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Abstract.  

The structure and the mechanical and thermal properties of a hydrogenated acrylonitrile-butadiene rubber 

(HNBR) with acrylonitrile content of 44 wt% and residual unsaturation content of 9 % are investigated as 

a function of the crosslink density. The analysis is focused on specimens that have not been subjected to 
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any prior deformation. All samples are amorphous at room temperature and show glass transition 

temperatures that increase with increasing crosslink density. The values of the Young's modulus of the 

vulcanized samples are three times higher than that of the non-vulcanized counterpart and tend to increase 

with increasing the crosslink density. The tensile strength increases with increasing crosslink density, 

whereas the deformation at break decreases. All samples are amorphous at low deformations and whereas 

the non-vulcanized and the weakly and medium crosslinked samples undergo strain-induced 

crystallization (SIC) above a critical value of deformation, the highly crosslinked samples show only faint 

SIC and rupture at deformations slightly higher than that at SIC onset. It is shown that the deformation at 

SIC onset for the crosslinked samples tends to increase with increasing the crosslink density. This is in 

contrast with the prediction of Flory’s theory for a homogeneous network. Instead, in agreement with 

Flory’s predictions, the degree of orientation of the amorphous phase, increases with increasing 

deformation and reaches a plateau at SIC onset, indicating that the onset of crystallization is associated 

with a relaxation of the amorphous chains connected to the crystalline stems. The remarkable tensile 

strength of the crystallizing HNBR samples at high deformations is attributed to the strong alignment of 

the crystals in the stretching direction formed by SIC, causing pronounced strain hardening. 

Introduction. 

Hydrogenated acrylonitrile-butadiene rubbers (HNBRs) with acrylonitrile (ACN) contents ranging 

from 17 to 50 wt% are polar elastomers, produced by controlled and selective hydrogenation of the -C=C- 

unsaturation of acrylonitrile-butadiene rubbers (NBRs). Typically, elastomers characterized by fully or 

partially saturated polymer chains, with residual unsaturation contents between 0.9 and 9%, are produced 

[1],[2], which can be crosslinked with either peroxides or sulfur vulcanizing systems. HNBRs combine 

the outstanding resistance to oil and aggressive chemicals typical of NBRs, with the resistance to ozone, 

ultra-violet radiation, sour gas and high temperatures that characterizes main-chain saturated elastomers, 

such as ethylene-propylene-diene rubbers [3]. HNBRs are specialty rubbers with important applications 

in the automotive and aerospace industries, as they are well suited materials for rubber timing belts, hoses, 

sealing valves, vibration dampers and many other applications [3], [4], [5], [6], [7], [8].  
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The microstructure of the HNBR chains is complex, as it includes (i) hydrogenated cis- and trans-1-4-

butadiene units, that give rise to tetramethylene sequences; (ii) a small amount of 1,2-butadiene units, that 

are fully hydrogenated, because of the high reactivity of the lateral double bonds; (iii) residual cis- and 

trans- 1,4-butadiene unsaturation, the content of which depends on hydrogenation conditions [2], [8]; (iv) 

ACN units.  

Properties, such as the glass transition temperature, mechanical strength, oil resistance of HNBR 

systems are strongly dependent on the ACN content [7]. In particular, the high mechanical strength 

achieved by HNBRs at large deformations is generally ascribed to the crystallization of long, regular 

constitutional sequences induced by strain, i.e. strain-induced crystallization, SIC, and is critically 

dependent on the ACN content [7], [9], [10], [11]. X-ray scattering measurements at room temperature 

(RT) have shown that peroxide-vulcanized rubbers with ACN contents equal to or lower than 36 wt% 

undergo SIC due to the crystallization of the tetramethylene sequences in the orthorhombic or pseudo-

hexagonal form of polyethylene (PE) [1], [10], [11], [12]. For networks with ACN contents higher than 

39 wt%, instead, SIC is due to the crystallization of sequences of tetramethylene units regularly 

alternating with ACN units (TMAC) [1], [10], [11], [13]. 

The orientation of chain segments and SIC behavior of peroxide-crosslinked HNBRs with ACN 

contents of 19, 33, 41 and 44 wt%, residual unsaturation contents of 5% and similar crosslink densities 

have been recently investigated by using polarized Fourier Transform Infrared spectroscopy and 

synchrotron radiation wide-angle X-ray diffraction [11]. It was shown that, in accord with the previous 

studies [1], [10], [13], the samples with 19, 41 and 44 wt% of ACN showed SIC. In particular, the sample 

with the ACN content of 19 wt% started crystallizing at 200% deformation and achieved the highest level 

of crystallinity, forming well-oriented crystals. The samples with ACN contents of 41 and 44 wt% started 

crystallizing at 400 and 300% deformation, respectively, and although the degrees of crystallinity were 

lower than that of the sample with 19 wt% ACN, they reached a higher degree of crystal orientation with 

the chain axis parallel to the stretching direction [11]. It was shown that, at deformations greater than the 

deformation marking the SIC onset, the sample with 44 wt% ACN achieved stress values higher than 
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those achieved by the samples with lower ACN contents, and also the increase of the orientation of the 

chains in the crystalline and amorphous phases and of crystallinity was steeper [11].  

So far, the SIC behavior of crosslinked rubber networks has been extensively studied for natural rubber 

(NR). These studies have highlighted that the characteristic features of SIC are: i) the orientation of the 

amorphous phase along the stretching direction before crystallization; ii) the consequent decrease of the 

crystallization entropy; iii) the formation of well-oriented crystals along the stretching direction; iv) the 

consequent partial recovery of conformational entropy due to the partial relaxation of the amorphous 

chains [14], [15]. The anisotropy in the orientation of the segments belonging to the crystalline and 

amorphous phases induced by stretching, gives rise to X-ray fiber diffraction patterns characterized by an 

anisotropic intensity distribution in the two-dimensional patterns from both phases [16]. The anisotropy 

of the diffraction halo from the amorphous chains has been interpreted according to distinct views [17], 

[18], [19], [20], [21], [22], [23], [24], [25], [26] [27], [28], [29], [30], [31]. On the one hand, it is suggested 

that this anisotropy is due to the contribution from an oriented amorphous phase overlaying a contribution 

from an unoriented amorphous phase [17], [18], [19], [20], [21], [22], [23], [24]. On the other hand, only 

one kind of weakly oriented amorphous phase has been postulated, the orientation of which increases 

steadily with increasing deformation before crystallization, until reaching a plateau due to relaxation, at 

deformation higher than the deformation at crystallization onset [25], [26] [27], [28], [29], [30], [31]. All 

these considerations agree on the key role played by the orientation of the amorphous chains on SIC.  

The segmental orientation and SIC of crosslinked NR are strongly influenced by the crosslink density 

[17], [18], [25], [32], [33], [34]. Extensive studies performed on NR have shown that for sulfur-vulcanized 

NR the deformation marking the incipient crystallization of samples is nearly constant, regardless of 

crosslink density [17], [18], [25], [32], [33], but it decreases with an increase of crosslink density for 

peroxide crosslinked NR [34]. It is worth noting that the latter behavior is in agreement with the 

predictions of the classical rubber elasticity theory for homogeneous networks [14], [35]. Hence, a 

constant value of deformation at SIC onset has been interpreted as due to crosslink heterogeneity [17], 
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[18], [25], [32], [33], [34], [36], even though direct investigations have demonstrated that NR samples 

vulcanized by sulfur are characterized by a homogeneous distribution of crosslinks [37], [38].  

The aim of this paper is the study of the effect of increasing crosslink density on the mechanical 

properties, the molecular chain orientation and SIC behavior of HNBR samples with an ACN content of 

44 wt% and a residual unsaturation content of 9 %, vulcanized with various levels of sulfur curatives. The 

behavior of crosslinked samples is compared with that of the non-crosslinked counterpart. The study is 

carried out at room temperature, through ex-situ wide-angle X-ray fiber diffraction analysis, by gradually 

stretching virgin specimens that have not been subjected to any prior deformation. The elastomeric 

performances of rubbers, indeed, are critically dependent also on the possible occurrence of irreversible 

transformations taking place in as vulcanized samples in the first loading and successive unloading steps. 

This behavior measures the efficiency of an adopted vulcanization procedure and defines the elastomeric 

performances of rubbers in the loading/unloading cycles successive to the first one. The resultant 

information may be useful to compare SIC results on similar samples, subjected to different curing 

conditions.  

Experimental Section 

Materials. The sulfur-vulcanized HNBR samples have been supplied by Arlanxeo (Leverkusen, 

Germany). The starting HNBR Therban 4498 VP has an ACN content of 44 wt%, a residual unsaturation 

content of 9 % and a Mooney viscosity ML 1+4 at 125 °C of 78 MU [8]. The density ρ of 0.98 g/cm3 of 

the non-vulcanized HNBR sample was measured with an Elatest apparatus from Brabender GmbH & Co. 

KG (Germany). Stearic acid (Edenor C18-98 MY, ρ = 0.94 g/cm3) was purchased by VWR International 

GmbH (Germany). Sulfur (S), zinc oxide (ZnO), mercaptobenzothiazole (MBT), and tetramethylthiuram 

disulfide (TMTD) (see Scheme 1) were purchased under the product names Rhenogran S-80 (ρ = 1.64 

g/cm3), Zinkoxid Aktiv (5,68 g/cm3), Rhenogran MBT-80 (1.33 g/cm3), and Rhenogran TMTD-70 (1.22 

g/cm3), respectively, from Lanxess AG (Germany). The densities of these ingredients were taken from 

the specifications of the manufacturer. Rhenogran S-80, Rhenogran MBT-80, and Rhenogran TMTD-70 

are batched products with a S, MBT, and TMTD content of 80, 80, and 70 wt%, respectively.  
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The curative package includes sulfur as crosslinker, 1 phr of stearic acid (phr = part per hundred of 

rubber), 5 phr of zinc oxide, MBT and TMTD as primary and secondary accelerators, respectively (Table 

1). For all HNBR samples, the contents of sulfur crosslinker and MBT and TMTD accelerators vary, while 

keeping the S/MBT and S/TMTD ratios constant at 2.98 and 1.50, respectively. This implies an increase 

in the crosslink density with increasing sulfur content from 0.38 to 3.01 phr, but similar network structures 

and lengths of sulfur crosslinks for all the vulcanized rubbers. The samples are coded as HNBR-NV for 

the non-vulcanized sample, and as HNBR-x, with x indicating the amount of sulfur in the compounds, for 

the vulcanized samples. Mixing was carried out on a two-roll mill from Troester GmbH & Co. KG with 

20 cm roll diameter, 1.2 friction, 40 °C roll temperature, and at 20 rpm roll speed. The total milling time 

was kept at 10 min for all compounds. During this milling period the revolving rubber sheet was cut five 

times, and, finally, it was rolled and passed through the mill nip three times. A Monsanto MDR 2000E 

rheometer was used to determine the t90-time at 160 °C according to DIN 53529. Square rubber slabs with 

100 mm in width and length and with a thickness of 1.0 to 1.2 mm were vulcanized between 

polytetrafluoroethylene foils via compression molding for t90 plus 10 % at 160 °C and 120 bar. The 

quantities and compositions of the sulfur vulcanization systems and the bulk density ρ of the non-

vulcanized and vulcanized HNBR samples are reported in Table 1. Note that the samples are so-called 

gum-stock samples without any filler or plasticizer. 

Table 1. Composition, bulk density and crosslink density of the sulfur-vulcanized HNBR samples.a,b   

Sample 
Sulfur 

(phr) 

MBT 

(phr) 

TMTD 

(phr) 

ρ                 

Bulk 

Densityc (g 

cm-3) 

νe              

Crosslink 

densityd (105 

mol cm-3) 

Weight losse 

(%) 

HNBR-NV 0 0 0 0.98 - - 

HNBR-0.38 0.38 0.13 0.25 1.022 4.8 7.1 

HNBR-0.75 0.75 0.25 0.5 1.025 26 3.1 

HNBR-1.1 1.13 0.38 0.75 1.027 35 2.9 

HNBR-1.5 1.5 0.5 1 1.030 46 3.2 

HNBR-1.9 1.88 0.63 1.25 1.032 56 4.0 

HNBR-2.3 2.26 0.76 1.5 1.035 65 3.6 

HNBR-3.0 3.01 1 2 1.039 75 4.5 
a)The formulations of the rubber compounds are in part per hundred of rubber (phr). b)All samples contain 

1 phr of stearic acid and 5 phr of ZnO. c)The values of bulk density ρ are calculated using the sample 
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compositions and the densities of the individual components, i.e. HNBR, S, stearic acid, ZnO, MBT, and 

TMTD. d) The relative error is 5%. e) Calculated as 100 (wi-wd)/wi 

Equilibrium swelling. The slabs of the vulcanized samples are cut in squared parts of approximately 

2.5 mg ( 5 mm x 5 mm). The parts are weighed (initial weight wsw) and then immersed in methyl ethyl 

ketone (MEK; Alpha Caesar, molar volume VS = 90.2 cm3 mol-1; density ρS = 0.8054 g cm-3) at RT. The 

solvent is renewed every 24 h. The swollen samples are removed from the solvent, gently blotted with an 

adsorbing paper to remove the excess of MEK at the surface and weighed every 10 to 12 h, until reaching 

a constant weight (wsw) in approximately 72 h. Finally, the samples are dried in a vacuum oven at 72°C 

achieving a constant weight (wd) in ∼24 h. The volume fraction of the crosslinked rubbers at swelling 

equilibrium r is calculated as: 

𝜑𝑟 =
𝑤𝑑 𝜌⁄

𝑤𝑑 𝜌⁄ +(𝑤𝑠𝑤−𝑤𝑑) 𝜌𝑠⁄
   (1) 

where (wsw - wd) corresponds to the quantity of absorbed solvent at equilibium.  

The crosslink density, νe, is calculated as prescribed by the classical Flory-Rehner Equation, in the 

assumption that the functionality of the crosslinks is 4 and the crosslinked network is homogeneous [39]: 

𝜈𝑒 = − 
𝑙𝑛(1−𝜑𝑟)+𝜑𝑟+𝜒𝜑𝑟

2

𝑉𝑠(𝜑𝑟
1 3⁄

− 
𝜑𝑟
2

)
   (2) 

In Equation 2,  is the Flory-Huggins interaction parameter which, for the HNBR-MEK combination, 

is 0.453 [40], [41]. 

The values of the crosslink densities, averaged over the results of 5 independent measurements, are 

reported in Table 1, and presented in Fig. S1 as a function of the amount of sulfur added for vulcanization. 

The crosslink density increases with increasing sulfur content in a concave fashion. The amount of trapped 

entanglements may also vary and tends to zero as the density of chemical crosslinks tends to zero. 

Differential scanning calorimetry (DSC). DSC scans are recorded with a differential scanning 

calorimeter (Mettler Toledo DSC-822) under a nitrogen atmosphere with a scanning rate of 10 °C/min in 

a temperature range from -70 to 100 °C. The values of the glass transition temperature (Tg) are determined 

from the second heating scans at the midpoints of the heat capacity jumps. 
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X-ray diffraction. Wide angle X-ray powder diffraction (WAXS) profiles are recorded at RT with an 

Empyrean diffractometer (Malvern Panalytical) in reflection geometry (- scans, with  half of 

diffraction angle) using CuKα radiation (λ =1.5418 Å) at a scanning rate of 0.0705 deg (2)/s.  

Two-dimensional WAXS fiber diffraction patterns were recorded with a Bruker-Nonius Kappa CCD 

diffractometer (MoKα radiation, λ = 0.71073 Å) on stretched specimens. Measurements were performed 

on rubber specimens that were gradually stretched at different strains, while keeping the samples in 

tension, using a custom-made tensile apparatus with an estimated average strain rate of 2 min-1. Additional 

measurements were also performed on the non-crosslinked sample, by stretching independent specimens 

at various deformations with strain rate of 10 min-1. For each imposed deformation value, 5 images of 1 

min/image were collected and then added together. Radial, equatorial, meridional and azimuthal one-

dimensional profiles were extracted from the two-dimensional WAXS patterns by using the freeware 

software Fit2D [42], as shown in Fig. S2. In particular, azimuthal profiles spanning a narrow 2 range 

centred around the equatorial reflection at 2(MoKα)   8.4° (i.e. 7.4≤2 ≤9.1°), corresponding to the 

interplanar distance d of 0.48 nm (Fig. S2D) and the meridional reflection at 2θ(MoKα) = 5.7° ((i.e. 

4.7≤2 ≤6.7°), corresponding to the interplanar distance d of  0.72 nm are extracted from the two-

dimensional WAXS images. Additional azimuthal profiles spanning a wider 2 region encompassing the 

whole amorphous halo (i.e. 6.8≤2 ≤13.2°) (Fig. S2E) are also extracted.  

For each deformation, the degrees of orientation of the crystalline and amorphous phases of the HNBR 

stretched specimens were estimated from the azimuthal profile (Fig. S3), after careful subtraction of air 

and background contributions (see SI).  

For the amorphous contribution to the azimuthal intensity distribution, the fitting function Iam(cos ), 

where  is the azimuthal angle (corresponding to the angle with respect to the tensile direction) (Fig. 

S2C), can be approximated by a linear combination of even-order Legendre polynomials Pn, truncated to 

the 4th order [43], [44]. Equivalently, it can be approximated by Equation: 

𝐼𝑎𝑚(𝑡) = 𝐴 + 𝐵 cos2 𝜑 + 𝐶 cos4 𝜑  (3) 
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The crystalline contribution to the azimuthal intensity distribution Icr(t) is approximated by a Gaussian 

function centered at =90°: 

𝐼𝑐𝑟(𝑡) =
𝐺

𝑏[𝜋 (4ln2)⁄ ]0.5
exp [

4ln2(𝜑−90)2 

𝑏2
]  (4) 

where G and b are the area and the width at mid-height of the Gaussian function.  

The degree of orientation for the amorphous (x=am) and crystalline (x=cr) phases is measured by the 

average coefficients associated to the second and fourth Legendre polynomials P2
WAXS-x and P4

WAXS-x 

[43], [44] as given by Equations 5 and 5’:  

𝑃2
𝑊𝐴𝑋𝑆−𝑋 =

1

2
(3〈cos2 𝜑〉𝑥 − 1)   (5) 

𝑃4
𝑊𝐴𝑋𝑆−𝑋 =

1

8
(35〈cos4 𝜑〉𝑥 − 30〈cos2 𝜑〉𝑥 + 3)   (5’) 

where <cosn>x is the mean square of cosn (n=2,4) and it is calculated by Equation 6: 

〈cos𝑛 𝜑〉𝑥 =  
∫ 𝐼𝑥(cos 𝜑)cos𝑛 𝜑 sin 𝜑𝑑𝜑

𝜋 2⁄

0

∫ 𝐼𝑥(cos 𝜑) sin 𝜑𝑑𝜑
𝜋 2⁄

0

   (6) 

In Equation 6, Ix corresponds to the contribution to the WAXS intensity from the amorphous phase Iam 

(Equation 3) for the calculation of <cosn>am, from the crystalline phase Icr for the calculation of 

<cosn>cr.  

Equation 5 entails that the order parameter P2
WAXS-x is 1 for a perfect orientation of the correlation 

distance vectors in the direction parallel to the stretching direction, -0.5 for an orientation perpendicular 

to the stretching direction, and 0 for isotropic orientation, whereas the corresponding values for P4
WAXS-x 

are 1, 0.375 and 0, respectively. Since the polarization of the amorphous halo and the strongest reflection 

due to the crystallization of the alternating TMAC sequences occurs on the equator, there is a negative 

(not known quantitatively) factor between the values of the order parameter marking the orientation of 

the amorphous and crystalline segments and the order parameters measured from X ray patterns P2
WAXS-

x [43], [44]. 

Based on Equations 3, 5, 5’ and 6 the values of P2
WAXS-am and P4

WAXS-am were calculated as: 

𝑃2
𝑊𝐴𝑋𝑆−𝑎𝑚 =

14𝐵+12𝐶

105𝐴+35𝐵+21𝐶
   (7) 
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𝑃4
𝑊𝐴𝑋𝑆−𝑎𝑚 =

8𝐶

315 𝐴+105𝐵+63𝐶
   (7’) 

The fiber WAXS analysis, repeated for selected experiments, indicates that the values of the order 

parameters of the amorphous phase are affected by 10% relative error. 

From the azimuthal profiles of the kind shown in Fig. S3C, an approximate index of crystallinity xc was 

also evaluated from the relative intensity of the equatorial reflection at 2(MoK)8.4° (equatorial 

crystallinity index), that is xc = 100  Ac / Atot, where Ac is the area of the crystalline peaks at 2 8.4° and 

Atot is the area subtending the whole profile integrated over the narrow 2 region comprised between 7.4 

and 9.4°, as indicated in Fig. S3C’’.  

Mechanical tests. Mechanical tests were performed at RT by stretching dumbbell-shaped specimens, 

cut from the rubber slabs with a thickness of 1.0 to 1.2 mm, a width of 3 mm and a gauge length of 15 

mm, using a universal testing machine (Instron 5566H1543), according to the Standard Test Method 

ASTM D638.  

The drawing speed was set equal to 10 times the initial gauge length L0 per min (150 mm/min) 

corresponding to a strain rate v = 10 min-1 (= 0.17 s-1) for the measurement of the stress strain curves and 

the consequent determination of the tensile parameters up to breaking, and to 0.1 × L0 per min (1.5 

mm/min) corresponding to v = 0.1 min-1 (= 1.7 × 10-3 s-1) for the measurement of the Young's moduli. 

The tension set after break (tb) was measured according to the Standard Test Method ASTM D412 on 

dumbbell-shaped specimens stretched up to breaking, that is up to a final deformation εb = 100 × (Lb–L0) 

/ L0, with Lb the final length achieved at the break and L0 the initial gauge length. The two broken pieces 

were fit together so that they were in good contact over the full area of the break and after ten min the 

length of the fully relaxed specimen Lrb was measured. The tension set (in %) after break was then 

calculated as tb = 100 × (Lrb–L0) / L0. Benchmarks were used to determine elongation. 

Mechanical hysteresis cycles were performed at RT on dumbbell-shaped specimens. The specimens 

were stretched up to a deformation max equal to 70 to 90 % of the strain at break, at a constant rate of 30 

mm/min (strain rate v = 2 min-1 = 0.033 s-1), and then relaxed at same strain rate. Three consecutive cycles 
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of stretching and relaxing were recorded with a waiting time of 10 min between one cycle and the 

successive one. After each cycle, the values of the residual deformation (tension set, ts) and of the 

percentage of dissipated energy (Wdiss, hysteresis) were measured. The values of the tension sets after a 

given cycle i were measured as ts(i) = [(Lri – L0(i-1)) / L0(i-1)] × 100, where the subscript "i" (i-1) refers to 

the i-th ((i-1)-th) hysteresis cycle and L0i and Lri are the initial and final lengths of the relaxed specimen 

measured 10 minutes after the end of the cycle, respectively.  

The stress strain curves, the hysteresis cycles and the values of the mechanical parameters were 

averaged over at least five independent experiments. 

Result and Discussion 

Thermal and structural analysis 

The WAXS profiles recorded at RT and the DSC heating scans recorded at 10 °C/min of the HNBR 

samples are reported in Fig. 1 and 2, respectively.  

All the samples are amorphous at RT, as indicated by the presence of a broad halo centered at 2θ(CuK) 

≈ 19°. The crystalline peaks present in the diffraction profiles of the crosslinked samples are due to zinc 

oxide from the curatives package and/or fillers added as slip agents (talc and clinochlore) (Fig. 1). 
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Fig. 1. X-ray powder diffraction profiles of non-vulcanized (NV) and vulcanized HNBR samples with 

varying sulfur curatives. The main reflections due to crystalline additives from curatives (Z, stands for 

ZnO) or from sample preparation (T and C stand for talc and clinochlore) are indicated. 

The DSC thermograms of the HNBR samples (Fig. 2A) do not present any endothermic peak, but only 

an inflection point below RT, due to the glass transition, confirming that the samples are amorphous. The 

HNBR samples with 44 wt% of ACN do not experience thermally induced crystallization at low 

temperatures in the DSC thermograms of Fig. 2B, probably because of a slow kinetics. Thermally induced 

crystallization, indeed, has been evidenced for HNBR samples with ACN content of 34 and 36 wt% [45], 

[46], where crystallization emerges after suitable annealing at temperatures close to the glass transition, 

and it is due to the presence of long tetramethylene sequences forming polyethylene-like crystals. For the 



13 

HBNR samples with 44 wt% ACN crystallization of alternating TMAC sequence upon annealing at low 

temperatures may not be excluded.  

The values of the glass transition temperature, Tg, determined from the DSC curves of Fig. 2A, are 

reported in Fig. 2B as a function of the crosslink density. An almost linear increase of the Tg values with 

increasing crosslink density is observed, due to the reduced mobility of the chains [47].  
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Fig. 2. A: DSC heating scans of HNBR samples with varying crosslink densities. Values of glass transition 

temperatures (Tg) are indicated. B: Corresponding plot of Tg-values as a function of crosslink density. 

Mechanical properties 

Stress-strain curves. The nominal stress-nominal strain curves recorded at RT of the non-vulcanized 

and vulcanized HNBR samples are shown in Fig. 3. The average values of the Young's modulus (E), 

elongation at break (εb), tensile strength at break (σb), and tension set at break (tb) are reported in Table 

S1 and in Fig. 4 as a function of the crosslink density. 

The stress-strain curves of the non-vulcanized sample, reported in Fig. 3A, shows a pronounced and 

broad yield followed by a stress drop due to the chain relaxation (strain softening), then a plateau region, 

in which the stress is almost constant with increasing the strain (cold drawing) and finally a steep increase 

of stress up to the breaking (strain-hardening). The sample shows high ductility with elongation at break 

of 1200% and good elastomeric properties with a value of tension set at break of only 18% (Fig. 3A and 

Table S1).  

The vulcanized samples show stress-strain curves typical of hard rubbers with the stress that increases 

with strain, first rapidly up to about 20 – 30 % strain, then more slowly for higher strains from 20 – 30% 

to about 200 – 300 %, and finally again rapidly, up to the break, due to strain-hardening occurring at 

higher deformations (Fig. 3B). Moreover, with increasing crosslink density the values of stress at any 

strain increase, whereas the elongation at break tends to decrease (Fig. 3B and Table S1). Therefore, the 

increase of the crosslink density enhances the resistance to tensile deformation and induces a loss of 

ductility.  
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Fig. 3. Nominal stress-nominal strain curves of non-vulcanized (A) and vulcanized (B) HNBR samples 

with varying sulfur contents. 
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The vulcanized samples present values of the Young's modulus and stress at break significatively higher 

than those of the non-vulcanized rubber. In particular, the values of Young’s modulus increases steeply 

from 1 MPa for the non-vulcanized sample to 3 MPa for the weakly crosslinked sample and tend to 

increase with increasing crosslink density less steeply (Fig. 4A). The stress at break first increases with 

increasing νe, reaches a maximum for samples with νe around 20-50  10-5 mol cm-3 and then decreases 

by a further increase of νe reaching a quasi-plateau (Fig. 4B). The deformation at break, instead, decreases 

with the increase of νe (Fig. 4C). Finally, all the samples, including the non-vulcanized one, have good 

elastomeric properties in the whole range of deformations up to the break, as indicated by the values of 

tension set at break that are lower than 64% (Fig. 4D and Table S1).  
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Fig. 4. Values of Young’s modulus (A) and stress (B), strain (C) and tension set (D) at break as a function 

of crosslink density, for HNBRs samples with varying crosslink densities. 

Hysteresis cycles. The hysteresis cycles of the HNBR samples with different crosslink densities are 

reported in Fig. 5 and S4. The values of the tension set and the percentage of dissipated energy (ts and 

Wdiss) measured after the first and the successive cycles are listed in Table S2. Since the maximum 

deformation achieved during the cycles (εmax) is different for the various HNBR samples, in order to 
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compare the elastomeric performances of the different samples, the values of tension set after each cycle 

are divided by εmax, obtaining the percentages of residual deformation after the release of the tensile force 

(percentages of permanent set). These values and the percentage of dissipated energy across the different 

hysteresis cycles are reported in Fig. 6 as a function of the crosslink density. 
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Fig. 5. Hysteresis cycles of non-vulcanized (A) and vulcanized (B) HNBR samples with different 

crosslink densities. 

 

The non-crosslinked sample shows pronounced hysteresis, with a percentage of dissipated energy 

greater than 90% and large values of residual deformation after all cycles (Fig. 5A and Table S2). In fact, 
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due to the absence of chemical crosslinks between the chains, disentanglement and irreversible segmental 

relaxation phenomena occur during stretching, so that, upon retraction, the rubber does not regain its 

original length because the elastic energy is largely dissipated.  

Conversely, vulcanized rubbers show good elastomeric properties when subjected to consecutive 

mechanical cycles of stretching and relaxing. The specimens do not fully recover their original length 

after the first cycle, and part of the energy expended during deformation is dissipated, as indicated by the 

percentages of residual deformation (ts/εmax) of about 10-15 % and hysteresis of about 30 – 55 % measured 

after the first cycle (Fig. 6A,B and Table S2). In the successive two cycles, however, the percentages of 

permanent set reduce to almost zero (Table S2) and the percentages of energy loss decrease by at least 50 

% compared with the values relative to the first cycle (Fig. 6 and Table S2), indicating excellent 

elastomeric properties with little hysteresis. 
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Fig. 6. Percentage of permanent set (ts/εmax, A) and of dissipated energy (B) after first (solid symbols) and 

successive hysteresis cycles (open symbols) of vulcanized HNBR samples with varying crosslink 

densities.  

It is worth noting that for all samples the values of tension set measured in the first hysteresis cycle, 

after a deformation εmax < εb, are always greater than those measured after the break, tb (Tables S1 and 

S2). This is probably due to the slower strain rate at which the hysteresis cycles are performed (0.033 s-1) 

with respect to that employed in the stress-strain tests (0.17 s-1). This indicates that a characteristic 

relaxation time of the initial material should be within the time window defined by the inverse rates of the 

tensile tests and hysteresis cycles. As a result, after the first hysteresis cycle, the samples are subjected to 

a plastic (irreversible) deformation greater than that achieved after the break, upon the abrupt release of 

the tension. As this relaxation effect is limited to the first cycle, it may correspond to some degree of chain 

reorganization at the scale the crosslinking network, rather than to the intrinsic viscoelasticity of the 

material, that is to local frictional forces caused by the high local viscosity. 

This effect is dramatically enhanced in the non-crosslinked sample (tension set measured in first 

hysteresis cycle 530% vs 18% after break), indicating considerable relaxation (viscous flow) within the 
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corresponding time window. In contrast to the vulcanized samples, this behavior may be related to the 

viscoelastic response of the non-vulcanized sample, which does not exhibit a true rubbery plateau.  

Fiber diffraction analysis and strain-induced crystallization 

The two-dimensional WAXS fiber patterns collected at RT of selected HNBR samples with different 

crosslink densities are reported in Fig. 7, S5 and S6. The analysis is carried out on specimens that have 

not been subjected to any prior deformation. For each sample, the two-dimensional WAXS patterns were 

recorded for the undeformed sample (ε = 0) and for samples stretched at different strains ε up to a 

deformation εmax close to the break and then after the successive retraction paths from εmax down to 

complete release of the tension (Force = 0).  

The one-dimensional equatorial, meridional, azimuthal and radial profiles, obtained from the two-

dimensional patterns of all HNBRs recorded at the different strains are reported in Fig. S7-S11. 

For all samples, the two-dimensional WAXS patterns of the unstretched specimens (at ε = 0) show a 

halo centered at 2θ(MoKα)  8.7° (i.e., 2θ(CuKα) = 19.2°), the intensity of which is uniformly distributed 

along the whole azimuthal arc (Fig. 7, S7 – S11). This indicates that the samples are initially amorphous 

and that the amorphous phase is not oriented.  

The two-dimensional patterns of the vulcanized samples (Fig. 7) show Debye-Scherrer rings due to the 

crystalline additives, regardless of deformation (see also Fig. 1). The intensity distribution of the 

amorphous halo tends to become anisotropic with increasing deformation, (Fig. 7), as indicated by the 

increase of intensity on the equator (at =90) in the azimuthal profiles of Fig. S8. The 2θ position of the 

amorphous halo, instead, regardless of the crosslink density, remains almost constant at  8.7°(MoKα), 

as evident from the corresponding equatorial and radial profiles of Fig. S10 and S11, respectively. This 

indicates that the chain segments of the amorphous phase gradually align along the stretching direction 

with increase of deformation while keeping a short range correlation transversal to the stretching direction 

at distance of about (2 sin θ/)-1  0.47 nm as in the undeformed state. 
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Upon release of the tension the orientation is gradually lost, and the intensity of the amorphous halo 

appears again uniformly distributed along the entire azimuthal arc (Fig. 7, S7,S8). 

It is worth noting that for the non-vulcanized sample HNBR-NV, the gradual stretching procedure 

adopted for the vulcanized counterparts (step-wise stretching at average strain rate of 2 min-1) does not 

induce any significant change, as indicated by the uniform distribution of intensity of the amorphous halo 

centered at 2θ(MoKα) 8.7°, regardless of deformation (Fig. 7A-D and S7B-B’’’). This indicates that in 

the adopted stretching conditions, in absence of crosslinks, the entanglements are not efficient enough to 

prevent the viscous flow of the chains. As a consequence, the elastomeric network is not deformed, 

because relaxation phenomena occur at the same or shorter time scales as the average deformation rate. 

This is fully coherent with the mechanical behavior of the non-vulcanized sample discussed above. 
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Fig. 7. Two-dimensional WAXS fiber patterns of non-vulcanized (A-D) and vulcanized samples (A’-G’; A’’-G’’; A’’’-F’’’) with different crosslink 

densities, recorded at RT at the indicated deformations . Specimens that have not been subjected to any prior deformation are gradually stretched 

until reaching a deformation close to breaking, and then they are gradually relaxed until reaching complete relaxation (force zero, average 

deformation rate 2 min-1). Arrows in E’’’ indicate reflections of faint intensity due to oriented crystallization of alternating TMAC sequences also 

for the highly crosslinked sample with 2.26 phr of sulfur. Stretching direction is indicated.  
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The vulcanized HNBR samples characterized by different crosslink densities show not only orientation 

of the amorphous phase but also SIC. For these samples, indeed, whereas at low strains (ε = 100 – 200 

%) the sole observed changes are relative to the orientation of the amorphous phase, at strain greater than 

a critical value (250 – 300 %), well arched diffraction peaks appear on the equator at 2θ(MoKα) = 8.4 and 

11.9° (interplanar distances d  0.48 and 0.35 nm, respectively) and on the meridian 2θ(MoKα) = 5.7° (d 

 0.72 nm) (Fig. 7, S5, S8-S11) due to the crystallization of the alternating TMAC sequences [9], [10], 

[11]. The chain axis periodicity evaluated from the meridional reflection at 2θ(MoKα) = 5.7° is close to 

a chain periodicity c = 7.2Å, consistent with a trans-planar conformation of the chains [9], [10], [11]. 

Upon release of the tension, the loss of orientation of the amorphous phase is preceded by the melting of 

the crystals, as indicated by the disappearance of the crystalline reflections (Fig. 7, S5, S8-S11) at 

deformation around 100-200%. Similar to NR the deformation at incipient crystallization during 

stretching is higher than the deformation marking the melting of crystals during the release of the tension 

[14], [25], [26], [27], [28].  

The strain-induced crystallization and melting in consecutive cycles of stretching and release of the 

tension are mainly evident for the samples with crosslink density lower than 65 10-5 mol cm-3 (added sulfur 

content lower than 2.26 phr). Indeed, as the crosslink density increases, the crystalline reflections become 

broader and of low intensity, indicating that the correlation length of the crystals in the directions parallel 

and perpendicular to the chain axes decreases (Fig. S10). Furthermore, the deformation at incipient 

crystallization tends to increase with increasing crosslink density (Fig. S10). For instance, for the samples 

with the lowest crosslink densities HNBR-0.38 and HNBR-0.75 with νe equal to 4.8 and 26 10-5 mol cm-

3, respectively (added sulfur contents 0.38 and 0.75 phr, respectively, Fig. S10A,B,A’,B’) the 

crystallization onset is in between 250 and 300% whereas for the samples with the highest crosslink 

densities HNBR-2.3 and HNBR-3.0 with νe equal to 65 and 75 10-5 mol cm-3, respectively (added sulfur 

contents 2.26 and 3.01 phr, respectively, Fig. S10F,G,F’,G’) the crystallization onset shifts to 

deformations higher than 300%, close to the elongation at break (300-400% Table S1).  
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The differences in SIC behavior of the vulcanized samples can be explained by assuming that a high 

crosslink density reduces the chain mobility, hindering the crystals lateral growth and somehow delaying 

the crystallization kinetics through a shift of the deformation marking the crystallization onset toward 

higher values (kinetic effect). Note also that the small increase of deformation at incipient crystallization 

with increasing the crosslink density is in contrast with the prediction on homogeneous networks by Flory 

[14], [28], and similar to the behavior of sulfur vulcanized NR [17], [18], [25], [32], [33], [48], [49]. How 

this discrepancy relates to possible crosslink heterogeneity (heterogeneity effect) and/or, as suggested by 

Fig. 5 and S4, to the occurrence of irreversible transformations during the first hysteresis cycle, remains 

uncertain at this point. According to ref. [48], indeed, for NR the inhomogeneity of the stretched network 

should play a key role as the corresponding SIC behavior is related to the stretching state of the network 

strands of shortest length [49]. Since the population of network strands is expected to increase with 

increase of crosslink density, the SIC behavior of the HNBR samples as a function of crosslink density 

suggests that the disturbance effect of the chemical crosslinks for the crystallization of the TMAC 

sequences prevails, determining a kinetic control of the SIC behavior. 

For the non-vulcanized sample HNBR-NV, the gradual stretching in conditions similar to those adopted 

for the vulcanized samples (i.e. with an average strain rate of 2 min-1) does not induce the orientation of 

the amorphous phase, probably because the loading time due to the application of the tensile force along 

with the time needed for stress transmission are longer than the characteristic segmental relaxation times. 

Also, no SIC occurs (Fig. 7A-D and S6B-B’’’). On the other hand, when independent HNBR-NV test 

specimens are stretched at a higher rate of 10 min-1, the sample shows not only the orientation of the 

amorphous phase, but also SIC at deformations higher than some threshold (see Fig. S6 and S7A-A’’’), 

probably because the so-formed crystals prevent the viscous flow of the chains, since they act as physical 

knots of the elastomeric network. Therefore, these results support the hypothesis that whenever stretching 

does not induce any orientation of the amorphous phase, no SIC occurs. 

The deformation-rate dependence of the structural behavior of the non-vulcanized sample HNB-NV, 

explains well the differences in mechanical behavior observed in the stress-strain curve recorded at strain 
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rate of 10 min-1 and in the hysteresis cycles recorded at strain rate of 2 min-1. In fact, when the sample is 

stretched at high deformation rate, SIC occurs (Fig. S6) and it is responsible for the rapid upturn of the 

stress and the remarkable strain-hardening in the stress-strain curve recorded up to rupture (Fig. 3A). 

When the sample is instead stretched at low strain rate, SIC does not occur (Fig. 7A-D), and the sample 

undergoes viscous flow, resulting in large values of tension set and dissipated energy measured in 

successive stretching and relaxing cycles (Fig. 5A and Table S2). 

For the vulcanized samples undergoing significant SIC (that is with added sulfur contents comprised 

between 0.38 to 2.26 phr), an index of crystallinity xc was calculated from WAXS data, using the intensity 

of the equatorial reflection at 2(MoK) 8.4° as detailed in Fig. S3 (equatorial crystallinity index). The 

analysis was not carried out on the highly crosslinked sample with sulfur content equal to 3.01 phr, 

because of the too high uncertainty in the evaluation of xc. The so-calculated values of xc are reported in 

Fig. 8A, A’ as a function of deformation.  
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Fig. 8. Index of crystallinity xc evaluated from WAXS data using the relative intensity ratio of the 

equatorial reflection at 2(MoK) 8.4 ° (equatorial crystallinity index) as detailed in Fig. S3C,C’, as a 

function of the deformation (A, A’) and values of the maximum increase of crystallinity index with 

increase of deformation (dxc/dε)max (left scale) and of the equatorial crystallinity index xc(max) (right 

scale) achieved at the maximum deformation, close to rupture (Table 2), as a function of the crosslink 

density (B) for the HNBR samples experiencing significant SIC. The dashed line in A is the fit to the data 

with a straight line in the steepest region of the sigma-shaped curve. The intercept with the x-axis and the 

slope of the straight line are assumed to correspond to the deformation of incipient crystallization and to 

the maximum increase of the equatorial crystallinity index with respect to the deformation (dxc/dε)max, 

respectively (A). 

For all the samples, the equatorial crystallinity index increases with the increase of the deformation 

according to a sigmoidal curve, until reaching a maximum value at the highest approached strain, either 

because a plateau is approached, or because the sample ruptures (Table S1 and Fig. 8A,A’). The maximum 

value of the equatorial crystallinity index xc(max) achieved upon stretching before the rupture of the 

sample decreases almost linearly with increasing the crosslink density (Fig. 8B, right scale). This decrease 

is due to the fact that with increasing the crosslink density, the length of the network strands decreases 

and also the length of crystallizable sequences decreases. Extrapolating the straight line of Fig. 8B to null 

crystallinity index allows to deduce that crystallization would not occur anymore for crosslink densities 

higher than 80 10-5 mol cm-3. This suggests that the chemical crosslinks act as a sort of constitutional 
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defects of the rubber networks that not only shorten the length of crystallizable sequences, but also 

introduce topological constrains that reduce the segmental mobility and cause a decrease of ductility too 

(Fig. 4C).  

The fit to the data with a straight line in the most-steep region of the sigmoidal curves is shown in Fig. 

8A, as an example. The intercept with the x-axis and the slope of the straight line are assumed to 

correspond to an approximate value of the deformation at incipient crystallization and of incremental 

crystallinity index with respect to the deformation (dxc/d)max, respectively. Data of Fig. 8A, A’ confirm 

that the values of deformation at incipient crystallization of specimens that have not been subjected to any 

previous deformation, although affected by a large relative error of 20%, are about constant and equal 

to 200% – 240 % for samples with crosslink densities below or equal to 56 10-5 mol cm-3 (added sulfur 

content ≤ 1.9 phr) and tend to increase to 300% for samples with crosslink densities above this threshold.  

The values (dxc/d)max are reported in Fig. 8B as a function of the crosslink density (left scale). Since 

the test specimens are stretched at similar strain rate (2 min-1) and the WAXS profiles are recorded while 

keeping the samples in tension at each deformation for about 15 min, the incremental crystallinity index 

with respect to the deformation (the slope of the curves in the steepest part) may be considered to be a 

sort of a kinetic parameter of SIC (“SIC rate”), marking how fast the crystallinity increases by effect of 

stretching. Inspection of Fig. 8B indicates that the value of (dxc/d)max is nearly constant at low crosslink 

density (i.e. for νe ≤ 46 10-5 mol cm-3, added sulfur content ≤1.50 phr), and increases for νe > 46 10-5 mol 

cm-3 (added sulfur content 1.5 phr).  

It is worth noting that the increase of “SIC rate” with increasing crosslink density, as well as the 

associated decrease of crystal size and crystallinity index observed for the HNBR samples, are similar to 

the SIC behavior of natural rubber. For NR, indeed, it has been shown that a higher crosslink density 

results in a faster crystallization [13], [16], [23]. This increase has been ascribed to the increase of the 

nucleation density, as nucleation is controlled by the local stretch ratio of the network strands, which for 

highly crosslinked networks should be enhanced. The increase of the nucleation density with the increase 
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of the crosslink density, in turn, also causes the formation of crystallites of smaller size due to the restricted 

segmental mobility that hinders the lateral growth of the crystals [13], [16], [23]. As a result of the reduced 

mobility, also a decrease of the final degree of crystallinity occurs [13], [30, [31]. 

Segmental orientation 

The segmental orientation of the HNBR samples stretched at different deformations is calculated from 

the azimuthal profiles extracted from the two-dimensional WAXS patterns using equations (7) and (7’), 

as detailed in Fig. S3 and in the Experimental Section.  

For the standard statistics of polymer chains in the Gaussian approximation, the order parameter P2
WAXS-

am of the amorphous segments depends on the elongation ratio λ = L/L0 (=/100-1) through equation [38], 

[50]: 

𝑃2
𝑊𝐴𝑋𝑆−𝑎𝑚 = 𝐾𝜈𝑒(𝜆2 − 1 𝜆⁄ )   (8) 

where K (in cm3/mol), a negative quantity corresponding to a fraction of the monomer molar volume, 

accounts for the local structure of the amorphous phase [43], [44].  

The values of the order parameters P2
WAXS-am and P2

WAXS-cr (Equation 4) for the amorphous and 

crystalline phases of the HNBR samples are reported in Fig. 9, as a function of the elongation parameter 

(2-1/).  
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Fig. 9. Values of the order parameters for the amorphous P2
WAXS-am (A,A’) and crystalline P2

WAXS-cr (B) 

segments as a function of the elongation parameter (2-1/) of the HNBR samples with different crosslink 

densities. The dashed vertical bars in A and A’ indicate the deformations of ε = 200 and 300%. The arrows 

in B mark the deformation of incipient crystallization. In A’, data relative to the non-vulcanized sample 

HNBR-NV are evaluated from the azimuthal profiles extracted from the two-dimension WAXS fiber 

images of Fig. S8. Vulcanized samples were stretched at strain rate v = 2 min-1, the non vulcanized sample 

(A’) at strain rate v = 10 min-1. The values of P2
WAXS-am are affected by 10% relative error. 

 

The negative values of the order parameter P2
WAXS-am indicate that the amorphous segments tend to 

become oriented in the direction parallel to the chain axes already at low deformations (Fig. 9A,A’). It is 

apparent that the absolute values of the order parameter associated to the amorphous segments experience 

a steep increase at low deformations until reaching a quasi-plateau for values of (2-1/) close to 10-20 

(i.e. 200-300%) (Fig. 9A, A’) and that the degree of orientation achieved by the amorphous segments 

at any deformation increases with increasing the crosslink density. 

For all the samples, the plateau seems to be reached in correspondence of the deformation at incipient 

crystallization (200 to 300%, 2-1/ comprised between 9 and 16). This indicates that when crystallization 

occurs, the orientation of the amorphous segments does not increase any longer with strain because 

crystallization leads to a partial relaxation of the amorphous chains linked to the crystallites, as predicted 
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by Flory’s theory [14] and observed in vulcanized samples of natural rubber [24], [26], [27], [28], [29] 

and synthetic elastomers as polyisoprene, polybutadiene, and butyl rubber [21]. This confirms that SIC 

can be understood and described as a phase equilibrium [28].  

On the basis of Equation 8, the initial slope of the order parameter versus (2-1/) is expected to increase 

with increasing of νe (Fig. 9A,A’). However, due the lack of direct measurements at deformations lower 

than 100% (i.e. for 2-1/ lower than 5), it is not possible to hazard any quantitative evaluation of this 

slope. Indirect information may be obtained from inspection of the dependence of the values of the order 

parameter achieved at 300% deformation (2-1/ = 15.75) (P2
WAXS-am(300%)) on νe. The values of P2

WAXS-

am(300%) are reported in Fig. 10 as a function of νe, where they are compared with those of the order 

parameter occurring at the maximum deformation reached in the stretching experiments (P2
WAXS-am(εmax)). 

It is apparent that whereas the values of P2
WAXS-am(εmax) is almost constant and equal to -0.029 regardless 

of crosslink density, the values of P2
WAXS-am(300%) decrease with increasing νe. This suggests that the 

rate with which the amorphous segments become oriented parallel to the stretching direction tend to 

increase with increasing νe, but, once the deformation at crystallization onset is achieved, relaxation of 

the amorphous segments entails that the amorphous phase tends to reach the same degree of orientation 

regardless of crosslink density. The linear dependence of P2
WAXS-am(300%) on νe. also suggests that even 

at zero crosslink density, the HNBR samples should approach a non-zero value of the order parameter 

close to -0.017, because of the presence of trapped entanglements. This value is close to the value of 

P2
WAXS-am(300%) approached by the non-vulcanized sample (data not shown), even though such 

entanglements are effective to promote chain orientation at zero crosslink density only at fast enough 

deformation rates, as discussed before. 
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Fig. 10. Values of the order parameter P2
WAXS-am achieved by the amorphous segments at 300% 

deformation (2-1/ = 15.75) (P2
WAXS-am(300%), (a) and at maximum deformation reached in the 

stretching experiments (P2
WAXS-am(εmax), (b), as a function of crosslink density of the vulcanized HNBR 

samples. The samples were stretched at strain rate v = 10 min-1. 

As far as the crystalline phase is concerned, it reaches a degree of orientation higher than the amorphous 

phase (Fig. 9B). In particular, the values of the order parameter P2
WAXS-cr is constant and close to -0.5, 

regardless of the deformation and the crosslink density. In Fig. 9B, the deformation marking the onset of 

crystallization is indicated by the vertical arrows for the different samples. These data confirm that the 

deformation at crystallization onset tends to increase with the increase of the crosslink density and it is 

around 200-250% for the samples HNBR-0.38, HNBR-0.75 and HNBR-1.1, with crosslink density of 4.8, 

26 and 35 10-5 mol/cm3 (2-1/  12), 300% for the samples HNBR-1.5 and HNBR-1.9, with crosslink 

density of 46 and 56 10-5 mol/cm3 (2-1/  15), and around 350% for the samples HNBR-2.3, with 

crosslink density of 65 10-5 mol/cm3 (2-1/  20). The non-vulcanized sample HNRB-NV, instead, starts 
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crystallizing at 400% deformation (2-1/  25) provided that the deformation rate is fast enough to 

prevent the viscous flow of the chains. The fact that for the non-vulcanized sample the deformation at 

crystallization onset is the highest is due to the peculiar behavior of this sample. As stated above, the non-

vulcanized sample undergoes SIC only if the strain rate is higher than a threshold, that is in conditions for 

which the crystallization rate becomes higher than the rate of segmental dynamics inducing relaxation of 

the amorphous chains. In other terms, the absence of topological constraints due to chemical crosslinks 

shifts the critical strain marking the SIC onset toward higher values because a higher stretching rate 

corresponds to a sort of an increase of the supercooling. 

The values of the coefficient associated to the fourth Legendre polynomial P4
WAXS-x for the amorphous 

and crystalline phases are reported in Table S3. Values comprised in between -1 10-4 and 6 10-3 are 

obtained for the amorphous phase, whereas for the crystalline phase the values of P4
WAXS-cr are close to 

0.375. 

The degree of orientation achieved by the crystals by effect of SIC is also calculated extracting the 

values of the crystalline order parameter from the azimuthal intensity distribution of the meridional 

reflection at 2θ(MoKα) = 5.7° (Fig. S9). The so obtained values of P2
WAXS-cr-mer are reported in Fig. S12 

as a function of (2-1/). Values P2
WAXS-cr-mer around 0.90 (close to minus two times the values of P2

WAXS-

cr of Fig. 9B [51]) are obtained regardless of crosslink density and deformation, confirming that well-

oriented crystals are formed since the beginning of crystallization through SIC. 

The above results indicate that, once the strain at incipient crystallization is reached, the formed 

crystallites are highly oriented with their chain axes parallel to the stretching direction and their alignment 

degree does not increase significantly by further stretching, neither with the increasing crosslink density. 

This is in agreement with the prediction of Flory theory14 and suggests that the orientation achieved by 

the amorphous segments induce not only a high degree of orientation of the SIC crystals, but also a fast 

crystallization rate (Fig. 8B). The extension of the amorphous chains induces a decrease of the barrier for 

primary nucleation and crystal growth through the decrease of the entropy penalty for the incorporation 
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of chain segments into the crystallites (entropy barrier effect) [52]. The non-monotonous change of the 

maximum incremental crystallinity index with respect to the deformation (dxc/dε)max as a function of the 

crosslink density (Fig. 8B) may be due to a competition between the entropy barrier effect and the 

reduction in segmental mobility with increase of νe (dynamic effect). At low crosslink density, the degree 

of orientational order achieved by the amorphous segments is low. Consequently, the “SIC rate” is 

constant, because the dynamic effect prevails over the entropy barrier effect. However, with further 

increase of νe, the degree of orientation achieved by the amorphous segments increases above a threshold, 

inducing a neat decrease of the barrier for primary nucleation and crystal growth. Since the segmental 

mobility is reduced only a little, the entropy barrier effect becomes prevalent over the dynamic effect. It 

is expected that the dynamic effect would become again prevalent, for vulcanizates with very high 

crosslink densities. However, this expectation cannot be checked because the HNBR samples also become 

fragile and unable to crystallize by increasing νe, as shown by the highly crosslinked HNBR sample with 

νe equal to 75 10-5 mol cm-3 (added sulfur content 3.01 phr) that crystallizes only a little and breaks at 

deformations close to the deformation at incipient crystallization (300 to 350%, Fig. S10G, G’, S11G).  

As a further remark, it is worth pointing out that the high degree of orientation achieved by the crystals 

generated by SIC, along with the sigma-shaped increase of crystallinity with increasing deformation are 

both responsible for the high strain hardening shown by the weakly and medium crosslinked HNBR 

samples at high deformations (Fig. 3).  

Conclusions  

A study of the thermal and mechanical properties, the molecular chain orientation and SIC behavior of 

a HNBR sample with an ACN content of 44 wt% and a residual unsaturation content of 9 % as a function 

of crosslink densities is reported. The analysis is focused on specimens that have not been subjected to 

any prior deformation. The values of the glass transition temperature of the HNBR samples increase 

linearly with increasing crosslink density. The values of the Young's modulus of the vulcanized samples 

are three times higher than that of the non-vulcanized counterpart and tend to increase with increasing the 
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crosslink density. The main effect of vulcanization with increasing crosslink density is an increase of the 

mechanical strength and a decrease of ductility. 

All HNBR samples with varying crosslink density are amorphous at RT and, above a critical value of 

deformation, show SIC, due to the crystallization of the alternating sequences of tetramethylene and ACN 

units (TMAC). The crystallinity index increases with the increase of deformation according to a sigmoidal 

shape, until reaching a maximum value either because it reaches a plateau, or because, at high crosslink 

density, the samples rupture. Furthermore, the deformation at SIC onset for the crosslinked samples tends 

to increase with increasing the crosslink density. One may speculate that this may be due to occurrence 

of irreversible transformations during the first hysteresis cycle of stretching and release of the tension 

coupled with the presence of possible crosslink heterogeneities. 

The crystallization of the TMAC sequences is preceded by the orientation of the chain segments in the 

amorphous phase. The degree of orientation of the amorphous phase increases with increasing 

deformation until reaching a plateau at deformations close to that at incipient crystallization. The 

orientational order achieved by the crystals is much higher than that of the amorphous phase, remains 

constant with strain and does not depend on the crosslink density. These results indicate that the SIC 

behavior of the HNBR samples is similar to that of crosslinked NR, and in contrast with some of the 

predictions of the Flory and Sotta-Albouy theory [14], [28]. 

Specific descriptors are introduced to analyze the SIC behavior of the HNBR samples, namely 

maximum crystallinity achieved by stretching (xc(max)) before breaking, the order parameter of the 

amorphous phase at 300% deformation (P2
WAXS-am(300%)), and the incremental crystallinity index with 

respect to the deformation (dxc/dε)max (“SIC rate”).  

In particular, it is shown that the values of xc(max) decrease almost linearly with increasing crosslink 

density νe, due to the disturbance effect exerted by the chemical crosslink that cause a shortening of the 

crystallizable sequence and a reduction of the segmental mobility in the amorphous phase. Extrapolation 

of xc(max) vs. νe data allows to infer that for crosslink densities greater than a νe-threshold equal to 80 

10-5 mol cm-3 crystallization does not occur anymore. 
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It is also shown that the orientational order achieved by the amorphous phase P2
WAXS-am(300%) at 300% 

deformation increases almost linearly with the increasing crosslink density. This allows establishing that 

at zero crosslink density, the non-vulcanized HNBR sample is characterized by the presence of trapped 

entanglements that account for its SIC behavior, provided that the stretching at deformation above the 

critical values is fast enough to prevent irreversible segmental relaxation phenomena and viscous flow. 

Finally, it is shown that the values of the “SIC rate” depend on the crosslink density in a non-

monotonous way. It is argued that this complexity arises because, with the increasing crosslink density, 

two competing effects come into play, namely the decrease of entropy barriers for the primary nucleation 

and growth of the crystals and the simultaneous decrease of segmental mobility in the amorphous phase. 

 

Data Availability 

The data presented in this study are available on request from the corresponding authors. 

 

Appendix A. Supplementary data 

Supplementary data to this article can be found online. 
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