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Abstract

Findings of a study of stress relaxation behaviour of hydrogenated nitrile butadiene rubber (HNBR)
at nominal compressive strains up to 0.4 and temperatures above and below the glass transition
temperature Ty are reported. Two formulations of a model HNBR with 36 % acrylonitrile content
and carbon black (CB) loading of 0 and 50 phr were investigated. The relaxation function of HNBR
is found to be independent of strain at temperatures right above the Ty or at times longer than 10
sec for the deformations employed. CB imparts higher long-term stiffness and also larger relaxation
strength at times longer than 10 sec to the HNBR, but it does not affect the relaxation behaviour of
the rubber in the time span from 102 to 10* sec. In addition, the relationship between the strain
energy function of HNBR and temperature is demonstrated to have a complex concave-downward
shape which is affected by two competing contributions of entropy elasticity and the stress
relaxation.
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1. Introduction

The mechanical behaviour of elastomers is known [1] to be affected by temperatures due to their
entropic nature. In fact, from the Gaussian theory of rubberlike elasticity it follows that the strain
energy function (W) of a deformed elastomer proportionally increases with temperature. For
instance, the theory entails the following expressions for the strain energy function and the nominal
stress S in uniaxial loading [1]:
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where 4 =1 + ¢ is the stretch ratio, n is the number of network chains per unit volume, k is the
Boltzmann constant, T is temperature, and G is the shear modulus.



On the other hand, elastomers also exhibit a viscoelastic behaviour [2]. At temperatures far above
the glass transition temperature, the viscoelastic contribution to the strain energy is small and often
negligible, and the stress-strain response of elastomers is well described by hyperelastic models. As
the temperature approaches the glass transition region, the viscoelasticity begins to play a greater
role. One of the practically important consequences, especially for sealing applications, is stress
relaxation (SR). When an elastomer is subjected to a specified constant deformation the stress in the
material will decay. For a sealing material, SR results in a decrease of contact pressure potentially
leading to reduced sealing capability. SR also correlates well with the compression set in elastomer
seals [3].

Stress relaxation is rather extensively studied in industrially important elastomers at temperatures
above Ty in connection with their aging and chemical degradation, e.g. in [4-10]. However, there are
few studies dedicated to SR at low temperatures, specifically near the glassy region, even though
some industrial equipment with elastomer components can be permanently or periodically exposed
to such temperatures [11, 12]. Neglecting the effect of SR at these low temperatures may lead to
catastrophic consequences [13].

Early attempts to understand and characterize SR at low temperatures were undertaken in the 1940s
[14-16]. Some of the most comprehensive investigations of the phenomenon in the glassy and
transition regions were made in [17-20] on polyisobutylene and other amorphous polymers. The
authors also demonstrated the equivalence of time and temperature effects on the relaxation
behaviour of these materials which is now known as the time-temperature superposition (TTS)
principle. The superposition in its simplest form is performed by means of horizontal translation of
a viscoelastic quantity along the logarithmic time axis (the time scale becomes reduced by a shifting
factor a which is a function of temperature). It was later shown that the temperature variation of the
horizontal shifting factor is independent of strain [21, 22].

Various aspects of low-temperature SR were subsequently reported in literature [21-32]. Particularly,
Bartenev and colleagues [26, 27] assert that elastomers exhibit unique relaxation mechanisms with
relatively low activation energy when subjected to low strains in the glass transition region. The
relaxation process occurs in elastomers held in the temperature region near Ty and is believed to be
caused by breakage of ordered supramolecular micro-domains formed at low temperatures. These
domains create apparent cross-links between the polymer chains at low temperatures and, thus, are
responsible for the observed increase in the material stiffness [26, 27]. This assertion is in line with
the recent work on polymer blends of polybutadiene and styrene butadiene rubber [33] that suggests
that rubber-like and glassy-like domains coexist in elastomers exposed to temperatures near the
glass transition. The authors [33] concluded that the glassy domains progressively form with
cooling in the glass transition region, and, as a result of their formation, the segmental movements
of the polymer chains become more and more constrained.

Another important question is whether the strain and the state of strain have any effect on the
relaxation function of elastomers at low temperatures. Assuming the total deviatoric stress response
of a deformed elastomer consists of the contributions of the long-term hyperelastic stress
component Sey(4) and the viscoelastic (time-dependent) stress component Sve(4,t), the time and



strain effects on the stress response are separable if

Sye (A1) =S(Aw (1) (0)
Where w(t) is the relaxation function. The separability of time and strain is typically evident from a
parallel nature of relaxation curves taken at various strains. Glucklich and Landel [22] demonstrated
in their short-term relaxation experiments in uniaxial and biaxial extension of styrene-butadiene
rubber (SBR) at temperatures down to -45 °C (about 15 °C above the Tg) that the time and strain
effects on the material strain energy function are separable. However they predicted that the
invariance would not hold at temperatures far below the minimum used in their experiments. The
topic of strain invariance of the relaxation behaviour was later investigated by Tada et al [34] who
employed 3 modes of deformation and confirmed the separability of time and strain effects using
both carbon black filled and unfilled SBR in the rubbery region. It is also worth noting that many
studies [22, 32, 34, 35] conclude that the SR behaviour in filled and unfilled elastomers is
independent of the state of strain (with an exception of volumetric compression).
The research activities in the aforementioned literature have only concentrated on relatively
short-term SR with a major focus on the rubbery region, while the region near Ty is often
unexamined. It remains inconclusive whether the strain-time separability holds in elastomers cooled
down to their glass transition temperature and below. Hence, the primary objective of this work is to
study the finite-strain relaxation behaviour of a model hydrogenated nitrile butadiene rubber
(HNBR) compound under ambient and sub-ambient conditions near the T, The data at some
temperatures below the glass transition were also collected and reported here. However, these
results are given less attention because of their limited practical importance. The relaxation
properties at elevated temperatures are also of interest, especially for carbon black reinforced
elastomers, and therefore high-temperature physical stress relaxation is also covered in this work.
The secondary objective of this work is to elucidate the effect of carbon black on the relaxation
dynamics and the relaxation strength of the HNBR. The third objective is to verify that TTS can be
applied to form SR master curves and identify viscoelastic material parameters required for
modelling in FEA software. The lack of available the physical relaxation data for HNBR was also a
motivation for this work, although some short-term compression stress relaxation results for an
HNBR compound have recently become available [36].

2. Materials and experimental procedure

2.1 Materials and processing

A typical elastomer formulation widely used in demanding sealing applications is studied. The
composition is based on hydrogenated nitrile butadiene rubber with 96 % saturated polybutadiene
with 36 % acrylonitrile content and varied carbon black (CB) content of either O or 50 phr. The
compound formula is detailed in Table 1.

Table 1 Composition of the elastomers used in this work

Component Content, parts per hundred
rubber (phr)
HNBR 100




Antioxidant 3
Stearic acid 0.5
Zinc oxide 5
Magnesium oxide 10
Plasticizer 20
Peroxide 10
N-330 HAF carbon black | 0 or 50

These two compounds are further designated as filled and unfilled HNBR for simplicity. The
compounds (except the peroxide) were first combined in an internal mixer and then mixed with the
peroxide in a two roll mill. Compression moulding and vulcanization in a press at 170 °C for 20
min was then followed. Finally, a post-curing operation at 150 °C for 4 h in an oven was carried out.
More information about the processing and the basic material test data is available in a previous
publication [37].

As with all polymers, HNBR shows changes in structure and mechanical performance over time in
service, depending on factors such as the local chemical environment and temperature, and previous
works have described some of these changes [38, 39]. However, all the tests reported in this paper
were performed on materials in an unaged state, i.e. soon after manufacture.

The materials have a Ty of about -16 °C as determined by the position their DMTA tan delta peaks
[3, 38] measured at 1 Hz frequency or -23 °C as determined from DSC results (the heating rate was
20 °C/min) [37].

2.2 Test methods

A test series was developed to measure stress relaxation behaviour at temperatures from -40 °C up
to +110 °C. The relaxation testing was done in compression, while uniaxial tensile testing was
employed in order to observe the basic changes in the mechanical behaviour with cooling and
define the temperature limits of rubberlike elasticity of the compounds.

2.2.1 Uniaxial tensile test

The stress-strain behaviour in quasi-static uniaxial extension was investigated using a Zwick
universal testing machine equipped with a thermal chamber, a contact extensometer and a 1 kN load
cell. The specimen geometry was in accordance with ISO 37 type 2. Each specimen was fixed in the
machine by mechanical grips and pre-loaded to 0.5 N before stretching. The specimens were
exposed to the testing temperature for 30 min prior to the commencing the test. All tensile tests
were carried out at a strain rate of 0.025 s .

2.2.2 Compression stress relaxation (CSR)

Sub-zero compression stress relaxation (CSR) experiments were carried out on a special test rig
illustrated in Figure 1 (hereafter called the "manual method™). The main principle is that a specimen
is manually compressed between lubricated steel plates by a screw to a predefined deformation. The
applied deformation was controlled by means of the screw rotation. The specimens were maintained
at the constant strain and temperature while the force was recorded. Test times were chosen to



observe stress decay preferably until attaining the equilibrium where possible. The times were, thus,
between 3 hours and 15 days.

Prior to loading the rigs, the specimens were positioned in a freezing cabinet and kept there at the
desired temperature for at least 12 hours. The temperature fluctuations inside the freezing cabinet
were 0.4 °C; the values reported in the paper are mean values. The experiments at most conditions
except for temperatures lower than -20 °C were repeated to ensure reproducibility.

The accuracy of the experimental data obtained by compressing specimens using the "manual
method" was checked for a few cases by a more conventional test method using the universal
testing machine. The discrepancy between these two set-ups was < ca. 3 %. This small discrepancy
is believed to be caused by the imperfect control of the loading rate in the "manual method".

Loading screw

Figure 1 Schematic of the compression rig used in the "manual method".

CSR at temperatures above 0 °C was performed using a Netzsch-Gabo Eplexor 150 DMTA machine
with a 1.5 kN load cell and parallel plate specimen holders, operating in compression mode.

The compression specimens had a cylindrical shape with 20 mm nominal diameter and 10 mm
height. For measurements below -20 °C, smaller specimens of 10 mm diameter and 6 mm height
were used due to the increased level of stiffness of the material and the limited capacity of the force
Sensors.

The investigated range of nominal compressive strains € was 10-40 % which is relevant for
elastomer seals. The loading and subsequent relaxation was performed stepwise with a nominal
strain step length of 5 %. The maximum degree of compression at temperatures near and lower than
the Ty was, however, reduced to 15-30% due to the high stiffness of the materials in the glassy state.
Prior to the relaxation experiments, the specimens were pretreated with 4 full deformation cycles in
order to minimise the Mullins effect [40]. Pre-studies (not presented here) showed that the data
were inconsistent without this pre-treatment, specifically for the carbon black containing material.
The specimens were left unloaded to recover their original shape for at least 48 hours after the
pre-treatment and prior to each test.

3. Results and discussion



3.1 The effect of low temperatures
The quasi-static uniaxial tensile test data, illustrated in Figure 2, demonstrate the influence of
sub-zero temperatures on the stress-strain behaviour of the HNBR compounds.
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Figure 2 Representative nominal tensile stress-strain curves of the unfilled (solid lines) and filled (dashed lines) HNBR

at the indicated temperatures.

Exposure to low temperatures generally leads to an increase of the stiffness of HNBR. The
low-temperature effect on the elastic modulus is more pronounced at small strains. The large initial
modulus is not sustained during further extension. It gradually declines with strain and takes values
that are an order of magnitude lower (which are much closer to the modulus data observed in the
rubbery state) than that at the initial loading. The increase of stiffness at small strains in the
transition region (ca. -16 to -23 °C) is more pronounced in the filled HNBR, while the small-strain
tensile behaviour at -40 °C is rather similar in both elastomers.

The most drastic difference is observed between the curves at and below the Ty, especially at small
strains (<0.05). A yielding phenomenon is quite apparent at -40 °C in both compounds while it does
not seem to occur at the higher temperatures used in the experiment. This complicated behaviour is
alike that observed in other glassy polymers, such as PMMA. Therefore, the SR at temperatures
below -25 °C will not be evaluated in detail. The ultimate failure strain was not attained in HNBR
stretched to 50% at -40 °C at the strain rate of 0.025 s *. It is likely that the brittleness limit of
HNBR at this strain rate lies at an even lower temperature. The material becomes softer with larger
extensions and is capable to deform more due a phenomenon of stress-induced or “forced” elasticity
[41] and also likely due to adiabatic heating, see e.g. [33]. Bukhina and Kurlyand [41] discuss in
more detail the various factors affecting the loading response of elastomers in the glassy region.

It is interesting to note that the difference between the curves at +22 and -5 °C of the unfilled
HNBR is small enough that they almost overlap. This rather small difference in the material tension
behaviour can mislead to a conclusion of an insignificant temperature dependency of the material
stiffness in this temperature region. This, however, is not the case, and the apparent similarity is a
result of 2 competing effects: a change of stiffness due to its explicit temperature relation owing to
its entropic origin and the stress relaxation processes occurring simultaneously with the deformation.
The relaxing part of stress appears to grow with cooling which will be demonstrated in details



further here, while the temperature effect on the entropic elasticity will be taken into account in
section 3.2.

The effect of temperature on the relaxation behaviour of the unfilled HNBR compound is shown in
Figure 3.
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Figure 3 CSR curves of unfilled HNBR at 20 % nominal compression at the indicated temperatures. Top — logarithmic
plot of the nominal stress as a function of time; bottom — semi-logarithmic plot of the nominal stress normalized by the

maximum (instantaneous) stress value as a function of time.

As expected, the cold environment leads to stiffening of HNBR which is manifested in an increase
in the instantaneous compressive stress. This is followed by a rapid drop of the stress. The
relaxation curves behave qualitatively in agreement with those reported for polyisobutylene [20]. It
is possible to identify 3 characteristic regions: the rubbery, the transition and the glassy region. The
rubbery region exhibits the lowest rates of relaxation and the material reaches the equilibrium state
much faster than in the other regions. At this temperature polymer molecules are believed to have a
greater ability to move, and most relaxation processes occur almost instantaneously with
deformation. Hence, the relaxation is not as pronounced as when under sub-ambient conditions.

The time window of the compression experiment becomes comparable with the relaxation times in
the HNBR exposed to lower temperatures, which is manifested in the observed increase of the
relaxation rates. The transition region is, thus, characterized by the most marked SR with the
greatest relaxation rates near Ty (the curves at -14.8 °C, -19.8 °C and -25.3 °C). Despite the sharp
stress decay at short times, the cooled elastomer in this region requires much more time to achieve
the equilibrium state than at ambient temperature. Nevertheless the stress values at longer times are
comparable with those in the rubbery state. Furthermore, the HNBR might even have a lower stress



magnitude at long times (lower long-term stiffness) in the sub-zero conditions than at ambient or
elevated temperatures due to the entropic nature of the material.

Although the curves in the glassy region have somewhat lower rates of relaxation, noticeable stress
decay is also observed. The SR results at the lowest temperature of about -40 °C are rather
surprising as the material exhibits a reduction of the initial stress by a factor of 2 after 10° seconds
and by a factor of 3 after 10° seconds (ca. 12 days). The result may suggest that the molecular
motion in the glassy state is not completely frozen and some rearrangement of the deformed
polymer chains still occur in spite of the imposed freezing conditions. This observation cannot be
explained by the adiabatic heating during the load ramp phase since the relaxation rate keeps on
being rather high over the whole time span of the experiment. A potential explanation can be as the
following. The HNBR investigated here is a copolymer of saturated and unsaturated butadiene units
with acrylonitrile units with the ratio between butadiene and acrylonitrile (64:36). It seems likely
that there must be some butadiene rich regions which may be mobile down to below -100 °C [33,
42], therefore they can still allow some stress relaxation activity below the apparent T, of the
material. It should be noted that the unloaded specimens fully recovered their original height after
their warming up (within the accuracy of a calliper measurement).

The effect of temperatures on the stress relaxation in the carbon black reinforced compound is
illustrated in Figure 4. As expected and reported elsewhere [43] carbon black imparts greater
long-term stiffness on the elastomer. The impact of low temperatures on the relaxation behaviour is
qualitatively similar to the unfilled rubber. The instantaneous stress response of the reinforced
HNBR increases with cooling, however the relaxation processes in the reinforced material take
much more time. The relaxation rates seen in the transition and glassy regions of the filled HNBR
are smaller than those observed in the unfilled compound near T4 For instance, the average
relaxation rate in the unfilled HNBR at -20 °C is approximately 16 % per decade, whereas it
decreases to approximately 12.6 % per decade in the filled HNBR at the same temperature. This is
believed to be due to the impeded segmental mobility of the macromolecular chains in the vicinity
of the carbon black particles. As a consequence, the filled compound requires much more time to
approach the equilibrium state. Nevertheless, the stress decay in the reinforced HNBR is
prominent even below the glass transition temperature. The latter, for instance, exhibits a double
decrease in the compressive stress approximately after 10* seconds of the experiment at -39.3 °C.
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Figure 4. CSR curves of filled HNBR at 20 % nominal compression at the indicated temperatures (the CSR data at
-39.3 °C was measured at 15 % compression and scaled to 20%). Top — logarithmic plot of the nominal stress as a
function of time; bottom — semi-logarithmic plot of the nominal stress normalized by the maximum (instantaneous)

stress value as a function of time.

3.2 The effect of temperature on the strain energy function and long-term stiffness

Before further analysis of the relaxation behaviour of HNBR, the aforementioned temperature
dependence of the material stiffness will be addressed. The strain energy function of deformed
elastomers is often modelled with viscoelastic (transient) and hyperelastic contributions. The latter,
as explained in the introduction, is affected by temperature due to its entropic origin [1]. As such, a
temperature raise would result in a proportional increase of the strain energy function and the
stiffness of the elastomer. On the other hand, the material stiffness at short and intermediate times
increases with cooling as, for example, demonstrated in Figure 3 and Figure 4. Therefore, these
competing temperature effects should be clearly distinguished from each other.

Figure 5 a-b) depict the step strain stress relaxation response at various temperatures and Figure 5 c-d)
show a surface plot of the normalized strain energy density computed by integrating the isochronal
stress-strain data. It is quite evident that the long-term stiffness of the base HNBR is temperature
dependent in accordance with the established basics of rubber elasticity. The minimal strain
energy density is observed at -10 °C after about 3 hours of stress relaxation. The temperature
behaviour of the material at shorter times is more complicated due to a noticeable transient
component of stress which increases with further cooling. There exists a local minimum of the
short-time strain energy density at about 10 °C, below which it steeply increases owing to a



growing contribution of the relaxing part. Above 10 °C, it becomes steadily larger with
temperature.
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Figure 5 a-b) Effect of temperature on the step strain CSR response (Eplexor data plotted using linear interpolation
between points, the strain rate here is approximately 0.005 s™) and c-d) the time-temperature contour plot of the
corresponding strain energy density function for the indicated compounds. The strain energy density data are
interpolated by cubic splines and normalized by the values of the instantaneous strain energy density obtained at

ambient temperature

The difference between stress-strain curves of the reinforced HNBR at various temperatures is not
as clear as in the unfilled rubber. Certainly, the viscous contribution to the instantaneous stress
response is much stronger in the filled elastomer than in the unfilled elastomer. The filled
elastomer exhibits the highest strain energy density at the ambient temperature in the temperature
range depicted in Figure 5. It is believed that this large transient component masks the entropic
contribution the material stiffness. The entropic part, on the other hand, is seen to dominate at
elevated temperatures and at long times (Figure 6). A local minimum of the strain energy function at
short times is also observed in the reinforced HNBR, however it is shifted to about 80 °C. Similar
temperature relations of the material stress response which had concave-downward shapes with
inflection points lying within 70-120 °C were observed in carbon black filled SBR compounds [44].



The inflection point is also evident here at longer times, although it is shifted to lower temperatures
(approximately 50°C).

The effect of temperature on the long-term strain energy functions of both compounds is compared
in Figure 6.
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Figure 6 10000-sec isochrones of the normalized strain energy density having the same significance as in Figure 5
plotted as functions of absolute temperature. The data are corrected accounting for the thermal dilatation [37]. The
coloured dashed lines represent linear fit in the range of 263-353 K and 333-393K for the unfilled and filled HNBR

respectively.

The change from entropic elasticity to the internal energy elasticity at longer times occurs quite
abruptly in the unfilled HNBR in the vicinity of Ty, whereas the transition region in the filled
compound is more smooth and, as pointed out above, shifted to higher temperatures if compared to
the unfilled HNBR. The variation of the material strain energy function with temperature in the
entropy-dominated elasticity region is quite well described by a linear relation in both compounds.
However, the slope of this relation is higher in the unfilled HNBR than in filled HNBR. The
difference can be explained by the presence of carbon black (50 phr which is equivalent to 20.4
vol. %) which has a non-entropic origin and softens with temperature. In addition, the tightly bound
regions of HNBR [43] local to the surface of the CB particles might contribute to the difference.
Figure 7 summarises the findings in this section.
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Figure 7 Schematic of the temperature variation of the strain energy function of HNBR which is composed of

hyperelastic (HE) and viscoelastic (VE) parts

The strain energy function of HNBR has a complex concave-downward shape when plotted against
the temperature. The position of the minimum strain energy on the temperature scale T’ is defined
by the the experiment relaxation time (or the strain rate), but it cannot be lower than the Tg4. Below
this point the temperature-dependent stress response of HNBR is presumed to be governed by the
internal energy based mechanisms, while the long-term response might still be hyperelastic and
follow the entropic temperature relation if temperatures above T, are considered. It is likely that the
volume fraction of glassy-like domains becomes high enough to make the internal energy
contribution stronger here. The entropy elasticity, on the other hand, begins to dominate at
temperatures above the inflection point T°. The position of T’ can also be shifted to higher
temperatures by addition of filler as observed in the carbon black reinforced HNBR. Therefore, the
temperature effect on the instantaneous response of filled rubber might be masked by a considerable
transient stress component at shorter times, since this has a tendency to increase with cooling.

3.3 Time-temperature superposition

The obtained CSR data and shape of the overlapping parts of the segments at and above T, suggests
that a master curve of S(t) or E(t) can be constructed using the TTS principle and assuming that the
materials are thermo-rheologically simple, i.e. their viscoelastic response can be translated along the
log time scale with temperature. In addition, it is assumed that the relaxation at moderate
temperatures is governed only by the physical mechanisms, but not by any chemical changes. The
results collected at temperatures below -25 °C were not used in TTS.

An approach allowing for unrestricted horizontal and vertical shifting of the time segments [45] was
utilized and implemented in MATLAB as a minimization problem. The following function was
minimized with respect to the horizontal and vertical shifting parameters a(T) and bnum(T) for each
isothermal time segment being shifted:
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Here y; are the experimental values of stress S at times t;, y, are the values of the stress relaxation

function interpolated by a polynomial and n is the number measurement points in each segment.
The effects of entropy-elasticity as well as the density change associated with cooling or heating are
taken into account using values of the vertical shifting factor b(T) obtained from the slopes of the
relationships in Figure 6, i.e. 0.0038 and 0.0026 per degree Kelvin for unfilled and filled compounds
respectively. The numerical vertical shifting factor b,,m(T) bears no physical significance and is
used in the optimisation routine merely to obtain smoother master curves. Therefore, the values of
brum(T) Which were between 0.98 to 1.02 are not reported here. Short-time CSR data corresponding
to 15x the loading ramp time in each segment were ignored in order to minimise the errors
associated with the ramp effect [46]. In spite of the simplifications mentioned, this approach, as
demonstrated in Figure 8 and Figure 9, yields a decent representation of the relaxation functions of the
filled and unfilled elastomers over a large time span.
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Figure 8 Representative CSR master curve for the unfilled HNBR. 20 % nominal compression and T, = 23.8 °C. The

inset depicts the variation of the horizontal shifting factor with temperature and its fitting by the WLF equation (solid
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Figure 9 Representative CSR master curve for the carbon black filled HNBR. 20 % nominal compression and T, =
22.5 °C. The inset depicts the variation of the horizontal shifting factor with temperature and its fitting by the WLF

equation (solid line).



3.4 The effect of strain

The master curves are further used to evaluate the effects of strain and filler on the relaxation
behaviour of HNBR. The effect of strain is analysed here while the effect of the filler is considered
in the next section.

Tada et al [34] suggest that the relaxation functions of rubber compounds should be analysed and
compared after subtracting the equilibrium stress values. Taking this into consideration, a relaxation
function y(t) is introduced and computed as follows:

S(t)_seq (0)

Yy ztmin)_ Seq

where Seq is the equilibrium (long-term) stress, S(t) is the stress at time t.

The effect of strain on the relaxation function of HNBR is illustrated in Figure 10. It is evident that
at times > 10 s the relaxation dynamics of HNBR are not influenced by the compressive strain
imposed in the experiment. This time threshold corresponds to approximately between T4+1 and
T4+8 °C depending on method used to define the T, [37, 38]. Hence, it is fair to state the relaxation
behaviour of HNBR held at above the glass transition temperature is to a good approximation
independent of strain in the range of deformations experienced in sealing applications. That results
in an important conclusion that the strain and time effects can be separated if the elastomer is
maintained at temperatures above Tg. This, in turn, entails a simpler analysis and model
implementation into FEA software.
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Figure 10 The relaxation functions of the unfilled HNBR at the indicated nominal compressive strains (short-time

cut-off at 107 s). The inset shows the same at times >10s.

However, the separability of time and strain does not hold when the material is cooled down to or
below the glass transition temperature. Indeed, the relaxation functions at shorter (< 107 s)
experimental times exhibit different shapes, as shown in Figure 10. The deviation between the
relaxation curves progressively grows with reduction of the time scale of the experiment. This
mismatch between the curves is not surprising taking into account that the mechanical behaviour of



elastomers in the glassy and near-glassy state becomes much more complex and includes yielding
phenomena, as mentioned before or studied in more detail elsewhere [33]. Furthermore, it seems
from the shape evolution of the relaxation curves that each strain step incurs a shift from the glassy
(or the transition) to rubbery region. This might indicate that strain can probably be utilized as a
reduced variable for the glassy and transition regions of rubber, however a larger data set would be
required to confirm this.

3.5 The effect of carbon black

The effect of carbon black on the relaxation behaviour of the HNBR is illustrated in Figure 11.
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Figure 11 The relaxation functions y/(t) of filled and unfilled HNBR at 20 % nominal compression (short-time cut-off at

10"s). The inset shows the same at times >107s.

Carbon black imparts higher stiffness to the HNBR, but it is seen that it does not yield much impact
on the relaxation behaviour of the polymer in its rubbery region. The relaxation functions for the
reinforced and non-reinforced compounds are in very good agreement with each other in a time
interval from 10 to about 10* s which supports the results presented elsewhere for SBR [34].
Therefore, it can be concluded that the carbon black does not affect the relaxation dynamics of the
studied HNBR in the mentioned time span or at temperatures above the Ty

The relaxation functions at short (< 103 s) and long (> 10*s) times, on the contrary, deviate
substantially. At long times (or at high temperatures) the unfilled HNBR attains the equilibrium
state faster than the carbon black reinforced counterpart, which results in lower rates of the stress
decay until they diminish to nearly zero. At short times (or as mentioned before at low temperatures
in the vicinity of Tg) carbon black seems to hinder the relaxation processes in the polymer, and they
occur at a lower rate in the unfilled HNBR.

Finally, the relaxation spectra of the materials are compared. The relaxation spectrum is a very
useful characteristic of an elastomer that enables the prediction of other viscoelastic characteristics,
e.g. the compression set [3]. The generalized Maxwell model is deployed to fit the CSR master
curves using the sign control method (SCM) [47] and obtain the viscoelastic parameters for both
compounds. The model used has the following discrete form:



S= g[Eeq +ZEie”’ij

i=1

where 7; are the relaxation times, E; are the spectral strengths, Eeq is the equilibrium modulus. The
relaxation spectra are depicted in Figure 12.
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Figure 12 The effect of carbon black on the relaxation spectrum of HNBR at 20 % nominal compression.

It is apparent that the carbon black filled HNBR exhibits higher relaxation strengths in its relaxation
spectrum at intermediate and long times (approximately higher than 10 s) if compared to the
relaxation spectrum of the unfilled rubber at the same temperature. At the glass transition and below
it, the effect of carbon black on the relaxation strength of HNBR becomes negligible.

4. Conclusions

The experimental measurements successfully showed changes of the stiffness of carbon black filled
(50 phr) and unfilled hydrogenated nitrile butadiene rubber (HNBR) due to stress relaxation at
temperatures below and above the Tg. It is experimentally demonstrated that the elastomers can
attain the equilibrium state even near the glass transition temperature provided there is enough time
for the relaxation to take place.

The stress relaxation significantly affects the mechanical behaviour of HNBR at low temperatures.
It is demonstrated that the stiffness of the material at temperatures above the glass transition and at
moderate strains is determined by two phenomena which have opposing impacts on it. The first
effect is related to the entropic nature of rubber elasticity, and, thus, manifested in a decrease of the
modulus with temperature reduction down to the Tq. The second effect consists of a steady increase
of the transient component of stress (or the time-dependent part of the modulus) with cooling. As a
result of these two competing processes, the temperature variation of the strain energy function of
the HNBR has a complex concave-downward shape with an inflection point above the Ty. Generally,
HNBR exhibits relaxation-dominated stiffness below the inflection point of the strain energy curve
and the entropy-dominated stiffness above. The inflection point is shifted to higher temperatures in



the carbon black reinforced HNBR.

The stiffness changes with time and temperature cannot be fully predicted by simple time
temperature superposition. Due to the entropic elasticity effect, a temperature correction factor
(vertical shifting) needs to be introduced for a more accurate application of the time-temperature
superposition principle. These vertical correction factors are found to relate with temperature as
0.0038 and 0.0026 per degree Kelvin for the unfilled and carbon black filled HNBR compounds
respectively when the reference temperature is taken as 298 K (+25 °C).

Carbon black is shown to impart greater long-term stiffness and also larger relaxation strength to the
HNBR at times longer than 10™s. On the other hand, the relaxation dynamics of HNBR at times
from 10°to 10° s are found to be unaffected by the addition of carbon black. At the T, or deeper
into the glassy region, the relaxation rates are found to be lower in the carbon black filled HNBR
than in the unfilled HNBR. On the contrary, the relaxation rates in the filled HNBR appeared
greater at elevated temperatures (or at times > 10% s).

From the analysis of the normalized relaxation functions of HNBR at different compression ratios,
it is evident that the strain and time effects in HNBR are uncoupled at times longer than 1035
(which corresponds to a temperature of Ty + 1+8 °C in the relaxation experiment). The results,
thus, confirm that the time-strain separability in elastomer mechanical behaviour might extend to
down to T4 which was not apparent from the earlier publications on the subject [22, 34]. This can
greatly simplify the analysis of the elastomers and has a large impact on the modelling of elastomer
articles (e.g. seals) in practice. Generally, the obtained results can help designers and material
engineers to implement temperature-dependent material models in their analysis problems and build
better rubberlike material constitutive relationships which include temperature and time as
variables.
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