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Abstract: It is important to analyze crosslink densities of rubber articles because the physical properties are dependent on
the crosslink densities. In this paper, analytical techniques for the measurement of crosslink densities of rubber vulcanizates
are described. The most widely used method to measure the crosslink density is a swelling method combined with the
Flory—Rehner equation. Application of the interaction parameter () of rubber and swelling solvent is critical because the
crosslink density is absolutely dependent on the y value. Methods for obtaining % employ not only solubility parameters
of the polymer and swelling solvent but also inverse gas chromatography (IGC). The solubilities of rubbers can be obtained
using micro differential scanning calorimetry (uDSC), intrinsic viscosity measurement, and UV-visible spectroscopy.
Nuclear magnetic resonance (NMR) spectroscopy has been also used for the measurement of the crosslink density using
the T, relaxation time, which is determined by spin—spin relaxation in solid-state NMR. For sulfur-cured rubber vulcani-
zates, crosslink densities according to the crosslink types of mono-, di-, and polysulfides are measured by treating the rubber
samples with a chemical probe composed of thiol and amine compounds. Measurement methods of physical crosslinking
by filler, crystallization, and ionic bonding have also been introduced.
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Uncrosslinked rubber state

Crosslinked rubber state

Figure 1. Description of uncrosslinked and crosslinked rubber chains.
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Table 1. Principal Cure Systems
Cure System Rubber Reference
Sulfur NR, BR, SBR, EPDM, NBR 2-4,6,7,9, 12, 17, 20-24
Peroxide NR, BR, SBR, CR, PE, PP, EPR, silicon rubber 1, 2, 25-30

Resin NR, EPDM, PE, PP 31-36
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Table 3. Solubility Parameters of Solvents and Polymers Obtained
Using Various Methods

Solubility parameter
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Table 2. Interaction Parameters between Solvents and Polymers
Polymer
Solvent Reference
NR BR SBR EPDM
n-Heptane 0.5 - - 0.417-0.430 47, 48
n-Decane 0.43 0.463 - - 49, 50
Cyclohexane 0.310 0.426 0.489 0.369-0.387 48, 51, 52
m-Xylene 0.4106 - 0.3908 0.406-0.419 48, 53, 54
Toluene 0.393 0.34, 0.47 0.446 0'4707;‘%481 48, 55, 56, 57, 58, 59
Benzene 0.451 0.21, 0.265, 0.325, 0.36 0.343 0.550-0.561 48, 51, 60, 61, 62, 63, 64
THF 0.446 - - 0.503-0.503 48, 65
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Figure 2. Typical variation of physical properties with the crosslink
density.

A W7} Alols TEA] 37t dofLhs LEO] WS,
A H7E Aol gulvh W7E e W Yok 2=t
TS 4 o) F R WA Suivh HoHE Aol A £
A o7t H7he Agm o] wfolzt mEA g Ao,
gulo] 24 oA & A4S 89 A7} A 2 o, 2
gulo] BeHE 0] S A7} DAL S E Aeta

% sie

1.2. Measurement of solubility parameter using intrinsic
viscosity measurement
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1.3. Measurement of solubility parameter using UV-Vis
spectroscopy
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Measurement of Crosslink Density Using
NMR
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Figure 3. Absorption of resonance frequency by ground state nuclear spin.
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Table 4. NMR Techniques for Measurement of Crosslink Density

Method Polymer Filler Cure system References
PE/PP - Peroxide 72
EPDM - Peroxide 73
NR - Sulfur 74
Solid "TH-NMR BR Carbon black  Sulfur 75
EPDM/PP - Peroxide 76
NR Carbon black  Sulfur 77
NR Carbon black  Sulfur 78
. NR - Sulfur 74
Solid *C-NMR
NR Carbon black  Sulfur 78
Liquid 'H-NMR  NR  Carbon black  Sulfur 79
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Figure 5. Typical T, relaxation of (A) crosslinked, (B) dangling, (C) free rubber chains.
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