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ABSTRACT: Chemical crosslinking is possibly the most significant factor affecting the mechanical behavior of rubbers. In this study,

we investigated the evolution of network structures (the crosslinking degree and crosslinking density) during the thermooxidative

aging of a nitrile–butadiene rubber (NBR) using characterization methods such as low-dimensional NMR, solvent extraction, solvent

swelling, IR spectroscopy, and mechanical property measurements. The NMR and solvent extraction results show the change of the

crosslinking degree. The solvent swelling results show the change of the crosslinking density. The IR results show the chemical

changes relating to crosslinking and chain scissions. Therefore, a comprehensive picture of the thermal oxidative aging of the NBR

compound was drawn by the integration of various results from these methods. Crosslinking occurred throughout the aging process,

whereas chain scissions took place and competed with crosslinking in the later stage. The crosslinking density increased at a nearly

constant rate, whereas the increase in the crosslinking degree slowed down in the later stage. The crosslinking density was closely cor-

related with the hardness and Young’s modulus. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41319.
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INTRODUCTION

During the thermooxidative aging of rubbers, changes in the

network structure (the crosslinking degree or crosslinking den-

sity) often happen; this results in changes in the mechanical

properties, including the tensile strength, tensile modulus, elon-

gation at break, tear strength, compression set, and stress at cer-

tain strains.1–3 Some unvulcanized sulfurs in ethylene-

propylene-diene rubber (EPDM) can continue to vulcanize dur-

ing the thermoaging process.4 At high temperatures, unstable

crosslinks can be broken down. For example, a peroxide-cured

styrene–butadiene rubber/poly(ethylene-co-vinyl acetate) blend

continuously crosslinked when aged at 70�C, with a slight

increase in its tensile strength.5 On the other hand, an increase

in the temperature could destroy the crosslink network and, in

turn, the tensile properties. The covalent crosslinking density of

a natural rubber/zinc dimethacrylate composite decreased after

thermal aging at 80 and 100�C, whereas the ionic crosslinking

density was stable at a relatively low temperature (80�C).1

Instead, in the case of chloroprene rubber, crosslink formation

was dominant during the aging process. The modulus increased,

and both the tensile strength and the ultimate elongation

decreased because of the decrease in the flexibility of the

structural network.6 For nitrile–butadiene rubber (NBR), the

crosslinking reaction happened with increasing rigidity during

thermal oxidative aging at 100�C.7 New unsaturated sites gener-

ated at 140�C could have been the nuclei of crosslinking.8 The

mechanical properties and the chemical structural changes of

NBR could be well correlated after aging for a long time.9

Various experimental methods to measure the crosslinking

structure of polymers are available. Each of them is based on

different physical principles and, therefore, provides a different

prospective in elucidating the molecular mechanisms in the

investigation of specific chemical changes.

For example, NMR, being very sensitive to changes in molecular

motion, can be used to detect the spin–spin relaxation time of

chains10 and to gain useful structural information about the

network, such as the distinction of crosslinked chains from free

and dangling chains. As is shown in Scheme 1, a crosslinked

rubber includes three parts. The first is constituted by cross-

linked chains with two ends connected to the network. The sec-

ond is composed of dangling chains with free ends and loops.

The third is free chains (unvulcanized molecules) and small-

molecule additives. These three parts have different mobilities

and exhibit different spin–spin relaxation times in NMR
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measurements. Crosslinked chains have the lowest mobility and,

therefore, the shortest relaxation time because of the fixed ends.

The longest relaxation time belongs to free molecules, which

have the highest mobility with two free ends. Dangling chains

and loops have moderate mobilities and moderate relaxation

times. The parameter (Qmrl)1/2 was used to represent the rela-

tive crosslinking degree, but it accounts only for the crosslinked

part. Dangling chains and loops are not included in the

calculation.

An indirect measure of the crosslinking density is the determi-

nation of the swelling ratio, a very common, simple, and low-

cost method based on the ability of a good solvent to swell the

network.11 Solvent extraction is also a simple method for meas-

uring the crosslinking degree via the extraction of soluble parts

from the sample. Because the solvent can only extract free

chains and additives, the dangling chains and loops remain in

the insoluble part. Therefore, the gel content result includes the

contributions of the crosslinked part, dangling chains, and

loops. Both (Qmrl)1/2 and the gel content account for the frac-

tion of molecules in the crosslinking network, and they report

the crosslinking degree (i.e., how many molecules are included

in the network structure). However, (Qmrl)1/2 only concerns the

crosslinked part, whereas the gel content also includes dangling

chains and loops that connect to the network. In contrast, the

solvent swelling test reflects the average lattice size in the cross-

linking network (the crosslinking density). The crosslinking

degree and the crosslinking density are completely different con-

cepts. They focus on different structural characteristics of a net-

work and may change separately during thermal aging.

However, in studies reported in the literature, they have often

been mixed, and the network structure has not been investi-

gated clearly.

In this study, we carried out the investigation of crosslinking

(the changes of the crosslinking degree and the crosslinking

density) during the thermooxidative aging of an NBR com-

pound using NMR, swelling, and solvent extraction methods.

Each experimental methodology provides different information

on the rubber network topology and, in particular, the cross-

linking density. The combination of these methods provides a

complete profile of the change of the network structure and

allows us to obtain a good understanding of the network struc-

tural evolution, the rubber thermal aging behavior, and its rela-

tionship with the mechanical properties.

EXPERIMENTAL

Vulcanized NBR compound samples were supplied by SKF Seal-

ing Solution. In addition to NBR, carbon black, a vulcanization

package, silane, a plasticizer, and an antioxidant package were

also included in the composition. Accelerated aging tests were

carried out in temperature-controlled, air-circulating ovens at

60, 80, 100, and 125�C. Low-dimensional NMR (NM120,

Shanghai Niumai Co., Ltd.) measurement was performed on

the aged samples. The parameter (Qmrl)1/2 was used to repre-

sent the relative crosslinking degree.10 Solvent extraction was

carried out by the placement of the aged samples in refluxing

xylene for 8 h to extract linear chains and small molecules. The

samples were then placed in a vacuum chamber and heated to

drive off any residue of the solvent. The gel content, which is

the ratio of the insoluble mass to the initial mass, was used to

show the crosslinking degree. The equilibrium swelling method

was also performed by the immersion of the aged samples in

methyl ethyl ketone for 96 h. The volume fraction of the poly-

mer at swollen equilibrium (V2M) was used to characterize the

crosslinking density as follows:

V 2M5
I3F
GP

I3F
GP

1 S2D
GS

where I is the initial weight, D is the dried weight, F is the

weight fraction of the polymer in the compound, GP is the spe-

cific gravity of the polymer, S is the swollen weight, and GS is

the specific gravity of the swelling solvent.

To observe the chemical changes on the sample surface during

aging, attenuated total reflection (ATR)–Fourier transform

infrared (FTIR) spectroscopy (Thermo-Nicolet 6700) was

applied. The relative changes in the hydroxyl groups, carbonyl

groups, and unsaturated species with respect to the ACN bond

(used as a reference because this band did not change obviously

during the thermal aging), namely, IAOH/IACN, IAC@O/IACN,

and IAC@C/IACN, were used to detect chemical changes in NBR

samples. The mechanical properties, including the hardness and

Young’s modulus, were also tested.9 Tensile tests were carried

out on dumbbell-shape specimens at room temperature accord-

ing to the standard ASTM D 412 with a Hounsfield H25KS

testing machine. The tensile strength and elongation at break

were the average values of three measurements. The surface

hardness was measured with a Zwickdurometer (Shore A)

according to the ASTM D 2240 standard test method.

RESULTS AND DISCUSSION

Figure 1 shows the crosslinking degree changes in NBR aged at

125�C as a function of time via NMR and solvent extraction,

respectively. There was a rapid increase for both (Qmrl)1/2 and

the gel content during the first 48 h; this could be attributed to

the loss of volatile additives, such as paraffin and antioxidants.9

With increasing aging time, the gel content increased continu-

ously, whereas (Qmrl)1/2 passed through a maximum. According

Scheme 1. Different chain structures in a crosslinked rubber. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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to the previous discussion, it was reasonable to assume that

during thermooxidative aging, more and more free chains were

included in the network, so the gel content kept on increasing.

However, a competition between further crosslinking and chain

scissions during thermooxidative aging clearly took place. The

amount of dangling chains began to increase after 168 h as the

result of oxidation-induced chain scissions.9,12 Accordingly, the

amount of fully crosslinked chains decreased from that time

with the decrease in (Qmrl)1/2. Because the dangling chains

Figure 1. Changes in Qmrl(1/2) and gel contents of NBR aged at 125�C as

a function of the aging time.
Figure 2. ATR–FTIR spectra of NBR with different aging times at 100�C.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. Changes in Qmrl(1/2), IAOH/IACN, hardness, and modulus with the gel content during aging. The master curves were made according to the

time–temperature superposition principle with 100�C as the reference temperature. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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were still in the network structure, their formation did not

affect the gel content.

To gain better insight into the aging mechanism, chemical

group changes were analyzed by means of ATR–FTIR spectros-

copy. Figure 2 shows typical spectra with different aging times

at 100�C. The peak at 3379 cm21 belonged to hydroxyl groups

(AOH). The peaks in the range 2800–3000 cm21 were CAH

vibrations. The peaks at 1735 and 1641 cm21 were attributed to

carbonyl groups (AC@O) and unsaturated species (AC@C),

respectively. The peak at 2233 cm21 belonged to the ACN

band. As was shown in our previous study,9,12 the time–temper-

ature superposition principle was applied to build master

curves, as shown in Figure 3, which here were proposed as a

function of the gel content with the same shift factor. There was

a transition point in the structural changes (with a gel content

of 96.6%) to divide the two stages of aging. In the early stage,

both (Qmrl)1/2 and the hydroxyl groups increased with the gel

content. In the later stage (gel content > 96.6%), (Qmrl)1/2

began to decrease, whereas the content of hydroxyl groups

increased at a higher rate. To illustrate the chemical changes

further, relative changes in the hydroxyl groups and unsaturated

species with respect to carbonyl groups were plotted, as shown

in Figure 4. The formation of hydroxyl groups represented the

oxidation of the molecular chains. The formation of carbonyl

groups occurred later; this was the result of further oxidation

and chain scissions. The formation of unsaturated groups was,

of course, the result of chain scissions. Before and after this

transition point (gel content 5 96.6%, IAOH/IACAN 5 33.8), the

relative ratios of the hydroxyl and unsaturated groups to car-

bonyl groups were different. In the early stage, hydroxyl and

unsaturated groups increased much more quickly than carbonyl

groups. In the late stage, the hydroxyl and unsaturated groups

increased at slower rates compared with carbonyl groups, and

unsaturated species showed a linear correlation with carbonyl

groups. All these changes confirmed that chain scissions hap-

pened even at high gel content levels; this meant that further

crosslinking and chain scissions happened simultaneously in the

network.

It was worth noticing that in the later stage, although chain

scissions took place, the crosslinking still continued, as evi-

denced by the increase in the gel content and especially V2M,

as shown in Figure 5(a). The gel content slowed down after 500

h, whereas V2M kept increasing at a nearly constant rate. V2M

was directly related to the crosslinking density. Its increase testi-

fied the decrease in the molecular weight between crosslinks.

Therefore, the network structure became denser and denser

until, at last (after 500 h), the mobility of the network chains

was so low that the whole network became rigid. As a result,

the hardness and the Young’s modulus had a sudden upturn, as

shown in Figure 3. It was also interesting to look at changes in

the Young’s modulus with the gel content and V2M, as pro-

posed in Figure 5(b). Compared to the gel content, the Young’s

modulus was related more closely to V2M (the crosslinking

density). That is, the Young’s modulus depended more on the

network density of NBR than on the molecular fraction in the

network. More molecules in the network (higher crosslinking

degree) did not certainly lead to a higher crosslinking density

and, thus, a higher rigidity. Furthermore, the thermal oxidation

of the network did not certainly lead to the mechanical

Figure 4. Relative changes in the chemical groups during aging. The mas-

ter curves were made according to the time–temperature superposition

principle with 100�C as the reference temperature. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. (a) Changes in V2M and gel contents at 125�C with the aging time. (b) Changes in the modulus with the gel content and V2M at 125�C.
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property changes unless it gave rise to significant changes in the

crosslinking density of the network.

On the basis of the observations and measurements so far dis-

cussed, a hypothesis of the NBR network structural changes

during thermooxidative aging is proposed in Scheme 2. In the

beginning, free chains further crosslinked and joined the net-

work; both the crosslinking degree and the crosslinking density

increased. This proceeded until the majority of the free chains

were crosslinked [Scheme 2(b)]. From then on, as nearly no

new chains were introduced into the network, the crosslinking

degree remained nearly constant, as measured by the gel con-

tent. Meanwhile, the crosslinking density (V2M) still increased

with a decrease in the molecular weight between crosslinks

[Scheme 2(c)]. The network became tighter and tighter until, at

last, a rigid network formed, with an abrupt increase in the

hardness and the Young’s modulus.

The oxidation of NBR during aging gave rise to two results.

First, oxidation induced extra crosslinking through the recombi-

nation of free radicals. Second, oxidation caused chain scissions

in the network, especially at high temperatures. More carbonyl

groups formed (shown in Figure 4), and dangling chains

appeared [with the decrease in (Qmrl)1/2; Figure 3]. Because it

is nearly impossible for a crosslinked chain to break its two

ends from the network at the same time, dangling chains other

than free chains were generally formed as a result of the chain

scissions [Scheme 2(d)]. That is why we only observed the

decrease in (Qmrl)1/2 but not one in the gel content.

CONCLUSIONS

In summary, in this article, we have mainly explained the differ-

ent crosslinking trends of NBR during thermooxidative aging

via the NMR, solvent extraction, and solvent swelling methods.

We have explicitly illustrated the distinction of these three

methods when describing rubber network topology. The aging

behavior of NBR could be interpreted on their basis. On one

hand, the network became denser and harder because of the

continuous increase in the crosslinking density. On the other

hand, network chains broke down after high oxidation. The

trends in crosslinking could be well correlated with the chemical

structural changes via the FTIR method. Thus, the good under-

standing of crosslinking from various aspects could help us bet-

ter deduce the aging status of the sample.
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