cross-link densities in blends of natural rubber (NR) with

styrene–butadiene rubber (SBR) and the individual vulcanizates of the constituent

polymers subjected to thermo-oxidative aging [19]. Here, aging-induced changes in

cross-link densities, their distribution, and T2 times as measured by a low-field spec-

trometer are discussed. This is followed by a first-ever demonstration of the proposed

MAS-based experiment for the successful measurement of cross-link densities in the

NR and SBR phases of a 50/50 blend. This chapter sets a precedent for the follow-

ing chapter (Chapter 6) which explores the effects of artificial weathering in NR/SBR
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1. Introduction and Motivation

blend [20]. Here, the previously established MAS-based experiment is used in combina-

tion with the low-field experiment to assess the depth-specific cross-link density in the

weathered specimens. In addition to NMR, IR spectroscopy is employed for chemical

analyses of different regions within the specimens, and DMTA and AFM are used to

correlate the molecular understanding with the macroscopic stiffness of the materials.

T2-based results are also discussed.

The theme of this thesis is diversified in Chapter 7 [21]. Here, sulfur-cross-

linked blends of ethylene–propylene–diene rubber (EPDM) with ultralow-density PE

(ULDPE) are studied to analyze the source of reinforcement in these blends. The rea-

sons for the enhanced mechanical properties of the blends, as observed by tensile tests,

are understood by analyzing the crystalline, amorphous, and crystalline–amorphous

interface regions by T2 measurements and by measuring the cross-link density of the

EPDM phase.

The penultimate chapter (Chapter 8) builds on the understandings of Chapters 5

and 6. Here, unpublished results on the effects of silica filler and its role in how the

cross-link densities across the phases of NR/SBR blends are distributed are briefly

presented. The effects of thermo-oxidative aging on the materials in the presence of an

antioxidant are excluded from the discussion here.

Chapter 9 comprises an overall summary of the results that make up this thesis.

Some open questions and opportunities for continued research in line with this research

are also discussed.
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2. Scientific and Technological Background — Poly-

mer Blends

Polymer blends can be broadly categorized into those of plastic/plastic, rubber/rubber,

and rubber/plastic [22]. Due to their long chain lengths, polymers have a low entropy

of mixing and hence are not easily miscible, unlike many organic liquids that are

partially or fully miscible at room temperature. As a result, these blends manifest

into phase-separated morphologies. For maintaining their significance, it is prudent

that the blends do not undergo spontaneous demixing on a macroscopic level, but be

miscible to an extent that aids dispersion [23]. This thesis deals with such polymer

blends of rubber/rubber and rubber/plastic systems.

2.1 Rubbers and rubber/rubber blends

Etymologically, the term rubber was assigned by Joseph Priestly, an English chemist, to

a natural product of the Hevea brasiliensis tree which ‘rubbed’ pencil marks [24]. This,

hence, is historically ubiquitous with natural rubber, which is majorly made up of the

polymer cis-1,4-polyisoprene. The word caoutchouc is also used which acknowledges

its origin in South America, which translates to ‘weeping wood’ in the native language,

referring to the latex of the tree from which natural rubber (NR) is produced [24].

Charles Goodyear, who after purchasing a patent for combining NR with sulfur

from Nathaniel Hayward, accidentally discovered in 1839 that sulfur forms cross-links

with NR when heated to a very high temperature. This process, patented in 1844

[25], overcame the low and high-temperature limitations where it had rendered NR

stiff and sticky, respectively. This was thus a method to increase the strength and

resiliency of rubber [26]. This heat-induced curing was termed vulcanization byWilliam

Brockedon who was a friend of Thomas Hancock [27], the recipient of a similar patent

that he was independently working on and granted a few weeks before Goodyear’s.

Though the term vulcanization relates specifically to curing by sulfur, the more general

terms cross-linking and curing are also used interchangeably. Nowadays, synthetic

polymers exhibiting elastic behavior are also termed rubbers, interchangeably with the

general term elastomers. A list of terminologies and their definitions relevant to rubber

technology has been summarized in ASTM D 1566.

The first patented polymer blend was that of cross-linked natural rubber and gutta-

percha, developed by Alexander Parkes in 1846 [28]. By varying the composition, the

rigidity of the blend was controlled. Rubber blends can be prepared by various meth-
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2. Scientific and Technological Background — Polymer Blends

ods: Corish classifies them as latex blending, solution blending, combined sol–latex

blending, and mechanical mixing of solid rubbers (including particulate or powdered

forms) on open two-roll mills, in internal batch mixer or in continuous extruders [29–

31]. The mechanochemical route, where interpolymerization of the constituent rubbers

can occur, such as by combination due to radicals, is also known. Another process of-

fering good dispersion and cross-linking is dynamic vulcanization, which is performed

in the molten state [32].

As summarized in the previous chapter, various factors affect the distribution of

additives in the rubber phases, thus causing possible inconsistencies in the curing ex-

tents. However, it has been noted that better properties are generally obtained when

the blend components have similar curative reactivity [29, 33, 34]. In the case of blend

components having contrasting cross-link rates, consumption of curatives in the faster-

curing phase can promote migration of curatives from the other phase across the blend

interfaces [35–37]. A consequence of this can be appreciated in a multi-curative ply

of butyl rubber (isoprene–isobutylene rubber, IIR) and natural rubber in Figure 2.1.

The figure demonstrates the diffusion of curatives, which depends on their respective

diffusion coefficients and solubilities, on either side of the interface. A result of such

differences in cure rate, solubility, and diffusion of curatives is a possible overcure and

undercure of the phases in the final vulcanizate along with altered glass transition

temperatures of the respective components [29, 38, 39]. This disparity in curative dis-

tribution is of course lost when miscible rubbers are employed. Nevertheless, it has

also been recognized that the immiscibility of incompatible rubber components brings

a diverse set of properties in the blends they are a part of [6]. Such blends of natural

rubber are a theme of study in the compilation by Tinker and Jones [3]. Many other

blends have been surveyed by Mangaraj [40].

Another aspect of cross-linking in blends is the possibility of co-cross-linking at the

interface due to chain interactions of the polymer components [30]. In the references

therein, it has been reported that when polymers have similar cure rates, co-cross-

linking is possible. The sulfur bond length at the interface has also been debated.

In blends of somewhat similar polymers, the characteristic dynamic mechanical loss

peaks of the constituent polymers have been observed to merge due to interfacial cross-

linking [41, 42]. The criteria for interface cross-linking to occur is the presence of a low

interfacial tension between the components [3].

NR and styrene–butadiene rubber (SBR) are two diene rubbers that contribute

majorly to worldwide rubber usage. As of 2017, NR constituted approximately 47 %

of total rubber produced. Of the remaining 53 %, which is made up of synthetic rub-

bers, SBR is the most widely produced. NR benefits from very good low-temperature
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2.1. Rubbers and rubber/rubber blends

Figure 2.1: Gradients of multicurative diffusion [11]. Reprinted with permission from Cura-
tive Diffusion between Dissimilar Elastomers and its Influence on Adhesion. Copyright ©
(1968), Rubber Division, American Chemical Society, Inc.

flexibility, high rebound, excellent abrasion resistance, very low heat build-up and hys-

teresis, and unique strain-induced crystallization properties that aid in tensile and tear

resistance [43]. SBR exhibits good dynamic fatigue resistance, excellent abrasion re-

sistance, and relatively good heat resistance. As a result, blends of NR with SBR

are used in technically demanding applications such as in tires and conveyor belts. In

tires, their blends offer high abrasion resistance, wet-skid resistance, and lower rolling

resistance [44]. It has been recognized that NR and SBR exhibit low interfacial ten-

sion due to their similar solubility parameters [3]. This leads to a smaller phase size.

Figure 2.2 demonstrates the diffusion of sulfur measured by microinterferometry at the

polymer/polymer interface. Substantial diffusion of sulfur from the NR phase to the

SBR phase occurs in a very short time. It has been observed that depending on the

conditions and composition, the curatives can achieve equilibrium concentrations in the

rubber phases even before the start of cross-linking [11]. In doing so, the interface is

cured to a different extent compared to the regions away from it. In an unfilled system

of covulcanized SBR and NR, NMR imaging has shown the formation of an interfacial

region associated with a modulus higher than that of both SBR and NR [45, 46], thus

highlighting possible consequences during cross-linking of two or more polymers.

NR, SBR, and their blends constitute a major part of this thesis and hence are

treated preferentially in the sections to follow.

2.1.1 Role of fillers

In the rubber industry, fillers are used not only to reinforce rubbers for improved and

longer physical and mechanical performance, but also to modify electrical and thermal
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2. Scientific and Technological Background — Polymer Blends

Figure 2.2: Gradient of diffusion of sulfur from NR to SBR measured up to 9 s using a
microinterferometer at 150 ℃[47]. Reprinted with permission from Measurement of Curative
Diffusion Between Rubbers by Microinterferometry. Copyright © (1969), Rubber Division,
American Chemical Society, Inc.

conductivity, modify processing, magnetic, optical, and surface characteristics, and

reduce product costs. When used adequately, improved abrasion and fatigue resistance,

modulus, and tear strength can be directly achieved. The tensile strength, which is

probably the most important criterion of amorphous rubber reinforcement by fillers, is a

function of filler concentration, size, and structure [48, 49]. Fillers with smaller particle

sizes (larger surface areas) have been reported to increase the maximum tensile strength

[50]. The flow properties alone are greatly influenced by these reinforcing fillers due

to the manifesting strong rubber–filler interactions, in addition to their hydrodynamic

effects [43, 51]. The fraction of rubber bound to such fillers in solvent-extracted samples

has been studied by nuclear magnetic resonance (NMR) T2 measurements, which yield

regions corresponding to different T2 relaxation times [52–57]. Increasing filler content

induces a non-linearity of the Newtonian plateau at small strain rates [58]. Additionally,

fillers lead to wall slippage, low extrudate swell, and anisotropic flow during processing.

To achieve adequate mechanical properties, the need for fillers is somewhat lesser

in NR due to its ability to undergo strain-induced crystallization. Synthetic rubbers

like SBR lack this ‘self-reinforcement’ property, and hence, need fillers [43]. Carbon

black with its various grades is the most widely used type of filler for rubber product

manufacturing (mainly tires) [49], its early usage dating back several millennia as a

pigment [59]. General trends of variations of different properties with the amount of

carbon black loading are represented in Figure 2.3 and can be extended to other fillers.

Similar to the distribution of additives discussed earlier, filler dispersion and dis-

tribution in the blend phases affect the overall material properties. For example, an

inhomogeneous distribution can indirectly affect the phase morphology due to the effect

8



2.1. Rubbers and rubber/rubber blends
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Figure 2.3: Effect of carbon black loading. Redrawn from reference [49].

filler concentration has on the melt viscosity [6]. These filler aspects are controlled by

the nature of the polymers, their level of molecular weights, rubber–filler interactions,

and mixing method and parameters [30, 60]. In NR/SBR blends containing carbon

black, results from gas chromatography have shown that change in polymer weight

and the activity of carbon black has no bearing on the distribution of the filler in

the two phases [61]. However, using carbon blacks having a higher surface area, or

prolonged mixing resulted in a migration of the filler from the NR phase to the SBR

phase.

Through the analysis of rubber–filler gel, irrespective of its viscosity, NR has been

observed to have a significantly higher wetting rate to carbon black than SBR [62].

The role of carbon black distribution on mechanical properties of NR/butadiene rub-

ber (BR) and NR/SBR blends has been reported by Hess [63], with tear and fatigue

resistance showing the highest filler-localization dependence. Electron micrographs

showed the localization of carbon black in the NR and SBR phases of the two blends,

respectively. The role of carbon black in the mechanical and electrical performance of

various blends is further reviewed by Hess [8], with a survey on detection techniques

and methods to regulate filler distribution.

An alternative to carbon black is the silica family of fillers. Since its invention in

the late 1940s and the introduction of silane as a coupling agent, silica filler systems

have evolved into a better alternative to carbon black as a reinforcing filler [64]. The

innovation gained huge momentum after Michelin introduced the “green tire” concept

for tire treads based on silica. Currently, silica finds major use in passenger car tires

where, compared to carbon black, it provides lower rolling resistance, thus leading to

a reduction in fuel consumption. Additionally, an enhanced wet grip and a marginally
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2. Scientific and Technological Background — Polymer Blends

reduced abrasion are also obtained [59]. It has been reported early on that rubber

chains physically adsorb on the active surfaces of carbon black, whereas they combine

chemically with silanized silica through the silanization process [48, 65–68].

A tricky aspect of processing using silica is its ability to adsorb accelerator and

antiaging agents, thus partially deactivating them [69]. Thus, additional amounts

of these chemicals have to be considered while mixing. Study of vulcanization chem-

istry by solid-state 13C NMR studies on sulfur-cured synthetic high-cis-1,4-polyisoprene

(isoprene rubber, IR) showed that inclusion of unsilanized silica as a filler led to en-

hancement of reversion reactions (chain scission and cis–trans isomerism) [70]. More

importantly, the proportion of intramolecular structures (cyclic sulfides and pendant

side groups) increased, while the intermolecular crosslinks decreased, leading to a re-

duction in cross-link density with the addition of silica. A solution to this was found

in the inclusion of a silane coupling agent or polyethylene glycol (PEG) [71], where the

polymer–filler interaction facilitated by silane eliminated adsorption sites on the filler,

and PEG formed a coating over the filler surface, both approaches showing no negative

influence on cross-linking.

In blends, unsilanized silica has been found to preferentially localize in the phase of

acrylonitrile–butadiene rubber (NBR) in NBR/BR blends, but prefers the BR phase

after silanization [72]. The former situation arises due to the affinity of silanol groups

towards a polar NBR. In line with the wetting concept used for carbon black earlier,

compared to SBR, NR demonstrated a higher wetting with silica, too [60]. However,

subsequent mixing leads to a transfer of loosely bonded silica to the SBR phase due

to a higher SBR–silica affinity. Further study has been carried out to detect filler

localization in blends of emulsion and solution SBR [73]. The branches of emulsion

SBR appear to occupy the pores of unsilanized silica particles preferentially over the

linear solution SBR chains upon initial mixing, while prolonged mixing and silanization

favor the linear chains of solution SBR. Scanning electron microscopy (SEM) [74],

transmission electron microscopy (TEM), and AFM [17] are the popular methods to

detect filler localization in blends of which, results from AFM are discussed in this

thesis.

2.1.2 Aging of rubber

As prefaced, this thesis partly includes an evaluation of NR/SBR blends subjected

to two aging approaches that are popularly employed in academia and industrial re-

search of polymer degradation: the first of them is high-temperature thermo-oxidative

aging. The other, more realistic approach involves studying the effects of weathering
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2.1. Rubbers and rubber/rubber blends

elements (solar radiation, oxygen, ozone, water, and temperature) in an accelerated

weatherometer setup wherein polymers can undergo chain scission, oxidation, discol-

oration, erosion, surface roughening, cracking, embrittlement, etc. [75]. This section

is mainly adapted from the book Rubber Technology Handbook by Werner Hofmann

[43]. Other references are cited accordingly.

Unsaturated bonds are the boon and bane in diene rubbers. While the unsaturated

bonds make cross-linking possible, they also pose a site for attack by oxygen, ozone,

radiation, and other chemicals. Higher temperatures act as a catalyst for these agents.

The unreacted double bonds in a cross-linked rubber can also undergo post-curing with

sulfur to harden the rubber. Depending on the type of rubber, the structural changes

that take place can be either predominantly chain softening due to scission reactions

or hardening by cross-linking reactions. In the presence of heat alone, modification

of sulfur bonds by decomposition of cross-links, formation of inter or intramolecular

cross-links, and shifting of cross-links without change in their density can occur.

Rubber reacts with oxygen present in the atmosphere to produce active radicals

that promote chain reactions. On the other hand, ozone is known to promote crack

growth in rubber that is under static extension, while under dynamic loading (fatigue)

cracks grow perpendicular to the direction of stress. An unstressed rubber develops a

network of small unoriented cracks (crazing) when exposed to irradiation, which upon

prolongation renders the surface brittle in light-colored materials. Thus, over their

storage and service life, polymers undergo integral changes.

One of the earliest studies on the role of oxygen and ozone in rubber aging was

reported by Kohman [76]. Various parameters like surface area, the effect of curing,

the presence of anti-aging agents, etc. in a simulated environment were considered

to mimic and predict natural aging. Compared to raw rubber, the rate and amount

of oxygen absorption are found to increase for a cross-linked NR. The rate of oxy-

gen absorption increases with cross-link density and is dependent on the surface area

when the surface area is too small. It has been reported that the rate of ozone up-

take is rapid initially and then reduces drastically, making the rubber–ozone reaction

non-autocatalytic, whereas the rubber–oxygen reaction is autocatalytic and can demon-

strate, at the least, decomposition and addition reactions. The presence of fillers itself

greatly affects the reactivity of the material towards the free radicals produced by

polymer scission during oxidative aging. While these are quenched by carbon black

radicals, this property is inherently absent in silica fillers and, hence, mandates the

inclusion of additional amounts of antioxidants [69]. Further important studies on the

role of oxygen can be found in the references cited herewith [77–90].

Crabtree [91] demonstrated that among the natural weathering agents like air (oxy-
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2. Scientific and Technological Background — Polymer Blends

Figure 2.4: Spectral transmission of 0.1 mm thick natural rubber samples [91]. (1) Smoked
sheets, (2) Base compound unvulcanized, (3) Vulcanized 5 min at 60 lb/sq.in, (4) 15 min,
and (5) 60 min. Reprinted with permission from Weathering of Soft Vulcanized Rubber.
Copyright © (1946), Rubber Division, American Chemical Society, Inc.

gen and ozone), heat, water, and sunlight, only oxygen, ozone, and light are of major

importance. From a point of view of the influence of light, Figure 2.4 shows the spec-

tral uptake in the UV range by various types of NR. It has been concluded that the

extent of weathering depends on the relative magnitude of the three components, the

exposure temperature, and the nature of the rubber compound.

In polymers relevant to the present study, Brown et al. have compared NR and

SBR, among other polymers, aged naturally for 40 years with accelerated heat aging

for a series of times and temperatures [92–94]. Comparisons have also been made with

artificial weathering and exposure to ozone. It has been observed that wetting and

drying create local stresses, which together with degradation due to temperature and

UV lead to a pattern of cracks in NR. Filled NR compounds also showed evidence of

cracks due to UV and water, not witnessed in heat-aging tests. On average, heat aging

leads to only a gradual decrease in tensile strength and elongation at break in SBR

compared to a faster drop in NR. On a molecular level, NR undergoes chain decom-

position due to aging, whereas SBR undergoes intramolecular cross-linking [95, 96].

Noting these distinct aging characteristics, their microheterogeneous blends can be ex-

pected to exhibit these specific behaviors in the respective phases, and thus contribute

differently to the overall blend properties.

2.2 Reinforcement in rubber/plastic blends

Blends of rubber and other plastics combine the low-temperature applicability of rub-

bers with the high-temperature performance of thermoplastics. The proportion of the
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2.2. Reinforcement in rubber/plastic blends

constituent polymers can be tuned to obtain blends that are resistant to deformation

and abrasion, and that can provide good dimensional stability. These materials also

exhibit high tensile strength, elongation at break, and impact strength. The combina-

tions of these polymer types thus offer a much wider range of property profiles. These

thermoplastic elastomers can be further enhanced by cross-linking the rubber phase

with a suitable cross-linker, which can produce semi-interpenetrating networks (SIPN)

[97].

Rubber/plastic blends draw similarities with block copolymers as both maintain dis-

tinct phases. Analogous to the amount of styrene in a styrene–butadiene block copoly-

mer, by carefully controlling the proportion of plastic and rubber, a rubber/plastic

blend can be tuned to be anything from a soft-elastic to a hard-ductile material [22,

30]. In addition, based on their viscosities, either or both can be the continuous phase.

Although some level of miscibility of the phases is necessary, it is desirable that rubber

and plastic maintain synergism in the blend they are a part of to exploit their low

and high-temperature characteristics, respectively [22]. A reduction in hysteresis and

improvement in hardness by blending plastics of polystyrene (PS), polyethylene (PE),

polypropylene (PP), and polyvinyl chloride (PVC) into IR and BR has been previously

observed by J. C. Blondel, as described in the chapter by Corish [30]. Improved tear

resistance is also gained by PE [29, 30]. Finely divided PS as a filler in SBR vulcan-

izates increases the viscous component of the network that contributes to an increment

in the tensile properties [98].

Blends of polyolefins such as PE and PP with ethylene–propylene–diene rubber

(EPDM) constitute a technologically compatible group of materials and have been

used extensively [22], especially in the automotive industry [99]. The thermoplastic

constituent, in addition to being inexpensive, is semi-crystalline and processable at

moderately lower temperatures than other commodity thermoplastics. EPDM belongs

to a class of rubbers that contains a saturated backbone. This makes EPDM strongly

resistant to ozone, light, and heat and finds use in sealants, solar panels, electrical

insulation, transmission belts, etc. By increasing the ethylene content, these amorphous

elastomers can be varied from being rubbery to semi-plastic, which can possess low

levels of crystallinity [100]. In this regard, EPDM/PP blends have enjoyed tremendous

interest over the past six decades [99, 101–104].

In comparison, polyolefin blends of EPDM/PE have been somewhat sparse. The

first patent was issued in 1962 to Prillieux et al. at Esso [105]. Semi-crystalline PE is

especially highly impermeable to fluids and inert to most chemicals. EPDM/PE blends

show improved mechanical and electrical properties [30]. These blends benefit from the

reduced degree of interfacial tension due to identical monomers in the two constituent
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2. Scientific and Technological Background — Polymer Blends

polymers.

The reinforcement in blends of low-density PE (LDPE) with partially crystallized

and amorphous EPDM were compared by Lindsay et al. [[106]]. In the former blends,

a synergistic effect was observed where the tensile strengths of the blends were higher

than those of the individual components. However, this was not observed in blends with

the latter EPDM type. The reason for the higher tensile strength was attributed to the

presence of a high ethylene fraction in the EPDM, the long segments of which crystal-

lized on the nucleates of LDPE. A depression in the differential scanning calorimetry

(DSC) melting temperature of the blends was also observed, which was remarked as

a result of the partial miscibility of the blend. Starkweather gave evidence for the

miscibility of uncross-linked 1,4-hexadiene EPDM with the amorphous and crystalline

regions of LDPE by studying dynamic mechanical thermal analysis (DMTA) loss peaks

and established co-crystallization of the phases by DSC [100].

In ternary blends of isotactic PP, high-density PE (HDPE), and EPDM, the crys-

tallite melting temperature (Tm) of HDPE decreased in the presence of EPDM, where

composite particles of HDPE and EPDM formed due to mixing led to faster nucle-

ation rate and formation of smaller and more number of spherulites [107]. EPDM

was observed to reduce the overall crystallinity of the HDPE/PP blends. Through

wide-angle X-ray scattering (WAXS) studies, the same team reported that EPDM led

to an increase in the percentage crystallinity of HDPE in a related study [108]. This

demonstrated enhanced mechanical properties. On the contrary, in blends of LDPE

and EPDM-type terpolymer [109], the elastomer fraction showed a reduction in crys-

talline percentage and the melting temperature, among others. Cross-linking using

dicumyl peroxide reduced these properties further.

As can be seen, blends of EPDM and PE offer fascinating characteristics depending

on the type of polyethylene, ethylene–propylene–diene terpolymer, and the ratio of

components within the terpolymer. Additionally, the proportion of the blend compo-

nents and the presence of a cross-linker affect the crystallization behavior and thus the

bulk properties.

2.3 Measurements of cross-link density in blends

Phase properties of polymer blends can be studied by various physical and chemical

characterization techniques like microscopy, thermal and thermomechanical analysis,

dielectric relaxation, infrared spectroscopy, NMR spectroscopy, X-ray analysis, neutron

scattering, gas chromatography, etc., and by analyzing the solubility differences and
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2.3. Measurements of cross-link density in blends

optical properties [10, 29].

Perhaps the most relevant molecular quantity for determining the properties of

cross-linked rubbers and their blends is the cross-link density (Figure 2.5). The cross-

link density, expressed as the number of cross-links per mole or per unit volume, is an

empirical quantity that can be used to correlate to different macromolecular properties,

as shown in the figure. Its analysis is thus useful in establishing the structure–property

relationship, which further helps as a predictive tool in better material designing.
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Figure 2.5: Vulcanizate properties as a function of the extent of vulcanization. Redrawn from
reference [110].

Various methods for measuring cross-link density in blends were already introduced

in the previous chapter. The works by Tinker [5, 111] contain a summary of all possible

techniques for cross-link density determination. To abide by the motivation for this

work, NMR approaches for phase-specific studies are surveyed next.

2.3.1 Phase-specific NMR measurements

Probably the most versatile characterization technique in academic and industrial use

is NMR spectroscopy. It has been widely used in the elucidation of molecular struc-

ture and calculation of dynamics. Phase-resolved studies in the NMR context refer to

measuring the resonance frequencies of all molecules in different bonding environments

in the blend (except, of course, other than magnetic resonance imaging which is based

on large-scale spatial resolution studies). Such spectral measurements come with their

own limitation in a static setup. The spectrum of a solid sample is a broad featureless

line due to the presence of strong dipole–dipole couplings and shielding interactions

between nuclear spins in polymers (refer Chapter 4) [112, 113]. One way of overcoming
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2. Scientific and Technological Background — Polymer Blends

this is by swelling the blend in a suitable solvent to provide some degree of motional

freedom to the polymer chains, which leads to somewhat resolved NMR peaks. Ear-

liest studies were performed using 1H NMR spectroscopy on slivers of solvent-swollen

rubber samples [114–116]. The resulting spectra are resolved to a good degree with ad-

ditional solvent-related peaks. Cross-link densities were deduced by proton line-width

analysis, the idea being that the line-width increases with the extent of cross-linking.

Although distinctive peaks are obtained, the approach is somewhat qualitative in terms

of measuring the cross-link density. Additionally, the possible effects of mobile defects

on the resolved peaks cannot be eliminated. Similar studies exist for blends containing

fillers where carbon black has been observed to cause peak-broadening and affect their

positions [117, 118].

Other methods of improving resolution include using high-power decoupling and

magic-angle spinning (MAS) of the sample. The former involves applying a continuous

radio frequency pulse to remove the effects of coupling between the spins of the different

nuclei (heteronuclear decoupling) or between those of the same nucleus (homonuclear

decoupling) [112]. The latter method requires spinning the sample at a sufficiently high

frequency at the magic angle, which averages the effects of the anisotropic interactions

to zero. This approach is pivotal to the present research and is discussed in some detail

in Section 4.4.3.

In studying blends, different MAS-based experiments have already been employed

to various degrees for studying miscibility. The review chapters by Abolhasani [119] and

Asano [120, 121] contain a detailed summary of these experiments used over the years.

The studies pertaining to cross-link density, however, have been both rare and only

qualitative [122, 123]. In this work, a homonuclear double-quantum (DQ) recoupling

pulse sequence (known as BaBa–xy16) [124] is successfully applied to NR/SBR blends

for quantitative analysis of the cross-link density [19, 20]. The experiment utilizes the

anisotropy of chain fluctuations, which is prevalent when topological constraints such

as entanglements and cross-links deter isotropic averaging of motions. The magnitude

of this anisotropy is given by the Dres, a quantity that is a direct measure of the cross-

link density. This experimental approach has its origin in a static multiple-quantum

(MQ) analog developed by Baum and Pines [125] that has found very many successful

applications in the past couple of decades in the investigation of a variety of polymer

material types. This includes different blends [126, 127] including those that constitute

this thesis [19–21].
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2.4. Aim and research elements

2.4 Aim and research elements

As summarized until now, owing to their still incomplete understanding, rubber/rubber

and rubber/plastic blends offer huge scope for improved technical applications. Con-

sidering the paramount need for efficient usage of non-renewable resources in today’s

scenario, a better understanding of the materials is required for optimal product design

and longevity. Owing to this, this thesis aims to establish NMR-based approaches for

the quantitative evaluation of phase-specific properties in such blends.

The primary research element of this thesis is to demonstrate and establish an

NMR approach based on the BaBa–xy16 pulse sequence for quantitatively measur-

ing the cross-link density and their distribution in the phases of sulfur-cross-linked

NR/SBR blends. This is achieved by subjecting the blends and their single vulcan-

izates to thermo-oxidative aging and comparing between the phase-specific cross-link

densities before and after prolonged aging. Time-wise evolution in cross-link densities

upon thermo-oxidative aging is investigated by solid-state 1H MQ low-field NMR spec-

troscopy using the Baum–Pines pulse sequence introduced earlier. This also provides

the percentage of chain defects in the samples after aging. The presence of strongly

coupled fractions such as proteins in NR or the oxidized fractions formed by aging can

have a rigid limit static dipolar coupling value of about 30 kHz and are associated with

a T2 in the range of about 20 µs. These components are measured by free-induction de-

cay (FID) in conjunction with a pulsed magic-sandwich echo (MSE)-FID. Where slowly

relaxing components such as defects are present, the FID is extended by combining it

with a Hahn–echo experiment.

As a follow-up study, learnings from the studies on thermo-oxidative aging are

utilized to understand the role of accelerated weathering in the evolution of the NR

and SBR phases in their blend. Apart from the NMR experiments used before, the

scope of methodology will be diversified into also studying chemical and mechanical

changes by using complementary techniques like IR spectroscopy, DMTA, and AFM.

To broaden the application of the static NMR methodology to other types of blends,

the origin of reinforcement in rubber/plastic blends of EPDM with ultralow-density

PE (ULDPE) blends is studied. In addition to the static MQ and T2 experiments,

complementary methods like tensile testing, DSC, and AFM are employed for getting

additional insights into the blend behavior.

A small portion of this thesis is an extension of the NR/SBR blends to somewhat

industrially relevant variants that are composed of silica filler and the antioxidant

N-isopropyl-N′-phenyl-1,4-phenylenediamine (IPPD). Here, the (possible) preferential
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2. Scientific and Technological Background — Polymer Blends

distribution of silica filler in either of the blend phases is analyzed through microscopic

studies using AFM. The consequences of filler distribution on the activity of the curing

system are measured by the NMR techniques that are part of the studies on unfilled

rubber blends. The effects of thermo-oxidative aging are excluded here.
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This chapter introduces the basic concepts required for understanding polymers from

the point of view of their blends, networks, and nanocomposites. The content is mainly

based on the books by Rubinstein and Colby [128], Treloar [129], Sperling [130], and

Strobl [131].

Polymers or macromolecules, as the name suggests, are long chains composed of

many repetitive units. A single repetitive unit, known as the monomer, can be bonded

to thousands of other monomers to make a macromolecular chain. Thus, the molecular

weight (M) of a polymer chain is a product of the number (N) of the repetitive units

(or monomers) and the molecular weight of the monomer (M0): M = NM0. N is also

often regarded as the degree of polymerization.

In a realistic polymerization process, it is technically challenging to polymerize all

polymer chains to the same length. Hence, to describe all polymer chain lengths, the

polymeric molecular weight is described as weighted averages with different considera-

tions: number-average molecular weight (Mn), weight-average molecular weight (Mw),

sedimentation-average molecular weight (M z), and viscosity-average molecular weight

(M v). The most relevant of these, Mn and Mw, are represented as,

Mn =

∑
NiMi∑
Ni

(3.1)

and

Mw =

∑
NiMi

2∑
NiMi

(3.2)

respectively.

The distribution of the chain lengths can be represented by the quantity known as

the polydispersity (PD), which is a ratio of Mw to Mn. A PD value of 1 indicates the

narrowest distribution achievable. In practicality, the narrowest distribution can be

achieved by anionic polymerization (PD = 1.02). The other types of polymerization

processes such as free-radical polymerization, step-growth polymerization, and coordi-

nation and insertion polymerization yield PD in the ranges of 1.5− 5.0, 1.5− 2.0, and

2.0− 20.0, respectively.

Carothers, at the Faraday Society Meeting in 1935, presented his studies on poly-

merization and demonstrated the validity of Paul Flory’s polycondensation theory,

which postulated the formation of linear macromolecules by sequential addition of

monomers. This also gave more recognition to the concept of covalently bonded macro-
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molecules presented by Hermann Staudinger in 1920.

Following these developments, different approaches for classifying polymers have

been taken by the scientific community. These are distinguished on the basis of chain

constitution, chain configuration, chain conformation, etc. In this thesis, polymers

well above their glass transition temperature (Tg) possessing unsaturated bonds that

cross-link (rubbers), and those with a saturated backbone used usually below their

glass transition temperature (thermoplastics) are explored later.

3.1 Physical account of linear polymer chains

Actual polymers can be modeled using the ideal - and real -chain descriptions. The

basis for an ideal chain is that monomers that are far apart along the chain show

no interactions with each other. The ideal chain follows the random walk statistics

where, in a two-dimensional representation, the polymer chain can be intersected at a

site. On the contrary, the real chain description follows the self-avoiding walk where

a site occupied by a chain segment cannot be occupied by another. Thus, the real-

chain model can be attributed more correctly to an actual chain. Nevertheless, the

ideal-chain model can relate to many flexible polymer systems such as concentrated

solutions, melts, glasses, and dilute solutions with theta solvents [132]. In this section,

polymers from an ideal-chain perspective are discussed.

A polymer chain can take up innumerable conformations depending on the bond

angle (θ) and torsion angle (ϕ). The torsion angle assumes the three most energetically

stable states and dictates the chain flexibility. These are the trans (ϕt = 0°), gauche+
(ϕg+ = +120°) and gauche– (ϕg− = −120°). The gauche states are responsible for chain
turns and bends. Trans conformation is often the most stable wherein the energy (E)

is zero. Consecutive trans states lead to an extension of a chain segment into a zig-zag

conformation. The end-to-end distance of the chain is the largest (Rmax) when all

torsion angles of a polymer chain are only in the trans-state. Rmax is referred to as the

contour length and is described by the equation:

Rmax = nlcos

(
θ

2

)
(3.3)

Here ‘n’ is the number of bonds and lcos(θ/2) is the projection of the bonds of the

same length ‘l’.

The size of a polymer chain can be studied by knowing the distance between its

start and end points, denoted by the end-to-end vector (
#„

R), which is an arithmetic
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3.1. Physical account of linear polymer chains

sum over all the bond vectors. An unconstrained chain has no orientational preference

and thus yields a zero value for the ensemble average of R: ⟨R⟩ = 0. The same analogy

can be extended to a system with many chains. It is hence appropriate to express it

as a mean-square value of li and lj, which takes the general form:

⟨R2⟩ = ⟨ #„

R2⟩ =
n∑

i=1

n∑
j=1

⟨lilj⟩ = lilj

n∑
i=1

n∑
j=1

⟨cosθij⟩ (3.4)

Here, cosθij gives a correlation between the bond vectors. With the absence of

interactions between distant monomers along the chain, the directional correlations

between the different bond vectors are lost. When the bond lengths are constant, the

above equation reduces to:

⟨R2⟩ = C∞nl2 (3.5)

C∞ is the asymptotic value of Flory’s characteristic ratio (Cn) and arises due to very

long chains (n → ∞). C∞ is thus a measure of the stiffness of the polymer chain. A

rubber like PI has a C∞ of 4.6 and a thermoplastic like PE has a value of 7.7. Higher

values are obtained for sterically hindered polymers. C∞ = 1 gives the equivalent

freely jointed chain. The equivalency comes from further simplification by replacing

the bond length l with that of a statistical monomer called the Kuhn monomer (NK).

Kuhn monomers are rigid links of length lK (Kuhn length) and have no restrictions to

bond and torsion angles between successive bonds and can be used in the end-to-end

arguments as below:

Rmax = NK lK = nlcos

(
θ

2

)
(3.6)

and

⟨R2⟩ = C∞nl2 = NK l
2
K = RmaxlK (3.7)

Thus,

NK =
R2

max

C∞nl2
and lK =

C∞nl2

Rmax

(3.8)

A summary of characteristic ratios and Kuhn lengths for some polymers can be

found in the books by Flory, and Rubinstein and Colby [128, 133].

3.1.1 Ideal chain conformations and entropy

The diversity in statistical conformations of a polymer chain is central to rubber-

like elasticity. At rest, polymer chains take up innumerable conformations, making
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them liquid-like due to the weak secondary forces between the molecules. Cross-links

and other topological constraints like entanglements, however, render them solid. A

polyethylene chain containing 1000 links, characteristic valence angle, and six equally

spaced torsion angles that are randomly chosen can produce 6998 different conforma-

tions in a three-dimensional space [129]. A three-dimensional probability distribution

of the conformations, which is derived from random walk statistics where the torsion

angles are independent of each other, can be described by a Gaussian approximation:

P (NK ,
#„

R) =

(
3

2

1

πNK l2K

)3/2

exp

(
−3

2

#„

R2

NK l2K

)
(3.9)

This probability distribution function is a product of three independent distribution

functions, one for each of the Cartesian components for the chain end-to-end vector.

It necessarily explains the probable spatial arrangements of Kuhn monomers within a

chain. The number of conformations (Ω(NK ,
#„

R)) for an end-to-end vector at distances

R and R+dR, circumscribed as the two radii of a spherical shell with the chain starting

at the origin, is proportional to a probability distribution function as:

P (NK ,
#„

R) =
Ω(NK ,

#„

R)∫
Ω(NK ,

#„

R)d
#„

R
(3.10)

The denominator is a normalization factor where the infinity limit actually extends

to a maximum value that is achieved by a rod-like conformation. The directional

constraints in Equation 3.10 can be removed by multiplying it with the area of a

sphere (4πR2), while the vector forms are replaced by the end-to-end distance (R).

The number of conformational states has an energetic origin where it is related to

the entropy (S) through the Boltzmann constant (k) for a chain with NK number of

Kuhn monomers with end-to-end vector as:

S(NK ,
#„

R) = klnΩ(NK ,
#„

R) (3.11)

Equations 3.10 and 3.11 provide a relation for the entropy whose second part is

composed of terms affected by NK only and is thus a constant for all practical purposes:

S(NK ,
#„

R) = −3

2
k

#„

R2

NK l2K
+ S(NK , 0) (3.12)

3.2 Miscibility of rubber-containing blends

Technologically relevant blends are those that are homogeneous on a macroscopic level

but are phase-separated on a microscopic level. Cross-linking these macroscopically
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3.2. Miscibility of rubber-containing blends

compatible blends helps create a network that works synergistically. A truly miscible

blend has polymer components that have a segmental level homogeneity. A short

overview of entropy (S) and enthalpy (H) in this regard, mainly adapted from the

books of Rubinstein and Colby[128], and Strobl [131] follows.

The mixing of two components can be understood by a lattice model, in which

individual sites are occupied by monomers for a polymer (or molecules for a solvent).

Thus, a polymer chain is represented by multiple connected lattice sites. The entropy

is then a product of the natural logarithm of the number of the ways (Ω) in which the

molecules arrange themselves on the lattice times the Boltzmann constant, k:

S = klnΩ (3.13)

The entropy change of mixing for a single molecule of the kind A is:

∆SA = klnΩAB − klnΩA = −klnϕA (3.14)

A similar equation can be derived for the entropy change of a single molecule of the

kind B. The above equation always yields a positive value for the entropy change as the

volume fraction ϕA is less than unity. ΩAB corresponds to the case of a homogeneous

mixture of A with B. The entropy of mixing per lattice site can be generalized for the

two polymers as:

∆Smix = −k

[
ϕA

NA

lnϕA +
ϕB

NB

lnϕB

]
(3.15)

The number of lattice sites occupied by each molecule are given by NA and NB,

respectively. The possibility that mixing would indeed occur is governed by the change

in Gibbs free energy upon mixing, ∆Gmix:

∆Gmix = ∆GAB − (GA +GB) (3.16)

The Gibbs free energies of the two components and their blend are given by GA,

GB, and GAB, respectively. The mixing process can be associated with a volume

change where reduction in blend volume due to mixing reduces the number of ways of

packing polymer segments and increases the free energy [134]. Using Gibbs energies

permits accounting for this change in volume in an environment with constant pressure.

Nevertheless, it has been reported that this change is always negligible [131].

A crucial component of the miscibility description is the enthalpic contribution to

free energy. Both entropy and enthalpy are related to ∆Gmix by the equation:

∆Gmix = ∆Hmix − T∆Smix (3.17)
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where, ∆Hmix and T are the enthalpy change and temperature, respectively. The

enthalpy term is composed of contributions from monomer–monomer pair interactions

and motions, and these factors determine the enthalpic term being favorable (or not) for

mixing, whereas mixing is always favored by entropy. The completely miscible blends

have a negative value for the change in free energy. From an entropic standpoint, due

to their very high molecular weights, the change in entropy of mixing, which depends

on the number of molecules, is low for the polymers. More importantly, from an

enthalpic standpoint, since the van der Waals attractive interaction energies for the

like monomers are more than the unlike, ∆Hmix > 0 in most cases and hence wins

out over entropy. This inhibits mixing, resulting in polymer blends often possessing a

phase-separated morphology. Most compatible blends are a result of increased entropy

due to the positional disorder arising due to mixing [23]. This entropy is regarded as

translational entropy.

A general form for the Flory–Huggins equation can be derived, with ∆H =

χABϕAϕB we have:

∆Gmix = kT

[
ϕA

NA

lnϕA +
ϕB

NB

lnϕB + χABϕAϕB

]
(3.18)

∆Hmix for each interacting segment or molecule is characterized by the dimension-

less quantity χAB, known as the interaction parameter. It depends on the temperature,

and the composition and molecular weights of the components.

Phase separation in blends occurs either through a nucleation and growth process

from a metastable state or via spinodal decomposition for larger quench depths. As to

the former, a change in the temperature can lead to minor instability in the blends,

which causes the separation of the blend into domains of different compositions [23].

This is different from crystallization but has a similar activation barrier. Phase sep-

aration by nucleation and growth yields a final structure of the droplet–matrix type.

Phase separation by spinodal decomposition occurs at higher undercooling where the

compositional fluctuations in the system of any size become energetically favorable.

Spinodal decomposition structures exhibit a high degree of co-continuity, at least in

the initial stages of spinodal decomposition. The apparent diffusion coefficient for spin-

odal decomposition is negative, whereas it is positive for nucleation and growth [135].

From the point of view of NR/SBR blends, curing requires going up to temperatures

as high as 160 °C. At such temperatures, these blends undergo phase separation and

are hence categorized by the lower critical solution temperature [136, 137]. Through

AFM studies, Klat et al. [138] have observed that higher vinyl-containing SBR usually

offer smaller domain size and thus better miscibility compared to grades of SBR having
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Figure 3.1: Schematic of a real network consisting of an entanglement (a), and the defects
composed of sol molecules (b), loops (c), and dangling chain ends (d)

lower vinyl content.

3.3 Rubber networks

Rubbers are synonymous with elasticity due to their complete geometrical recovery

from very large compressive and tensile deformations under suitable circumstances.

They are also recognized for toughness under static and dynamic stresses, resistance

to abrasion, impermeability to air and water, and resistance to many chemicals in

favorable conditions. Their tack enables adherence to fibers and metals [43]. Gough in

1805 observed that under a constant load stretched rubber contracts on heating, and

when stretched, the rubber gives out heat. These reversible processes were confirmed

by Joule in 1859 with his work on vulcanized rubber. The initial observations of Gough

are summarized in the book by Sperling [130].

Cross-linking freezes an entangled melt to form a three-dimensional network where

all chains are connected to each other to effectively form a single molecule. Cross-

linking restricts the irreversible flow of the polymer chains, thus providing dimensional

stability. In an ideal network, the three-dimensional cage is made up of cross-links that

are separated by polymer strands, all having the same molecular weight. However, a

real network is made up of strands that all have different lengths. Figure 3.1 depicts a

two-dimensional schematic of a real network.

In addition to the heterogeneity in cross-linking, real networks are also composed

of chain defects that are formed due to imperfect cross-linking. These consist of

chains that cross-link onto themselves (loops), chains with only one end connected

to the network (dangling chain ends), and chains that do not participate in cross-

linking and are not chemically bound to the continuous network (sol molecules). The

latter can be extracted by extraction with a suitable solvent, whereas the network
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resists dissolution due to the presence of chemical cross-links. Characteristically, defects

reduce the modulus in many different ways.

For a rubber at equilibrium that is undergoing reversible changes (e.g., elastic de-

formations), a relation between variables like force (f), length (L), temperature (T ),

hydrostatic pressure (p), and thermodynamic quantities of internal energy (U) and en-

tropy (S) can be developed by combining the first and second laws of thermodynamics

to obtain the change in its internal energy as:

dU = TdS − pdV + fdL (3.19)

where, TdS refers to the heat added to the system, −pdV is the work done to change

the network volume, and fdL is the work done in a small displacement. With certain

thermodynamic considerations [129], one arrives at the force required to deform a

network. The force in rubber is a sum of energetic (fE) and entropic (fS) contributions.

f = fE + fS =

(
∂U

∂L

)
T,V

− T

(
∂S

∂L

)
T,V

(3.20)

More than 90 % of the total force is accounted for by the entropic component in real

networks, whereas the energetic term is zero for ideal networks. A consequence of this

entropic domination is the loss of conformational entropy of chains upon heating under

constant extension [128]. This results in an increase in the total force with increasing

temperature as ∂S/∂L < 0. This behavior is in contrast to simple steel springs or also

semi-crystalline polymers where the force decreases weakly with increasing tempera-

ture.

3.3.1 Origin of rubber elasticity

The characteristic elasticity of a cross-linked elastomer can be described by the entropy

of the chain, as described by Equation 3.12. The deformation of a chain leads to a

change in entropy:

∆S = S(NK ,
#„

R)− S(NK ,
#„

R0) = −3

2
k
R2

x +R2
y +R2

z

NK l2K
+

3

2
k
R2

x0 +R2
y0 +R2

z0

NK l2K
(3.21)

Here the end-to-end vector has been resolved into its three Cartesian coordinate

components. The subscript zero represents the initial entropic state. The ratio of the

final to the initial end-to-end distance (R and R0, respectively) is the deformation λ

by which the end-to-end distance along a direction has changed.
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For a network, the entropy change encompasses all the ‘n’ strands and their corre-

sponding entropy changes as a summation (∆Ssum). It can be deduced that the sum

of the square of the initial coordinate components is all same and equal to nNK l
2
K/3.

An equation for the entropy change can thus be derived as:

∆Ssum = −nk

2
(λ2

x + λ2
y + λ2

z − 3) (3.22)

An equation for the elastic force (
#„

f ) within a chain can be derived by deducing

an equation for the Helmholtz free energy, A (A = U − TS), on the lines of chain

end-to-end vector and entropy relation in Equation 3.12. The energy (U) is zero for an

ideal chain due to the absence of long-range interactions between the monomers. The

entropic part of the equation reduces as the number of possible chain conformations

reduces with an increase in
#„

R. The force can be derived as a partial derivative of A as:

#„

f =
3kT

NK l2K

#„

R (3.23)

A key takeaway from this relation is that with rising polymer temperature the

stretching of the chain becomes difficult. At a fixed experimental temperature, a uni-

axial stretching produces a similar effect in the force while the end-to-end distance

increases. The linear dependency of the Hookean behavior of the ideal chain, valid

for | #„

R| << Rmax is lost as
#„

R approaches Rmax: | #„

R| ≤ Rmax. The condition when

| #„

R| = Rmax causes the force to diverge from linearity due to the finite extensibility of

the chains.

In the following sections, select models for unentangled and entangled networks to

describe the mechanical properties of cross-linked materials are discussed.

3.3.2 Unentangled network models

Affine network model

The simplest of models that are based on non-interacting chains is the affine model.

Kuhn based this model on the assumption that cross-links are fixed in space and that

their positions transform affinely with the macroscopic deformation [139]. This implies

that the macroscopic and any chain’s relative deformations are the same in any given

direction. The chains between the junctions are free to pass through each other but

not allowed to interact with each other to contribute towards the elasticity of the

network. Thus, the dimensional changes (L) after deformation (λ) are related to the
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initial dimensions (L0) in the x, y and z dimensions as:

Lx,y,z = λx,y,zLx0,y0,z0 (3.24)

Likewise, the projections of an unstrained end-to-end vector
#„

R0 after deformation

changes as:

Rx,y,z = λx,y,zRx0,y0,z0 (3.25)

Dry networks are regarded as incompressible materials whose volumes are accepted

to be almost constant, which results in a unity value of the product of deformations in

the three dimensions: λxλyλz = 1. The following equation relates the observed value

of the shear modulus (G) and the value predicted by the statistical theory.

G = νkT =
ρRT

Mc

(3.26)

where, ν is the number of network strands in a unit volume, k is the Boltzmann

constant, T is the temperature, ρ is the network density, R is the gas constant, and

Mc is the number average molecular weight of the cross-linked chains. The modulus is

related to the corresponding engineering stress (σengg) and the true stress (σtrue) as:

σengg =
σtrue

λ
=

ρRT

Mc

(
λ− 1

λ2

)
(3.27)

Here, the engineering stress and true stress take the original cross-section and the

instantaneous cross-section of the deformed specimen into the calculation, respectively.

In a typical network, a cross-link junction is a point where four chains are connected

( =⇒ tetrafunctional). Thus, ν is related to the cross-link density (number of cross-

links per unit volume, µ) as ν = 2µ, and owing to the statistical theory, the chemical

nature of these network chains has no bearing on the elastic properties.

When the effect of dangling chain ends is considered, the modulus is modified

according to Flory [140] as:

G =
ρRT

Mc

(
1− 2Mc

M

)
(3.28)

where, M is the molecular weight of the primary chain.

Phantom network model

The main limitation of the affine model is the assumption that cross-links are fixed in

space, which makes the lengths of the network strands the only source of freedom of
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movement for the system. To overcome this, James and Guth proposed that the ends

of ideal network strands are attached to cross-link junctions that are assumed to move

and hence fluctuate by performing a restricted Brownian motion around their average

position. This results in a net lowering of the free energy of the system. The chain

ends at the surface are fixed in position and transform affinely. This eventually came

to be known as the phantom network model where the network strain and average

value of cross-link fluctuation are assumed to be independent of each other.

For a phantom network, the shear modulus is modified by adding a prefactor to

that of the affine network modulus.

G =

(
f − 2

f

)
ρRT

Mc

(3.29)

The functionality, f , corresponds to the number of network strands emanating from

each cross-link site. Due to the possibility of fluctuation of junctions in a phantom

network, the obtained modulus is lower than that in an affine network. Thus, when

four strands connect at a junction (f = 4), typically in sulfur and divinyl benzene cross-

linked systems, the modulus of a phantom network is half that of an affine network.

However, at higher f values, the cross-links behave affinely.

The phantom modulus can be alternatively represented in a form similar to that of

Equation 3.26 as:

G = (ν − µ)kT (3.30)

where, µ is now a ratio of ν to f/2, as the latter represents the number of strands per

junction site.

3.3.3 Entangled network models

Tube model and reptation of chains

In real networks, the measured modulus is in large contrast to the predictions of the

models discussed above. The affine and the phantom network models present the

two extreme cases for the prediction of network modulus: the limits set by the fixed

junctions in the affine, and the fluctuating junctions in the phantom models imply

that a real network should possess a magnitude of modulus that is intermediate to

these cases. However, in practice, the modulus is larger than these predictions. The

reason for this is the entangling of chains. These entanglements act as topological

constraints and can disentangle over a certain time (disentaglement time) in a polymer
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Figure 3.2: Chain segment AB in a dense rubber. Points A and B denote the cross-linked
points, and the dots represent other chains which, in this drawing, are assumed to be per-
pendicular to the paper. Due to entanglements, the chain is confined to the tube-like region
denoted by the dashed line. The bold line shows the primitive path. Reproduced from Ref.
[141] with permission from the Royal Society of Chemistry.

melt or solution, but are trapped if their ends are cross-linked. The resulting addition

to modulus due to entanglements in Equation 3.26 can be approximated as:

G ≈ ρRT

(
1

Me

+
1

Mc

)
(3.31)

where, Me is the entanglement molecular weight. Doi and Edwards proposed a tube

model that explains the entanglement effects [141]. In this model, a polymer chain is

envisaged to be contained within a hypothetical tube created by those of the surround-

ing chains, thus preventing lateral motion. The tube model for a cross-linked chain

can be appreciated in Figure 3.2.

The primitive path in the figure corresponds to the average of the rapid fluctuations

of the chain within the limit of the cross-section of the tube and is the shortest path

between the ends of the chain along the averaged contour. In the case of linear chains,

the tube diameter due to the entanglements is about 5 nm. As the chain in Figure 3.2

is cross-linked at points A and B, there is no diffusion of the chain along the length of

the tube. However, in the absence of cross-links, such as in a polymer melt, the chain

can diffuse along the imaginary tube out of the tube ends. The diffusion itself is akin to

a snake or an earthworm moving slowly through a bunch of many others through such

a motion called reptation. The reptation model proposed by de Gennes [142] explains

the disentanglement of a chain, which moves out of its tube but forms new sections of

the tube as it reptates along it.

The tube diameter in linear chains allows reptation through the tube ends but does

not account for the sideways translational motion that is necessary for branched chains.
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In branched chains (Figure 3.3), the motion of a side branch along the main-chain tube

is characterized by a decrease in entropy. An energetically favorable process is that

the chain changes its conformation such that the branch retracts and shifts with the

main chain before extending itself into a random conformation [143]. Such motions are

relevant for defects in networks, see Figure 3.1

Figure 3.3: Motion of a branched chain. The junction ‘c’ remains stationary while the
branch retracts into the main tube (second image). The junction shifts to a new position
(third image) and the branch extends, forming a new side-tube, while the main chain reorients
itself. Reprinted with permission from [143]. Copyright 1986 American Chemical Society.

Mooney-Rivlin equation

The Mooney-Rivlin approach serves as a phenomenological model of elasticity. It

involves plotting reduced stress (σred) against inverse deformation. A fit to the curve

in the linear region using Equation 3.32 gives values for the cross-link density (2C1)

and the entanglement density (2C2).

σred =
σengg

λ− 1/λ2
=

σtrue

λ2 − 1/λ
= 2C1 +

2C2

λ
(3.32)

Due to the difficulty in measuring true stress, engineering stress is used. For a

series of networks with increasing cross-linker, C1 increases whereas C2 remains almost

constant. An example of this can be seen in Figure 3.4 by Mullins [144] where data for

NR containing increasing amounts of peroxide are plotted and fitted according to the

equation. A special case of this formulation is that C2 = 0 corresponds to a horizontal

line and satisfies the conditions laid down by the affine, phantom, and tube models.

The finite extensibility-related divergence mentioned in section 3.3.1 shows up in

Figure 3.4 as an upturn in the lower 1/λ limit. Further non-linearity in the inverse

deformation curve occurs, as 1/λ approaches unity, due to uncontrolled effects such

as from specimen clamping. This curve can be linearized by a correction to λ in the

form of λ ± ∆λ, which gives a corrected reduced stress (σred,corr). This procedure is

represented in the chapter on EPDM/ULDPE blends (Chapter 7).
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Figure 3.4: Mooney-Rivlin fits to the reduced stress (y-axis) vs. inverse deformation plots of
NR cross-linked by peroxide from 1 phr (lowest curve) to 5 phr (highest curve). Reprinted
with permission from [144]. Copyright 1959 John Wiley and Sons.

3.4 Polymer reinforcement by fillers

3.4.1 The microscopic picture

The rubber filler market is dominated by different grades of carbon black. These differ

mainly based on the size of the primary particle. The size ranges from tens to a few

hundred nanometers. A cluster of many primary particles fused together is called

an aggregate and is < 1 µm. The size and specific surface area of the aggregates

are responsible for reinforcement. The spatial complexity of the aggregates which is

known as its structure, determined by the number and arrangement of particles within

them, also contributes to reinforcement. Gruber [145] has classified the aggregate

shapes as spheroidal, ellipsoidal, linear, and branched which can coexist in a system.

Further larger structures composed of aggregates form into a loose agglomerate. A

similar picture exists for silica fillers (Figure 3.5). The elementary particles form into

aggregates akin to a ‘string of pearls’, which have dimensions in the 50–500 nm range

[145].

The surface of CB is composed of more than 90 % carbon bonded with oxygen

and hydrogen complexes to form carboxylic, quinonic, phenolic, ketonic, lactonic, and
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Primary particle

Agglomerate

Aggregate

Figure 3.5: Scheme of the hierarchical structure in silica-filled SBR compounds. Adapted
from reference [146].

other groups formed into imperfect graphitic layers [59, 147]. These functional groups

make reactions with rubber molecules possible. Silica, having a similar surface area

and structure, exhibits lower rubber–filler interaction due to the absence of non-polar

groups on the filler surface. It forms a filler network due to its tendency to agglomerate

by hydrogen bonding aided by the silanol groups present on the filler surface, which

also cause moisture adsorption. Silica fillers have a non-permanent structure of these

agglomerates that can be destroyed by energy-intensive compounding to improve dis-

persion. The strain energy (product of stress and strain) associated with this is in the

range of 2–4 kJ/m3 for both, silica and carbon black [148].

To overcome the flocculation and develop polymer–filler interactions, silica is

treated with silane coupling agents like bis(triethoxysilylpropyl)disulfide (TESPD) be-

fore mixing with rubber. The silanization process adequately couples a silica surface

with a silane agent and markedly improves the silica performance by lowering filler–

filler interactions and making it available for reaction with rubber chains [69].

Hydrodynamic effect

The hydrodynamic effect refers to the transfer of strain to polymer chains by inex-

tensible particles such as fillers. An increase in the polymer viscosity due to fillers

is a common observation during processing. Einstein [149, 150] derived an equation

to describe the increase in shear viscosity (η) of a dilute suspension containing rigid,

spherical, disperse inclusions in an incompressible matrix:

η = η0(1 + 2.5ϕ) (3.33)

where, η0 is the viscosity of a gum (unfilled) system. The equation is suitable for the

volume fraction of inclusions (ϕ) of up to 0.03. Later, Smallwood [151] obtained a
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similar equation to account for the increase in shear modulus (G) of rubber due to

fillers as:

G = G0(1 + 2.5ϕ) (3.34)

Here, G0 is the modulus of an incompressible rubber matrix. In its form presented

here, G is independent of the size of the filler particles and the equation is suitable for

small deformations. At larger volume fractions of the filler, particle–particle interac-

tions become relevant and hence cannot be ignored. To account for this, the quantity

in the brackets in Equations 3.33 and 3.34 get a quadratic term in ϕ in the form:

f = 1 + 2.5ϕ+ bϕ2 (3.35)

where, f is the hydrodynamic amplification factor and is a ratio of G to G0 or η to

η0 [152, 153]. The above equations are suited for spherical particles only. For non-

spherical particles, the equations need to be modified such as the one proposed by

White and Crowder [154]. Further, the inclusion of fillers that lead to strong rubber–

filler interactions (see next section) requires modifying ϕ to an effective volume fraction,

ϕeff .

Guth [155] presented a theory for the quadratic term of the above series expansion to

address concentrated systems and inter-particular disturbances therein, thus modifying

f in the equations above. A common value of b = 14.1 was devised for both, modulus

and viscosity equations. The corresponding equations came to be known as the Guth–

Gold equations (the relevant paper was already published in 1938 by Guth and O.

Gold). Despite their popularity, the quadratic terms are found to be inconsistent in

accurately including the effects of fillers. It has been acknowledged that the value of

b depends on factors like the type of matrix (fluid or solid) and on the deformation

[153]. Values of about 7.6 [156] for elongational flow and 6.2 for the shear flow of

Newtonian fluid, and about 5.0 [156, 157] for shear deformation of an elastic solid have

been calculated.

A reformed approach to the hydrodynamic contribution of the fillers to viscosity

has been presented by Domurath et al. [158], where the hydrodynamic amplification

factor has been broken down into components relating to strain amplification and stress

amplification.

Rubber–filler interaction

For active ( =⇒ reinforcing) fillers, the volume fraction consideration loses its depen-

dence and is hence modified to an effective volume fraction, ϕeff [51, 159]. These fillers
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are those having a particle size between 10 and 40 nm, which corresponds to a surface

area between 250 and 125 m2/g, respectively. In such fillers, the interstices within the

aggregates act as sites for rubber to get occluded. Hence, the occluded rubber is not

deformed and thus leads to a significant increase in the hydrodynamic effect. However,

it should be noted that the conformational freedom of the occluded rubber is not lost.

The extent of rubber–filler interaction can be roughly understood by measuring the

bound rubber content of an unvulcanized rubber. This method involves measuring the

amount of rubber that is not extracted by a good solvent. Thus, this is a measure

of the amount of polymer chains adsorbed on a filler surface and correlates with the

occluded rubber. It has been noted that high molecular weight polymers bind pref-

erentially, thus causing a reduction in the molecular weight of free rubber [69, 160].

Carbon black yields a higher amount of bound rubber than silica due to chemisorption

and sometimes chemical bonding, in addition to physical interactions.

The thickness of the adsorbed polymer layer has been classified based on the magni-

tude of constraints developed due to adsorption. A thin layer of tightly bound rubber,

wherein chains are immobilized on the filler surface, is measured to be between 0.4

and 1.3 nm and functions effectively like an aggregate [51]. Determined by the surface

area and the structure, the immobilized layer is associated with a somewhat higher Tg

than that of the bulk. Another layer of rubber, called the loosely bound rubber, is

connected to the filler through the immobilized rubber layer and shows the ability to

deform. This has a thickness between 3 and 6.6 nm. This layer also forms the con-

nection between the rubber–filler aggregates. The remaining region corresponds to the

rubber that forms the majority of the bulk that can be extracted by suitable solvents.

The activity of any filler towards rubber can be understood by knowing its surface

energy (γs) [51]. This is given as:

γs = γd
s + γp

s (3.36)

where, γd
s and γp

s are the dispersive and polar components of the surface energy, respec-

tively. Carbon blacks possess a low polar component and a relatively high dispersive

component. This leads to strong rubber–filler and weak filler–filler interactions in car-

bon blacks. In silica fillers, the opposite is observed. The high polar component leads

to dominant filler–filler interactions and weak rubber–silica interactions [64]. Hence,

silanization is essential for good rubber–filler bonding in silica-filled systems.
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3.4.2 The macroscopic observations

Payne effect

Beyond a critical volume fraction of the fillers (percolation threshold), depending on

their type, the hydrodynamic prediction fails and the dynamic modulus increases

abruptly. The filler forms a percolated network that lends a high modulus to the

filled rubber system [161]. Upon deformation of the sample, the capability to store

energy decreases as the filler network is destroyed, causing a substantial drop in the

modulus already at small strain amplitudes (Figure 3.6). Removal of strain leads to

restoration of the filler network. This strain-dependent disruption and restoration of

the filler network are popularly known as the Payne effect [162, 163], but early obser-

vations were already made by Fletcher and Gent [164]. As shown in the comparison

between carbon black and silica-filled compounds, silica demonstrates a higher loss in

modulus due to the larger filler network. Thus, silanization acts as a means to reduce

the tendency of the formation of a filler network to enhance dispersion.
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Figure 3.6: Effects contributing to the complex shear modulus. Adapted from reference [161].

The low-strain limit experiment also gives information on the extent of rubber–

filler interactions, which is considerably higher in carbon black-filled systems due to

the reasons discussed above. Considerable desorption and adsorption of chains on filler

make polymer flow possible [51]. It is inferred that the dynamics of the rubber–filler

mesophase approach an equilibrium of desorption–adsorption of polymer on the particle

surfaces at a given temperature when the sample is at rest.

The next modulus classification is a consequence of the hydrodynamic effects of

the fillers along with the occluded rubber argument for which an equation with the
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effective volume fractions is suitable. The polymer network forms the softest fraction

contributing to the modulus of the composite.

Mullins effect

The Mullins effect is a phenomenon observed in a quasi-static stress–strain experiment

wherein the force required for stretching a rubber specimen is lowered in subsequent

stretching to the same strain [48, 165, 166]. The instantaneous and irreversible vis-

coelastic softening achieves a steady state after a few loading–unloading cycles, while

the majority of the softening occurs during the first stretch leading to a residual strain

(permanent set). Nevertheless, a complete recovery of the strain is still possible at high

temperatures. The phenomenon is observed in both, unfilled and filled elastomers. In

the former, the effect occurs due to cavitation, disentanglement, chain scission, and

change in the number of cross-links [167].

In the presence of fillers, the strain experienced by the rubber network is amplified,

which causes an increase in hysteresis as the system departs sharply from an ideal

network behavior [66]. The process is somewhat complex in filled systems: fracture of

aggregates and agglomerates and breakdown of the filler network, and modification of

the polymer–filler interface due to desorption/adsorption of polymer chains, molecule

slippages, and breakage of bonds at the surface of the filler [167]. The stretching is also

detrimental to the overall mechanical properties since the changes are permanent.

3.5 Semi-crystalline thermoplastics

Thermoplastics are a class of polymers that flow upon heating beyond their softening

temperature and solidify upon approaching their Tg. They consist of the amorphous

and the semi-crystalline polymers and have a Tg that ranges from near-room tempera-

ture up to in excess of 200 °C (except some polyolefinic polymers that have a Tg below

0 °C). Thermoplastics, especially semi-crystalline, can complement elastomers to act

as reinforcement due to their relative stiffness at service temperatures.

Crystallinity is a virtue of stereo-regular or symmetrical polymers that can undergo

three-dimensional long-range ordering. Their crystallizability further depends on the

chemical nature of the polymer, and molecular weight and distribution of the molecular

weight. Unless grown as single crystals, all crystallizable technical polymers are semi-

crystalline.

In addition to the glass transition temperature of the purely-amorphous polymers,

semi-crystalline polymers also possess a melting temperature (Tm) of the crystalline
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regions (or crystallites) and an associated crystallization temperature (Tc). Factors

such as ease of molecular packing, and the presence of hydrogen bonding and polarity

affect the melting temperature.

Crystallization is a first-order phase transition, which demonstrates sudden volume

change due to the change of state of the polymer, while glass transition is characterized

by a gradual volume change due to softening of the polymer and constitutes a second-

order phase transition. Crystallization in polymers occurs by various mechanisms:

solidification through cooling from the melt, separation from solution, by stretching,

and due to confinement. Among these, the crystallization of polymer melt by cool-

ing is important on a larger scale as it influences articles formed by various polymer

processing techniques. Upon cooling a polymer melt from its state of disorder of inter-

penetrating random coils, nuclei (sites for crystal growth) are formed by aggregation

of volume elements of chain segments induced by molecular fluctuations (homogeneous

nucleation) or by impurities present in the system (heterogeneous nucleation). Chain

segments from the melt diffuse onto these nuclei to form ordered crystalline regions.

This process is associated with a decrease in the free energy, which further drives the

diffusion of more chain segments into the crystallite [168].

With further cooling of the melt, the diffusion reduces due to an increase in viscosity.

As the Tc approaches, the viscosity becomes extremely high, which significantly restricts

chain diffusion. Kinetically, with cooling, the rate of crystallization increases, passes a

maximum and decreases as the process becomes diffusion controlled. As a consequence

of the decrease in molecular mobility, some chains are part of the ordered regions while

others are still in the disordered phase.

Chain entanglements are one of the factors that affect the free diffusion of the chain

during crystallization. Due to a build-up of stress in segments strained between a region

of entanglement and a growing crystallite, an opposite work is necessary to overcome

the lowering of free energy. Strong entanglements would hence demand a higher work,

which would disfavor crystallization [169]. Another scenario where crystallization is

limited is when one or more crystallites grow by simultaneous diffusion of segments

from regions that are part of the same chain but far from each other. Like in the

previous case, chain segments lying between those diffusing into the crystallites get

strained and inhibit diffusion. The result is a chain composed of some regions that

have crystallized while others remain disordered.

During crystallization, the alignment of chain segments requires extra free energy,

which leads to supercooling to variable extents. As a consequence, Tc < Tm by up

to a few tens of Kelvin [130]. The ordering associated with crystallization occurs by

the formation of lamellae that have a thickness of about 10 nm. This transpires by
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the folding of chain segments onto themselves into closely packed ordered structures.

The lamellae, interspersed by amorphous regions, further proceed to grow radially into

superstructures called spherulites, which can be as big as a few hundred micrometers.

Further details on the process of formation of crystallites are skipped from this

discourse, and readers are invited to refer to the texts cited in this section. At this

point, it suffices to state that crystallization causes various changes in the properties

of the thermoplastic polymer. The basic distinction comes from the crystalline regions

having a relatively higher density in comparison to the amorphous regions. From a

macroscopic standpoint, crystallization improves mechanical and thermal resistance.

It also improves the impermeability of polymers to liquids and gases. The optical

properties can also be tweaked by the use of nucleating agents. In blends of rubber

and a semi-crystalline thermoplastic, the phase-separated crystallites can act as load-

bearing elements that distribute energy into the softer phase.
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4. NMR Spectroscopy

This section on NMR spectroscopy is mainly adapted from the books of Friebolin [170],

Keeler [171], Duer [112], Apperley [113], and Levitt [172]. Other sources are cited at

their occurrences.

4.1 The NMR experiment

The nuclear angular momentum (L) is an intrinsic property that most nuclei possess

and is quantized as:

L =
√

I(I + 1)ℏ (4.1)

I is known as the angular momentum quantum number or the nuclear spin. It takes

values of 0, 1/2, 1, 3/2, 2,...6. The most widely studied nuclei (1H and 13C) have an

I value of 1/2. ℏ is the reduced Planck’s constant (h) where ℏ = h/2π. The angular

momentum is proportional to its magnetic moment µ through the magnetogyric ratio

γ.

#„µ = γ
#„

L (4.2)

The magnetogyric ratio is nuclide specific and dictates its sensitivity to detection

by NMR, where nuclides with a larger γ are easily observed by NMR. A consequence of

the two equations above is that nuclides whose spin is 0 cannot be detected by NMR.

These include 12C and 16O, a couple of the most abundant organic elements.

In the presence of a static magnetic field (
#„

B0) the z-component of
#„

L , Lz, in the

direction of the magnetic field is quantized, such that:

Lz = mℏ (4.3)

The interaction a nuclear spin has with the external magnetic field is known as

the Zeeman interaction. The directional or magnetic quantum number, m, permits

2I +1 number of orientations of
#„

L and #„µ , where m ranges from −I,I +1,...I − 1,I. A

spin-1/2 nucleus can thus have only two orientations corresponding to m = +1/2 and

m = −1/2. Combining Equations 4.2 and 4.3, we get:

µz = γmℏ (4.4)

The energy associated with these orientations can be determined by the equation:

40



4.1. The NMR experiment

E = −γmℏB0 (4.5)

A spin is in the lower energy (Eα) state when m = +1/2. This is also known as the

α state and is achieved when µz is, for example, parallel to the external magnetic field

(assuming γ > 0). The higher energy (Eβ) state, known as the β state, occurs under

the condition of m = −1/2, with µz being anti-parallel to B0. The distribution of spins

in either energy level follows the Boltzmann statistics. Due to a very small difference

in energies between the two states, the populations on both levels are similar, with

only a slight excess in the α state.

In reality, the moments do not demonstrate a perfect alignment along the field axis

(z-direction), but a distribution of preferential alignments. This is due to the random

thermal motions of molecules, which are much larger than the interaction energy of a

nuclear magnetic moment with B0. Nevertheless, a complete cancellation of moments

is prevented as the system marginally favors the lower energy state. This results in the

build-up of a net magnetization (
# „

M , equivalent to the bulk magnetic moment), and is

thus a vectorial sum of the individual moments:

# „

M =
∑
i

#„µ z,i (4.6)

where, i represents the ith nuclei. The magnetization, once fully attained, is time-

invariant. In an NMR experiment, a radio frequency (RF) pulse from the transverse

(x–y) plane tips this magnetization vector away from the z-axis by an angle β. The

magnetization then precesses about
#„

B0 at this flip angle. The frequency associated

with the precession is called the Larmor frequency (ω0):

ω0 = −γB0 (4.7)

The Larmor frequency attains a precessional direction that is dependent on the

sign of the magnetogyric ratio of a spin. An RF pulse, although weaker compared to

the static magnetic field, oscillating at or near the Larmor frequency ( =⇒ resonance

condition) has the ability to tip the magnetization towards the transverse plane where

it can be detected. The oscillating magnetic field associated with an RF pulse is given

by the time-dependent field B1 and its frequency can be expressed in the same fashion

as Equation 4.7.
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4.2 Anisotropic spin interactions

The spins’ interaction with the static magnetic field and the oscillating RF field consti-

tute to magnetic fields external to the sample. There also exist magnetic fields internal

to the sample that are created by spins of electrons or other nuclei. The interactions

of a nucleus with these fields mainly depend on its chemical environment. These inter-

actions also depend on the orientation of the molecule or the molecular segment with

the external magnetic field and are hence, intrinsically anisotropic [173].

In liquids, these anisotropic interactions are averaged out by fast isotropic molecular

tumbling, which leads to high-resolution spectra but also to a loss of information on

structure and dynamics. In soft materials such as polymers, anisotropic interactions

are only partially averaged due to restricted molecular motions. This results in line-

broadening and thus a loss of resolution. In the following, such interactions affecting

the spectral quality in polymers are briefly introduced. Indirect (J) coupling, which

leads to the splitting of peaks but is overshadowed by dipole–dipole coupling, and

quadrupolar coupling, which is irrelevant to the polymer materials considered in this

thesis, are excluded from the discussion.

4.2.1 Chemical shift and anisotropy

The electrons present around a nucleus react with B0 to produce a small local sec-

ondary field (Bloc) that reduces the total field experienced by the nucleus compared

to a hypothetical ‘bare’ nucleus as Bloc = σσσB0. The interaction of the secondary field

with the nucleus is called the shielding interaction. The interaction is anisotropic since

electrons are not distributed spherically around a nucleus. This condition can be de-

scribed by a shielding tensor (σσσ) for every site, which yields the orientation-dependent

values for the local symmetry axis with respect to B0.

Shielding interaction can change the Larmor frequency of the nucleus and lead to a

chemical shift (δ). In addition to the shielding offered by the electrons to the nucleus

of an atom, other atoms in the vicinity exhibit similar fields towards the nucleus. The

effective magnetic field experienced by a nucleus can be expressed as:

Beff = B0 −Bloc (4.8)

The change in B0 observed in the value of Beff is, practically, very small. As a

result, chemical shift is expressed in parts per million (ppm) and the shift is measured

with respect to a reference frequency (ωref ), which corresponds to a molecule exhibiting

low chemical shift-inducing distortions:
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4.2. Anisotropic spin interactions

δ =
ωsample − ωref

ωref

(4.9)

In a solution-state experiment, the chemical shifts obtained for the positions of

the peaks represent the isotropic average value (σiso) of the principal values of σσσ. In

the solid-state, chemical shift is an orientation-dependent quantity. The local bonding

environment is the primary cause of the chemical shifts. Secondary sources include

intermolecular packing and molecular conformation (due to rotation of bonds), thus

making their chemical shifts distinct. Due to the large ensemble of orientations, super-

position of the chemical shifts occurs leading to the broadening of the NMR line in the

form of a powder spectrum. Such a spectrum can be described using anisotropy and

asymmetry tensors along with the isotropic value for the breadth, shape, and position

of the center of mass of the signals, respectively [173, 174]. A method to achieve the

isotropic limit in solids for high-resolution NMR spectra is described in Section 4.4.3.

4.2.2 Dipole–dipole coupling

Dipole–dipole or dipolar coupling is a direct, through-space interaction between mag-

netic moments of different spins in the vicinity of each other, in addition to B0. The

dipolar coupling constant, Dij (expressed in frequency units), between two magnetic

moments ( #„µ i and
#„µ j), separated by an internuclear distance, rij, is given by:

Dij =
µ0

4π
.
γiγj
r3ij

.ℏ (4.10)

The coupling constitutes the dipolar tensor (DDD) and is a multiple of−1/2, −1/2, and

1 for the respective diagonal elements of the tensor. The axially symmetric interaction

between the dipole moments is reminiscent of two interacting bar magnets held at a

fixed distance to their centers and have fixed orientations (of their principal axes).

A change in the orientation of one magnet would change the potential energy of the

other. For example, when a magnet is turned by 180°, it would cause a change in sign

of the potential energy of the other magnet. The orientation dependence of the dipolar

coupling is described by the second Legendre polynomial: P2(cosθij) = 0.5(3cos2θij−1),

where θij is the angle the internuclear axis makes with the magnetic field. It should be

acknowledged here that this relation is zero when the angle is 54.74°.
Dipolar coupling is a source of significant broadening in NMR peaks of solids. A

proton bonded to an aromatic carbon (heteronuclear coupling) has a coupling con-

stant of about 24 kHz. It is on the order of 20–30 kHz between neighboring protons

(homonuclear coupling) of organic solids [175]. In a static powder sample, the splitting
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Figure 4.1: Effects of dynamic averaging on the spectral (top row) and the corresponding
Fourier-transformed time-domain (bottom row) signals of an isolated spin pair. The width
of the Pake doublet obtained in the static rigid limit (A) is equal to the strength of the
dipolar coupling (Dstat). The spectrum undergoes shape transformation at the “NMR-Tg”
(see text) when the segmental correlation time is on the scale of 10 µs (B). In the fast motional
limit, anisotropic segmental motions due to constraints lead to the narrowing of the Pake to a
width equal to the magnitude of the residual dipolar coupling, Dres (C). The dipolar coupling
strength is zero when the segmental motions are isotropic (D).

due to orientation-dependence of an isolated pair of nuclear spins spanning all possible

orientations is represented by a Pake doublet (Figure 4.1A, top row) [113]. The dis-

tance between the two horns of the spectrum is the static dipolar coupling constant

(Dstat), from which the internuclear distance can be calculated. Such a spectrum and

its corresponding time-domain signal (bottom row) can be approximated using a Gaus-

sian distribution in a second-moment approximation [176]. While a Pake pattern is

obtained for isolated spins, the presence of multiple spins in polymers causes splittings

that lead to a broad and featureless, near-Gaussian line in the rigid limit. The decay

intensity of the time-domain signal is defined by a time constant called the spin–spin

relaxation time T2 (see Section 4.3), which is shorter for strongly coupled spins and

longer for weakly coupled spins.

Dynamic averaging changes the shape of the Pake and leads to its narrowing. At

a temperature of 30–50 K above the Tg, called the “NMR-Tg” [177], the segmental

motions for typical polymeric (fragile) glass formers have a correlation time (τc) in the

range of inverse Dstat ( =⇒ ≈ 10 µs). In this intermediate motional limit, the Pake

doublet is rather unresolved and lacks its typical features (Figure 4.1B). C and D in
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4.3. Distinction of polymer fractions based on spin–spin relaxation

Figure 4.1 represent the limit of fast motions. Here, two scenarios are possible: in the

first situation (C), the width of the Pake spectrum decreases to a finite value. This

width originates from molecular fractions that cannot undergo complete motional aver-

aging and thus lead to the residual dipolar coupling, Dres (see Section 4.4.1). The other

possibility (D) is associated with an isotropic value of the dipolar coupling (Diso = 0)

due to complete averaging by molecular tumbling, which gives an exponential decay of

the time-domain signal. This is typically observed in solvents, despite dipolar coupling

being the primary cause of relaxation.

The direct dependence of the magnitude of the coupling constant on the internuclear

distance makes the measurement of dipolar interaction for geometrical and structural

analysis of molecules in solid-state NMR possible.

4.3 Distinction of polymer fractions based on spin–

spin relaxation

Relaxations of nuclei are central to an NMR experiment. They describe the molecular

processes in a system. In materials with slowly moving molecules, and due to particular

spin interactions (Section 4.2), line broadening occurs. The relaxation time T2 accounts

for the processes that lead to the loss of coherence. This is characterized by a decay

of the magnetization (Mxy), caused by the dephasing of spins, perpendicular to the

magnetic field in the transverse (x-y) plane, hence also known as transverse relaxation.

It is affected by both slow and high-frequency processes. The width (∆ω1/2) of a

spectral line at half-maximum intensity is related to T2 by the equation:

∆ω1/2 = 2/T2 (4.11)

The above equation describes the spectral line-width in a homogeneous field. The

time–domain decay signal is mainly dominated by dipolar dephasing and the corre-

sponding T2 is inversely proportional to Dres. Thus, the decay time depends on the

mobility of the molecules in the material. For example, uncross-linked rubber has a

longer T2, whereas cross-linked rubber has a shorter T2. The T2 also varies with the

extent of cross-linking, or with the presence of crystallites or filler. A distinction of

different fractions having unique T2 within the same material is also possible.

For dominating (quasi–) static dipolar couplings, the decay signal has a Gaussian

form that is ∼ exp(−1
2
M2t

2), where M2 = 9
20
D2 is the second moment and D can

assume the quantity Dref or Dres (see Section 4.4.1). In the following subsections,
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experiments to measure T2 for the distinction of their respective fractions in a polymer

are discussed.

4.3.1 Single-pulse free induction decay (FID)

An RF pulse with a flip angle of 90° from the x-axis flips the magnetization Mz from

the z-axis to the transverse y-axis. Since the irradiation and detection are done by

a coil in the transverse plane, the strength of the observed signal is determined by

the magnitude of Mxy. This free induction signal is cosine in nature and precesses

freely in the transverse plane until transverse relaxation occurs. Relaxation causes

decay of the free induction signal as the magnetization regains its equilibrium position

along z. This situation is described in Figure 4.2. In actuality, an FID signal is a

superposition of cosine signals of all (interacting) nuclei present in the sample, each

possibly oscillating at a different Larmor frequency. This means that the sum signal

often decays non-exponentially, see below.

B 1

R F  p u l s e

I ( t )  ~  M x y ( t )

t

Figure 4.2: Free induction decay of the magnetization (Mxy) composed of non-interacting
spins after a 90° RF pulse associated with a field B1, as observed in the lab frame. The decay
is exponential, caused by transverse relaxation with the time constant T2.

Measuring the free induction decay signal following a single 90° pulse is the simplest

of all NMR experiments. It is purely exponential for a single spin species in the

presence of a perfectly homogeneous field and is characterized by T2. In reality, field

inhomogeneity causes individual spins in different regions to go out of phase with each

other faster. This results in a shorter, apparent (or effective) T2 denoted as T ∗
2 (or

T eff
2 ). In solids, topological constraints to molecular motions lead to a fast decay of

the free induction signal. In the rigid coupling limit, the T2 is as low as 20 µs with a

spectral line-width exceeding the condition given in Equation 4.11.

4.3.2 Spin–echo

The spin-echo pulse sequence is one of the many sequences that are used for overcoming

the problem of B0 inhomogeneity. Developed by Erwin Hahn [178], it is also commonly
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4.3. Distinction of polymer fractions based on spin–spin relaxation

referred to as Hahn-echo. It features a 90°−τ−180°−τ pulse block with two incremental

spin evolution delays (τ) before the read-out in the form of an echo.

In addition to the inhomogeneity of the field, resonance offsets, and chemical shift

dispersion lead to the dephasing of the spin moments. With the flip angle of 180°, this
distribution in frequencies is refocussed as a time-reversed echo, which forms at the

end of the second τ . In successive experiments, the two delays are increased equally

and the corresponding echo intensities are measured. The echo intensities decrease

with every increment in delay time due to transverse relaxation and decay completely

at sufficiently long delays. Thus, relaxations of fractions associated with different

mobilities can be obtained.

4.3.3 Pulsed magic-sandwich echo (MSE)

Signals originating from crystallites of semi-crystalline polymers, highly crosslinked

fractions of networks, or chains adsorbed on filler surfaces decay within 20 µs due to fast
relaxation of the strongly dipolar-coupled spins. Due to an unavoidable delay between

RF irradiation and signal acquisition by the coil called the receiver dead time, which

can be as long as 12 µs in low-field spectrometers, the material-relevant information

contained within this duration is lost from an FID signal. Pulsed magic-sandwich echo

(MSE)-FID experiment [177] compensates for this loss in an FID signal by performing

a time reversal of spin interactions, just like the Hahn-echo experiment [179, 180] but

here adapted to dipolar couplings, which are not affected by a 180° pulse. Apart from
resonance offsets and magnetic field inhomogeneities, it especially refocuses multi-spin

dipolar couplings, which are the primary reasons for the short-time decay. In samples

with regions of different molecular mobility, it is used as a dipolar filter with long echo

times.

At the NMR-Tg, intermediate motions in the microsecond range cause changes in the

strength of dipolar interactions that lead to a minimum in the MSE efficiency prefactor

(AMSE−FID
0 /AFID

0 ) by hindering full refocussing of the signal [175]. At temperatures

higher than the NMR-Tg, molecular rearrangements can lead to a secondary minimum

of the efficiency prefactor. Losses also occur at temperatures below the NMR-Tg, where

dipolar interactions larger than the inverse pulse length dominate.

4.3.4 Distinction of polymer fractions

The various fractions in a polymer material exhibit specific T2 times that describe

their molecular motions. By combining the FID and Hahn-echo, the entire spectrum
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of signal decay can be analyzed [181]. MSE-FID signal is plotted along with the FID

and Hahn-echo to assess the amount of rigid components and to stabilize the fit within

the short time window. Illustrations of this approach are shown in Chapters 5 and 7.

The plots also emphasize the consequence of the presence of a long dead time.

The intensity (I) data can be fitted using a modified multi-exponential decay func-

tion as shown in the following equation:

I =
n∑

i=1

fiexp(−(t/T ∗
2,i)

βi) (4.12)

where, fi corresponds to the amount of any fraction, and T ∗
2,i and βi are the corre-

sponding apparent relaxation time and shape factor. The subscript i usually ranges

from 2 to 4. A shape factor of 2 describes a Gaussian decay and indicates the pres-

ence of highly constrained molecular segments (dominating dipolar coupling), while a

stretched exponential (β lower than 1) arises due to a distribution of relaxation times

caused by inhomogeneous mobilities. This aspect is demonstrated by several examples

in the following chapters.

4.4 Measurement of cross-link density by NMR

4.4.1 Connecting polymer chain dynamics and NMR observ-

ables

Cross-linked and/or entangled chains induce a semi-local anisotropy by hindering fast

segmental motions such as Rouse modes and bring about long-lived orientation corre-

lations and thus residual dipolar couplings whose magnitude depends on the cross-link

density, the entanglement length, or the tube diameter [176]. Parameters like terminal

relaxation time or the disengagement time of the tube/reptation model are related to

the lifetime of these correlations.

As established earlier, dipolar interactions between nuclei are described by the sec-

ond Legendre polynomial. A connection of this orientation dependence to the segmental

dynamics of a polymer chain can be made through the angle θ the chain end-to-end

vector makes with the magnetic field (B0) and by introducing an NMR submolecule

[176, 182, 183], which is described by a Kuhn chain segment of length lK (Figure 4.3).

At temperatures far above the Tg, the traverse of a segment-based effective dipo-

lar tensor (Dref ), encompassing local and fast intra-segmental motions, reflects the

segmental dynamics. Dref (= Dstat/k, where k is a constant) is a polymer-specific
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θ

β R

lK

Sb

B0

Figure 4.3: Orientation dependence of a polymer chain composed of Kuhn segments held
between cross-links. The various conformations of the segments can be described by the
second Legendre polynomial and its value is encoded in the order tensor (with the norm
termed order parameter Sb), which lies parallel to the chain end-to-end vector. Adapted
from references [175, 184].

and model-dependent quantity [185, 186], which can be considered to be along the

polymer backbone and thus, reports on the backbone orientation fluctuations with a

time-dependence, β(t). Due to constraints such as cross-links, the tensorial NMR in-

teractions are incompletely averaged by anisotropic segmental motions, thus resulting

in residual quantities of the dipolar coupling (Dres). These quantities are related to

the segmental dynamic order parameter (Sb) as:

Sb =
Dres

Dref

=
M2,res

M2,ref

=
1

2

[
3⟨cos2(β)⟩ − 1

]
=

3

5

(
lKR

R2
0

)2

=
3

5NK

∝ 1

Mc

(4.13)

where, ⟨...⟩ and [...] are the ensemble averages of conformation and segmental struc-

ture, respectively. R and R0 are the instantaneous and unperturbed chain end-to-end

distances, where the vector
#„

R makes an angle θ with respect to B0. The ratio of the

end-to-end distances for a bulk sample simplifies to the number of Kuhn segments be-

tween the cross-links (NK) and is proportional to the molecular weight between the

cross-links (Mc). The multi-pair couplings lead to all the protons in a monomer having

the same Dref value due to fast intra-segmental motions far above the Tg.

In soft materials like polymers, the residual interactions are lower due to the sig-

nificant motional averaging by fast anisotropic dynamics. The dipolar interaction fre-

quency of a segment is thus given by:

ωD(β) =
3

2
DrefSbP2[cosθ] (4.14)

The significance of cross-links and their impact on Sb can be appreciated in Figure

4.4, where an orientation autocorrelation function (C(t)) has been used to measure the

probability of a chain segment that assumes the same orientation between times ta and

tb. The correlation function thus describes the fluctuations in the orientation of the

segments and is given by:
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Figure 4.4: Schematic representation of the orientation autocorrelation function, C(t), for
entangled melt and elastomer chain segments far above Tg. Adapted from reference [174].

C(t) = C|ta − tb| = ⟨P2(cosθta)P2(cosθtb)⟩ (4.15)

Fast segmental motions such as Rouse modes contribute to the initial decay. There-

after, a plateau is reached due to contributions from entanglements and cross-links. A

further drop in the correlation times is observed for entangled polymers caused by

reptation. Polymers with a higher molecular weight exhibit slow reptation and hence

longer correlation times. In the presence of cross-links, the plateau is affected only

marginally at longer correlation times due to slow motions. The height of the plateau

(S2
b ) gives a measure of the magnitude of constraints, which increases asMc gets shorter

with respect to the entanglement molecular weight, Me.

4.4.2 Proton multiple-quantum NMR spectroscopy

The coupling constant between two or more coupled spins can be measured through

multiple-quantum (MQ) experiments, whereby excitations of higher-order coherences

occur through which the presence of dipolar couplings can be probed quantitatively.

An MQ pulse sequence that has achieved tremendous growth in the past two decades is

based on the pulse sequence of Baum and Pines [125], which overcomes the limitations

of T2-based experiments such as Hahn-echo and CPMG, also used for determining Dres

[187]. Based on a pure DQ Hamiltonian, the pulse sequence excites all even quantum

coherences, mostly double-quantum (DQ) as well as zero-quantum (ZQ) coherence that

can be selected by use of phase cycling. The pulse sequence employing different phase

cycles records two signals, viz., a DQ build-up signal (IDQ) and a reference signal with

decaying intensity (Iref ), as a function of the sequence duration, τDQ (Figure 4.5).

At short evolution times, the build-up is dominated by DQ coherences and reflects

on the strongest residual couplings in the small subsystems of spins in the monomer
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Figure 4.5: Representation of the various signals measured by and derived from the multiple-
quantum (MQ) experiment discussed here. The InDQ signal is derived by subtracting the
defects from the sum signal (IΣMQ) of the reference Iref and double-quantum IDQ signals.
The normalized build-up curve is fitted using Equation 4.16.

units that dominate the signal intensity [188]. This makes extraction of very specific

localized information of the polymer system possible. Iref complements IDQ wherein it

contains all magnetization that has not evolved into DQ. For the quantum-mechanical

background [188], and detailed discussions of the basic principles [176] and phase cycle

[189] of the pulse sequence, readers are requested to refer to the cited literature. Fur-

ther, a modified pulse sequence that uses a T2 filter based on Magic And Polarization

Echo (MAPE) for suppressing signals from crystal and crystal–amorphous interfaces in

rubber/plastic blends has been published by Papon et al. [177]. Discussion pertaining

to data interpretation will follow.

The intensity decay in both these signals, arising from relaxation effects (T2, T1,

and T1ρ), is found to be almost identical in networks (but not in reptating melts).

This enables the removal of these molecular motions-related contributions by point-

by-point division of the IDQ intensity by the sum intensity, IΣMQ (= IDQ + Iref ). A

further correction is necessary to account for the defects. In most cases, this is a single

exponential decay that is subtracted from IΣMQ. Thus, the normalized DQ intensity,

(InDQ) is a signal that approaches the 0.5 intensity limit due to equal distribution of

excited coherences into all even quantum orders [125]. This procedure makes the data

temperature-independent over a wide range [176, 188] and reports only on the network

structure.

The structural information can be obtained by fitting the InDQ curve using a nu-

merical integral that assumes a log–normal distribution of couplings, ln(Dres):
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InDQ(τDQ) =

∫
P (ln(Dres)) InDQ(τDQ, Dres) d ln(Dres) (4.16)

It is composed of two entities, one of which is an Abragam-like kernel function,

which is suitable to describe, both, homogeneous and heterogeneous spin systems [190]:

InDQ(τDQ, Dres) = 0.5[1− exp{−(0.378ϵDresτDQ)
1.5} × cos(0.583ϵDresτDQ)] (4.17)

The efficiency factor, ϵ, takes a value of unity for the static Baum–Pines experiment.

The other component of the integral is the a priori log–Gaussian distribution function

to describe the distribution of couplings in the sample volume:

P (ln(Dres)) =
1

σln

√
2π

exp

[
−{ln(Dres)− ln(Dmed)}2

2σ2
ln

]
(4.18)

In the case of a network having two distinct phases, such as in an elastomer blend,

the fitting function can be accommodated to account for the two components in a

bimodal fitting function. This has been demonstrated in the publications pertaining

to this thesis.

4.4.3 Enhancement of spectral resolution for phase-resolved

measurements

The second Legendre polynomial describes the orientation-dependence of internal NMR

interactions. The value of the dipolar interaction is zero when the motion is isotropic

( =⇒ complete averaging). The naturally occurring line broadening in solid samples

can be removed by inducing such isotropic motions of chain segments by physically

rotating the sample at a defined angle to B0, as demonstrated separately by Andrew

and Lowe in the late 1950s [191, 192]. In an experiment known as magic-angle spinning

(MAS) NMR spectroscopy, a ceramic rotor containing the sample is pneumatically

spun rapidly at an angle of 54.74°, called the magic angle, to the static magnetic

field. The anisotropic interactions are thus spatially averaged to zero to yield narrow,

resolved resonance peaks. Thus, the approach is handy for picking resonance peaks in

complicated polymeric systems like blends and copolymers. It must be noted that high

spinning frequencies are necessary to average out proton–proton dipolar interactions

in rigid organic solids. For achieving fully narrowed signals, the spinning rate must be

significantly greater than the line-width from a static experiment (sidebands [112] are

still broad in rigid 1H solids!).

Figure 4.6 schematically shows the narrowing of NMR peaks upon spinning a sample
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in a rotor at a sufficiently high frequency. For soft polymers like rubbers, however, one

should exercise caution with the spinning rates, as very high spinning rates are not

necessary and can deform the sample.

θm

βθ

B0
Principal z-axis
of interaction tensor

Interaction
tensor

02468

Chemical shift, δ [ppm]

02468

Chemical shift, δ [ppm]

Figure 4.6: Relative intensities from a 90°-pulse experiment of a sulfur-cross-linked SBR
measured in a static mode (left) and the resolved characteristic peaks obtained through
magic-angle spinning at 10 kHz (right), both measured at 80 °C. The image in the center
(adapted from reference [112]) is a schematic representation of a MAS experiment (see text
for details).

The descriptions of the angles in Figure 4.6 and their relationship are given in the

following equation:〈
1

2
(3 cos2 θ − 1)

〉
=

1

2
(3 cos2 θm − 1)× 1

2
(3 cos2 β − 1) (4.19)

The angle between the spinning axis and a molecular direction is represented by β,

and is fixed for a given nucleus. Depending upon the interaction in consideration, the

latter can be regarded as the principal z-axis of a shielding tensor or the internuclear

vector (and also the distance) of a dipolar interaction. For rubbers and polycrystalline

samples, β takes all possible angles, as does θ. When the angle between B0 and the

spinning axis (θm) is 54.74°, the quantity in the corresponding bracket is zero, and

thus the value of the quantity on the left-hand side of the equation is also zero when

averaging θ by fast spinning takes place.

However, the high resolution comes at a cost; with the anisotropic broadening,

MAS also suppresses dipole–dipole coupling information [193]. By a dipolar recoupling

approach, dipolar information can be coherently and selectively reintroduced by the

application of a carefully chosen sequence of RF pulses. The phase-resolved studies

in this work are based on a homonuclear DQ recoupling pulse sequence known as the

BaBa–xy16 [124].
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4. NMR Spectroscopy

The 2D pulse sequence is based on a popular Back-to-Back (BaBa) pulse sequence

developed by Feike et al. [194], and uses xy16 phase cycling providing increment in

DQ build-up points as low as 1 rotor period, τR (one data point for every rotation

of the rotor). The experiment produces the same two sets of signals: IDQ and Iref ,

and conveniently demands the same data processing rigor of signal normalization, as

demanded by the Baum–Pines pulse sequence. In relation to the Baum–Pines pulse

sequence, BaBa–xy16 has a 78% efficiency. Thus ϵ is reduced to 0.78 in the kernel

function in Equation 4.17. Although the Baum–Pines pulse sequence is a robust tool,

as established by its usage in understanding different polymer material systems, it

is not designed to be used in conjunction with MAS. Hence, the chemically-resolved

studies presented in the following chapters use BaBa–xy16 pulse sequence.
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5. NMR Studies on the Phase-Resolved Evolution

of Cross-Link Densities in Thermo-Oxidatively

Aged Elastomer Blends1

Differences in cross-link densities within the phases of a rubber/rubber blend can arise

due to their inherent chemical nature and their reactivity towards cross-linker such as

sulfur. Factors such as polymer ratio, processing conditions, and morphology further

influence polymer–cross-linker reactivity, leading to blends having phases that have

cross-linked to various degrees. When such unequally cured phases are present, ex-

posure of the material to high temperatures can exacerbate the cure properties due

to oxidation reactions. Due to the lack of quantitative methods to detect these dif-

ferences and changes in cross-link densities within the individual phases, a complete

understanding of blend behavior is still missing.

In this paper, MAS NMR spectroscopy-based pulse sequence [124] is successfully

used to differentiate the cross-link densities in the phases of an NR/SBR blend. The

unique evolution of cross-link densities in the NR and SBR phases of the blend due to

thermo-oxidative aging at 80 °C up to a duration of about 1000 h is also measured.

The study is supplemented by results from a low-field NMR experiment for cross-link

density measurement and by T2-distinguished polymer fractions.
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ABSTRACT: A knowledge of the distribution of cross-link densities (CDs) in the
constituent rubber phases of an elastomer blend is essential to understand its
overall service properties, but phase-resolved CD estimations have so far been
limited to qualitative assessments. In a first study of its kind, we demonstrate a
phase-resolved quantification of the CDs in sulfur-cured blends of natural rubber
(NR) and styrene−butadiene rubber (SBR) using solid-state 1H homonuclear
dipolar double-quantum (DQ) magic-angle spinning (MAS) NMR spectroscopy.
The blends were also subjected to prolonged thermo-oxidative aging to monitor
the chemical changes in the two phases. Analyses of the residual dipolar coupling constant (Dres), arising due to spatial restrictions by
cross-links to molecular motions, as observed in MAS and static 1H DQ experiments, suggest that unaged NR and SBR cross-link to
similar extents. A minimum in Dres after around 500 h of aging duration is observed in NR, associated with the formation of highly
mobile defect fractions, as seen from free induction decay (FID) combined with transverse relaxometry, with further cross-linking up
to 1000 h. SBR appears more stable, with a gradual increase in Dres over the aging duration. Phase-resolved experiments reveal a
somewhat less cross-linked SBR phase in an unaged 50:50 blend. The phase-specific distribution of CDs in the blend phases
becomes significant upon aging, which suggests that NR ages more strongly in the blend as compared to the aged single vulcanisates,
thus dictating the blend properties.

1. INTRODUCTION

Blends of two or more polymers offer significant technological
and economical opportunities for tailoring a wide spectrum of
properties of the elastomers, making them suitable for a wider
range of applications than the single vulcanisates of their
constituent polymers.1 However, controlling the effective
performance of the individual blend phases can be tricky. In
general, the blend properties are affected by the polymer
component ratio; phase morphology; interfacial adhesion/
cross-linking; and distribution of fillers, plasticizers, and cross-
links between the elastomers, as summarized in the review by
Chapman and Tinker.2 Studying the distribution of cross-links
is of importance as it gives a molecular-level understanding
that can be correlated to the macroscopic properties of the
blend. The extent of unsaturation in the participating rubbers
and their solubility to the vulcanization reactants (sulfur,
accelerator, and species derived from these during vulcan-
ization process) that cause cross-linking, dictate the distribu-
tion of cross-links.3 Based on these factors, the reactants can
distribute themselves preferentially in the rubber phases upon
migration due to mixing and, thus, result in a corresponding
distribution of properties upon curing.4

The cross-link density, which is proportional to the inverse
of average molecular weight between cross-link junctions, is a
largely empirical quantity that describes the constraints to the
chain mobility post cross-linking, and this understanding can
be translated to the macroscopic behavior. Experimental

approaches involving equilibrium swelling of the vulcanisate
(based on the Flory−Rehner equation),5 rheometry,6 rubber
elasticity theory (based on the Mooney−Rivlin equation),7 and
atomic force microscopy (AFM)8 have been exercised for
determination of the cross-link densities of elastomer blends.
However, a phase-resolved quantification of cross-link densities
from these methods is not achieved. The first three approaches
lack resolution as they cannot distinguish between the cross-
link densities across the blend phases, but give an average
value,9 whereas AFM gives only qualitative information based
on image contrasts in the phases.
Nuclear magnetic resonance (NMR) spectroscopy has

grown to be a viable tool for probing molecular structure
and dynamics. However, a rather limited number of works is
available concerning phase-resolved measurements. Early
phase-specific studies have been performed using high-
resolution static 1H NMR spectroscopy by Tinker et al.10−12

Here, the linewidths of peaks in spectra of solvent-swollen
samples were used as a measure for the cross-link densities.
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This approach is qualitative at best, and one cannot be sure
whether the resolved peaks may be dominated by mobile
defects, whereas the actual network chain signals may be too
broad to be resolved.
In a somewhat different yet complex system of dynamically

cured polypropylene (PP)/ethylene propylene diene monomer
(EPDM) thermoplastic vulcanisates, solid-state NMR has been
used to resolve the overlap of PP signatures to identify the
cross-link density using magic-angle spinning (MAS) techni-
ques.13,14 In the former study, changes in cross-link density in
the EPDM phase were only qualitatively discussed through
line-width analyses of 1H spectra from one-pulse experiments.
In the latter, results from 1H−13C cross-polarization (CP)
technique under MAS were used in tandem with different
models to qualitatively describe the extent of cross-linking by
analyzing the CP curves.
In a relatively recent study,15 static proton multiple-quantum

(MQ) technique was used to elucidate the cross-link density
and the width of its distribution in polyisoprene/butadiene
rubber blends. The approach did not yield phase-resolved
results, and the components were found to be made up of
comparable dipolar couplings. In a similar study using the MQ-
NMR technique,16 no distinction between the phases of
natural rubber (NR) and styrene−butadiene rubber (SBR)
blends could be made as it was found that the distribution of
dipolar couplings of NR and SBR overlaps to a high extent.
As can be seen, research concerning the quantification of

cross-link densities in rubber blend components is still lacking.
It will be the aim of this work to demonstrate a method based
on a homonuclear dipolar double-quantum (DQ) recoupling
sequence17 that effectively quantifies the distribution of cross-
link densities in the blend phases. As in static 1H MQ-NMR,
an NMR measurable quantity called the residual dipolar
coupling constant, Dres, can be obtained and used to quantify
the cross-link density of the system.
Residual dipolar couplings arise due to only partial

orientational averaging of proton dipole-dipole couplings
caused by molecular motions constrained by cross-links,
crystals, trapped entanglements, etc. The residual dipolar
coupling can be used to measure the average molecular weight
between cross-links through the chain dynamic order
parameter, Sb, by the relation

= = ∝S
D
D N M

3
5

1
b

res

ref c (1)

where Dref is the segmental reference coupling that takes into
account preaveraging due to motions within a Kuhn seg-
ment,18 N is the number of segments between cross-links or
topological constraints, and Mc is the network chain molecular
weight. In this study, the cross-link densities will be reported in
terms of the residual dipolar coupling constants, which have
units in hertz.
The above method will be applied to blends of NR and SBR.

NR/SBR blends are important from an industrial point of view.
NR shows low hysteresis, high elasticity, and self-reinforcing
property due to strain-induced crystallization. SBR shows
excellent abrasion resistance and relatively good heat-proper-
ties. Hence, NR/SBR blends are used in technically demanding
applications such as in tyres and conveyor belts. In tyres, their
blends offer high abrasion resistance, wet-skid resistance, and
lower rolling resistance.19

In view of these extreme applications, the phenomena of
aging come into play. Aging is an important aspect of the
engineering application of elastomers. Aging leads to changes
in molecules over time, thus affecting the overall property of a
product. NR and SBR are immiscible and react differently in
the presence of heat and oxygen. In general, NR initially
undergoes chain scission, while cross-linking reactions
dominate upon progressive aging with excessive oxidation
leaving NR hard and brittle, whereas SBR undergoes
cyclization and cross-linking reactions upon aging leading to
a hardening of the material.20−27 In particular, studies of the
mechanical properties of short-term aged NR/SBR blends have
broadly revealed that tensile strength and elongation-at-break
reduce, with a simultaneous increase in hardness with the
duration of aging.28−30 Additionally, a reduction in resistance
to crack growth has been observed from fatigue crack growth
analysis.31 A novel way of qualitatively predicting the different
aging mechanisms leading to these properties can be achieved
by plotting the extension ratio at break with respect to
modulus at 100% strain.32,33 Such plots, applicable to non-
strain-crystallizing rubbers at different cross-link densities due
to aging, provide a broad indication of the aging mechanisms.
However, such a classification depends on the ultimate
properties, which are beyond the scope of this study.
The amount of polysulfidic bonds present in the blend as a

result of the type of sulfur vulcanization system used will also
be expected to affect the aging phenomenon dramatically, as it
is known that polysulfidic bonds are rebuilt into disulfidic and
monosulfidic in the presence of heat.24 From an NMR
perspective on aging, relaxation times have been the subject of
study in a review by Asano,34 and in understanding the effect
of radiation-thermal aging on jacketing and insulation materials
of cables used in nuclear power plant applications.35 MQ (or
more specifically DQ) NMR has also been used as a tool to
study aging phenomena.36,37 However, studies in this direction
for blend systems are still missing and attempts will be made in
this work to open up new perspectives.
In this study, we highlight the great potential of 1H DQ

MAS NMR for characterizing and quantifying molecular-level
modifications in complex elastomer systems in a phase-
resolved fashion. To illustrate this, the effect of prolonged
thermo-oxidative aging on the changes in molecular motions in
the different components of the NR/SBR blends will be
studied. The resulting degree and distribution of cross-linking
will be first investigated by 1H low-field MQ-NMR spectros-
copy. The appearance of quasi-rigid components with a much-
increased glass transition temperature, Tg, appearing upon
aging will be further assessed through free induction decay
(FID) and Hahn-echo T2 relaxometry. Phase-resolved studies
of the cross-link density will be made by high-field 1H DQ
MAS NMR spectroscopy.

2. EXPERIMENTAL SECTION
2.1. Materials and Preparation. Natural rubber (grade SMR10,

Tg = −60 °C) was supplied by Weber and Schaer GmbH & Co. KG
(Hamburg, Germany), and solution-polymerized styrene−butadiene
rubber (grade SPRINTAN SLR 4602-Schkopau, Tg = −25 °C), with a
styrene content of 21.1% and a vinyl (1,2-polybutadiene) content of
62.1%, was supplied by Trinseo Deutschland GmbH (Schkopau,
Germany). Formulations containing natural rubber were prepared
after masticating the rubber for 3 min on a two-roll mill. All
formulations were vulcanized based on a conventional vulcanization
system composed of sulfur (2.5 phr), n-cyclohexylbenzothiazol-2-
sulfenamide (CBS) accelerator (1.5 phr), and an activator system
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consisting of stearic acid (1 phr) and zinc oxide (3 phr). No
stabilizing agents were added to the rubber mixtures. The ingredients
were mixed in a Thermo Haake Rheomix 600p lab-scale internal
mixer to a fill factor of 0.7, with a rotor speed of 50 rpm at a
temperature of 50 °C for 10 min. Curing curves of the mixture were
measured on a Göttfert Elastograph moving-die rheometer according
to DIN53529. A curing (or a vulcanization) curve gives information
about the curing kinetics, of cross-link formation and sometimes
destruction, of a rubber recipe at the desired curing temperature.20,25

Curing curves for NR, SBR, and a 50:50 (by phr) blend of NR/SBR
(NRSBR5050) are shown in Figure 1.
As can be seen, NR has a shorter scorch time (duration for the

onset of vulcanization) due to a higher concentration of unsaturation
compared to SBR. The t90 cure times, which correspond to 90%
torque, were measured to be 4 min for NR and 22 min for SBR.
Beyond the maximum torque, NR undergoes a “reversion” reaction
when subjected to prolonged heating, resulting in a reduction in the
torque that arises due to desulfuration and a dominant thermal
decomposition with main chain modification in NR.38,39 The
magnitude of this reduction is governed by the type of sulfur
vulcanization system used. A conventional vulcanization system
generates a high amount of di- and polysulfidic bonds.40 Upon
extended curing, these weak higher-order sulfidic bonds get converted
to monosulfidic bonds.39 The other types of sulfur vulcanization
systems, viz., efficient and semiefficient vulcanization systems, have a
lower amount of these thermally unstable sulfidic bonds and thus
show lesser changes upon overcuring. In SBR, the irreversible binding
of the accelerator to the rubber deactivates the activator complex thus
preventing desulfuration and giving a broad plateau upon over-
curing.38 For the blend, the presence of a reversion behavior in the
overcuring region that is characteristic of NR suggests that the overall
blend curing property is dominated by the reactions within the NR
phase. A rather shorter t90 curing time of 8 min than the weighted
average suggests that SBR has a shorter scorch time in the blend. As
was reported recently,41 this can be attributed to a higher reaction rate
of SBR than that of NR in the blend, possibly due to π−π interactions
between the aromatic rings of CBS accelerator and styrene in SBR
rendering a preferential distribution of CBS in the SBR phase. A
similar behavior in t90 cures times of 15 and 5 min was obtained for
two more variants of the blend, 10:90 and 90:10 (by phr),
respectively, of NR/SBR, thus emphasizing the enhanced reaction
rate of SBR in the blends.
The different formulations were molded into sheets of 120 × 120 ×

1 mm3 by compression molding at 160 °C for their respective t90
times. For thermo-oxidative aging, strips of 10 mm width and 80 mm
length were punched out from the molded sheets and placed in an
oven with a continuous flow of air at 80 °C for up to 1000 h.
2.2. Methods. 2.2.1. Static Low-Field Time-Domain 1H MQ-

NMR. Time-domain static MQ experiments in the solid state were
performed on a Bruker minispec mq20 benchtop spectrometer that
operates at a 19.95 MHz (B0 ≈ 0.5 T) resonance frequency with a 90°
pulse length of 1.6 and 15 μs of receiver dead-time. Small disks of 8

mm diameter were punched out of the vulcanized rubber plates and
stacked to a height of 4 mm inside a glass tube that was then placed in
the spectrometer. Experiments were performed at 80 °C, controlled
by a Bruker BVT 3000 temperature controller for all specimens,
sufficiently above the glass transition temperatures of NR and SBR. A
longer recycle delay (5 times the longitudinal relaxation time, T1) was
required for NR, owing to a higher temperature difference between its
Tg and the test temperature, when compared to SBR. As will be
apparent later, the recycle delay had to be further increased for the
NR samples that had undergone chain-scission reactions due to
thermo-oxidative aging.

An MQ pulse sequence featuring a pure DQ Hamiltonian,42 based
on the works of Baum and Pines,43 excites all even quantum
coherences in a multispin system and gives two signals at variable DQ
evolution duration, τDQ. A DQ signal (Figure 2), IDQ, arises due to
contributions from 4n + 2 quantum orders. At shorter times, the
response is dominated by contributions from coupled spins to the
second quantum order (n = 0). A decaying reference signal, Iref,
contains contributions from 4n quantum orders and dipolar-encoded
longitudinal magnetization (quantum order 0). A more detailed
explanation of the pulse sequence can be found elsewhere.44

Additionally, Iref contains contributions from uncoupled spins that
have isotropic mobility. In a rubber network, these are the molecular
units associated with loops, dangling chains and sol that behave
inelastically. The two signals eventually decay at longer evolution
times due to transverse relaxation whose presence must be accounted
for. A normalization via point-by-point division of IDQ by a sum signal,
IΣMQ = Iref + IDQ, after accounting for the defects by “tail subtraction”
gives a normalized DQ (nDQ) build-up curve, InDQ based on the
condition InDQ = IDQ/(IΣMQ − tail), where InDQ reaches a plateau at
0.5 intensity based on a quantum-mechanical requirement45 that
makes the data temperature independent to a good degree.

The fitting function46 to the build-up curve is based on an
Abragam-like kernel function45 (eq 2), which is suitable for
homogeneous as well as inhomogeneous spin systems, of NR and
SBR, respectively

τ τ

τ

= [ − {− }
× ]

I D D

D

( , ) 0.5 1 exp (0.378 )

cos(0.583 )

nDQ DQ res res DQ
1.5

res DQ (2)

The probability distribution of residual couplings in the sample,
P(ln(Dres)), is assumed to be log-normal and depends on the median
value of the distribution, represented as Dmed

σ π σ
= − { − }Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
P D

D D
(ln( ))

1
2

exp
ln( ) ln( )

2res
ln

res med
2

ln
2

(3)

The logarithmic standard deviation, σln, characterizes the width of the
distribution. It is positive and dimensionless and represents the
(in)homogeneity of the cross-link density in an elastomer system. The

Figure 1. Vulcanization curves demonstrating the relative onset of
cross-linking.

Figure 2. Experimental reference (Iref) and double-quantum (IDQ)
signals and a normalized (InDQ) signal obtained after optimum tail
subtraction from sum signal (IΣMQ) for NR.
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fitting function is computed as a numerical integral over all coupling
constants as shown below

∫τ τ=I P D I D D( ) (ln( )) ( , ) dln( )nDQ DQ res nDQ DQ res res (4)

The cross-link density, now in the form of Dmed, is qualitatively
reflected in the initial rise of the build-up curve, which can be
approximated by an inverted Gaussian for narrow distributions. The
fitting function is modified for blends or other highly phase-separating
samples to account for a potential bimodality in the distribution of the
residual dipolar coupling constants.
2.2.2. Chemically Resolved High-Field 1H DQ MAS NMR. MAS

experiments provide high-resolution spectra by removing line
broadening, arising from dipolar coupling or anisotropic chemical
shifts, through spinning at high frequencies at the magic angle
(54.74°).47 Chemically and thus phase-resolved experiments were
performed at high field on a Bruker Avance III, 400 MHz
(B0 ≈ 9.4 T) spectrometer with a 4 mm triple-resonance MAS
probe. A single rubber disk of 1 mm thickness, punched into a ring
with an outer diameter of 3 mm and an inner diameter of 2 mm, was
placed in a Zirconia rotor with a Vespel cap and held firmly in
position by poly(tetrafluoroethylene) spacers on either side. The
choice of using the specimen in a ring form is discussed in the
Appendix. For a comparative study, high-field experiments were also
performed at 80 °C using a Bruker BVT 3000 temperature controller.
A homonuclear dipolar recoupling pulse sequence, BaBa-xy16,17

provides DQ build-up curves as discussed above to enable phase-
resolved coupling information. The rotor-synchronized pulse
sequence consists of 32 90° pulses that correspond to eight rotor
periods, τR, each for the excitation and reconversion blocks. They
embody a virtual π pulse train that removes offset and chemical-shift
effects to first order.
As examples, simple one-dimensional (1D) spectra of cross-linked

NR and SBR samples obtained after a single 90° pulse of 2.5 μs pulse
length under 10 kHz MAS frequency are shown in Figure 3a,b,
respectively. The assignment of the spectral peaks in SBR can be
found in Table 1. The random arrangement of comonomers in SBR
leads to broadening of the peaks. The resolution can be marginally
improved at higher temperatures and spinning frequencies, but this
could lead to chemical changes in the polymers due to heating during
the experiment time. More importantly, higher rotor frequencies
deform the soft elastomer samples due to the high centrifugal forces
and would introduce anisotropic effects in the samples that lead to
distorted build-up curves that rise significantly beyond the 50%
intensity limit. To avoid such deformations and yet meet the
bandwidth requirements of BaBa-xy16, the rotors were spun at 10
kHz MAS frequency. Effects of spinning frequency on excitation of all
proton spectral frequencies in a given spectral window are discussed
in the Appendix. Here, it is acknowledged that the 10 kHz spinning
frequency yields Dmed values that complement results from the robust
low-field measurements.
Reference decay and DQ signals with data points for even rotor

cycles were obtained by taking 1D projections of the respective two-
dimensional (2D) peaks and following the data treatment procedure
as discussed for the static experiments. The family of nDQ build-up
curves for the peaks in SBR is plotted in Figure 3c. The curves are
decisively different, and the conclusions with regard to the
heterogeneity of SBR are drawn and discussed below. Notably, as
published already previously,17 the build-up curves of the three
resonances in NR are virtually identical, corroborating the local and
global homogeneity of this elastomer. The fitting function for the
BaBa-xy16-based curves is modified with an efficiency factor of 0.7817

as compared to that of the Baum−Pines sequence and takes the form
as given in eq 5. The obtained coupling constants are summarized in
Table 1. Here, it is to be noted that no deconvolution of the peaks
was performed and that the residual dipolar couplings have been
presented as an integral over the groups of peaks in the different
chemical shift ranges.

τ τ

τ

= [ − {− }
× ]

I D D

D

( , ) 0.5 1 exp (0.295 )

cos(0.455 )

nDQ DQ res res DQ
1.5

res DQ (5)

A build-up curve from a static Baum−Pines experiment with fit
using eq 2 as a kernel function is also plotted in Figure 3c and listed in
Table 1 for comparison and is a subject of discussion in the next
section. The differences in scaling factor between BaBa-xy16 and
Baum−Pines (for the static experiment) are evident from the slopes
of the build-up curves. A relatively lower value of the weighted
average of residual dipolar coupling constants, obtained from the

Figure 3. (a) One-dimensional (1D) spectrum of NR and (b)
magnified 1D spectrum of cross-linked SBR. (c) nDQ build-up curves
corresponding to the different spectral lines (designated by lowercase
Roman numerals) of SBR in (b) obtained by BaBa-xy16. The solid
lines represent the modified fits for BaBa-xy16 (see Table 1). The
suffix “PS” corresponds to protons of polystyrene. Likewise, suffixes
“1,4” and “1,2” refer to the respective variants of polybutadiene
present in SBR. The “vinyl”, here, corresponds to the protons of the
vinyl group only in 1,2-polybutadiene. A DQ build-up curve of SBR
from a low-field experiment based on the Baum−Pines pulse sequence
is plotted for comparison.

Table 1. Phase-Resolved Median Values of the Residual
Dipolar Couplings and Their Distribution Widths for
Vulcanized SBR

unaged

chemical shift, δ (ppm) Dmed/2π (kHz) σln

C6H5
PS 7.2−7.7 0.233 0.278

CH1,4, CH1,2 (vinyl) 5.5−6.1 0.258 0.352
CH2

1,2 (vinyl) 5.3 0.284 0.337
CHPS, CH2

1,4 2.1−2.8 0.292 0.420
CH1,2 1.9 0.315 0.449
CH2

PS, CH2
1,2 1.2−1.8 0.313 0.518

spectral average 0.278 0.455
Baum−Pines (static) 0.297 0.470
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number of protons corresponding to each peak, can be attributed to
experimental imperfections associated with pulse imperfections.

3. RESULTS AND DISCUSSION

3.1. Cross-Link Densities and Their Distributions in
Unaged Vulcanisates. The (in)homogeneities in the single
elastomers will be discussed first. Chemically resolved results
for SBR are shown in Figure 3b and Table 1. A similar study
was performed on vulcanized NR which has resonance peaks of
CH, CH2, and CH3 at 5.5, 2.4, and 2.0 ppm, respectively, as
shown in Figure 3a. The coupling strengths for each of these
proton species are identical in magnitude48 and gave a spectral
average coupling strength of 0.287 kHz and σln = 0.100. This
low-distribution width in NR comes about due to the
homogeneous nature of the polymer and the resulting
networks.
In contrast, previous low-field MQ-NMR studies49 have

revealed that SBR generally exhibits much broader Dres
distributions than NR. This was attributed to “spin
inhomogeneity” related to different behaviors of the different
comonomers. We are now in a position to check this
assumption.
Evidently, the Dmed values in Table 1 vary across the

different molecular moieties by about ±15%. For instance, a
relatively lower residual dipolar coupling constant of the
protons on the phenyl ring can be attributed to the freedom in
motion of the ring about its axis. A high 1,2-polybutadiene
content along with styrene contributes to a high Tg in SBR.24

This comes about due to the presence of vinyl substituted
molecules that cause motional restrictions to the short main
chain monomer units of 1,2-polybutadiene. Also, the bulky
phenyl ring in styrene stiffens the polystyrene main chain. This
results in higher values of Dmed for the proton groups especially
in the (v) and (vi) spectral positions. Notably, though, all of
these structure-related differences are smaller than the
variations in the logarithmic distribution widths σln (a value
of 0.5 implies a variation over roughly half a decade). It can
thus be concluded that SBR features intrinsically a more
inhomogeneous cross-linked structure than NR, possibly due
to an interplay of the copolymer structure and the vulcan-
ization reactions. More insights into the origin of distribution
widths can be found in the discussion related to Figure 5b.
The integral low-field DQ build-up curves in Figure 4 for

unaged NR and SBR, obtained after the data processing as
described in the previous section, feature the typical differences

between the two materials. The presence of cis-1,4
polyisoprene in NR as the main component makes NR a
very homogeneous polymer that has an approximate inverted
Gaussian shape of the build-up curve. The homogeneity
contributes to an overshoot of the build-up curve beyond the
0.5 intensity limit arising from a damped oscillation of
quantum-mechanical origin. On the contrary, SBR shows a
gradual rise to 0.5 intensity without a distinct overshoot. This
is a characteristic of a more heterogeneous system, as discussed
above. This difference in spin (in)homogeneity in NR and SBR
is reflected in the distribution width σln. Despite these
differences in their distribution widths, NR and SBR give a
similar quantity for the Dmed. This is probably a coincidence, as
the reference couplings for NR and SBR to be used in eq 1 for
conversion into cross-link density18 are likely different (it is
unknown for SBR).
The fitting function in eq 4 was modified to a bimodal case

to assess the possible occurrence of the distribution of cross-
link densities in NRSBR5050. Higher vinyl content is known
to increase the miscibility of NR with SBR.50 Nevertheless, due
to their different chemistries, they phase-separate on a
molecular level in a blend and can be expected to exhibit
different cross-link densities in their phases. However, the
bimodal fitting function yielded a single value for the cross-link
density that is analogous to the extent of cross-linking as
observed in the single vulcanisates discussed above. Sulfur has
a high solubility in polymers containing a diene or styrene
group1 and is, hence, expected to distribute homogeneously
with no preference across the two blend phases. The
distribution width of the blend takes a value that is
approximately the weighted average of the widths of the single
vulcanisates. The spread of cross-link densities can be
visualized in the distributions plotted in Figure 5a. Such
distribution plots can be obtained by subjecting the normalized
build-up data to a regularization procedure of any ill-posed
data45 by a technique called ftikreg (Fast-Tikhonov regulariza-
tion). The analyses reflect the trend of coupling distribution
shapes observed through fitting of the build-up curves. NR has
a symmetric and narrow distribution of coupling strengths
pertaining to all of the proton environments as was mentioned
earlier. Remarkably for the SBR sample, ftikreg gives a skewed
distribution of coupling strengths arising from the different
monomers and shows the fraction of relatively highly motion-
restricted spins that could not be resolved by the regular fitting
method. A detailed analysis of this will follow below. The
50:50 blend, as can be expected, features a distribution of the
weighted average of the two blend components. Further, the
bimodal fitting function did not indicate any bimodality in the
distribution as both NR and SBR have an overlap of residual
dipolar coupling constant distributions to a great extent.
Likewise, the distribution trends of NRSBR1090 and

NRSBR9010 strongly follow the ratios of their constituent
polymers, becoming narrower with an increase in NR. Direct
fits of nDQ build-up data for these samples (not shown here)
produced single values of Dmed of identical magnitude as for
the 50:50 blend, thus proving that sulfur has no preference of
distribution in either phase when their ratios are changed in
the samples discussed here. In line with the ratios of the
constituent rubbers in a blend, σln varies as their weighted
average, thus demonstrating the sensitivity of our experimental
technique toward any changes in the microstructure.
Chemically resolved distributions of coupling constants in

SBR obtained from MAS build-up curves in Figure 3b are
Figure 4. Fitted DQ build-up curves for unaged NR, SBR, and their
50:50 blend.
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plotted in Figure 5b. The distribution of coupling strengths
corresponding to the spectral position (ii) gives a clear
bimodal distribution with values presented earlier. The
strongly coupled spins with a Dmed ≈ 0.530 kHz contribute
to about 22% of the coupling fraction (from fitting) and could
be stemming from the CH moiety on the vinyl side group.
However, the exact molecular origin of this strong coupling
cannot be ascertained. In addition to the bimodality, broad
shoulders are observed for spectral positions (iii)−(vi), which
could be mainly due to motional restrictions to the main chain
protons of 1,2-polybutadiene and polystyrene posed by vinyl
side group and the phenyl ring, respectively. These also
contribute to an overall wide coupling distribution in SBR as
was observed from the low-field measurements, all pointing to
an overall rather inhomogeneously cross-linked structure of
SBR.
3.2. Effect of Thermo-Oxidative Aging. 3.2.1. Evolution

of Cross-Link Densities in Aged Samples. Thermo-oxidative
aging causes irreversible chemical changes in the architecture
of the polymer chains and this can be readily detected through
NMR spectroscopy. The 50:50 blend subjected to 1000 h of
aging (see Figure 6a) shows a stark variation in its DQ build-
up trend when compared with its unaged variant. The coupling
constant has a reduced value that can be regarded as a result of
chain scissions due to prolonged aging. A rather broad
distribution of coupling constants indicates the modification of
the chains to different lengths, thus contributing to different
coupling strengths.
The evolution of cross-link densities in the NR, SBR, and

their blend at various aging intervals is summarized in Figure
6b. The median value of the cross-link density remains

relatively unchanged up to 200 h for all of the three
compositions. However, a gradual increase in coupling
distribution widths in NR and its blend with SBR at these
aging durations reflects a modification of the network
architecture. Upon further aging, NR demonstrates a sudden
decrease in the cross-link density around 500 h, which
accounts for a reduction in Dmed by about 40% to its original
value. Here, the exact aging duration at which the minimum is
reached and how long it stays, before it increases due to cross-
linking and oxidation leading up to 1000 h in the samples,
cannot be ascertained. The heterogeneity increases further due
to the different chemical modifications and localized motional
restrictions. It is important to note here that the build-up curve
for the 1000 h aged NR sample showed a sudden increase in
intensity (about 10%) for data points approximately up to the
100 μs DQ evolution time and then continued with the
expected trend. This jump is an indication of the presence of
very strongly coupled components in the sample. The bimodal
fitting function performed a fair fit to quantify the coupling
constant of a motionally more constrained component
(≈0.400 kHz). The value of the coupling constant shown in
Figure 6a is obtained as a weighted average of the two
components of different coupling strengths and is still a
somewhat underestimated value as the function could not
precisely take an actually constrained fraction (with signifi-
cantly increased Tg) into consideration.
The coupling strength in SBR increases by about 40 Hz

within 1000 h of aging. Thus, the chain lengths remain
relatively unchanged with only a minor increase in the
distribution width (≅0.70). The blend follows a similar trend
to NR, albeit to a lesser extent, but suggests that NR is the
dictating phase of the two. A proportionately lesser amount of

Figure 5. Residual dipolar coupling distributions obtained by ftikreg
from normalized DQ build-up curves for (a) unaged samples at low
fields and (b) different resonance peaks of SBR obtained at high
fields.

Figure 6. (a) DQ build-up curves of 1000 h thermo-oxidatively aged
NRSBR5050 and unaged NRSBR5050 (replotted for comparison).
(b) Plots of the evolution of residual dipolar couplings in NR, SBR,
and their 50:50 blend at different aging intervals with their
distributions.
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constrained fraction relative to 1000 h aged NR can be
expected for the blend. However, the bimodal fitting function
could not quantify contributions from the rather lesser amount
of constrained fraction (seen as a vertical jump in the data
points in Figure 6a up to 100 μs DQ evolution time), thus
resulting in an underestimated Dmed of 0.246 kHz that is
dominated by contributions from weakly coupled components.
The defect fraction in SBR in its unaged form amounted to

less than 1% and did not increase upon aging. On the contrary,
the increase in the number of isotropic defects in NR and its
blend was analogous to their increase in coupling distribution.
The defects in NR was unchanged around 3% up to 200 h of
aging and then grew to 9 and 10% for 500 and 1000 h of aging,
respectively. The tail fraction in the blend was similar in
magnitude to NR owing to the low-to-no tail fraction in SBR.
Clearly, NR and SBR demonstrate quite different trends in

their aging characteristics. A higher degree of unsaturation in
NR makes it susceptible to thermal and oxygen attack. The
presence of the methyl group in NR as an electron donor
reduces the stability of the polymer against oxygen attack.1 The
first 200 h can be associated to the maturation of polysulfidic
bonds into mono- and disulfidic bonds. This leads to the
shortening of the existing long sulfur bridges and formation of
new short ones.38 The median value of Dres remains relatively
unchanged but has contributions arising from the newly
formed sulfur bonds that increase the distribution widths. The
lowering of cross-link density around 500 h of aging occurs due
to chain scission reactions caused by oxidation. The cross-
linking reaction then dominates leading to an increase in cross-
link density up to 1000 h.24 The deactivation of the activator
complex in SBR prevents desulfuration, and the absence of a
reaction-inducing methyl group in SBR makes it chemically
less susceptible to chain scission reactions. Hence, cyclization
reactions take place that increase chain restrictions.
An apparent increase in the coupling distribution width

upon extended aging can be visualized by regularization, see
Figure 7. The effect is particularly pronounced for NR and NR-
containing blends. These results also reflect the formation of
new weakly coupled segments in low coupling strength regions
up to about 0.2 kHz that occur due to chain scission reactions
and the breakdown of polysulfidic bonds. The strongly coupled

fractions of spins seen in aged NR and its blends are caused by
a dominant cross-linking reaction upon extended aging. In
addition to cross-linking, possible oxidation of the samples may
have also occurred as the NR sample was found to be hard and
brittle.24 This increase in restriction to molecular motion is in
fact at the origin of the small jump in intensity at short
evolution times in the corresponding build-up curve discussed
earlier that could not be completely quantified by the fitting
function. These cumulative findings suggest a sample with a
highly oxidized surface and a bulk with lowly cross-linked
molecules. No weakly cross-linked chain fraction can be found
in SBR. An increase in cross-the link density due to different
factors upon prolonged aging51 leads to broadening of the
distribution at the higher end of the cross-link density
spectrum.
At this point, the quantification of the fractions of strongly

and weakly coupled segments observed above for 1000 h aged
NR will be made based on T2 (spin−spin or transverse
relaxation) times. In such experiments, network components
with Dres in the range of a few hundred hertz appear as
components with T2 in the millisecond range, but also more
strongly coupled, more constrained, or even fully rigid
segments with couplings approaching the rigid limit (∼30
kHz), and thus T2 in the 20 μs range, are accessible. These are
beyond the frequency/time resolution of the DQ experiments.
Transverse relaxation-based studies52 were performed by
analyzing free induction decays (FIDs), extended by a Hahn-
echo T2 decay. These decay curves were stabilized by a dead-
time free magic sandwich echo FID (MSE-FID)53 and fitted
simultaneously (globally) by a multicomponent modified-

exponential (∝e−(t/T2
eff)β) decay fit with relevant shape

parameters (the purely dipolar T2
eff decay is Gaussian with β

= 2, and lower values arise due to coupling distributions and
actual relaxation effects). One such fit is demonstrated here for
the case of 1000 h aged NR in Figure 8a.
Aging of sulfur-vulcanized NR brings about changes in its

structure due to chain scission, decross-linking, postcuring, and
oxidation, leading to a network with different local dynamics.
In the presence of dipolar couplings, a modified “effective T2”,
(T2

eff), is obtained for such components. These components are
best described by a Gaussian function54 and lack the

Figure 7. Distribution plots of residual couplings obtained by ftikreg show the formation of weakly and strongly coupled fractions in NR and NR-
containing samples aged for prolonged durations. Only a minor increase in the coupling strength is observed for SBR T-O 1000 h.
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characteristic exponential decay typical of a pure T2 relaxation.
In a four-component exponential decay fit to 1000 h aged NR,
T2
eff values ranging from about 20 μs for constrained

components to about 8 ms for the highly mobile defect
components were obtained. The fit is stabilized by the large
T2
eff differences and simultaneous fitting. The fractions of the

different components and their respective T2
eff are given in

Table 2 along with their decay shape parameters. On the

contrary, unaged NR and samples aged up to 500 h can be best
described by a three-component exponential decay fit, where
the second component is a mobile fraction (mobile 1) with T2

eff

increasing from 1.05 to 1.5 ms and the corresponding fraction
reducing from 89 to 81% with the aging duration. The
percentage of constrained fractions (corresponding to T2

eff of
about 20 μs) in NR aged for different durations is plotted in
Figure 8b along with the T2 of the third, highly mobile
component (mobile 2), T2,m2.
A proportionally lesser amount of the different fractions can

be expected for the aged blends. No significant change in the
relaxation time scales could be observed for SBR from FID and
Hahn-echo measurements due to its higher temperature
stability.

Similar yet more qualitative studies, based on component-
decomposition by transverse relaxation time measurements
using Hahn-echo (only), have been performed by Knörgen et
al.54 and Somers et al.55 Results from the latter study
demonstrated a resemblance to the current study, wherein
the transverse relaxation times showed a reducing trend in
samples aged up to about 200 h. In the former study focussed
on short-term aging, the transverse relaxation time showed a
minimum after about 20 h of aging and increased again (but
still shorter than an unaged sample) around 80 h of aging.
However, the results are not directly comparable due to
different aging durations. In a different study,56 inference to
motional restrictions in polymer chains has been made by
studying 13C NMR peak intensities, where a reduction in the
peak intensity (or broadening of the NMR peak) was caused
by an increase in constraints due to aging. The peak intensities
reduced subsequently with the duration (14 days) of aging, in
analogy to the results presented in this work.
From a mechanical property standpoint, the tensile strength

in SBR was observed to show an initial decline and thereafter a
continuous increase up to 2-folds when compared to its
unaged sample, with the aging duration.25 In contrast, NR
demonstrated a significant loss in tensile strength upon aging
relative to its original value.25,57 In both polymers, the strain-
at-break continuously reduced due to stiffening related to
aging. The respective trends of tensile strengths in these
studies are largely analogous to those of the Dres in the present
study. It may hence be expected that the formulations

Figure 8. (a) Plot of MSE-FID and FID extended by Hahn-echo for
1000 h aged NR showing the different components corresponding to
different spin−spin (transverse) relaxation times obtained by a four-
component exponential decay simultaneous fit. (b) Evolution of the
quantity of constrained components and the T2 corresponding to the
most mobile components (mobile 2 (m2)) as a function of the aging
duration.

Table 2. Results from Simultaneous Fits to 1000 h aged NR

components fraction, f T2
eff (ms) β

constrained 0.181 0.021 2.00
intermediate 0.059 0.057 1.70
mobile 1 0.672 0.782 0.92
mobile 2 0.088 8.125 0.80

Figure 9. Proton spectra of the unaged and aged blend samples. See
Figure 3 for the peak assignments. The spectrum of the thermo-
oxidatively aged blend undergoes broadening (inset) of the peaks due
to increasing dynamic heterogeneity.

Figure 10. DQ build-up curves for unaged NRSBR5050 obtained by
the BaBa-xy16 pulse sequence under MAS. The fits are represented as
solid lines.
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discussed here behave similarly upon mechanical analysis, with
the blends scaling proportionately.
3.2.2. Determination of Phase-Specific Cross-Link Den-

sities in Blends. Phase-resolved studies were performed using
the MAS parameters discussed above. For convenience, we
show in Figure 9 again the 1D spectra of the pure compounds
alongside spectra of an unaged and an aged 50:50 blend. To
remind, unaged SBR demonstrates broader peaks due to
comonomer inhomogeneity when compared with unaged NR.
The phase-resolved DQ build-up curves, for the unaged

NRSBR5050 blend, are plotted in Figure 10. The curves enable
a clear distinction due to different residual couplings. The
methylene and methyl groups of NR overlap with the main
chain proton resonances of SBR at the respective chemical
shifts to give common residual dipolar couplings. Fitting results
to DQ build-up curves of 1000 h aged NR and SBR along with
their unaged variants obtained from the BaBa-xy16 pulse
sequence are presented in Table 3. In general, the Dres values of
the spectral average and coupling distribution width are in line
with the results from the static experiment.
For highly aged SBR, an apparent increase in Dmed is

observed across all resonances. The average coupling constant
of 0.315 kHz had a coupling distribution width of about 0.670,
significantly wider than that for unaged SBR. The marginal
increase in coupling constant values is found to be in good
agreement with the values obtained from the low-field
experiment. A tail fraction corresponding to about 2.5% was
obtained for the build-up curve of the last resonance peak but
was negligible for the others. In the case of 1000 h aged NR,
the spectral average over all resonances is comparable in value
to that from the low-field experiment. In the current
experimental setup for elastomers, the shortest measurable
DQ evolution time is 100 μs (when every integer rotor period
is considered), which is longer than the ≈20 μs T2

eff of the
constrained components. Thus, the value of Dmed obtained at
the high field would also be somewhat underestimated since
the contribution of strongly coupled segments cannot be
captured. Shorter DQ evolution times for measurement can be
achieved at much higher rotor frequencies, but this would
deform the sample and induce anisotropy.
We are now in a position to provide a more accurate

comparison of the individual coupling strengths in the unaged
blend with the values of the individual vulcanisates discussed in
the Section 2 (and reintroduced here). We now see that SBR
has, in general, somewhat lower coupling constants in the
blend, whereas the values corresponding to NR remain similar
to those in the single vulcanisate. The reduction is on the order

of 10% and could be related to still slower curing of SBR in the
blend, as discussed under the Section 2.
Changes in the intensities of the resonance peaks of the

spectrum due to aging of the blend can be seen in Figure 9.
Prominent changes can be observed in the form of peak
broadening at chemical shifts of NR peaks. This broadening
arises due to strongly coupled spins that are associated with a
short T2

eff and corresponds to the constrained fraction obtained
from the time-domain FID fits in Figure 8. Compared to the
unaged blend, the only-SBR resonances show a marginal
increase in the cross-link densities and restrictions to motions
that is analogous to the results from the static low-field
experiments. Distinctly, the NR-containing resonances have
lower values as compared to before aging, except for the
methylene resonance of NR that is superimposed by
contributions from the main chain protons of polystyrene
and 1,4-polybutadiene. As discussed before, the lowering in the
coupling strengths arises from chain scission reactions that give
somewhat less cross-linked intermediates and mobile fractions
that make up for the majority of the sample after aging for
1000 h. A proportionately lesser quantity of constrained
components can be expected in the blend that unfortunately
cannot be quantified due to restriction in using higher MAS
frequencies for elastomer samples.
Nevertheless, the aged phases of SBR and NR in the blend

showcase interesting trends. The changes in cross-link densities
of these samples obtained from DQ experiments are analogous
to the “marching modulus cure” and “reversion” phenomena
observed in synthetic rubbers (SBR in this case) and NR,
respectively, through the vulcanization curves. These trends
clearly demonstrate the occurrence of an inhomogeneous
distribution of cross-link densities in the two phases of the
aged blend, thus validating our method. The reduction in the
cross-link density in NR upon aging is analogous to the
reduction in its torque over the short duration of “thermal
aging” at 160 °C observed in Figure 1. Likewise, an increase in
Dres upon aging in SBR is a testimony to its thermal stability, as
observed from its curing curve. Since torque increases with the
cross-link density, an approximate estimation of the change in
cross-link densities can also be obtained from the vulcanization
curves as a difference between the maximum torque, and the
minimum torque during the scorch time. In retrospective, it
may hence be deduced that in NR the cross-link density
(corresponding to a maximum torque of 0.73 N m) reduces to
that corresponding to 0.46 N m over the duration of thermal
treatment, whereas it is relatively unchanged for SBR.

Table 3. Summary of Phase-Resolved Residual Dipolar Couplings of Unaged and 1000 h Aged Samples

NR SBR NRSBR5050

unaged aged unaged aged unaged aged

chemical shift, δ
(ppm)

Dmed/2π
(kHz)

Dmed/2π
(kHz)

Dmed/2π
(kHz)

Dmed/2π
(kHz)

Dmed/2π
(kHz) σln

Dmed/2π
(kHz) σln

C6H5
PS 7.2−7.7 - - 0.233 0.261 0.200 0.236 0.225 0.643

CH1,4, CH1,2 (vinyl) 5.6−6.1 - - 0.258 0.290 0.232 0.323 0.234 0.661
CHNR 5.5 0.287 0.284 - - 0.291 0.038 0.236 0.669
CH2

1,2 (vinyl) 5.3 - - 0.284 0.327 0.256 0.316 0.283 0.671
CHPS, CH2

1,4, CH2
NR 2.1−2.8 0.293 0.276 0.292 0.333 0.287 0.215 0.307 0.749

CH1,2, CH3
NR 1.8−2.1 0.278 0.260 0.315 0.365 0.281 0.200 0.268 0.729

CH2
PS, CH2

1,2 1.2−1.8 - - 0.313 0.364 0.282 0.669 0.292 0.671
spectral average 0.287 0.275 0.278 0.315 0.274 0.303 0.267 0.740
Baum−Pines (static) 0.295 0.278 0.297 0.335 0.290 0.244 0.246 0.806
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Surprisingly, the NR-methine resonance in the blend mirrors
a significant reduction in the coupling strength, which is in
stark contradiction to its behavior in the case of the single
vulcanisate, where it remained relatively unchanged. On the
other hand, SBR in the blend aged differently, where the
coupling strengths of all moieties in the SBR phase were lower
than those obtained from the aged single vulcanisate. This is
perhaps due to the somewhat lower starting values of Dmed in
the unaged blend caused by a previously incomplete cross-
linking of the SBR phase.

4. CONCLUSIONS

In this work, the distribution of cross-link densities in blends of
unaged and thermo-oxidatively aged NR and SBR was studied
by MQ-NMR experiments. Static low-field experiments did not
reveal the presence of any multimodal distributions of cross-
link densities in unaged blends, thus suggesting that sulfur
distributes itself homogeneously across the two blend phases.
In the 1000 h aged blend, a general widening of the coupling
strength distribution was observed analogous to the single
vulcanisates. A single distribution mode was obtained mainly
due to a large overlap of dipolar coupling strengths of the
constituent rubbers in their blend. Nevertheless, these studies
clearly demonstrated the evolution of motional constraints in
the samples upon aging by an increasingly wider distribution of
coupling constants. FID analyses of 1000 h aged NR showed
the formation of constrained components associated with very
short spin−spin relaxation times.
The phase-resolved quantification of cross-link densities by

DQ MAS experiments proved the nonpreferential distribution
of sulfur in the blend phases. Encouragingly, the method was
able to identify the distribution of cross-link densities that was
present due to different rates of curing in the respective phases.
Measurements of the effect of 1000 h of aging on the samples
showed a reduced cross-link density in NR and a somewhat
higher cross-link density in SBR when compared to their
unaged states. Cross-link density measurements on the aged
blend sample revealed trends analogous to reversion and
marching modulus cure in NR and SBR phases as observed in
their respective vulcanization curves. These distinctly different
behaviors contributed to phase-specific distribution of cross-
link densities in the aged blend. Another intriguing finding was
that the magnitude of motional constraints across all SBR
resonances in the blend upon aging was lesser than its aged
single vulcanisate, thus suggesting that the SBR in the blend
ages to a lesser extent and is generally softer, possibly owing to
a preferential distribution of oxygen in, and thus comparably
stronger aging of, the NR phase.

■ APPENDIX

In MAS experiments, possibilities of deformation34 of soft
materials like an elastomer due to high rotor frequencies must
be considered. Additionally, softening due to higher temper-
ature aids in deforming the sample. The force acting on a
sample increases by 4 times when the rotor frequency is
doubled. Hence, it is necessary to set a low rotor frequency and
yet obtain good spectral resolution. A comparative study was
performed on a 3 mm diameter disk of a model sulfur-
vulcanized unaged natural rubber that has a characteristic high
homogeneity, using the rotor-packing protocol explained in
Section 2.2.2. Experiments (Figure 11) were performed at
80 °C at 5 and 10 kHz rotor spinning frequencies with a

centrally positioned spectral offset frequency. The experiment
with a 10 kHz MAS frequency yielded a spectral average Dmed
of 0.297 kHz. However, the experiment with a 5 kHz MAS
frequency gave an underestimated value of 0.256 kHz for the
residual dipolar coupling constant, which is about 40 Hz lower
than the static low-field result of about 0.295 kHz. To check
for the potential off-resonance effects, on-resonance measure-
ments were performed at 5 kHz MAS frequency for the three
aliphatic peaks in NR, viz., those corresponding to CH, CH2,
and CH3, which still gave lower values of Dmed.
The performance for a centrally positioned offset frequency

was even poorer for unaged SBR that has a wide spectrum of
resonances. For the case of SBR, the two extreme peaks are
separated by about 6 ppm, which on a 400 MHz spectrometer
corresponds to 2400 Hz, which is close to 2500 Hz (half the
rotor frequency). While the BaBa-xy16 experiment is rather
broadbanded at higher MAS frequencies,17 it is thus found that
this is not the case for slower spinning.
The results from the 10 kHz rotor frequency were

comparable with the results from the low field and hence
were pursued. Unfortunately, visual inspection of the sample
after experiment showed a depression around the center of the
sample and a thin rubber layer protruding around the
circumference could also be observed due to the high forces
experienced by the rubber sample. A consequence of this is a
DQ build-up curve that does not flatten at the 0.5 intensity
limit at longer DQ evolution times but stays above and occurs
due to a biased powder averaging in the deformed sample.58

Such deformations were not observed for highly aged samples
that had an increased rigidity. To minimize the effect of high
deformation forces, 2 mm holes were punched in the center of
the disks to form thin rings. As a result, no significant
deformation of the rubber against the inner wall of the rotor
was observed, leading to undistorted build-up curves (see
Figure 11).
In summary, it can be concluded that the favorable offset

performance of the BaBa-xy16 pulse sequence, initially tested
only for high spinning frequencies,17 and also its overall
performance deteriorate at low spinning frequencies. The use
of other suitable recoupling sequences such as POST-C759 is
advised in this limit.17
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6. Effects of Artificial Weathering in NR/SBR Elas-

tomer Blends1

Controlled accelerated weathering is a representative method for replicating the effects

of long-term outdoor aging in a short time. The setup induces macroscopic and mi-

croscopic changes in the polymer through the action of UV radiation, oxygen, ozone,

water, and heat.

This chapter is an extension of the previous paper on unaged samples. Weathering

up to a duration of about 1000 h is performed and the molecular and bulk changes

in NR, SBR, and NR/SBR blend are analyzed. The evolution of cross-link densities

over the weathering duration is measured by low-field MQ NMR. The changes in Dres

at two different weathering intervals with respect to the unaged samples are compared

and discussed using results from MAS NMR, which concludes that the blend is better

suited for long-term usage compared to individual vulcanizates of NR and SBR. This

is supported by the results of the modulus measured by DMTA. IR spectroscopy and

AFM show proof of the formation of a stiff surface formed by weathering. This region

is categorized with short T2 time of 20 µs. The formation of mobile defects is also

discussed.
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A B S T R A C T   

Degradation of polymer blends occurs by the constituent phases undergoing distinct chemical changes that 
depend on their unique chemical structures. This makes predicting and establishing a structure-property rela
tionship for each phase necessary as well as challenging. In this work, the molecular and physical changes 
occurring in sulfur-cross-linked natural rubber (NR), styrene− butadiene rubber (SBR), and their 50/50 blend 
subjected to accelerated weathering are analyzed by 1H nuclear magnetic resonance (NMR) spectroscopy, 
Fourier-transform infrared (FTIR) spectroscopy, atomic-force microscopy (AFM), and dynamic mechanical 
thermal analysis (DMTA). NMR transverse relaxation time (T2) studies suggest the formation of rigid components 
due to weathering. FTIR and AFM reveal that this is related to the formation of a stiff surface due to chemical 
modifications, which shows up as an additional thermal transition in the DMTA curves. Low-field double- 
quantum (DQ) NMR studies of the cross-link density, by the residual dipolar coupling constant (Dres), of SBR 
show a continuous increase in its cross-link density over the weathering duration (988 h). In contrast, NR exhibits 
dominant chain scission reactions resulting in defects, with both materials demonstrating the formation of 
different chain lengths. During the first 168 h, NR also undergoes modification of sulfur bond lengths, which is 
also observed in the blend. The blend largely follows an intermediate trend of cross-link densities compared to 
the two polymers but shows signs of lesser chain modifications than a weighted average of the two polymers. 
This is confirmed by phase-resolved DQ magic-angle spinning (MAS) NMR experiments whereby the peak- 
specific Dres of the blend was measured to be less modified than that of the individual vulcanizates, thus 
proving that the blend is more resistant to weathering than its constituent elastomers.   

1. Introduction 

In a natural setting, chemical and physical changes of polymeric 
materials occur due to various environmental stresses like heat, hu
midity, solar radiation (UV), atmosphere, etc., in a process referred to as 
weathering [1]. These detrimental factors eventually cause an early 
failure due to cracking, surface erosion, loss of flexibility, change in 
color, and breakdown of the chains. In elastomers, the unsaturated 
bonds are especially prone to these attacks. The susceptibility of aro
matic rings to UV has been known, too [2]. The temperature depen
dence, characterized by an Arrhenius or slightly non-Arrhenius 
behavior, yields activation energy (Ea) of photodegradation values 

around 12–20 kJ/mol for aromatic thermoplastics [3] and 27–50 
kJ/mol for aliphatic thermoplastics. As much as the extent of weathering 
a polymer can undergo depends on its chemical structure, the constit
uent additives present in a polymer composition and the associated 
thermal history of the polymer system regulate its longevity [1]. 

The micro- and macrostructural integrity of cross-linked elastomers 
are directly linked to the density of cross-linking. Generally, a contin
uous rise in elastic recovery and stiffness is obtained with increasing 
cross-link density. Properties like tensile and tear strength, toughness, 
and resistance to fatigue increase up to a particular loading of the cross- 
linker and reduce gradually thereafter. Studying the network density 
becomes all the more necessary but tricky when dealing with 
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technologically and commercially viable polymer systems like elastomer 
blends. In elastomer blends, differences in the phase-specific cross-link 
densities can occur by a preferential distribution of the cross-linker in 
either polymer phase, where migration of the cross-linker across the 
interfaces can occur. Apart from the extent of reactivity between a 
curative and an elastomer phase, blend properties such as polymer 
component ratio, viscosities of the constituent polymers, etc., as well as 
the mixing procedure, dictate the migration of the additives [4–7]. In 
blends with phases having largely different curing rates, depletion of 
cross-linker due to its uptake in the phase with the higher curing rate can 
induce migration of cross-linker from the other phase, thus depriving the 
other phase. This results in a cure imbalance and expectedly large dif
ferences in the performance of the blend phases and the blend itself. 
Processes like weathering intensify these differences. All these factors 
warrant a phase-specific elucidation of cross-link densities for estab
lishing structure–property relationships, and for product development. 

The conventional methods of evaluating cross-link density of elas
tomers by tensile testing (using the Mooney-Rivlin phenomenological 
equation) [8,9], equilibrium swelling (using the Flory-Rehner equation) 
[10], and rheology [11] are limited in their applicability when the 
system involves an elastomer blend. The use of atomic force microscopy 
(AFM) has also been reported [12] but it lacks a quantitative assessment 
of the cross-link density. 

Perhaps the most important technique for the elucidation of struc
ture and chain dynamics in polymers is nuclear magnetic resonance 
(NMR) spectroscopy, which has thus been employed for cross-link 
density measurements in blends. Early phase-resolved studies using 
NMR involved the measurement of proton line-widths in solvent- 
swollen blend specimens [13–16]. This approach is qualitative at best, 
as discussed in recent work by this group [17], in which use of a 
quantitative alternative was made, as explained below. Using a more 
direct method, proof of curative migration due to diffusion and solubi
lity in natural rubber and polybutadiene blends has been demonstrated 
by Klei and Koenig by NMR imaging based upon a Carr-Purcell spin-echo 
pulse sequence with a gradient magnetic field [18]. The curatives had a 
higher solubility in polybutadiene and thus resulted in a heterogeneous 
network. 

Cross-link densities in dynamically cured thermoplastic vulcanizates 
of polypropylene and ethylene–propylene–diene rubber (EPDM) were 
studied by analyzing the line broadening in single 90◦ pulse 1H magic- 
angle spinning (MAS) experiments [19]. In a similar system, qualita
tive assessments of the cross-link density were made by using different 
models along with cross-polarization (CP) curves obtained from 1H–13C 
CP-MAS experiments [20]. 

In all these latter approaches, the measured results depend upon the 
through-space orientation-dependent 1H–1H (or 1H–13C) dipole–dipole 
interaction, which reports on the cross-link density specifically. In a 
polymer, the spins exhibit a residual dipolar coupling (Dres) due to the 
presence of constraints like entanglements, cross-links, crystallites, etc. 
that cause incomplete averaging of segmental motions. Dres of protons 
measured under low-resolution conditions has been long used as a 
measure of cross-link density [21–23], and is connected to the dynamic 
order parameter (Sb) of the polymer backbone as: 

Sb =
Dres

Dref
=

3
5N

∝
1

Mc
(1) 

Dref is polymer-specific coupling whose values for a variety of sys
tems have been reported [24,25], and takes pre-averaging due to fast 
chain modes within a Kuhn segment into consideration. The equation is 
a measure of the average molecular weight (Mc, in units of mol/kg) of 
chains in terms of the number of segments (N) between cross-links or 
other topological constraints. Through the measurement of Dres via a 
multiple-quantum (MQ) pulse sequence [26], based on the pulse 
sequence of Baum and Pines [27], this approach has been applied for the 
measurement of cross-link density and its distribution in complex ma
terials like polyisoprene/polybutadiene (IR/BR) blends [28] and natural 

rubber/styrene–butadiene rubber (NR/SBR) blends [29]. Though 
quantitative, a complete distinction of phase-specific cross-link densities 
could not be established for these systems as the components were made 
of similar dipolar couplings. This method has also been extended to 
elastomer/plastic blends of EPDM and ultralow-density polyethylene 
(ULDPE) blends [30], where a spin–spin relaxation time (T2) filter was 
used to suppress the signals arising from crystalline and crystal
line–amorphous interface fractions of the ULDPE phase and to obtain 
cross-link density of the EPDM phase. 

In our recent paper [17], a 1H NMR methodology to quantitatively 
measure the cross-linked density in the individual phases of NR/SBR 
blends subjected to thermo-oxidative aging was demonstrated. 
Phase-distinction was achieved by spinning the sample at the 
magic-angle and using a homonuclear double-quantum (DQ) dipolar 
recoupling pulse sequence [31]. 

In the present paper, the role of artificial weathering in the dissimilar 
aging of NR and SBR phases in their blend is addressed. NR and SBR 
react differently to oxygen and ozone. SBR itself is composed of 
randomly bonded aromatic and aliphatic segments. Brown et al. have 
conducted extensive studies by thermo-oxidative aging and weathering, 
which show different effects with respect to the aging of NR and SBR in 
the blend [32,33]. During weathering the high energy UV radiation has 
been recognized to promote various reactions [34]. Thus, due to their 
markedly different characteristics, one may expect unique changes in 
the blend phases that could lead to a distribution of cross-link densities. 

The cross-link densities in NR, SBR, and their blend subjected to 
prolonged weathering are first investigated by a 1H low-field MQ NMR 
spectroscopy based on the robust pulse sequence introduced earlier. The 
evolution of cross-link densities of NR and SBR within the blends at 
different intervals of weathering is quantified through phase-specific 
studies by 1H DQ MAS NMR spectroscopy using the BaBa-xy16 pulse 
sequence [31]. The formation of highly constrained fractions due to 
weathering is evaluated by free induction decay (FID) combined with 
magic-sandwich echo (MSE)–FID and Hahn-echo T2 relaxometry, which 
is suitable to quantify solid-like components with dipolar couplings too 
strong for the above-mentioned technique. Further, the changes in the 
materials are chemically investigated by Fourier-transform infrared 
(FTIR) spectroscopy. Lastly, to get a physical perspective, dynamic 
mechanical thermal analysis (DMTA) and atomic force microscopy 
(AFM) are employed for probing the macroscopic and microscopic 
moduli, respectively. 

2. Experimental section 

2.1. Sample preparation 

2.1.1. Materials 
Compounds of NR, SBR, and NR/SBR blend (50/50 ratio by parts per 

hundred rubber, phr) were prepared using the composition reported in a 
previous work [17]. Solution-polymerized styrene− butadiene rubber 
(grade SPRINTAN SLR 4602-Schkopau, Tg = − 25 ◦C) was supplied by 
Trinseo Deutschland GmbH (now Synthos Schkopau GmbH, Schkopau, 
Germany). This is composed of 21.1 % styrene and 62.1 % of the vinyl 
copolymer 1,2-polybutadiene. Thus, 1,4-polybutadiene constitutes 16.8 
% of the rubber. Natural rubber (grade SMR10, Tg = − 60 ◦C) was sup
plied by Weber and Schaer GmbH & Co. KG (Hamburg, Germany). NR 
was masticated by 10 passes over a two-roll mill before use in 
formulations. 

The three compounds were formulated based on a conventional 
vulcanization system consisting of 2.5 phr sulfur (Carl Roth GmbH, 
Germany) and 1.5 phr n-cyclohexyl-2-benzothiazole sulfenamide (CBS) 
accelerator (TCI Deutschland GmbH, Germany), along with 1 phr stearic 
acid (Carl Roth GmbH, Germany) and 3 phr zinc oxide (Carl Roth GmbH, 
Germany) activators. The raw materials were mixed for 10 min at 50 ◦C 
and a rotor speed of 50 rpm in a Haake Rheomix 600p (Thermo Scien
tific, Germany) lab-scale internal mixer to a fill factor of 0.7. The mixed 
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compounds were cross-linked into 2 mm thick plates on a hydraulic 
press based on their 90 % curing times (t90) of 4, 8, and 22 min for NR, 
SBR, and the blend, respectively, obtained according to DIN 53529 on an 
Elastograph MDR (Göttfert, Germany) moving-die rheometer. For 
comparative studies, pristine polymers with similar thermal histories 
were also prepared. 

2.1.2. Weathering 
Accelerated weathering was performed according to ISO 4892–2 

(2013) Method A, Cycle 1 in a Q-SUN Xe-2 rotating rack xenon arc test 
chamber (Q-Lab Corporation, USA) equipped with a Xenon arc lamp 
emitting light equivalent to direct sunlight (Daylight-Q) using a silica 
glass filter. Rectangular specimens (100 × 10 × 2 mm3) were fixed on 
specimen holders by clamping the ends. These holders were then 
mounted on the rotary rack and subjected to an irradiation of 60 ± 2 W/ 
m2 in the range of 300 nm and 400 nm. The radiation exposure corre
sponded to an energy of about 213 MJ/m2. 

The specimens were subjected cyclically to light for 102 min fol
lowed by a spray cycle of 18 min by reverse-osmosis deionized water for 
a total exposure duration of 988 h. The chamber was maintained at a 
temperature of 38 ± 3 ◦C and a relative humidity of 50 ± 10 %, with the 
black-standard temperature at 65 ± 3 ◦C. Samples were picked at du
rations of 72, 168, 504, and 988 h of weathering for analyses. 

2.2. Methods 

2.2.1. Dynamic mechanical thermal analysis (DMTA) 
Dynamic mechanical properties were measured in air in the torsion 

mode on an ARES-G2 (TA Instruments, USA). Specimens with a width of 
10 mm and a thickness of 2 mm were mounted. The specimens were pre- 
stretched by an axial force of 0.2 N before cooling down to − 80 ◦C using 
a chiller. Following a soaking time of 5 min, a temperature ramp was 
performed up to 100 ◦C at a ramp rate of 5 K/min. Strain amplitude and 
frequency were set to 1 % and 1 Hz, respectively. 

2.2.2. AFM nanoindentation measurements 
For AFM nanoindentation experiments, the atomic force microscope 

NanoWizard 4 from JPK instruments (Germany) was used. Measure
ments were performed in contact mode using NSC 15 cantilevers, pur
chased from Mikromasch, with a nominal spring constant of 40 N/m and 
resonance frequency of 325 kHz, and a silicon tip with a radius of 8 nm, 
full tip cone angle of 40◦, and tip height 12–18 μm (manufacturer’s 
data). The employed cantilevers were calibrated using the contact-free 
method. 

In AFM indentation, the tip of the AFM cantilever is brought into 
contact with the sample surface using a z-piezoscanner and pressed into 
the surface. The corresponding applied force is measured as a function of 
tip displacement, thus generating a force-distance curve. After the 
approach cycle, the tip is retracted back to its rest position. The inden
tation depth can be calculated as the z-piezoscanner displacement minus 
the cantilever deflection [35]. For all the measurements, a constant tip 
speed of 2 μm/s was set. More than 50 indentation measurements were 
performed at different spots of the core region as well as of the skin 
region across the cut surface of the weathered sample. A similar number 
of measurements was also carried out on an unexposed sample. The 
suitable spots for the measurements were selected by first imaging the 
surface of the sample in the tapping mode of AFM operation. Selected 
spots were lying on locally flat areas and far from any grooves or adja
cent walls/structures. 

Samples for AFM measurements were prepared by microtomy using 
liquid nitrogen. Slices (size ≈ 2 × 2 mm2) of the samples were obtained 
by cutting a thin cross-section from the center of the sample bar (80 ×
10 × 2 mm3). The obtained slices were then placed on freshly cleaned 
silicon (Si/SiO2) substrates. Measurements on the skin region were 
performed within about 30 μm from the directly exposed face, whereas 
the measurements on the core region were performed at the central part 

of the slice. 

2.2.3. FTIR spectroscopy 
The FTIR spectroscopic investigations were conducted on a Bruker 

Vertex 70 FTIR spectrometer (Germany) equipped with a Platinum ATR 
cell and connected to a Hyperion 2000 IR microscope with a 15 X Cas
segrain objective. IR spectra of the skin and the core of the specimens 
were recorded at a resolution of 4 cm− 1 from 4000 to 600 cm− 1 using the 
ATR cell. IR microscopic mappings were recorded in the same spectral 
range in reflectance mode, processed with Kramers-Kronig trans
formation to extract absorbance information, and represented as Gram- 
Schmidt integral in a pseudo-color representation. 

The sample stripes were fixed in Micro Vice Clamps equipped with 
SliceIR Clamps (both S.T. Japan) and were cut with a fresh razor blade at 
an angle of 90◦ for IR microscopy. 

2.2.4. Static low-field time-domain 1H NMR spectroscopy 
Experiments were performed on a Bruker minispec mq20 (Germany) 

benchtop spectrometer having a magnetic field strength of approxi
mately 0.5 T, which corresponds to a resonance frequency of 19.95 MHz. 
Small discs were punched from the weathered specimens and stacked in 
a 10 mm NMR tube up to a height of 6 mm. A Bruker BVT 3000 tem
perature controller was used to maintain a constant measurement tem
perature of 80 ± 0.1 ◦C. The 90◦ pulse length and receiver dead time 
corresponded to 2.6 µs and 11 µs, respectively. The recycle delay (5T1) 
for the pristine, unexposed, and weathered samples were determined to 
be about 0.6 s for NR and 0.2 s for SBR. 

2.2.5. High-field 1H DQ MAS NMR spectroscopy 
Chemically (phase-resolved) measurements were performed on a 

Bruker Avance III (Germany) spectrometer with a magnetic field 
strength of 9.4 T, which corresponds to a resonance frequency of 400 
MHz. A 1 mm thick rubber ring (3 mm outer diameter and 2 mm inner 
diameter) was packed at the center of a 4 mm zirconia rotor with a 
Vespel® rotor cap. The sample was held in position by polytetra
fluoroethylene spacers on either side. A Bruker BVT 3000 temperature 
controller was used for measurements at 80 ± 0.1 ◦C. The 90◦ pulse 
corresponded to a length of 2.5 µs at a pulse power of 54 W. 

3. NMR theory 

3.1. Spin–spin relaxation time (T2) measurements 

Also known as the transverse relaxation time, T2 can be used to 
quantitatively distinguish the amounts of different fractions based on 
the ease of their segmental mobility within a specimen. In a weathered 
specimen, the stiff, tightly cross-linked, and/or oxidized fractions can be 
separated from the moderately cross-linked mobile regions and the fast- 
moving defects (in cross-linked rubbers these are the loops, dangling 
chain-ends, and sol fractions that are mechanically inelastic). In a T2 
sense, rigid (possibly glassy) fractions formed due to shorter chain seg
ments have a faster relaxation decay (shorter T2), whereas the others 
have slower relaxation decay (longer T2). The most constrained frac
tions, in this case, the regions closer to the irradiated surface, are 
associated with a rigid-limit coupling between the protons as high as 
about 30 kHz. This translates to a Teff

2 (effective T2) of about 20 µs for the 
stiff/rigid components of the surface and underneath. The correspond
ing shape parameter (βr) of the rigid fractions in a multicomponent 

modified-exponential decay fitting function (∝fxexp[ − (t/Teff
2,x)

βx
]) takes 

a value of 2 (Gaussian decay) in this case. Measuring the rigid fraction 
(fr) by an FID experiment (by a single 90◦ pulse) alone leads to under
estimated results due to a loss in the initial decay signal owing to a 
longer receiver dead time (RDT, see Fig. S1 in Supporting Information). 
It is 11 µs for the low-field spectrometer used in these studies. The loss in 
the initial part of the signal can be compensated by performing the 
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pulsed version of the magic-sandwich echo (MSE) experiment that 
performs a time-reversal by refocusing multispin dipolar interactions of 
the decay signal [36]. The signals from both these experiments can be 
simultaneously fitted to obtain the relevant fractions and their respec
tive transverse relaxation times [37]. Slowly decaying components 
having relatively larger mobility are also probed by stitching a 
Hahn-echo signal to the FID. Fig. S1 in the Supporting Information il
lustrates this and the role of MSE-FID for NR and SBR weathered up to 
988 h. 

A three-component fitting function is required to completely gage 
these samples. Due to the higher number of data points obtained in an 
FID experiment, a 10 % weighting is applied. The three fractions ob
tained are: a rigid fraction due to tightly cross-linked or oxidized (due to 
weathering) regions, a second fraction that is representative of the 
majority of the vulcanizate’s volume composed of relatively softer 
components of moderate cross-linking, and a third fraction consisting of 
the (mobile) defect fraction. A detailed discussion can be found in Sec
tion 4.3.2. 

3.2. Static low-field time-domain 1H MQ-NMR 

As introduced earlier, cross-link densities on a low-field spectrometer 
are measured using an MQ pulse sequence [26]. The method has been 
detailed elsewhere [38] and is therefore described here only very 
shortly. The experiment yields two signals as a function of pulse 
sequence duration, τDQ: a double quantum signal (IDQ) and a decaying 
reference signal (Iref). IDQ results from contributions of coupled spins at 
shorter times. Iref also contains a contribution from uncoupled spins 
(defects) that behave isotropically. A sum MQ signal (IΣMQ = Iref + IDQ) is 
a fully dipolar refocussed signal that decays due to molecular motions. In 
networks, this decay is found to be nearly equal to that of an IDQ signal. 
This enables the removal of the effects of molecular motions from IDQ 
through normalization by a point-by-point division, satisfying the con
dition: InDQ = IDQ/(IΣMQ - defects). The resulting normalized DQ (nDQ) 
signal, InDQ, is an inverted dephasing curve that reaches a 0.5 intensity 
limit upon optimum removal of the defect fraction. The defect fraction 
can be normally described using a single- or bi-exponential decay 
function [39]. The resulting nDQ build-up curve is a 
network-structure-only quantity and is independent of temperature, as 
long as it is measured far above Tg. 

The fitting function to this build-up curve is a numerical integral 
assuming a log-normal distribution of coupling constants (ln(Dres)) [40]. 
The Abragam-like kernel function [41], shown in Eq. (2), is suitable to 
describe data taken on homogeneous rubbers based upon homopoly
mers without long side chains. 

InDQ(τDQ, Dres) = 0.5
[
1 − exp

{
− (0.378ϵDresτDQ)

1.5
}

×cos(0.583ϵDresτDQ)]
(2) 

For this static experiment, the efficiency factor ϵ = 1. τDQ is the 
instantaneous DQ evolution time for the respective point in the Iref and 
IDQ signals, both of which decay at longer τDQ. The log-normal proba
bility distribution function of residual couplings, P(ln(Dres)) reads: 

P(ln(Dres)) =
1

σln
̅̅̅̅̅
2π

√ exp

[

−
{ln(Dres) − ln(Dmed)}

2

2σ2
ln

]

(3) 

It provides the average Dres as a median value (Dmed) and a loga
rithmic distribution width (σln). The standard deviation is a positive and 
dimensionless quantity, where σln = 0.5 corresponds roughly to a half- 
decade-wide distribution. For narrow distributions, the build-up curve 
can be approximated by an inverted Gaussian, and the cross-link density 
(Dmed) is encoded in its initial slope. 

3.3. Phase-resolved high-field 1H DQ MAS NMR 

The broad and featureless spectrum of a solid sample in a static 

experiment can be improved by spinning it at moderately high fre
quencies in a MAS experiment. A demonstration of this can be seen in 
Fig. 1 for the three unaged samples of cross-linked NR, SBR, and the 50/ 
50 blend, one-dimensional spectra of which are obtained after Fourier 
transformation of the respective FIDs following a 90◦ pulse. Thus, MAS 
yields high-resolution spectra for phase-specific studies. 

The cross-link densities in this case can be measured by obtaining 
build-up curves in a 2D fashion using the BaBa-xy16 pulse sequence. 
Like the static MQ experiment discussed earlier, this DQ MAS experi
ment yields the typical IDQ and Iref signals, which can be obtained by 
taking one-dimensional projections of every two-dimensional resonance 
peak of interest. The rotor-synchronized pulse sequence facilitates 
obtaining points at every rotor period. However, for these studies, sig
nals at every even multiple of the rotor period were measured. 

The fitting function is based on that used for the static measure
ments. The quantum mechanical treatment of this experiment gives the 
efficiency factor in the kernel function (Eq. (2)) that is reduced to ϵ =
0.78 [31]. 

4. Results and discussion 

4.1. Macroscopic moduli 

Weathering brings about physical and chemical changes in the 
exposed specimens. The cyclic water sprays cause cooling and shrinking 
of the specimen, whereas UV irradiation leads to heating and expansion. 
The resulting expansion and contraction lead to specimen deformation 
and cracks formation and their propagation. This aspect is discussed in 
more detail in Section 4.3.1. 

The DMTA experiments give a first indication of the bulk changes 
occurring in the weathered samples. The storage and loss modulus (G’ 
and G”, respectively) obtained from temperature ramps of NR and SBR 
samples subjected to various durations of weathering are shown in 
Fig. 2. Below Tg, NR reveals a reduction in modulus with the exposure 
duration. With an increase in the temperature, the 72 and 168 h 
weathered specimens demonstrate identically marginal retention of G’, 
indicating hardening compared to the unaged specimen. Thus, a 

Fig. 1. Chemically resolved peaks in 1H spectrum of cross-linked NR, SBR, and 
the blend. (Adapted from Ref. [17]). 
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marginal increase in the Tg from the unaged sample is also observable. 
Distinct changes occur around 500 h of weathering, where stiffening of 
the sample due to weathering leads to a significant increase in modulus. 
In addition, a broad second transition around 60 ◦C can also be seen, 
which probably is an indication of a second glass transition corre
sponding to over cross-linked regions of the specimen. With further 
weathering, stiffness drops below that of the 504 h weathered sample. At 
higher temperatures, the specimen undergoes softening, well below the 
plateau modulus of 0 h specimen, due to softening of the hardened re
gions and the possible presence of decomposed chains. 

In the case of SBR, the rubber continuously stiffens in both temper
ature regions due to weathering-induced hardening. The additional 
transition appearing upon 500 h of weathering seems to be due to 
differently aged regions within the sample volume. One may expect that 
the surface is more aged than the core, thus creating regions of different 

stiffness [42]. This difference seems to be lost after further weathering. 
The additional transition observed in the previous weathering interval 
probably is masked due to the stiffening of the overall sample. The 
relative stiffening in SBR is higher than NR and remains a decade stiffer 
even at 100 ◦C. 

The temperature ramps of the blends provide some important insight 
into the performance of the material in relation to NR and SBR single 
vulcanizates. Unlike NR, the modulus in the lowest temperature region 
increases with the weathering duration as observed in SBR. At higher, 
yet sub-zero temperatures, the 72 and 168 h specimens almost overlap 
as in the case of NR but diverge somewhat after the SBR Tg. The most 
significant distinct observation in the blend in comparison to the single 
vulcanizates is after weathering up to 504 and 988 h. While both NR and 
SBR respectively demonstrate a decrease and an increase in their moduli 
beyond their glass transition temperatures at the two weathering 

Fig. 2. DMTA temperature ramps of the storage (left) and loss (right) moduli of NR, SBR, and a 50/50 blend of NR and SBR after various weathering (W) durations.  
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durations, the blend shows almost no deviation in the moduli at these 
weathering intervals. Fig. S2 in the Supporting Information emphasizes 
these observations through an overlay of DMTA curves for the three 
materials at the two weathering durations. A key takeaway message 
from these arguments is that the cross-link density, which imparts the 
modulus in the material compositions considered here, is probably 
identical at the two weathering durations. This aspect will be discussed 
in detail in Section 4.4. 

4.2. Chemical modifications due to weathering as studied by FTIR 
spectroscopy 

Weathering is a depth-dependent phenomenon, where it starts at the 
exposed surface of the material and then proceeds into the bulk, thus 
creating a gradient of changes. It is important to note here that the 
specimen mounting setup in the weatherometer led to one face of the 
specimen always being hidden from direct irradiation and water sprin
kles. One can hence hypothesize that chemical differences between the 
directly irradiated surface and the other regions, such as the core, would 
widen with continuous exposure. These chemical modifications are 
analyzed here by IR spectroscopy. 

In a preparatory step, the cross-section of the prepared specimens 
was first observed in an IR microscope. Pseudo-color Gram-Schmidt 
plots of IR maps in reflectance mode were generated to provide a visual 
representation of the chemically modified/unmodified regions within 
the cross-section of the specimens. The Gram-Schmidt signal provides 
the integral IR reflectance intensity over all wavenumbers in the spectral 
range of the experiment. However, it must be considered that the surface 
quality will also interfere with the scattering intensities. 

The warmer colors, i.e., higher Gram-Schmidt signals (higher total 
integral for all wavenumbers), within the bulk of SBR W168h in Fig. 3 
are interpreted as the presence of higher amounts of hydrocarbon 
structures. In contrast, the cooler colors in the heat map, near the surface 
(UV irradiated side), are indicative of chemical changes, i.e., modifica
tion due to weathering, caused mainly by reaction with oxygen. This 
also serves as a first proof of the formation of ‘skin’ and ‘core’ regions 
across the sample thickness, due to distinct chemical and, possibly, 
physical differences. From the microscopic image in the background, a 
thick skin region for this specimen is observed to be up to about 95 µm 
from the surface. This demarcation is noted as the moderately modified 
yellow-green separation line in the Gram-Schmidt plot. Of course, a 
much more modified, thinner skin can be present immediately at the 
surface due to the gradient, but analyses of these regions are excluded 
here. The yellow-green blob on the right-end could be resulting from the 
topography effects of the surface and highlights the after all qualitative 
nature of the observation of the skin with this method. Microscopic 

images of NR weathered up to the same duration demonstrated a skin 
thickness of about 60 to 80 µm. 

The IR microscopy measurements were used as a control to probe the 
desired regions (‘skin’ and ‘core’) through ATR FTIR measurements. 
Overlays of absorption spectra for NR and SBR weathered to various 
durations can be found in Fig. 4. A general trend of peak broadening 
with the weathering duration can be observed in the core-specific 
spectra of both, NR and SBR. 

In both NR and SBR, a broad − OH stretching band is observed be
tween 3660 and 3125 cm− 1 in the unaged material due to hydroxyl 
groups present in CBS [2]. The signal intensity increases up to 168 h, 
possibly due to oxidation or hydration, but reduces thereafter as the 
additives are consumed [43]. A direct result of weathering in both 
materials is the occurrence of a carbonyl band at about 1713 cm− 1 (see * 
in Fig. 4) after 168 h of weathering and is prominently present in the 
skin at 504 h but disappears in the core [44]. 

In NR, the asymmetric =C− H stretching band at 3035 cm− 1 (i) de
creases from 0 h to 504 h [45], while the skin shows its complete loss at 
504 h. Likewise, the asymmetric − CH3 stretching (2959 cm− 1, ii) and 
asymmetric − CH2− stretching (2918 cm− 1, iii) bands also reduce with 
weathering. Further, the symmetric − CH3 stretching and symmetric 
− CH2− stretching bands are seen as a single peak at 2849 cm− 1 (iv) 
[45], which shows a decrease in intensity and suppression in the skin 
region at extended weathering. 

To put this into context, in a thermo-oxidatively aged NR study [46], 
the − CH2− stretching vibration demonstrated peak retention, contrary 
to the observation made in the present work. Using only UV radiation, 
dos Santos et al. summarize the formation of different groups in poly
isoprene (cis, trans, and NR) subjected to various wavelengths [45]. It 
was concluded that apart from the wavelength, the type of isomer and 
the pre-condition (presence of groups characteristic of partial oxidation) 
of the polymer dictate the effects of UV. 

The − C=C− stretching vibration occurs at 1662 cm− 1 (v), whose 
intensity decreases with weathering. In the fingerprint region, the IR 
spectra are dominated by − CH3 and − CH2− bending vibrations at 1452 
cm− 1 (vi) and 1375 cm− 1 (vii), respectively, and the rocking vibration of 
− CH2− at 724 cm− 1. As stated before, these peaks also decrease upon 
increasing the time of weathering, representing a likely explanation for 
the appearance of the skin in the Gram-Schmidt maps (Fig. 3). 

In SBR, the − C=C− stretching of the vinyl group at 1640 cm− 1 (a) 
[2] tends to become stronger with successive weathering due to 
cross-linking. The aromatic − C=C− stretching vibration peak occurs at 
1601 cm− 1 (b) [47] and its contribution is masked by the presence of the 
− C=C− vinyl stretching. It has been noted that an increase in the in
tensity of the − COO− stretching vibration at 1541 cm− 1 (c) in 
thermo-oxidatively aged SBR is an indication of the carboxylate 

Fig. 3. Gram-Schmidt plot generated using IR microscopy map
ping in reflectance mode to assess the chemical modifications 
across the specimen (SBR W168h) thickness. The blue color end 
indicates higher weathering-induced modifications, whereas the 
warmer colors indicate lesser weathering-induced changes. A 
moderately modified (yellow-green) region is obtained about 95 
µm from the sample surface highlighting a distinction between the 
highly modified ‘skin’ and the lowly modified ‘core’.   

A. Karekar et al.                                                                                                                                                                                                                                



Polymer Degradation and Stability 208 (2023) 110267

7

formation as the main product on the material surface [48]. However, 
such a conclusion cannot be drawn in this study due to the broadening of 
the − C=C− stretching. 

Lastly, the − C=C− vibrations of butadiene at 966 cm− 1 (d) and 909 
cm− 1 (e) present in the unaged sample disappeared completely after 
weathering. This is in line with the gas chromatography flame ionization 
detector (GC/FID) studies on similar samples by Kano et al., which 
revealed that the relative amount of butadiene with respect to the 
pristine sample completely disappeared after 100 h of accelerated 
weathering [44]. 

From these observations, it can be appreciated that the reactions 
caused by weathering, mainly involving oxygen, lead to chemical 
modifications that affect the surface preferentially. Nevertheless, several 
changes occurring within the core lead to unique physical properties 
that affect the macroscopic moduli as observed in the previous section. 

4.3. Assessment of skin and core regions 

4.3.1. AFM nanoindentation measurements 
Results from vibrational spectroscopy highlight the formation of 

chemically different regions upon weathering. One may hence hypoth
esize that the mechanical properties of these regions would be corre
spondingly different. To confirm this aspect, AFM nanoindentation 
experiments were performed at room temperature on SBR W504h, as 
well as on unexposed SBR (0 h) for comparison. SBR W504h was chosen 
for its remarkable thermal behavior under dynamic load. The AFM 
measurements on the skin region of SBR W504h were performed within 

approximately 30 µm from the directly exposed surface, whereas the 
measurements on the core region were performed in the central part of 
the specimen (around 1 mm from the exposed surface). The results are 
shown in Fig. 5, which displays a plot of cantilever force as a function of 
indentation depth obtained from the force-distance measurements of the 
two samples. These indentation curves are indicative of different me
chanical properties of the skin and core regions of the weathered SBR. 

As can be seen, an increase in applied force causes a larger inden
tation in the sample. To produce a certain indentation, a significantly 
different force is needed for all three specimens due to their different 
mechanical response. Although the correlation between force and 
indentation depth is nonlinear as described by various nanomechanical 
models [35,49] and depends on the cantilever’s tip radius and shape, the 
different slopes of indentation curves can be considered to be reflecting 
the differences in the local stiffness of the material [50,51]. Here, to 
exclude any effects arising from different tip radii or shapes, and for 
direct comparison of the data, the same cantilever has been used for the 
indentation measurements on all three samples. As apparent from Fig. 5, 
the slope of the indentation curve for the skin region is larger than that 
for the core region of SBR W504h. This result indicates that the skin 
region is stiffer compared to the core of weathered SBR. Thus, Fig. 5 
clearly illustrates the difference in the stiffness of the two regions of the 
weathered specimen. 

Moreover, the slopes of the curves for the weathered SBR are also 
remarkably large compared with the unexposed sample. The marked 
increase in stiffness of the core compared to the unexposed sample in
dicates a region that has undergone higher cross-linking due to 

Fig. 4. ATR FTIR absorption spectra for NR (left) and SBR (right) weathered for various durations (bottom boxes). Both the sample series are relatively scaled. The 
top boxes contain skin-specific spectra rescaled vertically (and equally). The labeled vibration bands are described in the text. 
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weathering and corroborates with the shift in Tg observed in the DMTA 
trends. The second modulus transition observed in the DMTA plot of SBR 
W504h is, thus, resulting from the even stiffer skin region, as confirmed 
here by AFM. As such, from the AFM results and the concepts of diffusion 
of oxygen [42,52], it can be concluded that the moduli of the samples 
presented in Fig. 2 are, in fact, an outcome of a gradient of depth-specific 
moduli. 

From a physical point of view, due to the intermittent water sprays, 
associated expansion and shrinkage of the sample may occur due to the 
associated temperature changes. These effects in the core region will be 
somewhat reduced and delayed. Eventually, this results in the formation 
of distinct stiff skin and soft core that develop different linear co
efficients of expansion. For up to 100 h of weathering of SBR Kano, et al. 
observed a 0.5 % volume change due to temperature increase during 
photo irradiation and temperature decrease during water sprays [44]. 
This periodic thermal treatment leads to differential expansion and 
contraction of the skin and the core. In the present study, the long-term 
weathering of SBR for 504 and 988 h caused a visual caving-in of the 
specimen towards the irradiated surface due to contraction and 
stretching of the rear surface due to expansion. Naturally, the clamped 
ends did not demonstrate this deformation, leaving the unclamped re
gion to appear like a shallow boat. 

As another consequence, successive heating/cooling has been 
observed to cause crazing (or elephant skin formation) on the sample 
surface, which also propagate to the depth of the specimen. Although 
these small unoriented connected cracks are typical of an unstressed 
vulcanizate, the difference in shrinkage leads to the build-up of stresses 
and the development and propagation of microcracks. The possibility of 
surface erosion due to spraying cycles cannot be ruled out. 

Understandably, this phenomenon would be amplified when 
weathering up to 988 h as in the case of the present study. These cracks 
act as a pathway to the leaching of water and more chemical attacks into 
the bulk of the specimen [34]. The intensity of cracks in SBR is aligned 
with its poor resistance to crack growth despite having a strong resis
tance to crack formation. In the case of NR, cracks are formed relatively 
quickly but grow rather slowly [53]. This can be confirmed from the 
seemingly protected core of NR vulcanizates as seen in FTIR results. 

From these collective arguments it may perhaps be hypothesized that 
once the integrity of the stiff skin is destroyed, such as by a pre- 

stretching to a moderately larger strain, the G’ of SBR associated with 
the skin (in Fig. 2) will be effectively reduced. Thus, an ‘as-is’ inter
pretation of bulk mechanical results is difficult if not impossible in such 
materials. More detailed mechanical experiments along these lines were 
unfortunately beyond our present scope. 

4.3.2. Quantification of skin and core regions by T2 analyzes 
As introduced in Section 3.1, the different fractions in a rubber 

vulcanizate (detected in terms of their proton fractions) can be distin
guished based on their respective T2 times, which makes quantifying the 
skin and core regions possible. To emphasize the effects of the stiff skin 
and the soft core, the hardened surface of the 504 h weathered SBR was 
shaved off using a blade to a depth of roughly 200 µm for separate 
measurements. 

Firstly, the results of a three-component modified exponential decay 
fit to NR and SBR vulcanizates at different weathering durations are 
partially presented in Fig. 6A. To recall, the rigid-limit coupling corre
sponds to a Teff

2,r of about 20 µs, which can be assigned to the highly 
constrained fraction. With a shape parameter (βr) fixed to 2, the amount 
of this rigid fraction (fr) was almost negligible in SBR and about 1.5 % in 
NR at 0 h. The latter is likely associated with the presence of proteins. 

As is shown in Fig. 6A, with weathering the rigid fraction in NR in
creases, the addition being the oxidized surface, which stabilizes at 
about 4 % between 504 and 988 h. On the contrary, in SBR, a continuous 
increase in rigid fraction up to about 7 % occurs due to oxidation of the 
surface and the underlying layers. The larger amount of rigid compo
nents in SBR compared to NR corroborates with the observation made by 
DMTA towards high temperatures. 

The second fitting fraction, regarded as the mobile 1 fraction (fm1) 
(not shown in Figure) with apparent transverse relaxation time Teff

2,m1 

(Fig. 6A), corresponds to the component that mainly represents the 
cross-linked bulk. The third fraction composed of defects is represented 
as the mobile 2 fraction (fm2). These two fractions can be better char
acterized by MQ measurements and hence, are deferred to Section 4.4.1. 
Nevertheless, for completeness, the fitting yielded a negligible amount 
of defect fraction in all SBR samples. NR weathered up to 988 h con
tained up to about 9 % defects with a Teff

2,m2 of about 12 ms. The corre
sponding shape parameter βm2 was force-fitted to a limiting minimum 
value of 0.8 (stretched exponential), meaning that the mobile 1 and 2 
fractions cannot be reliably separated in all cases. Teff

2,m1 (also, in Fig. 6A) 
corresponding to the majority bulk remains relatively unchanged in NR, 
whereas a gradual decrease is observed in SBR due to an increase in 
cross-link density with the weathering duration. An increasing fr and 
decreasing Teff

2,m1 in SBR suggests the presence of a gradient of stiffness 
due to weathering. In NR, the skin and core could be somewhat distinct. 
These aspects would become clearer when discussing the cross-link 
densities in Section 4.4. 

For the depth-specific studies, the separated skin and core of 504 h 
weathered SBR were compared with an intact sample. As an illustration, 
MSE-FIDs (only) for the two regions and an intact SBR weathered up to 
504 h are shown in Fig. 6B. A two-component fitting yielded about 8 % 
rigid fraction for the skin sample, and as expected, 0 % for the core 
sample. The second fitting component produced a Teff

2 of 45 µs and 80 µs, 
respectively, thus emphasizing gradient stiffening below a relatively 
hard surface in SBR. 

4.4. Changes in network density by weathering 

4.4.1. Low-resolution NMR studies 
The efficiency of cross-linking, apart from the choice of cross-linker 

system and the processing conditions, is governed mainly by the extent 
of unsaturation present in the polymer chain. The higher unsaturation in 
NR provides a potential for a higher number of cross-links. It also aids in 
faster cross-link formation, which is confirmed by the shorter curing 

Fig. 5. Representative AFM force vs. indentation depth curves (during 
approach) for an unexposed (0 h) SBR specimen, and for the ‘skin’ and ‘core’ 
regions of SBR subjected to 504 h of weathering. The skin region is measured 
within approximately 30 µm from the directly exposed surface. For a direct 
comparison, all measurements were performed with the same cantilever and 
experimental parameters. 
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time. The effect of sulfur cross-linking in NR and SBR, in addition to the 
effect of entanglements, can be ascertained from the values of Dres in 
Fig. 7A corresponding to 0 h. Interestingly, due to differences in the 
density of unsaturation between them, NR and SBR, upon vulcanization, 
produce identical Dres despite their largely different starting values of 
about 70 Hz and 135 Hz, respectively in the uncross-linked (pristine) 
state (not shown in Figure). This is for sure coincidental, as both Me 
(entanglement molecular weight) and the reference coupling of the 
monomer units (Dref in Eq. (1)) are different. The distribution widths of 
these samples are also similar to the values before cross-linking. Thus, it 
can be deduced that sulfur does not affect the inherent distribution of 
these constraints within the sample volume, or sulfur characteristically 
leads to a narrow distribution of cross-links. Analogous to the single 
vulcanizates, the 50/50 blend also cross-links to a similar extent. The 
experimentally measured coupling width is also identical to the 
weighted average of σln of the two constituent vulcanizates, thus indi
cating that sulfur distributes itself non-preferentially within the phases 
of the blend. 

Distinct variations occur in the samples when exposed to the aging 
elements in the weatherometer as seen from the evolution of cross-link 
density in Fig. 7A. The biggest change can be seen in SBR, where 
degradation generally occurs through cyclic cross-linking, which leads 
to an increase in stiffness (embrittlement). The corresponding coupling 
distribution width compliments the formation of different chain lengths 
between cross-links. 

As established earlier, the regions closer to the surface undergo 
stiffening due to direct exposure to irradiation, oxygen, water, and heat. 
Like in the T2 measurements, the constrained fractions also show up in 
the InDQ signal. This can be seen as a step-up in the InDQ curve at the short 
evolution times of up to 100 µs (probing lower values is not feasible due 
to the pulse sequence length). The build-up curve in Fig. 7B represents 
this feature for SBR weathered up to 504 h. 

A modified bimodal fitting function [17] can be used to separately fit 
these hardened surface fractions and those that lie beneath that are 
comparatively less aged. The input parameters to the fitting function are 
a fixed coupling value Dmed,2/2π = 12 kHz, and distribution value σln,2 
= 0.01, where 12 kHz is sufficiently high to have a constant intensity 
contribution in the plateau region of the respective build-up curve. The 
constrained fraction is around 2.5 %, which is lower than the actual 
value because the pulse sequence is inefficient for these components. 

The other mode (Dmed,1), represented in Fig. 7A is obtained as a 
fitting result to the data points of the build-up curve after those that 
correspond to the highly cross-linked regions (step-up), and thus 
represent the bulk of the sample. In SBR, prolonged exposure leads to 

further stiffening with a net Dmed,1 gain of about 33 %. Likewise, σln,1 
shows an increase in the coupling distribution due to chain 
modifications. 

Interestingly, this increase in cross-link density of SBR is rather 
marginal compared to the (approximately) 15-fold increase in the slope 
of the core region of SBR W504h with respect to the unexposed sample, 
as observed from AFM. This can be explained by the temperature- 
dependent gain in modulus of aged SBR with respect to that of unaged 
SBR. The gain in G’ for the 504 h aged SBR is higher at 25 ◦C (23-fold) 
than at 80 ◦C (5-fold), the two temperatures being the measurement 
temperatures for AFM and NMR, respectively. This is, of course, without 
denying that the modulus in DMTA is a combined effect of, both, the skin 
and core regions. Another factor for the observed (apparent) inconsis
tency in property change is a systematic error originating from the 
choice of the cantilever in the AFM experiment. The cantilever used in 
the AFM experiments was chosen in accordance with the stiffness of SBR 
weathered for 504 h. The same cantilever was used to probe the rather 
soft unaged SBR, which could have led to penetration of the cantilever 
tip into the specimen. 

In the case of NR, contrary to SBR, the Dres appears to remain un
changed upon weathering up to 168 h. However, the broadening of 
coupling distribution suggests the modification of covalent bonds. The 
conventional sulfur-vulcanization system is known to majorly produce 
polysulfidic bonds [54]. The broadening of coupling distribution is thus 
suggestive of the reformation of polysulfidic bonds into shorter variants 
like the mono- and disulfidic bonds [55]. The same observation has been 
made earlier with NR exposed to thermo-oxidative aging at 80 ◦C [17]. 
Oxidation-induced chain scission is another contributing factor to the 
broadening of the coupling distribution. Upon continued weathering, 
the bulk of NR undergoes a reduction in cross-link density due to the 
extensive decomposition of main chains. These changes are also evident 
in the distribution width. 

In the blend, until 168 h, Dres varies only moderately and produces 
values that are similar to those of NR. The corresponding changes in 
σln,1, however, suggest distinct chemical changes within the sample 
volume which are again indicative of the maturation of sulfur bonds as 
seen in NR. A standout observation here is that the blend ages less in 
comparison to its expected value (wtd. blend), plotted for reference. This 
is a numerically measured weighted average of NR and SBR single 
vulcanizates. By acknowledging the similarity in Dres of NR and the 
blend up to 168 h, one can infer that the bulk of the SBR phase expe
riences lesser chemical changes in the blend than when it is a pure 
vulcanizate. 

At the extended weathering durations, the coupling strengths of the 

Fig. 6. (A) The variation of weathering-induced rigid fractions (fr) that correspond to a transverse relaxation time of 20 µs for NR and SBR at different weathering 
intervals. The right y-scale shows relaxation times of a comparatively slowly decaying softer, mobile majority fraction (fm1). See Section 4.4.1 for a discussion of a 
much more slowly decaying defect fraction. (B) MSE-FID decays of the skin and core regions of the SBR W504h specimen obtained after crudely slicing the exposed 
layer (thickness of roughly 200 µm). MSE-FID of an intact sample is plotted for reference. 
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blend are intermediate to those of NR and SBR. Interestingly, no sig
nificant variation of Dmed,1 can be observed for the three materials be
tween 504 and 988 h. Also, the invariance of the corresponding coupling 
widths suggests no significant chemical modifications in the samples 
beyond 500 h. In comparison to the previous work [17], these trends 
highlight that sulfur-cross-linked NR is chemically unstable at higher 
temperatures (thermo-oxidative aging at 80 ◦C), whereas 
sulfur-cross-linked SBR is more susceptible to artificial weathering. 

The defect fraction (in Fig. 7C) obtained by an exponential decay fit 
to IΣMQ during normalization is analogous to the third fraction obtained 
through T2 analyses in Section 4.3.2. The amount of defect fraction in 
NR, corresponding to a T2 relaxation time of about 15 ms, changed from 
about 3 % for the unaged sample to 9 % for the most weathered sample. 
In the case of SBR, as expected, no presence of defects was detected. This 
confirms the complete cross-linking in SBR due to weathering. For the 
blend, surprisingly, the amount of defect fraction varied from about 2.5 
% to only 5 %. Assuming that the defect amount of the SBR phase re
mains negligible also in the blend, the lower amount of overall defects in 
the blend is an unexpected finding and probably suggests that NR is also 
protected from weathering when it is a part of the blend. 

More coupling information can be obtained by Fast-Tikhonov regu
larization (ftikreg) of the normalized build-up data [41]. This procedure 
yields a visual representation of the distribution of Dres within the 
samples (Fig. 8). The median value of Dres (Dmed) corresponds to the 
value at which the normalized integral of these curves is 0.5. The 
inherent (in)homogeneity of spins in uncross-linked (pristine) NR and 
SBR remains relatively unchanged upon vulcanization (0 h) but in
creases due to weathering. Already upon 72 h of weathering of SBR, the 
formation of a small amount of rigid fraction can be observed towards 
the higher coupling end of the distribution. In addition to this, SBR at 
504 and 988 h of weathering contains small amounts of 
cross-linking-induced, newly formed constrained fractions that are 
ubiquitous in the coupling distribution graphs. In the case of the blend, 
proportional changes can be observed. 

To summarize the low-field results, SBR undergoes perfectioning of 
cross-links leading to stiffening, whereas NR demonstrates both cross- 
linking and chain scission that lead to stiffening and softening pro
cesses, with chain scission eventually dominating. Interestingly, mea
surements of the blend material reveal that the NR and SBR phases are 
protected when they are a part of the blend in contrast to the respective 
single vulcanizates. 

4.4.2. Phase-resolved studies of the evolution of cross-link densities 
MAS NMR experiments benefit from the resolution of a spectrum into 

defined peaks. This enables phase-specific studies in polymer mixtures. 
With every integer rotor period and a rotor frequency of 10 kHz, the 
shortest DQ evolution time achievable in the current setup is 100 µs. 
Hence, the DQ signals obtained here are free of contributions from the 
rigid fractions. 

The three proton resonances in NR corresponding to CH, CH2, and 
CH3, as has been previously demonstrated [31], and adapted in Table 1 
yield identical coupling, and the spectral average is similar in magnitude 
to the low-field experiment value. 

Unexposed SBR yields a spectral average coupling value of about 
0.280 kHz. The lowest value is attributed to the phenyl ring due to its 
motional freedom about the main-chain CH bond. The highest coupling 
corresponds to the groups at chemical shifts of 1.9 ppm and 1.2–1.8 
ppm, coming majorly from the main chain protons of vinyl poly
butadiene. This copolymer is also responsible for the spin heterogeneity 
in the SBR grade considered in this study. 

The changes occurring in the samples due to weathering are repre
sented as a ratio of coupling constants and their distribution after 504 
and 988 h of weathering to their corresponding values at 0 h in Fig. 9. 
The chemical groups have been arranged from left to right in the 
sequence of resonances as NR-only → mixed → SBR-only. In the case of 
NR (Fig. 9B), one can observe that the polymer cross-link density 

Fig. 7. Results of MQ NMR measurements for NR, SBR, and their 50/50 blend. 
(A) Cross-link densities (solid lines) and their distributions (dashed lines) within 
the polymer bulk. The weighted (wtd.) average of Dmed for the blend (short- 
dashed line), based on the Dmed of NR and SBR, is shown for comparison (see 
text). An additional fitting mode was used to account for surface-stiffening 
observed in the samples due to weathering based on the rigid fractions in 
Fig. 6A. (B) Demonstration of the rigid fraction as a step-up in the InDQ signal at 
shorter DQ evolution times for SBR W504h. Its coupling is set to a fit-adequate 
value of 12 kHz (see discussion). (C) The defect fraction obtained from 
normalization. No defects are detected in SBR. 
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reduces after weathering to 504 h, and is analogous to the observations 
made using the low-field experiment. The increase in its coupling width 
is an indication of the increasing cross-linking inhomogeneity. This 
aspect is pronounced in the CH and CH2 moieties, as these sites are 
directly affected by the various reactions (S-modification, chain scission, 
cross-linking, etc.) occurring in the vicinity. Here it is important to note 
that despite the observed widening, the average absolute value of σln 
after 504 h of weathering is about 0.410. 

Weathering SBR to 504 h leads to an average increase of about 35 % 
in Dmed across all chemical environments of the rubber (Fig. 9C) and 
complements the results of the low-field. Unlike in NR, the change in 
coupling distribution width is almost identical for all the proton 
environments. 

Upon 988 h of weathering, NR undergoes a further reduction in its 
cross-link density. This finding is different from the low-field measure
ment where the Dmed seemed to have stabilized at extended exposure 
durations. The corresponding distribution appears to have slightly nar
rowed down upon extended weathering. This is consistent with the low- 
field results and could be due to the recross-linking of some weakly 
coupled segments that are present after 504 h of weathering, thus 
leading to uniformity of chain lengths between cross-links. 

Perhaps the most important observation in NR from the high-field 
and low-field measurements is that as the surface stiffens, the core 
softens. This behavior suggests that the hardened surface acts as a bar
rier to layers underneath wherein chain scission dominates. 

With SBR, weathering to 988 h shows a reversal of the cross-linking 
trend. The average coupling strength reduced from 0.377 kHz (after 504 
h) by about 50 to 0.326 kHz (after 988 h). This is a rather surprising 

finding that was not observed in the low-field experiment. Variations 
can be observed at resonances ii, iii, and vii (see Fig. 9C), which 
correspond to the main chain protons of the three monomers in SBR, 
suggesting changes in the bonding situation in due to weathering. But 
the cross-link distribution remains almost unaffected by weathering. 

NR and SBR have similar solubility parameters of about 16.7 MPa1/2 

and 17.5 MPa1/2, respectively [56], making their blends technologically 
relevant due to macroscopic miscibility as a result of low interfacial 
tension. Nevertheless, they tend to exhibit phase separation on a 
microscopic scale due to their molecular incompatibility and thus pro
vide scope for potential variations in the blend phases. The low-field 
measurements discussed earlier suggest that NR and SBR cross-link to 
similar extents in the blend, as do their corresponding single vulcani
zates. However, MAS experiments reveal some inconsistencies in SBR. 
The SBR phase cross-links to a lesser extent in the blend compared to its 
single vulcanizate. This is despite its preferential and faster reaction rate 
with CBS accelerator than that of NR [17,57]. Thus, a relatively softer 
SBR phase is present in relation to an NR phase which yields identical 
Dres as its single vulcanizate. 

The changes arising in the blend upon weathering are evident in 
Fig. 9A. Upon 504 h of weathering, the extent of changes in the NR- 
containing resonances is minimal, especially the Dres of CH resonance 
appears unchanged, albeit with a small broadening of the coupling 
constant. On the other hand, a distinct increase in Dres can be observed 
for the pure SBR resonances. The corresponding coupling distribution 
widths across the various resonances are largely similar to those ob
tained from the single vulcanizates. Despite the finite increase, the in
crease in Dres of SBR-phase resonances is, on average, still lower than the 

Fig. 8. Changes in the distribution of cross-links due to weathering. These are obtained by regularization of the normalized DQ data. The presence of strongly 
coupled fractions can be seen in SBR and the blend. The inherent coupling distributions of uncross-linked (Un-xl) NR and SBR are plotted for reference. 

Table 1 
Phase-resolved Dmed and respective σln for the unexposed materials. (Adapted from Ref. [17]).  

Chemical group/s Chemical shift, δ [ppm] NR SBR Blend 
Dmed,2/2π [kHz] σln Dmed,2/2π [kHz] σln Dmed,2/2π [kHz] σln 

C6H5
PS 7.2 – 7.7 – – 0.233 0.278 0.200 0.236 

CH1,4, CH1,2 (vinyl) 5.5 – 6.1 – – 0.258 0.352 0.232 0.323 
CHNR 5.5 0.287 <0.01 – – 0.291 0.038 
CH2

1,2 (vinyl) 5.3 – – 0.284 0.337 0.256 0.316 
CH2

NR, CHPS, CH2
1,4 2.1 – 2.8 0.293 0.044 0.292 0.420 0.287 0.215 

CH3
NR, CH1,2 1.9 0.278 0.112 0.315 0.449 0.281 0.200 

CH2
PS, CH2

1,2 1.2 – 1.8 – – 0.313 0.518 0.282 0.669 
Spectral average – 0.287 0.104 0.278 0.455 0.274 0.303  
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single vulcanizate. This is probably due to a lowly cross-linked SBR 
phase before weathering. 

Upon further weathering to 988 h, the distribution of cross-links in 
both phases almost overlaps with the values obtained after 504 h, thus 
suggesting that the chain lengths remain virtually unaffected. This is 
confirmed by the comparably similar changes in Dres even after almost 
doubling the weathering duration and explains the reason for the 

almost-identical moduli of the blend at the two durations. This is a 
rather astonishing behavior of the blend compared to the single vulca
nizates, where NR underwent continuous softening over the two 
weathering intervals, and SBR demonstrated a stiffening and then soft
ening property at 504 and 988 h, respectively. 

To emphasize this experimental finding, Fig. 9A also compares the 
‘expected’ values of changes in Dres of the blend based on proton- 
weighted averages from the single vulcanizates at the two intervals for 
the mixed resonances (gray shaded area) at resonance locations ii and iii 
(see Fig. 9A). Thus, this highlights the effects of softening and stiffening 
that should have been observed in the blend but are rather weak. These 
observations made through MAS also corroborate with the lower defect 
fraction in the blend observed through the low-resolution experiment. 
These arguments collectively demonstrate that the two polymers are 
protected in the blend even at prolonged weathering durations. In other 
words, under the experimental conditions discussed here, the blend lasts 
longer and is hence technologically better suitable than the constituent 
single vulcanizates. 

5. Conclusion 

In this study, the molecular and bulk changes in sulfur-cross-linked 
NR, SBR, and their blend (50/50 ratio by phr) subjected to artificial 
weathering were monitored by various techniques. At longer weathering 
durations, DMTA measurements revealed stiffening in NR that softened 
almost entirely at higher temperatures. The stiffening was pronounced 
in SBR. This contributed to an additional softening transition which 
showed significant modulus even at 100 ◦C. The chemical origins of 
these were evaluated by FTIR, which revealed modification of the sur
face layer into a stiff skin due to oxidation processes aided by various 
weathering parameters. The regions below this skin layer oxidized to a 
lesser extent due to the barrier-like behavior of the skin. AFM nano
indentation measurements at various depths of SBR weathered up to 
504 h confirmed the oxidation-induced stiffening that imparted an 
additional transition in DMTA experiments. 

Further analyses of the skin and core by NMR T2 studies suggested a 
continuous increase in the skin fractions in SBR up to about 7 % for 988 
h of weathering. In NR, the stiff fraction stabilized between 504 and 988 
h at about 4 %. It was also indicated that the bulk of NR probably 
remained unchanged due to prolonged weathering, whereas in SBR a 
gradient of stiffness existed beneath the stiff skin due to continuous 
cross-linking. 

The cross-link density measurements by an MQ pulse sequence on a 
low-field spectrometer highlighted an increase in the cross-linked den
sity of SBR up to 504 h by 33 %, which remained unchanged up to 988 h. 
In contrast, NR had the same cross-link density up to 168 h, which then 
dropped by 10 % approaching 504 h. The stagnation in cross-link den
sity up to 168 h was attributed to a modification of polysulfidic bonds to 
the lower, disulfidic and monosulfidic variants and due to oxidation- 
induced chain scission. 

In the blend, cross-link density varied only moderately, which was 
lower than a calculated average obtained by weighting Dres of NR and 
SBR single vulcanizates, thus showing that blends age lesser compared 
to their single vulcanizates. The cross-link distribution values indicated 
the formation of different chain lengths between cross-links due to 
weathering in all samples. Further, it was observed that weathering 
caused the formation of defects in NR and the blend but was non-existent 
in SBR due to complete cross-linking. Thus, the MQ experiments prove 
the existence of a stiff skin but a soft core, where chain scission reactions 
dominate. In SBR, a stiff skin is obtained with a core that is still generally 
harder than the unaged sample. 

Phase-resolved studies by 1H DQ MAS NMR provided some addi
tional insights into the weathered samples. In NR, unlike the low-field 
measurements, the cross-link density reduced continuously between 
504 and 988 h. In the case of SBR, the cross-link density increased up to 
504 h but then reduced after extended weathering with no change in the 

Fig. 9. Relative changes in cross-link densities and their distribution described 
as a ratio of coupling parameters at 504 and 988 h weathering to those at 0 h for 
(A) blend, (B) NR, and (C) SBR. “Vinyl” in parentheses refers to the vinyl part of 
1,2-polybutadiene. The lines are a guide to the eye only. The gray shaded area 
in (A) highlights the overlapped resonances in the blend. The crossed open 
symbols (square: 504 h, circle: 988 h) represent the proton-weighted averages 
of Dmed of the mixed resonances obtained from the correspondingly weathered 
single vulcanizates and thus highlight the “protective” nature of the blend. 
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distribution of cross-links. The most fascinating outcome of the high- 
field experiments was the formation of a distribution of cross-links in 
the blend phases, where a soft NR phase varied insignificantly in its 
cross-link density for the entire weathering duration. A strongly cross- 
linked hard SBR phase remained invariant to weathering between 504 
and 988 h. These observations are supported by the similarity in the 
dynamic moduli of the blend at the two durations. Via the inherent 
proton counting feature of NMR, it was established that the blend was 
relatively resistant to weathering compared to its single vulcanizates, 
thus making the blend an ideal choice for long-term applications. 
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Synthesis and structural NMR characterization of novel PPG/PCL conetworks 
based upon heterocomplementary coupling reactions, Macromol. Chem. Phys. 219 
(3) (2018) 1–9, https://doi.org/10.1002/macp.201700327. 
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Figure S1. Overlays of MSE-FID, and FID extended with Hahn-echo decay signal for NR and SBR weathered up 

to 988 h. A three-component modified-exponential decay fitting function (represented by lines) is used to 

simultaneously fit the data from the two experiments.  The number of data points has been reduced and the NR 

signals have been vertically offset by 0.01 units for visual clarity. 

 

1E-4 0.001 0.01 0.1 1 10 100

0.0

0.2

0.4

0.6

0.8

1.0

 NR (MSE-FID)

 NR (FID + Hahn-echo)

 SBR (MSE-FID)

 SBR (FID + Hahn-echo)

N
o

rm
a

li
z
e

d
 i

n
te

n
s
it

y

Time [ms]

W988h

(RDT)

11 µs



    

Figure S2. Overlays of DMTA temperature ramps of the storage (left) and loss (right) moduli of NR, SBR, and a 

50/50 blend of NR and SBR after various weathering (W) durations. 
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7. NMR-Based Cross-Link Densities in EPDM and

EPDM/ULDPE Blend Materials and Correlation

with Mechanical Properties1

Blends of PE with EPDM open opportunities for exploring a broad range of prop-

erties, enabled by the plastic semi-crystalline and amorphous rubber phases. On a

microscopic level, possible co-crystallization between the two polymers and the pres-

ence of entanglements and cross-links at the interface influence blend behavior. Apart

from processing, the ratio of the comonomers within EPDM plays a crucial role.

Here, blends of EPDM with long-branched ULDPE are prepared by cross-linking

the EPDM phase with sulfur. The cross-link densities in the blends and an identically

cross-linked series of EPDM are measured by the low-field MQ experiment. In the case

of blends, the pulse sequence is modified to suppress contributions from the crystalline

and crystalline–amorphous fractions to measure only the pure amorphous regions of

ULDPE and the EPDM phase. Transverse relaxation experiments are also performed

to distinguish the different fractions in ULDPE and EPDM and are used to explain

the surprisingly superior tensile properties at higher extents of cross-linking.
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gor Trimmel, and Kay Saalwächter. Source: Macromol. Mater. Eng., 2022, 307, 2100968,
DOI: 10.1002/mame.202100968. Website: https://onlinelibrary.wiley.com/doi/full/10.

1002/mame.202100968. No changes were made to the article and the supporting information.

85

https://onlinelibrary.wiley.com/doi/full/10.1002/mame.202100968
https://onlinelibrary.wiley.com/doi/full/10.1002/mame.202100968


RESEARCH ARTICLE
www.mame-journal.de

NMR-Based Cross-Link Densities in EPDM and
EPDM/ULDPE Blend Materials and Correlation with
Mechanical Properties
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Gregor Trimmel, and Kay Saalwächter*

The role of cross-linking in dictating the microstructural and mechanical
properties in ethylene-propylene-diene-monomer rubber (EPDM) and
EPDM/ULDPE blends cross-linked by different sulfur amounts is investigated
by solid-state 1H time-domain NMR spectroscopy and tensile-tests. Analyses
of spin-spin relaxation time (T2), by combining free-induction decay (FID),
magic-sandwich echo-FID, and Hahn-echo experiments demonstrate a
reduction in crystal-amorphous interface regions of pure ultralow-density
polyethylene (ULDPE) upon curative addition. The blends demonstrate a
complete loss of these fractions due to curative-induced plasticization and
solvation by polyethylene segments of EPDM. Cross-link densities, quantified
by the magnitude of residual dipolar coupling constant (Dres), arising from
topological restrictions to segmental motions, are measured by
multiple-quantum experiments. The entanglement-dominated EPDMs
demonstrate a significant reduction in ultimate tensile properties with
increasing Dres. The analogous blends yield similar Dres values up to 0.36 phr
of free sulfur. Thereafter, a deviation from the cross-linking trend of the
EPDMs is observed with the blends approaching a cross-linking limit, thus
emphasizing the migration of additives to the amorphous phase of the
ULDPE. From the additional contributions of solvation and complex
entanglement scenarios in the blends, restoration and even significant
enhancement in ultimate tensile strength are achieved. Limitations in
applying the popular Mooney–Rivlin analysis are also briefly discussed.
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1. Introduction

Vulcanized goods based on natural and
synthetic rubbers have an enormous tech-
nological and economic importance in a
range of industries.[1–4] Considering the
growing diversity of applications, however,
single-component materials do not often
meet the various requirements. In that re-
spect, blending of raw polymeric compo-
nents has become an established and ver-
satile method to customize material prop-
erties. Polymer blending conveniently al-
lows the favorable features of at least two
constituents to be combined and balanced.
Rather than a focus on inherent properties,
their synergistic effects can be used.[2,5,6]

Further benefits arise from the possibil-
ity to utilize inexpensive components while
maintaining a certain property profile and
therefore the reduction of manufacturing
costs, as well as the potential optimization
of processability.[7,8]

The sustained growth and signifi-
cant market share of polymer blends
have been comprehensively discussed in
literature.[9,10] Within these multicompo-
nent systems, blends and composites of
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synthetic rubbers and thermoplastic polyolefins are commonly
used. Combinations of ethylene-propylene-diene-monomer rub-
ber (EPDM), an amorphous elastomer of major industrial im-
portance, with different types of semicrystalline thermoplastics,
that is, polypropylene or polyethylene, have been investigated
and applied for decades.[11–14] Overall physico–mechanical prop-
erties of polymer blends are evidently dependent on the chemi-
cal and structural properties of the raw components, their blend-
ing ratio, manufacturing methods, and effectively on their mor-
phology and thermodynamic compatibility, which dictates how
the components form into a fully miscible, partially miscible,
or immiscible system. Here, EPDM/thermoplastic blends are
typically assigned to the latter, despite some minor degree of
compatibility.[6,15–17]

The macroscopic performance of the resulting materials can
be conveniently evaluated by mechanical testing, by the determi-
nation of thermal properties, chemical resistance, and solubility,
as well as by the measurements of electrical or optical proper-
ties by different means.[18,19] The typical rubber–elastic proper-
ties of EPDM and elastomers in general are attributed to mod-
erate cross-linking of the soft polymer chains, which generates
an insoluble network. Introducing a non-cross-linked, reinforc-
ing and weldable thermoplastic constituent allows for a variety
of improvements.[4,5,18] Explaining the origin of the synergistic
effects in the polymer blend is not a trivial task, and determining
its macroscopic properties only do not usually provide sufficient
information. Along with the abovementioned properties, another
crucial aspect lies in the type of chemical cross-linking of the ma-
terial, which is sulfur-, peroxide-based, or radiation promoted, as
well as in an understanding of the density and distribution of
cross-links within the blend system on a molecular level.[20–22]

Conventional methods to assess the segmental molecular weight
include equilibrium swelling or diffusion experiments, rheolog-
ical measurements, or by derivation from elasticity theory using
mechanical data, such as stress–strain or dynamic-mechanical
analysis.[20,23–26] All of these methods reach their limits when it
comes down to a true quantification of cross-linking densities or
elucidation of a phase-resolved distribution thereof.

Nuclear magnetic resonance (NMR) spectroscopy has evolved
as a popular technique for elucidation of molecular information,
be it structure or dynamics. The dependence of the macromolec-
ular behavior on these molecular and microscopic origins can
thus be understood using NMR techniques. Cross-link density
in EPDM using different cross-linker systems has already been
studied by solid-state NMR, and the role of entanglements in net-
work properties has been established, too.[27–32]

Inclusion of thermoplastic polyolefins introduces synergistic
effects now arising from the elements of crystallinity and molecu-
lar entanglements. Using NMR spectroscopy, the effects of these
parameters in cross-linked EPDM/polyolefin blends have been
investigated by 1H lineshape analyses by spinning the blends at
the magic-angle (MAS),[33] and 1H-13C cross polarization-MAS
experiments.[34] In a time-domain study, cross-link densities have
been qualitatively analyzed by combining spin–spin relaxation
time (T2), obtained by a free induction decay (FID), with a
double-quantum (DQ) filtered Hahn-echo.[35] Despite the abun-
dant molecular information obtained through these diverse NMR
methodologies, they lack a direct quantification of the network
density in the blends.

In the past couple of decades, a rather robust time-domain
multiple-quantum (MQ) experiment has been used to unravel
molecular details in a wide range of polymeric materials,[36]

such as swollen gels,[37] nanocomposites,[38] polymer melts,[39]

and rubber blends.[40] Topological constraints such as cross-links
and entanglements cause a non-isotropic averaging of segmen-
tal fluctuations of the polymer chains, which leads to a residual
value of the dipole–dipole interaction constant, Dres, among the
protons on the monomers. Dres is an appropriate and quantitative
measure of the constraint density as it has an inverse proportion-
ality with the number of Kuhn segments between the constraints.
In addition to this, the distributions of these constraints across
the volume of a sample, and the amount of defects (uncoupled
fractions) can also be quantified. Thus, a realistic picture of the
nature of a polymer sample can be obtained.

Subject of this study is the elucidation of relative cross-linking
densities in sulfur-cured EPDM samples, as well as in binary
EPDM/ultralow-density polyethylene (ULDPE) blends, and to re-
veal the correlation of these findings with macroscopic proper-
ties. EPDM and EPDM/ULDPE blends at a fixed weight ratio of
60/40 were processed by means of a standard mixing procedure
and subsequent curing by hot-press molding, using gradually in-
creasing amounts of a sulfur-based cross-linking system. Vul-
canization characteristics and mechanical properties of the ob-
tained materials were investigated by rheological measurements
and uniaxial tensile testing, respectively. Differential scanning
calorimetry (DSC) was performed to investigate miscibility and
thermal properties of the materials. The blend morphology was
further studied by atomic force microscopy (AFM). Weakening
of mechanical properties for pure EPDM samples with an in-
creasing sulfur content can be observed, whilst surprisingly, the
immiscible EPDM/ULDPE blends benefit from a rising degree
of cross-linking in the rubber phase and yield significantly im-
proved mechanical properties. Extensive studies by solid-state
1H NMR experiments provide information on the phase com-
position of the materials, the effect of additives on the respective
phases as well as the preferential distribution in those. Herein,
relative cross-linking densities as function of the sulfur con-
tent in the pure elastomer samples and elastomer/thermoplastic
blends are determined and the relationship with the mechanical
properties is discussed.

2. Experimental Section

2.1. Materials and Sample Preparation

Amorphous EPDM (grade Keltan 6950C) with a specified
ethylene content of 44 ± 2.1 wt% and an ENB (ethylidene-
norbornene) content of 9.0 ± 0.8 wt% was supplied by LANXESS
(Germany), and ultralow-density polyethylene-hexene copolymer
(ULDPE, grade Attane 4607GC) was obtained by Dow Chemical
Company (Midland, USA). Ground sulfur was provided by Solvay
(Germany), and accelerators N-cyclohexyl-2-benzothiazole sulfe-
namide, tetramethyl thiuram disulfide (TMTD), and diphenyl
guanidine were supplied by Lions Industries (Slovakia). All
chemicals were used without further purification. Samples of
EPDM and EPDM/ULDPE (60/40 weight ratio) were prepared
by mastication and melt-blending utilizing a Plasti-Corder in-
ternal mixer (Brabender, Germany) at a mixing temperature of

Macromol. Mater. Eng. 2022, 307, 2100968 2100968 (2 of 13) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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140 °C and a rotor speed of 75 rpm for 5 min each. Sulfur-based
cross-linking formulations with varied quantities of S (0, 0.36,
0.72, and 1.44 parts per hundred rubber, “phr”) and the accel-
erator mixture at a consistent quantity of 4 phr were applied to
EPDM. In the EPDM/ULDPE blends, the same proportions of
additives with respect to the EPDM amount were applied. Fol-
lowing an overnight storage of the compounds, curing agents
were subsequently added to the polymer compounds on a two-
roll mill (Servitec, Germany) at room temperature. Vulcaniza-
tion characteristics of the prepared mixtures after overnight stor-
age were measured using a Rheoline Multifunction moving-die
rheometer (Prescott Instruments, UK) at 190 °C (timed test at
constant frequency of 1.67 Hz and amplitude of 0.50° arc). The
compounded rubber sheets were thereafter vulcanized at 190 °C
using an electrical press (Collin, Germany). For comparative pur-
poses, pristine EPDM (without additives, named hereafter as “E-
pure”), pristine ULDPE (without additives, named hereafter as
“U-pure”), and ULDPE with a quantity of curing agents corre-
sponding to an EPDM/ULDPE (20/80) formulation (referred to
as U-20/80) were prepared analogously by subjecting them to the
same thermal history as the EPDMs and the blends.

2.2. Characterization Methods

2.2.1. Mechanical Testing

Mechanical characteristics, that is, tensile strength (TS), ultimate
elongation, and moduli of rubber samples and blends were in-
vestigated using an Autograph AGS-X universal tensile tester
(Shimadzu, Japan). Tests were performed on dumbbell-shaped
specimens (total length = 100 mm, clamping length = 75 mm,
width= 3 mm) at a tensile rate of 500 mm min−1 without preload.
Sample thickness was determined by means of a Digimatic Mi-
crometer (Mitutoyo, Japan).

2.2.2. Differential Scanning Calorimetry

DSC measurements were performed utilizing a DSC 214 Polyma
(Netzsch, Germany). Heat flow curves were recorded from
−120 to 300 °C at a heating rate of 10 K min−1 in N2 atmosphere.
Glass transition and melting temperatures were defined by in-
flection and peak point values, respectively.

2.2.3. Atomic Force Microscopy

AFM was applied to study the morphology and phase separa-
tion of the samples. For this purpose, cross-sectional samples of
cross-linked EPDM and EPDM/ULDPE blends were prepared by
cryo-microtomy cutting. All AFM measurements were recorded
in tapping mode using an Asylum Research MFP-3D AFM (Santa
Barbara, CA, USA). The instrument was equipped with a closed-
loop planar x-y-scanner with a scanning range of 85 × 85 μm2

and a z-range of 15 μm. As AFM probes, standard silicon probes
(Olympus AC160TS, Japan) were employed which had a can-
tilever spring constant of about 30 N m−1 and a tip radius of
about 15 nm. The measurements were obtained in intermittent

contact mode under ambient conditions at 46 ± 9% relative hu-
midity and a temperature of 23 ± 1 °C. Topography and phase
images were recorded at three independent positions for each
sample. Phase imaging can be used to obtain a qualitative ma-
terial contrast.[41,42] The data was processed in the open-source
software Gwyddion.[43]

2.2.4. Solid-State Time-Domain 1H NMR Spectroscopy

1H NMR measurements of the cured series of EPDM and
EPDM/ULDPE blends were performed on a Bruker minispec mq
20 benchtop spectrometer (20 MHz proton resonance frequency)
having a 90° pulse length of 2.6 μs and a dead time of 12 μs. The
samples, stacked to a height of 6 mm in an NMR tube having a
diameter of 10 mm, were measured under air at 70 °C using a
BVT 3000 temperature controller.

2.3. NMR Theory

2.3.1. Decomposition of Polymer Fractions by T2 Relaxometry

Study of transverse magnetization decay by an FID gives infor-
mation on polymer relaxation at short evolution times. Depend-
ing on the nature of the decay and by using a suitable fitting
function,[44–52] fractions associated with different T2 relaxation
times in the polymer can be classified. In the current setup, frac-
tions with relaxation time scales up to 0.2 ms can be easily classi-
fied, beyond which magnetic field heterogeneities dominate. To
probe somewhat mobile fractions (associated with longer relax-
ation time scales), Hahn-echo T2 relaxometry is used. Thus, by
stitching data obtained from FID and Hahn-echo, the gamut of
different relaxation time scales and the corresponding quantities
of the fractions can be extracted.[53] In NMR phenomenology, pro-
tons in shorter chain segments (higher cross-linking) relax faster
(⇒ shorter T2) than segments in longer network chains (⇒ longer
T2).

Limitations arise when probing rigid fractions, such as chain
segments that are part of the crystallites, as in the case of
ULDPE. These correspond to a rigid limit coupling constant
of about 30 kHz, with time scale of relaxation of about 20 μs.
Due to the inevitable receiver dead time, precious information
is lost in the early part of an FID decay. To compensate for this
signal loss in the short-time limit, an echo experiment like the
pulsed version of the magic-sandwich echo (MSE) is used.[54]

MSE performs a time-reversal of the decay signal by refocusing
multispin dipolar interactions. Figure A (see Appendix) gives
a perspective highlighting the loss of initial signal in an FID
due to the highly constrained fractions in pure ULDPE. Also
demonstrated is the signal compensation achieved by an MSE
using a short interpulse delay (𝜏𝜑,MSE) of 2 μs. Hence, by simul-
taneous fitting of the Hahn-echo-extended FID with MSE-FID
using a multicomponent modified-exponential decay function
(∝ fxexp[−(t∕Teff

2,x)𝛽x ]), a complete description of polymer relax-

ation can be obtained.[53] An effective T2 (Teff
2 ) is obtained in the

presence of dipolar couplings. The rigid crystallites are described
by a shape parameter, 𝛽 = 2 (Gaussian decay), and lower values
of 𝛽 are obtained due to coupling distributions and relaxation
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Figure 1. Vulcanization curves at a curing temperature of 190 °C for A) EPDM compounds, and B) EPDM/ULDPE blends, both with varied concentrations
of elemental sulfur (0, 0.36, 0.72, and 1.44 phr S).

effects. The different fractions, fx, corresponding to the different
relaxation times can be thus obtained from such a fit.

2.3.2. Time-Domain MQ NMR Measurements for Elucidation of
Cross-Link Densities

As for the degree of cross-linking, it is reflected in the residual
dipolar coupling constant extracted from the MQ NMR data
introduced earlier. It is directly proportional to the segmental
dynamic order parameter, Sb, and thus inversely proportional
to the Kuhn segments of the polymer chains. To obtain an
absolute value of the cross-link density, certain model consid-
erations are necessary for the polymer of interest.[55] Since this
value is unknown for EPDM, a relative Dres description would
suffice.

The used MQ pulse sequence,[36] based on the works of Baum
and Pines,[56] gives a DQ build-up signal (IDQ) arising due to con-
tributions from coupled spins, which decays at longer DQ evolu-
tion times. Additionally, a decaying reference signal (Iref), com-
prising of contributions from coupled and also uncoupled spins
(defects) is used for normalization by point-by-point division of
the DQ signal. Presence of isotropically active mobile defects
(consisting of mechanically irrelevant fractions of chain ends,
loops and sol) are accounted for by subtracting them during nor-
malizations. An adequate subtraction of the decay “tail” results
in the normalized DQ signal, InDQ, reaching a 0.5 intensity limit.
The InDQ signal can be fitted using a fitting function that uses
an Abragam-like kernel function, which describes the rise of the
nDQ intensity in terms of Dres,

[57] combined with a numerically
calculated integral over a log-normal coupling distribution:[58]

P
(
ln

(
Dres

))
= 1

𝜎ln

√
2𝜋

exp

[
−

{ln
(
Dres

)
− ln

(
Dmed

)2

2𝜎2
ln

]
(1)

The fitting parameters are thus the median value Dmed as well as
the logarithmic standard deviation 𝜎ln. The latter is positive and
dimensionless and reflects the distribution full width at half max-
imum roughly in the unit of decades (e.g., 𝜎ln = 0.5 corresponds

to a half-decade wide distribution). For an entanglement-rich
polymer such as EPDM, the total measured coupling strength,

Dres ∝
1

Mc, EPDM
+ 1

Me, EPDM
(2)

wherein Mc is the average molecular weight between cross-links
and Me is the average entanglement molecular weight.

3. Results and Discussion

3.1. Curing Characteristics

First, the vulcanization behaviors of the compounds were stud-
ied using a moving-die rheometer. Rheological curves at 190 °C
for EPDM and EPDM/ULDPE (60/40) compounds with four
different quantities of elemental sulfur recorded at preset strain
and frequency are shown in Figure 1. It must be noted that all
formulations contain equal amounts of sulfur-donating accel-
erator components (TMTD). This method allows to follow the
progress of the vulcanization process by measuring the elastic
torque (S′), as the material’s resistance to shear deformation
increases with the formation of cross-links in the system. EPDM
compounds with free sulfur (0.36 to 1.44 phr S) exhibit very sim-
ilar and sharp vulcanization onset times and subsequently reach
plateaus, which expectedly show higher maximum torques for
higher sulfur contents. Increasing torques can therefore be used
as indication for an increase of the relative cross-linking densi-
ties in the system.[24–26,59] Comparable observations regarding
the vulcanization onset can be made for EPDM/ULDPE blends.
Owing to the thermoplastic content in the mixture, the mea-
sured torque is significantly lower, and the curing period appears
slightly broadened. Again, the steadily growing peak torque val-
ues in dependence on the sulfur loading indicate a higher degree
of vulcanization. This applied curing formulation in combination
with extended vulcanization times generally creates a network
with predominantly short cross-links (esp. mono- and di-sulfide
linkages) and a comparably low portion of polysulfide links.[60,61]

Regarding the formulations without free sulfur (0 phr S),
which essentially rely on the sulfur released from the donating
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Figure 2. DSC curves for pure ULDPE (U-pure), and cross-linked EPDM
and EPDM/ULDPE blend with 0.72 phr sulfur. Shown here are the first
melting cycles measured at a temperature ramp rate of 10 K min−1.

vulcanization agent TMTD, a prolonged scorch time is evident
for both, the rubber and the rubber/thermoplastic blend systems.
This is attributed to the delayed availability of sulfur provided
by the decomposition process of the thiuram compound. In this
case, using sulfur-donating agents only, a stable vulcanization
network with a comparably very high content of mono- and
di-sulfide links is formed.[61,62] All samples were consistently
prepared by hot press molding for 10 min at 190 °C.

3.2. Semicrystalline Morphology

DSC and AFM were used to analyze the effect of blending on
the semicrystalline properties of the blends. DSC was on the one
hand performed to investigate the thermal properties of the sin-
gle materials, and on the other hand, to obtain information on
the thermodynamic compatibility or miscibility of polymers in
the blend system. Representative DSC curves for molded sam-
ples during the first heating cycle at a temperature ramp rate of
10 K min−1 are presented in Figure 2. The glass transition tem-
perature Tg of the vulcanized EPDM (0.72 phr S) compound was
found to be −44 °C. The pure ULDPE shows a Tg at 38 °C and
a rather broad melting range Tm with two distinct peaks at 96
°C and 119 °C. As for the EPDM/ULDPE (60/40) blend (0.72 phr
S), a Tg,1 is measured at −46 °C which is assigned to the rub-
ber phase. A further Tg,2 of 39 °C along with the broad melting
range (with considerably less distinct, yet recognizable peaks at
≈92°C and a double peak at 114–121 °C) are attributed to the
ULDPE phase. Comparing the thermal transition temperatures
in the blend and the respective single materials, only a negligi-
ble shift of the values can be observed. This suggests that the

EPDM/ULDPE blend represents an immiscible system at lower
temperatures.

To get a better insight on the phase separation and illustrate
its complexity, AFM topography scans with corresponding phase
images have been obtained on microtomed cross sections of
cross-linked EPDM and the EPDM/ULDPE (60/40) blend, both
containing 0.72 phr free sulfur (Figure 3). In Figures 3A and 3B,
topography images (acquired in intermittent contact mode) of
the EPDM sample and the blend are presented, respectively. The
corresponding phase images have been recorded for the EPDM
sample (Figure 3C) in attractive mode with a phase angle larger
than 90° and for the EPDM/ULDPE (60/40) blend in repulsive
mode with phase angle <90° (see Figure 3D). Since EPDM is
softer than ULDPE, the phase contrast between both materials
is quite strong in Figure 3D. The darker color corresponds to a
low phase angle and indicates the ULDPE domains, whereas the
brighter color corresponds to a high phase angle and character-
izes the softer EPDM matrix. The phases are rather randomly
distributed in the EPDM/ULDPE blend and the phase separa-
tion length between the individual phases is roughly in the range
of 0.1–0.5 μm. The ULDPE phase is characterized by spherical
structures with about 0.1–0.2 μm diameter, which frequently co-
alesce to larger regions of 0.5 μm. Sometimes, even continuous
random networks of connected ULDPE areas are observed. How-
ever, possible influences from sample preparation and migration
effects cannot be completely excluded. Therefore, one should be
careful to directly relate the AFM information to the actual bulk
morphology.

3.3. Mechanical Properties

Improving the mechanical properties is one of the key rea-
sons for blending elastomeric and thermoplastic materials. Sys-
tems combining rubbers and different grades of polyethylene
have reportedly shown benefits for tensile, ageing, or abrasion
properties.[5,63,64] As already stated, within this study the effect of
different quantities of vulcanization agents was investigated.

By standardized uniaxial tensile testing, the TS and elonga-
tion at break (EB) of the samples were determined, which consti-
tute essential material characteristics. Figure 4A compares the TS
and EB for cross-linked EPDM samples. Here, the sample cured
with 0 phr elemental sulfur demonstrates superior TS and EB
of ≈9 MPa and >1000%, respectively. A significant drop of both
TS and elongation can be observed by introducing free sulfur
(specimen with 0.36 phr S) as a vulcanization agent and there-
fore creating a denser cross-linking network with greater rigidity.
A higher sulfur content leads to a subsequent but comparably
less rapid decrease, effectively yielding a TS of 1.9 MPa and an EB
of 240% at a sulfur loading of 1.44 phr S. The mechanical prop-
erties are apparently strongly dependent upon the distribution,
density, and length of the sulfur cross-links, which reportedly can
be varied by means of the sulfur quantity added to the rubber
compounds.[2,20,22] EPDM/ULDPE (60/40) samples, which are
presented in Figure 4B demonstrate a contrary effect, which re-
veals superior tensile properties of the elastomer/thermoplastic
blends and the reinforcing nature of the ULDPE component. By
a stepwise increase of the sulfur content, the system shows an
improved TS of up to 24 MPa, along with rather comparable
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Figure 3. 5 × 5 μm2 A,B) AFM topography images and C,D) corresponding phase images for A,C) cross-linked EPDM, and B,D) cross-linked
EPDM/ULDPE (60/40) blend, both containing 0.72 phr free sulfur. The dark areas in (D) indicate the harder ULDPE phase.
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Figure 4. Comparison of tensile strength at break and elongation at break for A) EPDM compounds, and B) EPDM/ULDPE blends, both with varied
concentrations of elemental sulfur (0, 0.36, 0.72, and 1.44 phr S).

mean elongations at break between about 700% and 800%. Ta-
ble 1 summarizes the results of the tensile tests. For reference,
pure ULDPE (U-pure) was processed and tested analogously. Ad-
ditionally, a sample of ULDPE containing vulcanization agents
(U-20/80) was analyzed in order to see a potential influence of
the vulcanization agents on the mechanical properties, as well as

on the phase composition determined via NMR characterization.
Mechanical properties of these samples are also included in Ta-
ble 1.

The reinforcing role of ULDPE within the rub-
ber/thermoplastic system is further emphasized by compar-
ing the stress–strain curves of the EPDM/ULDPE blend with
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Table 1. Summary of tensile strength (TS) and elongation at break (EB)
values for all investigated samples with varied formulations.

EPDM TS [MPa] EB [%]

0 phr S 8.8 ± 1.2 1060 ± 72

0.36 phr S 2.9 ± 0.5 486 ± 46

0.72 phr S 2.3 ± 0.6 342 ± 51

1.44 phr S 1.9 ± 0.3 241 ± 32

EPDM/ULDPE (60/40) TS [MPa] EB [%]

0 phr S 10.3 ± 1.6 684 ± 58

0.36 phr S 18.1 ± 3.7 747 ± 89

0.72 phr S 22.2 ± 2.3 793 ± 50

1.44 phr S 24.3 ± 4.9 717 ± 80

ULDPE TS [MPa] EB [%]

U-pure
a)

27.8 ± 1.8 602 ± 20

U-20/80
b)

27.6 ± 2.0 610 ± 24

a)
ULDPE without any additives;

b)
ULDPE processed with a quantity of cross-linking

agents corresponding to an EPDM/ULDPE (20/80) blend formulation.
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Figure 5. Representative stress–strain curves of EPDM as well as
EPDM/ULDPE (60/40) cured with 0.72 phr S, and processed U-pure and
U-20/80.

the respective single materials (Figure 5). Herein, the blend
(0.72 phr S) does not only show superior mechanical features
when compared to EPDM (0.72 phr S), but also clearly improved
values of EB relative to pure ULDPE samples which were pro-
cessed in the same way. The addition of vulcanization agents to
ULDPE has no obvious impact on the macroscopic mechanical
properties, neither on TS, EB, nor on the progression of the
stress–strain curve. Likewise, the linear-regime modulus is also
identical (≈150 MPa) for both the ULDPE variants. In case of the
blends, the Young’s modulus is obtained to be about 10.5 MPa
across all the sulfur compositions. It is hence remarkable to note
that despite being much softer, at high cross-linking, the blend
has virtually the same ultimate properties as pure ULDPE.

In order to correlate mechanical properties with results
from cross-linking density determination, measured stress–
strain curve relations were further used to calculate moduli of the

materials. Whilst for EPDM/ULDPE samples the distinct linear
elastic region allowed for the direct determination of the Young’s
modulus, this method appeared inadequate for the EPDM sam-
ples. Therefore, an evaluation based on the Mooney–Rivlin (MR)
model was chosen.[65,66] For assessment of the apparent Mooney–
Rivlin constants (2C1 and 2C2), which are assigned to the cross-
link modulus (Gc) and entanglement modulus (Ge), respectively,
the reduced stress (𝜎red) is plotted against the reciprocal deforma-
tion (𝜆−1), according to Equation (3).

𝜎red = 𝜎
𝜆 − 𝜆−2

= 2C1 +
2C2

𝜆
(3)

where 𝜎red is the reduced stress or Mooney stress, 𝜆 is the defor-
mation (L/L0), and 2C1 and 2C2 are the MR constants.

Such a plot is shown in Figure 6A for an EPDM sample at
0.72 phr loading of sulfur. However, to fit such a plot it is op-
timum to account for errors related to the testing itself. Thus,
a small correction to the deformation component as 𝜆±Δ𝜆 can
yield a linearized “corrected” reduced stress (𝜎red,corr) curve in the
limit up to 1/𝜆corr = 1.[65] Applying a linear fitting function in the
range of 1.25 < 𝜆±Δ𝜆 < 2.5 (0.8 > 𝜆±Δ𝜆−1 > 0.4), which also
avoids the upturn due to finite extensibility at large strains, nu-
merical values for 2C1 and 2C2 are thus determined, which are
tabulated in Table 2.

The measure of cross-link density from the intercept (2C1)
shows an expected increase in values with an increase in sulfur,
as seen from Gc for the EPDMs. Contrary to the Gc trend, the ap-
parent entanglement modulus is found to decrease slightly with
increasing sulfur. Consequently, this results in the total modu-
lus (Gc + Ge) varying insignificantly with respect to the added
free sulfur. This behavior of the entanglement modulus is an un-
usual finding which requires molecular-level investigations and
is thus deferred to the end of the paper.

In contrast to a characteristic neo-Hookean behavior demon-
strated by the EPDMs, pure ULDPE and the representative blend
in Figure 6B show a deviation from this behavior. The sharp de-
parture from linearity in the quick rise for 1/𝜆 → 1 even upon
Δ𝜆-correction is due to yielding in polyethylene. The retention
of higher strength even after breakdown of the crystalline frame-
work in ULDPE appears to be delayed in the blend, which proba-
bly leads to larger break-stress upon cross-linker increment even
at larger strains. This could be due to a non-trivial interaction of
ULDPE with the other phase (EPDM), and probably also the addi-
tives which appear to enhance the ultimate properties by dilution
(discussed later).

3.4. Distinction of Crystalline, Amorphous, and
Crystalline-Amorphous Interface Fractions in EPDM/ULDPE
Blends by T2 Relaxation Analyses

FID and Hahn-echo experiments serve as good tools for dis-
tinguishing the different T2-related fractions in a polymer sam-
ple. Owing to their compositions, one can expect different re-
laxation patterns for the samples under study. Typical FIDs ex-
tended by respective Hahn-echo decay curves for pure EPDM,
pure ULDPE, and their 60/40 blend at 0.72 phr sulfur loading
are represented in Figure 7 (open symbols). The trends of these
curves thus highlight their different relaxation behaviors. Also

Macromol. Mater. Eng. 2022, 307, 2100968 2100968 (7 of 13) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. A) Exemplary plot of reduced stress against the reciprocal deformation, and the corrected reduced stress against the reciprocal corrected
deformation, with a linear fit in the limits 1.25 < 𝜆−Δ𝜆 < 2.5 (Δ𝜆 = −0.025) according to the Mooney–Rivlin model. B) Corrected reduced stress plots of
pure ULDPE and a (vertically rescaled) blend (0.72 phr S). Delayed strain-softening in the blend probably leads to enhanced strain-at-break. The sharp
upturn (sharp decrease for 1/𝜆corr < 1) due to yielding in polyethylene renders MR fits unusable for such materials.

Table 2. Young’s moduli as well as results from the Mooney–Rivlin hyper-
elastic model for cross-linked EPDMs.

EPDM Young’s
modulus [MPa]

Gc
a)

[MPa] Ge
b)

[MPa] (Gc + Ge) [MPa]

0 phr S 2.5 ± 0.1 −0.08 1.14 1.06

0.36 phr S 2.3 ± 0.1 −0.02 1.10 1.08

0.72 phr S 2.2 ± 0.1 0.07 1.04 1.11

1.44 phr S 2.3 ± 0.1 0.19 0.90 1.09

a)
Cross-link modulus;

b)
Entanglement modulus.

shown are the MSE-FIDs (solid symbols) to probe the fractions
associated with very short transverse relaxation times. Simulta-
neous fits to the two data sets were first performed for pure
EPDM (without cross-linker) using a three-component fitting
function. A weighting of 10% was applied to the FID part due to
the higher number of data points. The shape parameters (𝛽r and
𝛽m2) for the most rigid fraction (fr) and the most mobile fraction
(fm2) were fixed to 2 and 0.8 (stretched exponential), respectively.
This yielded a Teff

2,m2 = 1.6 ms with the corresponding fraction,

fm2 = 37%. From the fit, a major fraction (fm1 ≈ 63%) with Teff
2,m1

of about 0.8 ms and the corresponding value of the shape param-
eter (𝛽m1 = 1.3) were also obtained. Due to the absence of any
motion-constrained components in the sample, the fit showed no
indications of the presence of a rigid fraction. Here, it must be
emphasized that the two mobile fractions cannot be objectively
distinguished due to the rather small separation in their relax-
ation times. They thus represent the more or less constrained
ends of a broader distribution. Due to the negligible amount of
rigid fraction, a two-component fit including a built-in distribu-
tion would suffice for this particular polymer. Nevertheless, a

E-pureMSE-FID

E-pureFID+Hahn-echo

U-pureMSE-FID

U-pureFID+Hahn-echo

EPDM/ULDPEMSE-FID
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Figure 7. Simultaneous fits to MSE-FID with Hahn-echo-extended FID dis-
tinguishing the different relaxation patterns in various compositions. The
fits are represented as solid lines for pure EPDM (three-component), pure
ULDPE (four-component), and EPDM/ULDPE blend with 0.72 phr sulfur
(four-component). The MSE-FIDs are fitted only until the corresponding
evolution times of the FIDs (≈40 μs).

three-component fitting function (consisting of 𝛽r = 2) is essen-
tial to account for the fast relaxations of segments in crystal lamel-
lae of ULDPE in the blends and to distinguish the contributions
of EPDM fractions in the blends. Further, due to the presence of
a distribution of spin–spin relaxation time constants, 𝛽m2 is re-
stricted to a minimal value of 0.8 to avoid the ambiguity that a too-
stretched exponential “steals away” amplitude from a close by T2
component. Note that the two components used to describe the
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Table 3. Rigid fractions in the polyethylene homopolymer variants and
EPDM/ULDPE blends.

U-pure U-20/80 Blends

fc [%] 24.0 24.0 9.5

fci [%] 14.0 9.0 0

long-time contribution do not correspond to physically distin-
guishable components; rather, the two-component fit just serves
to parameterize the data and allow for a comparison among the
samples.

Unlike the amorphous EPDM, the presence of crystalline re-
gions in ULDPE contributes also to shorter relaxation times.
Thus, a four-component fitting function is suitable to probe pure
ULDPE and the blends. For pure ULDPE, the fit yielded a rigid
fraction amounting to 24% of the sample. This fraction, having
a Gaussian decay (𝛽 = 2.0) with a Teff

2 of about 16 μs, can be at-
tributed to the crystalline lamellae (fc). A second fraction of 14%,
associated with a transverse relaxation time of 65 μs and 𝛽 = 1.5,
was also obtained. Fractions with these relaxation times are asso-
ciated with semirigid regions of intermediate motions, which in
a semicrystalline polymer are the interfaces between crystalline
lamellae and the amorphous regions (hence referred as fci).

[35]

In comparison, U-20/80 (not shown in the figure) has a similar
quantity of fc, suggesting that the amount of crystalline regions
remain unchanged (Table 3). Fascinatingly though, the interme-
diate regions dropped down to about 9%. This is a rather surpris-
ing outcome, and could probably be due to a plasticizing effect of
the additives included in the polymer which seem to interfere at
the crystallite-amorphous interface regions. An account of the fit-
ting uncertainty in these systems by multicomponent modified-
exponential decay function is given in the Supporting Informa-
tion.

To have a comparative consistency between the samples, the
shape parameters and the Teff

2 relaxation times of fc and fci for
U-20/80 were kept consistent with the values obtained through
fitting pure ULDPE. The same protocol was employed for the
blends too. The representative plot in Figure 7 demonstrates the
changes arising in the sample due to blending. Figure 8 provides
an overview of the soft EPDM-related fit fractions (⇒ m1 and m2)
in the blends. These are compared with the fit components hav-
ing similar spin–spin relaxation times in the polyethylene vari-
ants. The loss in the intermediate fractions of U-20/80 reflects
as a gain in its amorphous fm1 fraction. However, no evidence of
these microscopic changes can be inferred in the stress–strain
curve in Figure 5.

In the blend, upon addition of the accelerator mixture, a jump
of 30% in fm1 can be seen which can be attributed to the forma-
tion of cross-links in the EPDM phases. Here, it is important to
note that fm1 also contains polyethylene segments constrained
by entanglements and linkage to the crystals in the amorphous
regions of ULDPE. Upon addition of free sulfur to the subse-
quent blends, one may expect a measurable change in the fit
components related to m1 fractions. Surprisingly though, no ap-
parent change in fm1 can be observed, but only a small decrease
in the subsequent Teff

2,m1. This probably suggests that the blends
are approaching a cross-linking limit. The most mobile frac-
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Figure 8. EPDM-related fit components in the blends compared with fit
components of similar T2 in pure ULDPE (U-pure) obtained from a four-
component fit. Also shown is U-20/80 for comparison. The lines are a
guide to the eye only. For discussion pertaining to crystalline and inter-
mediate fractions, see text.

tion (fm2) has low-to-no change between the polyethylenes and
the blends, suggesting that these fractions are unaffected by the
cross-links.

Table 3 contains a summary of the results from the crys-
talline and intermediate fractions. The crystalline fractions re-
mained constant at about 9.5% for all the blends, which scales
with the weighted amount of ULDPE in the blends. Interest-
ingly though, no evidence of fractions with intermediate mo-
tions can be observed in the blends, either due to the addi-
tives interfering with the crystal-amorphous interfaces (as wit-
nessed in U-20/80) or polyethylene regions of EPDM interact-
ing with the ULDPE phases or both. The latter factor may be
supported by the finding that largely similar relaxation times
are obtained for the amorphous regions of ULDPE and EPDM
pertaining fractions in the blends (fm1 and fm2) at any given
cross-linker amount (Figure 8). Thus, one may expect a misci-
bility of amorphous ULDPE with the chemically similar EPDM
phase. Elsewhere, X-ray studies have demonstrated the solva-
tion of LDPE by ethylene termonomers present in EPDM in
peroxide vulcanized EPDM/LDPE blends.[67] The solvation has
been attributed to interfere with the crystalline phases in LDPE.
In a follow-up research, the blend composition has been ob-
served to affect the overall degree of crystallinity and the mor-
phology of the crystalline phases too.[68] However, in the present
study, the most constrained fractions (crystalline phases, fc) have
been measured to be almost equal to the weighted average
of the rigid fraction in pure ULDPE. It may thus be deduced
that the solvation, in the samples discussed here, does not in-
terfere with the crystallization and hence, occurs only at the
interfaces.

The changes in EPDM upon cross-linking are better under-
stood through Dres studies. Hence, these samples will be dealt in
the next section with MQ experiments.

3.5. Cross-Linking in EPDM and EPDM/ULDPE Blends

Cross-linking leads to restrictions in chain motions due to
the arising constraints. Additionally, depending on various fac-
tors like cross-linker system, processing conditions, presence of

Macromol. Mater. Eng. 2022, 307, 2100968 2100968 (9 of 13) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 9. Normalized DQ build-up curves for A) EPDM, and B) EPDM/ULDPE (60/40) blends at different cross-linker levels. DQ curves of E-pure,
U-pure, and U-20/80 are plotted for comparison. A bimodal fitting function is used for the blends to separately account for ULDPE and EPDM phases
(see text for explanation), whereas a single-mode fitting function is sufficient for the EPDMs. The fits are represented as solid lines, while the fit results
are summarized in Figure 10.

fillers, and the polymer itself, finite amounts of isotropically re-
laxing defects are also generated due to imperfect cross-linking
reactions. These were quantified by fitting an exponential decay
fitting function to the difference signal (Iref − IDQ) to achieve
an optimum normalized DQ build-up signal. The cross-linked
EPDMs possess a single defect fraction (average T2 ≈ 5.5 ms),
which amounted to ≈7% in the lowly cross-linked sample and re-
duced to ≈3% in the sample with 1.44 phr sulfur. In the blends, in
addition to the defects from EPDM, a rather slowly relaxing de-
fect component (average T2 ≈ 13.5 ms) was also obtained. The
total defect fraction in the blends reduced from ≈18% for the
blend without free sulfur to ≈10% in the highly cross-linked sam-
ple, the additional defect fraction coming from the unconstrained
chain segments in ULDPE phase.

The normalized DQ build-up curves obtained after the nor-
malization for the different EPDM samples are plotted in Figure
9A. The Dres is reflected in the slope of the curves in the initial
region. A somewhat high Dres value of 0.240 kHz for uncross-
linked EPDM suggests the presence of strong entanglement-
related effects in the terpolymer. It thus becomes apparent that
in this case Dres ≈ 1/Me,EPDM only. A comparably wide Dres dis-
tribution (𝜎ln = 0.862) is obtained for uncross-linked EPDM,
which is a manifestation of the inherent spin-heterogeneity due
to the different constituent monomers. In the cross-linked sam-
ples, as can be expected, the cross-link density increases with
the addition of the fixed amount of accelerator mixture and
the increasing free sulfur, and thus follows the Dres descrip-
tion given in Equation (2). It may be necessary to remind one-
self that the trends of build-up curves seen here are originat-
ing only due to the modifications of unsaturations present in
the ENB fractions of the terpolymer. The ethylene and propy-
lene segments would remain chemically inert. Additionally, the
inherently present entanglements can also get trapped upon
cross-linking and contribute to the overall Dres.

[31] This effect can

become profound when norbornene rings are trapped at such
junctions.

MQ experiments on samples with ULDPE (Figure 9B) were
performed by applying a MAPE (Magic And Polarization Echo)
filter to the Baum–Pines pulse sequence discussed above.[69]

Such a Teff
2 -filter, effectively an “artificially ineffective” MSE se-

quence, can be used to remove contributions from highly cou-
pled spins, like those coming from the crystallites. This, thus,
enables probing only the signals from cross-linked and entan-
gled chains. For the samples discussed here, the MAPE inter-
pulse delay (𝜏𝜑,MAPE) was set to 50 μs, just sufficient to remove
the effects of the crystalline regions (see Figure A for a qualitative
description of an FID with a MAPE filter at different interpulse
delays). Thus, the obtained signals will be a sum of the intermedi-
ate and amorphous regions. After such a procedure, pure ULDPE
yielded a Dmed of 0.840 kHz and a coupling distribution width
of 1.01. Analogous to the reduced intermediate fractions (fci) in
U-20/80, a reduced Dmed of about 0.760 kHz, and a comparable
𝜎ln of 1.08 were obtained, further highlighting plasticization in
ULDPE due to the additives (see Section 2.3.2 for details on the
fitting parameters).

To separately account for the ULDPE and EPDM phases in the
blends, the fitting function was modified to a bimodal type. Here,
the values of Dres and its distribution obtained from pure ULDPE
were attributed to the first mode in the new fit. To this, a weight-
ing factor corresponding to the amount of ULDPE in the blends,
and the exact quantity of active regions in ULDPE contribut-
ing to Dres was also applied during fitting. Here, the active re-
gions are those that are remaining after subtracting the fractions
lost to the interpulse delay of 50 μs (=40%) and defect fraction
(=10%). Thus, the resulting values of Dres and the distribution
for the second mode will be those coming from the cross-links
and entanglements in EPDM, and tie molecules and entangle-
ments from amorphous (am) regions in ULDPE, thus modifying
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Figure 10. Residual dipolar coupling constants and their distributions at
different sulfur concentrations for the second fitting mode (Dmed2 and
𝜎ln2) in blends. Discussions pertaining to the first mode can be found in
the text. The results of EPDM at different sulfur concentrations have been
juxtaposed here for comparison.

Equation (2) to:

Dres ∝ fEPDM

(
1

Mc, EPDM
+ 1

Me, EPDM

)

+ fULDPE,am

(
1

Mtie,ULDPE
+ 1

Me, ULDPE

)
(4)

where fEPDM = 1 − fULDPE,am are the fractions of the detected sig-
nal. Figure 10 summarizes and emphasizes the trends of residual
dipolar coupling constants and their distributions in cross-linked
EPDMs and the blends, obtained by fits to the build-up curves
depicted in Figure 9. First, from the coupling distribution widths
in the cross-linked EPDMs, it can be inferred that the accelera-
tor mixture and sulfur concentration do not affect the distribu-
tion of cross-links in comparison to the inherent heterogeneity
of the spin system in the EPDM terpolymer. The same observa-
tion has been made in EPDM cured by peroxides,[31] where side
reactions are known to increase the overall cross-linking distri-
bution. Approximately similar distributions are obtained in the
blends too, which is an outcome of the same monomer (ethylene)
being present in both the phases.

The residual dipolar coupling constants and the coupling dis-
tributions corresponding to the second mode (Dmed2 and 𝜎ln2,
respectively) are plotted in Figure 10 for the blends. As can be
expected, the Dres gradually increases with the amount of cross-
linker in the samples. The same magnitude of cross-link density
is obtained for the blend and EPDM at 0 and 0.36 phr of free
sulfur. However, upon further sulfur addition, a distinct devia-
tion in the trends of cross-link densities is observed. A notice-
able increase is obtained for EPDMs whereas the blends appear
to approach a plateau. This complements the stagnating trend of
fm1 discussed for the blends above. Given that the corresponding
EPDM-to-curative ratios in the single vulcanizates and the blends
remain the same, the flattening may again indicate migration of
the curatives to the ULDPE phases of the blends, thus limiting
the cross-linking in EPDM phases. Additionally, the significant
role of entanglements in the blends (as a contributing factor in

Equation (4)) cannot be discounted, which probably dominates
the bulk properties.

3.6. Facets of Reinforcement in EPDM/ULDPE Blends

Entanglements certainly appear to play a dominating role in dic-
tating the mechanical performance in EPDM. The presence of
these entanglements complements the larger strain-at-break val-
ues for the lower cross-linked variants observed in Figure 4A. The
chains undergo stretching to a higher degree due to the pres-
ence of lesser permanent junctions and more mobile entangle-
ments. As more cross-links are formed, the reduced stretchabil-
ity leads to insufficient load transfers across the network and,
hence, to an early failure. Thus, the sulfur bonds form the weak
links.

The observed migration of curatives that lead to a decrease in
crystal-amorphous interfaces in U-20/80 and a complete loss in
the blends indicates a plasticization of the semicrystalline struc-
ture, thus improving their resistance to deformation by strain-
hardening (See Table 1 and Figure 5). The effects of entangle-
ments appear to be compounded in the blends, as seen in Fig-
ure 4B. An increase in tensile stress by more than twofold be-
tween 0 and 1.44 phr free sulfur appears to be a synergistic out-
come of several microstructural factors. First, apart from the char-
acteristic load-bearing by a partly continuous rigid thermoplastic
embedded in the rubber matrix that leads to retention of proper-
ties to a greater extent, the hardness of the largely continuous
EPDM matrix possibly dictates the efficiency of load distribu-
tions. The mechanical superiority of the blend might come into
its own when ULDPE is part of a harder EPDM matrix. Interfacial
failures may occur if the EPDM is too soft.

Second, the solvation of ULDPE at the crystal interface by
EPDM, as remarked earlier, is another major factor in determin-
ing the blends’ properties. The dedicated mixing step at 140 °C
enhances homopolymer–terpolymer blending, whereby complex
interactions of the highly branched ULDPE with EPDM at the
thermoplastic–rubber phase boundaries can lead to different en-
tanglement situations.

Apart from the already established dilution of the crystal-
amorphous interface regions, curatives can also be localized in
the blend interphases. With the addition of higher amounts of
sulfur, the cross-linking at the phase boundaries can increase,
and also eventually lead to improved mechanical properties. This
complements the flattening of Dmed2 due to the migration of the
additives away from the EPDM phase as seen in Figure 10. Lastly,
the contributions of entanglement, wherein trapping of the long
ULDPE branches, tie molecules, and norbornenes due to cross-
linking is possible, cannot be downplayed for their role in im-
proving the ultimate properties.

The role of entanglements, however, appears to be discounted
from the empirical value of the slope (2C2) in the Mooney–Rivlin
equation for the systems considered here, where the entangle-
ment modulus (Ge) shows a decreasing trend for the cross-linked
EPDMs. This is in stark contrast to the NMR observations (MQ,
as well as amorphous fractions in Figure 8) where the entan-
glements are expected to be constant, or even slightly increase
with increasing cross-linker.[65] A similar trend has been ob-
served earlier in EPDM containing about 5% ENB cross-linked

Macromol. Mater. Eng. 2022, 307, 2100968 2100968 (11 of 13) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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by peroxide.[31] In both instances, the decline in apparent entan-
glement contribution has been attributed to network inhomo-
geneities. This suggests that the MR approach to isolate the en-
tanglement contribution simply fails qualitatively. Nevertheless,
a direct correlation of the cross-link modulus (Gc) to the cross-
link densities with the NMR measurements for EPDMs was still
possible. But again, for obtaining Gc from the polyethylene vari-
ants and the blends considered herewith, a modification of the
Mooney–Rivlin equation or development of new models seems
necessary.

4. Conclusion

Despite decades of investigations on EPDM/polyethylene blends,
the basis for certain material properties remains unclear and
underappreciated. Through this study, the contrasting mechan-
ical behaviors of sulfur cross-linked EPDM and EPDM/ULDPE
blends were elucidated by solid-state 1H NMR spectroscopy.
MQ NMR and T2 relaxometry studies of pure EPDM reveal the
existence of a highly entanglement-dominated environment.
Though cross-link density increased with the amount of cross-
linker, as found qualitatively from the Mooney–Rivlin model
and quantitatively by MQ NMR, it contributed only negatively
toward the mechanical properties. While superior tensile stress
and strain were obtained for lowly cross-linked EPDM, these
properties reduced drastically with an increase in the number of
cross-links, possibly due to weaker sulfur bonds.

Insights into ULDPE and EPDM/ULDPE blends proved to be
particularly interesting. Where an accurate distinction and quan-
tification of crystalline, amorphous, and crystal-amorphous re-
gions in ULDPE was possible by NMR experiments, the crystal-
amorphous regions appeared to be diluted by the inclusion of
accelerator and sulfur in a ULDPE homopolymer sample. Fasci-
natingly, the blends demonstrated a near-complete loss of these
regions, possibly also due to solvation of ULDPE by ethylene
monomers present in EPDM, in addition to the already-observed
dilution by additives. The amount of crystalline fractions, how-
ever, remained unchanged across these samples.

MQ measurements proved that EPDM/ULDPE blends cross-
link to the same extent as EPDM up to 0.36 phr of free sulfur.
Thereafter, a divergence in the cross-link density trends was ob-
served, wherein the blends seemed to approach a constant value.
A primary reason for this could be the tendency of the cross-
linking system migrating to the ULDPE phase and the blend
interphase, and thus starving the EPDM phase. The significant
entanglement scenario in the blends from EPDM and ULDPE
phases may also dominate with the addition of cross-linker.

Along with the load-bearing feature of ULDPE, inherently
dominant entanglement density in the blends, solvation by
EPDM, plasticization of the crystal-amorphous interface by the
curatives, and possible cross-linking at the interphase leading to
trapped entanglements, the samples demonstrated strain hard-
ening. This resulted in successively improved ultimate TS in
the blends, without compromising the ultimate strain across
the samples. Contrary to NMR, the phenomenological Mooney–
Rivlin model failed to provide a logical explanation for the role
of entanglements in cross-linked EPDMs, and was also rendered
unusable for ULDPE and the blends which are dominated by the
modulus of the polyethylene crystallites and undergo yielding.

Appendix

FID
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Figure A. An MSE-FID demonstrating signal refocusing in comparison to
initial signal loss in an FID for pure ULDPE. The removal of the crystalline
fractions-related signal using a MAPE filter at different interpulse delays is
also demonstrated here for an FID.
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Figure S1. Exemplary χ2 plots for a 4-component fit indicating the fitting uncertainty of (A) 

the crystal-amorphous interface fraction in an EPDM/ULDPE blend (0.72 phr S), and (B) the 

transverse relaxation time constant of the crystal-amorphous interface in U-pure. The height of 

the dash line in (A) corresponds to a width of 2χ2. Within this χ2 width the amount of rigid 

fraction corresponding to fci = 0% (fr = 9.5%, see Table 3 of the article) reduced by only about 

1% after a calculated fci of 4.6%. The minima in (B) corresponds to a 𝑇2,𝑐𝑖
𝑒𝑓𝑓

 of about 65 µs of 

the interface fraction (fci = 14%). 
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8. Microstructure of Silica-Filled NR/SBR Blends

Reinforcing fillers are an essential component of elastomer materials for achieving an

optimal balance of properties, especially mechanical ones. The inclusion of antiaging

additives is also prudent to protect the material from early failure. This chapter extends

the theme of thermo-oxidative aging in Chapter 5 to materials with added filler and an

antioxidant. Here, only a limited account of the most important observations pertaining

to unaged samples is given. A detailed report of the results and discussions, with

findings of thermo-oxidative aging, will be made available as a journal article at a later

date.

8.1 Materials, preparation, and exposure

The compounds were prepared based on the formulations discussed in Chapters 5

and 6. The ingredients consist of natural rubber (grade: SVR10), styrene–butadiene

rubber (grade: SPRINTAN SLR 4602-Schkopau), zinc oxide and stearic acid as acti-

vators, sulfur as the cross-linker, and N-cyclohexyl-2-benzothiazole sulfenamide (CBS)

accelerator. The filler system is composed of silica (grade: Ultrasil 7000 GR) and

bis(triethoxysilylpropyl)disulfide (TESPD) silane coupling agent (grade: Si 75). The

filler-to-rubber volume fraction is about 0.3. To study the role of antioxidant to-

wards aging-related molecular changes in the polymers, N-Isopropyl-N′-phenyl-1,4-

phenylenediamine (IPPD) was used. The raw materials were procured and com-

pounded based on the recipe in Table 8.1 by Deutsches Institut für Kautschuktech-

nologie e. V., Hannover.

Mixing was carried out at a fill factor of 77 % in a two-step process in a GK 4N

internal mixer with a tangential rotor system. The temperature was set to 40 °C and

the rotor speed to 45 rpm. The first step comprised the addition of the ingredients

(except sulfur and CBS) and silanization of the silica fillers at an average temperature

of 150 °C for 4 min. Sulfur and CBS were added to this mixture in a separate step on

the following day.

The mixtures were molded into plates of 120 x 120 x 2 mm3 at 160 °C on a compres-

sion molding machine for a duration corresponding to the time required for achieving

90 % cross-linking (t90), also measured at 160 °C. The t90 times were calculated from

the vulcanization curves measured at 1.67 Hz oscillation frequency and an oscillation

amplitude of 6.98 % on a rubber process analyzer.
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8. Microstructure of Silica-Filled NR/SBR Blends

Table 8.1: Material compositions and their respective t90 times

Ingredients 1 2 3 4 5 6 7 8 9

NR [phr] 100 100 100 - - - 50 50 50
SBR [phr] - - - 100 100 100 50 50 50
IPPD [phr] 5 - 5 5 - 5 5 - 5
Zinc oxide [phr] 3 3 3 3 3 3 3 3 3
Stearic acid [phr] 1 1 1 1 1 1 1 1 1
Silane [phr] - 5.1 5.1 - 5.1 5.1 - 5.1 5.1
Silica [phr] - 60 60 - 60 60 - 60 60
Sulfur [phr] 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
CBS [phr] 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
t90 [min] 6 13 9 16 34 30 9 28 19

8.2 Results and discussion

8.2.1 Curing kinetics

The curing curves provide an excellent insight into the kinetics of cross-linking of the

different compounds over time. The corresponding curing curves are compared in

Figure 8.1 and their respective t90 times are summarized in Table 8.1. For the unfilled

samples (Figure 8.1A), the time corresponding to 90 % torque for NR, SBR, and the

blend are about 6, 16, and 9 min, respectively. The reasons for the different natures

of these curves have been discussed in Chapter 5 and also hold here. As noted there,

the blend behavior here also appears to be dominated by the NR phase, where it

demonstrates marginal reversion and a t90 that is relatively shorter compared to the

weighted average of NR and SBR.
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Figure 8.1: Curing curves of (A) unfilled materials, and (B) silica-filled compositions, both
measured at 160 °C.
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8.2. Results and discussion

In the filled compositions, the presence of silica brings distinct variations relative

to the unfilled materials and the antioxidant itself further contributes uniquely to

the cross-linking. In general, the t90 times for the filled materials are longer than the

unfilled ones. Moreover, the filled compositions with the antioxidant require a relatively

shorter time to reach 90 % cross-link extent compared to their analogs without IPPD.

In addition to the very strong behavior of “marching modulus” in the SBR samples,

cross-linking reactions appear to dominate also in the blends, which are in contrast to

the trend of the unfilled blend.

8.2.2 Phase-resolved cross-link densities

Figure 8.2 provides a summary of Dmed for all resonant peaks of the unaged samples in

Table 8.1. The unfilled blend in Figure 8.2C does not indicate any significant deviations

from the corresponding values of the individual vulcanizates reported in Figure 8.2A

and B. A spectral-average coupling value of about 0.250 was obtained for these three

samples, which shows the similarity in the degree of motional constraints in the unfilled

samples.

The inclusion of silica brings remarkable changes in NR, where the filled samples

produce an average cross-link density of up to 90 Hz lower than that of the unfilled

sample. Hasse et al. [195] have reported that in the presence of the silane TESPD

sulfur inserts itself into the sulfide of the silane. Thus, the lower cross-link density of

silica-filled NR here could only be a case of lower cross-linker availability in the matrix.

This argument, however, does not explain the (only) marginal decrease in the cross-

link density of the filled samples of SBR in relation to the unfilled sample. The behavior

observed here probably has its origin in the choice of SBR. The grade of SBR used in

these studies is pre-functionalized to aid rubber–filler interactions. A consequence of

this can be observed in the phase image of the blend NR/SBR/IPPD/Si (formulation

9) measured through AFM in the intermittent tapping mode (Figure 8.2 bottom-right).

The bright silica fillers are preferentially localized in the SBR phase (lighter regions)

than in the NR phase (darker regions). Hence, it can be concluded that SBR and silica

present strong rubber–filler interactions. Thus, it can be deduced that the polymer

chains get bound to the fillers. Such enhanced rubber–filler interactions have also

been reported by Lee et al. for a similar end-functionalized SBR [196]. Hence, it

can be concluded that SBR competes more favorably with the vulcanization system

for adsorption to silica, which implies that more vulcanization agents are available

eventually.
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8. Microstructure of Silica-Filled NR/SBR Blends
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Figure 8.2: A, B, and C are the residual dipolar coupling strengths (Dmed/2π) of unaged NR,
SBR, and the blend, respectively, obtained by MAS using the protocol given in Chapters 5
and 6. The resonances are arranged in the sequence: NR-only → mixed → SBR-only. The
symbols in black in C represent the ‘expected’ proton-weighted averages of Dmed of the mixed
resonances (gray shaded area) of NR and SBR, obtained from the corresponding resonance
values in A and B. The lines are a guide to the eye only.
Bottom-right: AFM phase image of NR/SBR/IPPD/Si (formulation 9) measured in an in-
termittent contact mode. The darker phase is NR, while the lighter phase is SBR. The bright
regions, corresponding to silica, are selectively incorporated in the SBR phase.

As in the unfilled blend, the filled blends in Figure 8.2C yield almost identical Dmed

values as their constituent filled polymers variants. Moreover, the two filled blends

themselves are almost identical to each other, and to their corresponding numerically

measured ‘expected’ weighted averages based on proton counting (shown in black in

the gray shaded area) for the overlapping resonances of NR and SBR (ii and iii). The

latter is true also for the unfilled blend. The relative difference between the unfilled

blend and the filled variants at resonance positions i, ii, and iii is merely due to the

lowly cross-linked NR phase as also seen in samples 2 and 3. Further discussion on

these materials will be a part of a separate article.
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9. Summary and Outlook

The full potential of polymer blends can be realized when molecular-level informa-

tion about the phases within is accessible. These microscopic details are essential, in

addition to the macroscopic results, for optimizing the choice of components, their

ratio, and the processing conditions. In this research, rubber/rubber (NR/SBR) and

rubber/plastic (EPDM/ULDPE) blends were considered to mainly measure the cross-

link within the distinct rubber phases. The various approaches used by industry and

academia to measure this lack a phase resolution, or where possible, quantification.

Through this research, a step was taken to address these shortcomings by employing

MAS NMR in combination with a previously published NMR pulse sequence (BaBa–

xy16) [124] to obtain chemically-resolved peaks in the spectra of blends and to extract

the cross-link density, respectively. Here, the residual dipolar coupling constant is used

as a measure of the cross-link density. A static, low-field analog for measuring the

cross-link density was also used in tandem. Three papers were published to showcase

the robustness of these methods in the elucidation of molecular structure and motions

in polymer blends (two on NR/SBR and one on EPDM/ULDPE blends) and were

presented as separate chapters in this dissertation. A short, unpublished chapter on

silica-filled NR/SBR blends was also presented.

In the case of NR/SBR blends vulcanized to a duration corresponding to 90 % cross-

linking, it was observed that the SBR phase does not cross-link to its full potential

when it is a part of the blend because the cross-linking is mostly driven by the NR

phase. This leads to a distribution of cross-link densities across the two phases. But,

no such preferential distribution of the cross-link densities in the blend’s phases was

observed in the presence of an antioxidant. However, the addition of silica led to some

variations in the extent to which NR and SBR are bound to the filler, thus affecting

the degree of cross-linking in the bulk. These differences scaled proportionately in the

filled blends with and without the antioxidant.

An important theme surrounding NR/SBR blends was studying their long-term ap-

plicability by measuring changes in their molecular properties when exposed to thermo-

oxidative aging and accelerated weathering. In both cases, NR demonstrated dominant

chain scission reactions while SBR underwent cross-linking. NR degradation was sig-

nificant through thermo-oxidative aging while SBR was more affected by weathering.

NR also lost about 10 % of its chains to defects in both cases, formed over 1000 h

of exposure. Interestingly, no presence of defects was observed in SBR exposed to ei-

ther condition. In weathered SBR, a stiff surface was formed, which exhibited unique

chemical and physical/mechanical properties relative to its core, as measured by IR
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spectroscopy, DMTA, and AFM. While a gradient of modulus was estimated for SBR,

a formation of barrier-like skin was hypothesized for NR, which had stiff skin but a

soft core. In both NR and SBR, T2 measurements showed variations in the relaxation

times of the respective fractions caused by modifications in the bonding situation of

the chains. Fractions containing newly formed chains were found, especially in NR.

Cross-link densities of the blends measured at the low field reported values that were

almost a weighted average of the values obtained individually for NR and SBR. Up to

about 200 h of exposure, both NR and the blend had an invariant cross-link density

but showed a broadening of its distribution. This was attributed to the modification

of sulfur bonds in a system that mainly contained polysulfide linkages, and to the

formation of newer chains upon scission reactions. Due to the unique routes of aging

taken by NR and SBR, MAS studies of the 50/50 blend showed clear differences in

the cross-link densities of the two phases in samples exposed to thermo-oxidative aging

and weathering. A key finding of the weathered sample was that while the Dres of NR

and SBR resonances in their single vulcanizates changed between 500 and 1000 h, it

remained largely unchanged for the blend. This suggested that, compared to NR and

SBR, their blend has a higher retention of properties and is hence, more durable.

In materials involving EPDM/ULDPE blends, the tensile properties of EPDM vul-

canizates deteriorated with an increase in the quantity of sulfur, while that of the blends

improved. Measurements of transverse relaxation times revealed that the amount of

crystalline fractions in the blends, in comparison to a pristine ULDPE, stayed con-

stant at all concentrations of sulfur. However, the crystal–amorphous interface regions

demonstrated signs of plasticization, which led to an improvement in their tensile

strengths. Low-field measurements of the cross-link density showed that EPDM and

the blend have identical cross-link densities at lower concentrations of sulfur. The

trends however diverge at higher sulfur concentrations: Dres of EPDM single vul-

canizates increased continuously, while it increased only marginally for the blend. It

was hence concluded that sulfur from the EPDM phase migrates to the crystalline–

amorphous interfaces of the ULDPE phase, thus contributing to the improvement in

the mechanical strength.

Outlook

The Dres-based NMR approaches for the measurement of cross-link densities have

proven to be a great asset for gaining a deeper understanding of the different blends

considered here. The time-domain-based Baum–Pines pulse sequence alone was valu-

able in uncovering the origin of reinforcement in EPDM/ULDPE blends. Its short
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measurement time made it feasible for exploring a large collection of samples from the

NR/SBR systems. The BaBa–xy16 pulse sequence, coupled with MAS helped delve

into the individual phases.

The studies, thus far, reported on the cross-link density by a direct read-out of the

fits to the build-up curves obtained from the respective peak projections. An aspect

that was not duly addressed is cross-linking at the interfaces. It must be recognized

that where a low interfacial tension between the different polymers in a blend exists,

interfacial cross-links help retain the integrity of the blend and prevent premature

failure caused by mechanical forces. Although a numerical measure of curing at the

interface is difficult to obtain, qualitative assessments can be made by observing the in-

terfaces through electron microscopy and measuring the nano-modulus in these regions

by techniques like AFM.

A plausible next step for this research would be to apply the knowledge gathered

through these methodologies to understanding industrially relevant materials. Prac-

tical compositions of rubbers contain a large number of different ingredients to make

them suitable for the intended applications. These include polymer/s, cross-linker, ac-

celerators, activators, fillers, plasticizers, processing aids, protective agents, etc. This

would, of course, increase the analytical complexity due to the many ingredients present

but can be promising from an industry point of view. An obvious material-related lim-

itation here is the inclusion of carbon black. As the delocalized electrons in carbon

black interfere with the magnetic field, spectral resolution suffers even at loading levels

of 5 phr as found in a preliminary study.

Extending the scope of these NMR methodologies to other rubber blends would

also be an interesting topic of research. Blends, especially those of butadiene rubber

(BR) with NR and SBR are also technologically important for tire applications. BR

has a low build-up of heat and is used in applications such as conveyor belts, cable

insulation, and footwear. The blends of BR/SBR will be particularly challenging to

decipher, given that monomers of polybutadiene are common in both phases. This will

open up questions on the co-vulcanization of the phases.

For the rubber/plastic blends considered herein, factors such as crystallinity and

entanglements played a vital role in determining the mechanical properties. These

aspects must be further explored by varying the ratio of the monomers within EPDM

and including polyolefins with relatively larger crystallinity such as HDPE and PP. An

orthogonal series whereby the rubber-to-plastic ratio is varied can also be considered.
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[45] C. Fülber, B. Blümich, K. Unseld, V. Herrmann, “NMR Imaging of Thermal-

Oxidative Aging in SBR”, KGK - Kautschuk Gummi Kunststoffe 1995, 48,

254–259.

[46] B. Blümich, D. E. Demco, “NMR Imaging of Elastomers” in Spectroscopy of

Rubbers and Rubbery Materials, (Eds.: V. M. Litvinov, P. P. De), Smithers

Rapra Technology, Shawbury, 2002, 247–290.

[47] J. B. Gardiner, “Measurement of Curative Diffusion Between Rubbers by Mi-

crointerferometry”, Rubber Chemistry and Technology 1969, 42, 1058–1078.

[48] E. M. Dannenberg, “Filler Choices in the Rubber Industry”, Rubber Chemistry

and Technology 1982, 55, 860–880.

[49] W. A. Wampler, T. F. Carlson, W. R. Jones, “Carbon Black” in Rubber Com-

pounding: Chemistry and Applications, (Ed.: B. Rodgers), Marcel Dekker, New

York, Basel, 2004.

[50] E. Princi, Rubber: Science and Technology, 1st ed., De Gruyter, Berlin, Boston,

2019.

[51] J. L. Leblanc, “Rubber–Filler Interactions and Rheological Properties in Filled

Compounds”, Progress in Polymer Science 2002, 27, 627–687.

112



Bibliography

[52] S. Kaufman, W. P. Slichter, D. D. Davis, “Nuclear Magnetic Resonance Study

of Rubber–Carbon Black Interactions”, Journal of Polymer Science Part A-2:

Polymer Physics 1971, 9, 829–839.

[53] J. O’brien, E. Cashell, G. E. Wardell, V. J. McBrierty, “An NMR Investigation of

the Interaction between Carbon Black and cis-Polybutadiene”, Macromolecules

1976, 9, 653–660.

[54] J. C. Kenny, V. J. McBrierty, Z. Rigbi, D. C. Douglass, “Carbon Black Filled

Natural Rubber. 1. Structural Investigations”, Macromolecules 1991, 24, 436–

443.
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[174] K. Saalwächter, H. W. Spiess, “Solid-State NMR of Polymers” in Polymer Sci-

ence: A Comprehensive Reference, Vol. 2, (Eds.: K. Matyjaszewski, M. Möller),

Elsevier, Amsterdam, 2012, 185–219.
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[190] W. Chassé, J. L. Valent́ın, G. D. Genesky, C. Cohen, K. Saalwächter, “Precise
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