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Preface

This thesis has been submitted to the Norwegian University of Science and
Technology (NTNU) for partial fulfilment of the requirements for the degree of
Philosophiae Doctor (Ph.D.). The research has been chiefly carried out at the
Department of Mechanical and Industrial Engineering (MTP) under supervision of
Professor Andreas T. Echtermeyer and co-supervisor Professor Nuria Espallargas
over a period from October 2014 to August 2017. Some work has been conducted
by the author during his visits to Jülich research centre and SINTEF Materials and
Chemistry in Oslo in 2015-2017.

This research is part of the collaborative project "Thermo Responsive Elastomer
Composites for cold climate application (TREC)" financed by the Research
Council of Norway (Project 234115 in the Petromaks2 programme), FMC
Kongsberg Subsea AS and STATOIL Petroleum AS, with the research partners
Norwegian University of Science and Technology (NTNU) and SINTEF Materials
and Chemistry. This work was also supported in part by EU COST Action
MP1303.
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Abstract

The Ph.D. thesis addresses the issues of elastomer seals operating in cold climate
areas like Arctic. The work is devoted to a better understanding of low-temperature
behaviour of elastomer seals near the glass transition Tg. The main objective of
the work is to understand the causes for seal failures in cold environment and to
establish a correlation between the low-temperature performance of hydrogenated
nitrile butadiene rubber (HNBR) seals and the composition and the properties
of the material. The basic material studied is HNBR with 96 % saturated
polybutadiene with 36 % acrylonitrile content and varied carbon black (CB)
content from 0 to 50 phr (parts per hundred rubber). A set of material and seal
experiments was designed and carried out together with a finite element analysis
(FEA) approach in order to accomplish the set goal. The major findings and novel
results are as follows:

1. The relaxation function of the HNBR is found to be independent of strain
at low temperatures down to −15 °C (≈ Tg + 8 °C) or times higher than ≈
10−3 s. Therefore, the relaxation function of HNBR needed for FEA or other
modelling can be measured at one single strain relevant for the application
using the most convenient deformation mode. The relaxation function is
also unaffected by the CB at the indicated temperatures and times, however
it exhibits an increasing strain or CB dependency if the material is brought
deeper into the glass transition region.

2. Compression set as a measure of elastic recovery in HNBR is found to
increase with cooling. Below Tg, the HNBR compression strain field in
HNBR is "frozen-in", i.e. the HNBR compounds demonstrate no recovery
regardless of the presence of CB. Equivalence of time and temperature on
the cold compression set is also shown. A viscoelastic model for prediction
of the cold compression set using the stress relaxation data is proposed and
validated against the FEA and experimental results.
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3. The effect of cold adhesion is studied using a pull-off test set-up at ambient
and low temperatures. The adhesion of HNBR to clean and smooth steel
substrate is found to be low (e.g. pull-off force per unit length of O-ring
fc ≈ 0.04 N/mm for 10 % initial compression) at ambient temperature,
while it dramatically increases below Tg and the pull-off force might reach
1-2 N/mm. The explanation is as follows. When the separation between
HNBR and its counter-surface occurs at ambient temperature, the elastic
deformation energy stored at the interface is given back during pull-off and
helps to break the adhesive bonds resulting in the very small pull-off force
values. When the contact pair formed at room temperature is cooled down
below the Tg of HNBR, the elastic deformation imposed on the HNBR
is "frozen-in" and the stored-up elastic energy is not given back during
separation at the low temperature. This results in a giant pull-off force. It is
also found that the contaminated or roughened contacting surfaces reduce fc
to about 0.2 N/mm due to incomplete contact (lower relative contact area).

4. The cold performance of O-ring seals made of the HNBR compounds is
studied using a vacuum test fixture. The seal failure temperatures under
freezing conditions depend on the surface finish of the counter-face, seal
compression ratio, lubrication and additions of CB in HNBR. The main
reason for the seal failures is believed to be detachment of the elastomer
seals from their mating sealing parts due to :

• breakage of the adhesion bond induced by the elastomer thermal
contraction in case of a rather strong adhesion bond and negligible
recovery of the HNBR below Tg

• or due to the thermal contraction and the negligible recovery when the
strong adhesion bond is not formed.

5. It is shown that most of the cold failures can be modelled by the
effective medium leakage theory and a simple FEA approach using
thermo-mechanical material data the most important of which are the
thermal expansivity and small-strain viscoelasticity of the elastomer
compounds. The CB filled HNBR has a lower thermal expansion which
results in a better retention of the sealing force and lower leakage
temperatures if compared to the seals made of the unfilled HNBR.
Hence, it can be inferred that better low-temperature serviceability in
static applications can be achieved using elastomer compounds with low
coefficients of thermal expansion (CTE) ideally close to the one of the seal
housing material.

6. The low-CTE HNBR can be produced by adding negative thermal expansion
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(NTE) materials into the base elastomer composition. Low-CTE composites
of HNBR − ZrW2O8 are produced and characterised in this work. The
NTE effect in the composite is found to be stronger in the glassy state
than in the rubbery plateau of the base elastomer. The reduction of CTE
with the ZrW2O8 content is well described by the simple rule of mixture at
temperatures above Tg, while Kerner and the upper bound of the Schapery
models as well as a FEA homogenisation approach fit the CTE results below
Tg better. The models can, thus, be used for prediction of the CTE of other
elastomer composites.
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Chapter 1

Introduction

1.1 Background
Elastomer seals like O-rings are utilized in almost any industrial pressure retaining
equipment operating at low or high pressure, e.g. in automotive, oil and gas
or aerospace applications. These seals possess many unique advantages such as
excellent flexibility, resilience and recovery properties, a low ratio between the
shear and bulk moduli [1]. They in general do not require very fine surface
finish to make a good seal, as, for example, thermoplastic seals would demand.
There are, however, natural factors under which the pressure integrity of elastomer
seals can be compromised. One of these influencing factors is exposure to low
temperatures near and below the glass transition point Tg of the elastomers. A cold
environment is known to pose a major threat to elastomers and might, in fact, lead
to catastrophic consequences, as, for instance, in the Challenger shuttle explosion
which occurred due to a leaking O-ring seal [1, 2].

One particular concern with the cold service of elastomer seals is their considerable
thermal contraction with cooling, as the Coefficient of Thermal Expansion (CTE)
of engineering elastomers is typically at least an order of magnitude higher than
that of steel [1, 3–6]. Due to this, an elastomer seal compressed in its groove
gradually shrinks when the service temperature decreases, and it might eventually
lose interference with the mating steel surface to form a leak path for the contained
fluid. The thermal contraction alone might result in a 50 % decrease of the sealing
force [7].

Another very important phenomenon to consider when it comes to the seals for the
freezing service is the loss of the resilience and recovery properties at temperatures

1



2 Introduction

approaching the glass transition Tg. The molecular and segmental movements in
elastomers slow down with cooling. At low temperatures near Tg, the molecules
loose their thermal energy needed to overcome local potential barriers [8] in
addition to the increased molecular congestion caused by the aforementioned
thermal contraction. On the macroscopic level, these phenomena are manifested in
an increase of the time required to observe a particular effect like stress relaxation
(SR) to the equilibrium (long-term) state or the shape recovery after load release
in compression set (CS) experiments. CS is one of the most common measures
of elastic recovery in sealing applications and it directly relates to the ability of
an elastomer seal to follow any sudden structural deformation in the seal joint [1].
At temperatures below Tg, the molecular rearrangement processes become so slow
that the relaxation time exceeds any experimentally feasible time period. Thus, it
has been found that CS increases to 100 % meaning no recovery below Tg in many
elastomers [9–16]. An example of the cold compression set in elastomers cooled
below the Tg [16] is given in Figure 1.1.

Figure 1.1: Unfilled HNBR CS specimens photographed 3 min after load release at -25 °C.
20 % nominal compression was imposed, and the specimen on the right was compressed
against sandpaper (photo courtesy of Natalia Akulicheva).

These issues with low-temperature extremes mentioned can be overcome to some
extent if a suitable elastomer material with a sufficiently low Tg is selected.
Therefore, sealing a single clean fluid at a low temperature is a rather trivial
engineering task. However, as the service conditions of the seal material become
more diverse and difficult (e.g. also include elevated temperatures, a long design
life and exposure to a wide range of aggressive fluids), the choice of elastomers
capable to comply with the whole set of requirements has been narrowing. For
example, the non-metallic seals used in the oil and gas industry shall sustain
low and high temperature extremes at low and high fluid pressure as well as
numerous aggressive chemicals injected into the wells and pipelines. All of these
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might be exacerbated by strict requirements of NORSOK M710 [17] for rapid
gas decompression in gas systems and the prolonged design life of 20+ years
in contact with the aggressive media. Therefore, hydrogenated nitrile butadiene
rubber (HNBR) has become a primary choice of base elastomer in the oilfield
applications [18] due to its proven versatility.

Among all fluids, sealing of gases represents the most difficult task for engineers
due to their extremely low viscosity. The gas leakage in elastomer seals arises
from gas permeation through the materials and from the interfacial (or contact)
leakage. The permeation of gases through elastomers is known to decline with
temperature decrease (see, for instance, [1, 19, 20]) and is, thus, not as significant
at low temperatures as the interfacial leaks [19, 21].

The Challenger catastrophe triggered scientists and engineers from a variety of
industries to study the low-temperature behaviour of elastomer seals to be used
in gas containing systems. Their efforts have led to a number of publications
[21–32]. The sealing experiments undertaken in different conditions and using
different equipment show some similarities. Thus, the majority of seals leaked at
temperatures approximately 10-35 °C below Tg depending on their compression
level and the exerted pressure difference. Hence, Tg does not accurately define the
low-temperature limit of serviceability of elastomer seals. Furthermore, Tg can be
determined by several methods, which in general does not give the same results.

Another interesting observation can be made considering the effect of gas pressure:
high (≥ 100 bar) pressure difference, if applied prior to cooling of the sealed
joint, might result in lower leakage temperatures [26, 27]. Higher failure
temperatures were obtained in low-pressure (< 100 bar) systems [23, 24, 28, 30],
or in high-pressure systems pressurized after the cooling step [27]. Furthermore,
there are indications that not only the sequence of cooling and pressurisation is
important, but also cycling of pressure and temperature from low to high values
might yield increased leak temperatures [33]. However, not much experimental
data are available to public for these cases.

1.2 Motivation
Despite of its importance the low-temperature behaviour of elastomer seals has not
been thoroughly studied and understood since questions of the cold serviceability
of elastomer seals still arise [34]. Most of the earlier investigators used
commercial seals and fixtures with scarcely reported sealing surface properties and
low-temperature properties of the seal materials (typically only the glass transition
Tg and sometimes 10 % retraction TR-10 temperatures are given). Therefore,
no links between cold sealing performance and the material composition and
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the material properties are established, except for the seal failure cases when an
artificial increase of the sealing gap is induced by a partial release of compression
[16, 29, 32].

The major emphasis of research and testing of seal suppliers and the end-users of
the seals is usually placed in the field of high-temperature and ageing resistance
or strengthening the mechanical properties of their products. As a result, the
low-temperature performance and cold leakage mechanisms of elastomer seals
have received much less attention and in many cases remained unclear. The
problem is also recognised by the European sealing association [35] and some
actions are now undertaken by its members. This Ph.D. work aims to contribute to
bridging the knowledge gap.

1.3 Objectives and scope
In view of the lack of knowledge of the cold performance of elastomer seals and
its relation to the material properties, a set of material and seal experiments using
a model HNBR compound was designed and carried out and supplemented by a
finite element analysis (FEA) simulation approach for a better understanding of
the physics of the elastomer and the seals made thereof. The main purpose of
the Ph.D. work is to understand the low-temperature behaviour of static elastomer
seals and find a correlation between cold seal failures and the relevant seal material
properties to be able to predict such failures in future. As parts of the main goal,
the following work objectives are set:

• to elucidate the effects of fillers in the HNBR on the thermal expansivity of
the HNBR compound in the glassy and rubbery states;

• to investigate the effects of low temperatures, imposed strain and filler
(carbon black) on the stress relaxation (SR) in the HNBR;

• to understand the effects of low temperatures, time and filler (carbon black)
on the compression set (CS) of in elastomer and elucidate the link between
SR and CS at low temperatures;

• to explore the adhesion of HNBR to a metal counter-surface at low
temperatures and study the effects of the different surface conditions on the
strength of the adhesion bond;

• to study the low-temperature leakage of static low-pressure elastomer seals
against sealing faces with different surface finish and establish a correlation
between the cold seal leakage and the thermo-mechanical properties of the
HNBR
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It should be noted that the thesis does not purport to address all aspects
of low-temperature sealing with elastomers due to limited resources and time
constraints. As such, high-pressure and/or dynamic sealing, seal design and
geometrical effects, wear, ageing and chemical degradation of HNBR and
temperature cycling are excluded from the scope. Very limited attention is also
given to seal lubrication at low temperatures.

1.4 Thesis structure
The thesis is made as a compendium of five scientific articles together with four
preceding chapters. Chapter 1 introduces the reader to the scientific problem to
be addressed and provides motivation for the research, the chief objectives posed
and a description of the scientific papers. Chapter 2 gives a full description of
the materials used and the experimental procedures, test and simulation methods
employed. Chapter 3 provides a summary of the results, and Chapter 4 outlines
the main conclusions and recommendations for future work. The five scientific
articles incorporated in the appendix A of this thesis are:

I. A.G. Akulichev, B. Alcock, A.T. Echtermeyer. Compression stress
relaxation in carbon black reinforced HNBR at low temperatures. Polymer
Testing. 2017;63:226-235.

II. A.G. Akulichev, B. Alcock, A.T. Echtermeyer. Elastic recovery after
compression in HNBR at low and moderate temperatures: Experiment and
modelling. Polymer Testing. 2017;61:46-56.

III. A.G. Akulichev, A. Tiwari, L. Dorogin, A.T. Echtermeyer, and B.N.J.
Persson. Rubber adhesion below the glass transition temperature: role of
frozen-in elastic deformations (submitted) (2017).

IV. A.G. Akulichev, A.T. Echtermeyer, and B.N.J. Persson. Interfacial leakage
of elastomer seals at low temperatures (submitted) (2017).

V. A.G. Akulichev, B. Alcock, A. Tiwari, and A.T. Echtermeyer.
Thermomechanical properties of zirconium tungstate/hydrogenated nitrile
butadiene rubber (HNBR) composites for low-temperature applications.
Journal of Material Science. 2016;51(24):10714-10726.

The relation between the papers can be represented by a simple diagram in
Figure 1.2. Paper I studies various effects on the SR in HNBR at low and
moderately elevated temperatures. It also provides the viscoelastic material data
for Paper II and insight for Paper IV. Paper II discusses the elastic recovery (CS)
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in HNBR and its modelling. Paper II also provides insight for Paper III and
IV. Paper III focuses on cold adhesion of HNBR to a metallic substrate and its
theoretical description. Paper IV investigates leakage of static HNBR seal and
factors affecting it. It uses the results generated in Papers I-III and Paper V. Paper
V reports the effect of NTE filler (ZrW2O8) on the thermo-mechanical properties
of HNBR with the focus on the thermal expansivity of HNBR and the composites.

Figure 1.2: Schematic of the relation between the papers in the thesis. The colour codes
indicate the central topics of the papers.

The contribution of the author and the co-authors is as follows:

• A.G. Akulichev has formulated the objectives and defined the test program,
designed and assembled the customised test rigs in Paper I, IV and V,
produced the test specimens and O-rings, developed test methods in Papers
II-IV, carried out most experiments and all FEA simulations, developed the
MATLAB codes for TTS, viscoelastic analysis and CS prediction in Paper
I,II, analysed and interpreted the data and written papers I,II, IV,V and the
experimental part of paper III;

• B. Alcock has performed TGA, DSC, density measurements in Paper V
and hardness measurements in Paper II, participated in compounding and
moulding of the test pieces, advised on the experiments and test procedures
and contributed with comments and editing of paper I, II and V ;

• A. Tiwari has conducted the qualitative adhesion tests in Paper III,
participated in compounding and moulding of the test pieces, contributed
with comments and editing of paper III and V;

• L. Dorogin has conducted the qualitative adhesion tests in Paper III,
contributed with suggestions, comments and editing of paper III;
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• B.N.J. Persson has provided the theoretical foundation for the
low-temperature adhesion of rubber and written the theoretical part of
paper III, contributed with advices, comments and editing of paper IV;

• A.T. Echtermeyer has contributed with intellectual discussions, guidance,
suggestions and comments to all papers;



8 Introduction



Chapter 2

Methodology

2.1 Materials
The elastomer used in the work represents an elastomer formulation typical
of that which might be found in the oil and gas sealing applications. The
material composition is shown in Table 2.1 and is based on hydrogenated nitrile
butadiene rubber (HNBR) with 96 % saturated butadiene units with 36 %
acrylonitrile content. This HNBR was selected because previous work yielded that
it has a combination of good ageing resistance, hydrocarbon resistance [36] and
necessary barrier property [20, 36]. The compound formulations contained varied
concentration of fillers: N-330 HAF carbon black (CB) and zirconium tungstate
(ZrW2O8) as described in Table 2.2.

A zirconium tungstate powder was acquired for the experiments from Alfa Aesar.

Table 2.1: Composition of the generic HNBR used in the research work

Component Content, phr
HNBR 100
Antioxidant 3
Stearic acid 0.5
Zinc oxide 5
Magnesium oxide 10
Plasticizer 20
Peroxide 10
Filler Varies (see Table 2.2)

9
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Table 2.2: Filler volume fraction in HNBR

No.
Filler volume fraction, %

CB (Papers I-IV) ZrW2O8 (Paper V)
1 0 0
2 20.4 8.6
3 17.3
4 25.3
5 35.8
6 39.7

The ZrW2O8 powder has a Gaussian-like particle size distribution (PSD) with
filler particles varying in size from less than 0.3 µm to about 100 µm [37].

The compound described in Table 2.1 (except the peroxide and zirconium
tungstate) was combined in an internal mixer to yield a single HNBR masterbatch
which was used for subsequent production of all of the materials used in the
Ph.D. work. This HNBR masterbatch was then combined with the peroxide (and
ZrW2O8 in Paper V) using a Schwabenthan Polymix 110P open two roll mill.
Each formulation was subjected to continuous mixing on the mill for 10 minutes.
After compounding, the materials were compression moulded into 2 mm thick
sheets and test-specific specimens using a hot press. The materials were cured
at 170 °C (443 K) for 20 min in the press, followed by post-curing at 150 °C (423
K) for 4 h in an oven. Figure 2.1 gives an overview of the specimens used in the
research work.

The vulcanised unfilled HNBR has Shore A hardness of 70± 5. The glass
transition temperature Tg of the cured rubber compound was determined by DSC
using a Perkin Elmer DSC 8500 at a heating rate of 20 °C per minute and appeared
to be -23 °C (250 K). The glass transition temperature was not affected by the fillers
used in this work.

2.2 Experimental methods
With a few exceptions, the experiments described in this section were carried out at
Department of Mechanical and Industrial Engineering, NTNU. CTE, TGA, DSC
and density measurements together with the uniaxial tensile tests were conducted
at SINTEF Materials and Chemistry in Oslo. Temperature-frequency DMTA data
for unfilled and 20.4 vol.% CB filled HNBR were obtained at FZ Jülich, and
surface topography measurements of the parts used in sealing experiments were
performed at NTNU NanoLab.
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Figure 2.1: Photograph of some elastomer specimens moulded in this work.

2.2.1 Material Characterisation

Scanning Electron Microscopy

A Quanta FEG 650 scanning electron microscope (SEM) operated in a
low-vacuum mode at 80 Pa chamber pressure and 5 kV accelerating voltage was
employed to observe the microstructure of the HNBR − ZrW2O8 composites in
Paper V at various magnifications and qualitatively evaluate the distribution of the
ZrW2O8 filler particles. The specimens fractured in tensile tests were examined
in the microscope. No specific surface treatment was applied to the specimens.

Dilatometry

Thermal expansion measurements were carried out on a Netzsch DIL402C
dilatometer during heating from -80 to 200 °C (193 to 473 K) at a heating rate of 2
°C per minute. The specimens for dilatometry were 6x6x10 mm moulded-to-shape
bricks. The linear CTE α is computed by linear regression of the thermal dilatation
data in the ranges from -80 to -40 °C and from 25 to 130 °C for the glassy and
rubbery regions of HNBR respectively.

Volumetric compression

The HNBR bulk modulus K was measured on a special test set-up tailored for
volumetric compression measurements. It comprises a steel pressure vessel and a
pump system with a Quizix C-5000 pump cylinder, a set of hoses and two valves.
The test stand is demonstrated in Figure 2.2. A specimen was inserted into the
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pressure vessel which was then fully filled with distilled water and connected to
the pump by a short metallic tube. The pump cylinder provides the system with
high pressure monitored by a pressure gauge. The measurement is performed
by tracking the change of external pressure in the system against the amount of
hydraulic fluid (distilled water) supplied to the vessel when the delivery valve is
open. The water supply rate was 3 ml/min.

Figure 2.2: The volumetric compression test set-up: left - schematic; right - photograph

The outcome of the measurement is given as a pressure versus supplied volume
curve. Only the linear part of the curve is used in the calculation of the bulk
modulus via the well-known expression:

K = V
dP

dV
(2.1)

Where K is the bulk modulus; P is the external pressure and V is the compressed
volume. Water compressibility and any expansion of the equipment are also taken
into account by making a separate measurement in the system solely filled with
water. Separation of the specimen compressibility and the contribution arising
from the system can be done using the effective bulk modulus Keff obtained in the
measurement. The final equation for calculating the specimen bulk modulus is

Ks =
Vs

Veff
Keff

− Veff−Vs

Ksys

(2.2)

Where Veff is the effective (total) volume inside the pressure vessel which includes
the specimen volume Vs, Ks is the sought specimen bulk modulus and Ksys is the
system expansion modulus computed from the abovementioned water compression
experimental data.

Uniaxial Tensile Testing

The mechanical behaviour in uniaxial extension was investigated using a Zwick
universal testing machine equipped with a contact extensometer and a 2.5 (or 1) kN
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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. For testing at temperatures other than ambient, the specimens
were exposed to the testing temperature for 30 min prior to the test commenced.
The values of Young’s modulus in Paper V were computed by linear regression of
the stress-strain curves over the range strain of 0.0025 to 0.005.

Uniaxial Compression Testing

The step-strain instantaneous and relaxation behaviour in uniaxial compression at
room and other temperatures was investigated using a Netzsch-Gabo Eplexor 150
DMTA machine equipped with a 1.5 kN load cell, thermal chamber and parallel
plate holders. Cylindrical specimens with 20 (or 10) mm nominal diameter and 10
(or 6) mm height were used in the testing. Molykote 33 Medium silicone grease
was applied to the faces of specimens to minimise barrelling. The strain rate here
is approximately 0.005 s−1. The studied range of nominal compressive strain is
0.05-0.35 with a strain step length of 0.05.

Low-temperature compression stress relaxation (CSR)

Sub-zero compression stress relaxation (CSR) experiments were carried out on
a special test rig illustrated in Figure 2.3 (herein 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.

Figure 2.3: Schematic of the compression stress relaxation rig used in the "manual
method".
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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 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 Zwick 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".

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 0.10-0.40. The loading
and subsequent relaxation was performed stepwise with a nominal strain step
length of 0.05 as in the Eplexor DMTA machine. The maximum degree of
compression at temperatures near and lower than the Tg was, however, reduced
to 0.15-0.30 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 [38]. The specimens were left
unloaded to recover their original shape for at least 48 hours after the pre-treatment
and prior to each test.

Compression set

Compression set (CS) in HNBR was measured by two methods: manual at
room temperature and automatised in the Eplexor DMTA machine at different
temperatures.

Manual method
The CS measurements in Paper V were performed at room temperature using a
special mechanical fixture with the design similar to the one recommended in
ISO 815-1. Cylindrical specimens of 20 mm diameter and 10 mm height were
placed between thick steel plates of the fixture and mechanically compressed by 4
bolts to 80 % of the initial height defined by inserted steel spacers. The specimen
height after the load release was measured manually with a calliper. The test
methodology followed ISO 815-1 and CS values were calculated in accordance
with the standard.

Automatic method
The automatic CS measurements at various temperatures were conducted using
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the Eplexor 150 machine with a 1500 N load cell operated in the compression
mode. The specimens for CS tests were of the same size as the CSR specimens.
The procedure illustrated in Figure 2.4 was automatized in the machine. First, an

Figure 2.4: Schematic of the low-temperature strain recovery (compression set) test
procedure.

elastomer specimen was compressed to 85 % of its initial height (step I) and left
to relax at room temperature for 6 hours (step II). After the compression step, the
elastomer specimen was exposed to the required temperature and held under load
over 30 min (steps III and IV). Then the compression load was quickly removed
keeping, however, 2 N compressive force in order to maintain the contact with the
specimen. The specimen height change was recorded over time starting from the
point of unloading (step V).

Dynamic mechanical thermal analysis

Dynamic mechanical thermal analysis (DMTA) was carried out using TA
Instruments and Eplexor 150 DMTA apparatuses in tension mode in air at ambient
pressure. The frequency scan was made over a wide range of temperatures from
-70 to +120 °C with a temperature increment of 5 °C (2.5 °C in the region from
-30 to +30 °C) at 10 frequencies with the strain amplitude of 0.04 %. In this
Ph.D. work, temperature-frequency sweep was only performed for unfilled and
20.4 vol.% CB filled HNBR compounds.

2.2.2 Seal experiments

For the experiments in paper III and IV, O-rings of ca. 108 mm inner diameter
and 5.3-5.5 mm cross section diameter were manufactured in lab environment
by compression moulding. Two compounds were used: unfilled HNBR and
20.4 vol.%) carbon black filled HNBR.
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Cold sealing experiments

The cold sealing experiments were performed using a custom-built thermal
chamber coupled with heat exchanger piping connected to a recirculating coolant
bath manufactured by Julabo. A photograph of the set-up is given in Figure 2.5.
The interiors of the chamber with test rigs can be cooled down to about -52 °C in
the experimental set-up.

Figure 2.5: Photograph of the leak test set-up in operation.

Two configurations of test fixture were utilized in the experiment. The first one
was based on the compression rig concept used in CSR experiments and features
compression (sealing) force measurements by a 25 kN compression load cell, see
Figure 2.6(left). Pre-defined compression is exerted to an O-ring by a screw in
this concept. The sealing counter-faces have root mean square (RMS) surface
roughness of 0.95µm. The main purpose of the measurements with this rig was
to measure the sealing force variation with cooling. Vacuum creates additional
compressive force to the seal estimated to be about 800 N leading to lower failure
temperatures, especially if the pressure difference is applied at temperatures above
the Tg. As a result, another rig was also utilized for measurement of leak rates in
cold environment.

The second rig is schematically illustrated in Figure 2.6(right) and represents a
simple flange arrangement accommodating an O-ring and exchangeable flange
parts having different sealing surface topography as will be described later. A
set of spacers was selected to fix the desired seal compression. The temperature of
the tested O-rings was measured by two thermocouples positioned near the seals;
the average values of the thermocouple readings are reported. The sealing surfaces
were cleaned with ethanol prior to each test, and the seals were mounted dry at a
temperature of 24 ± 1 °C. In addition, several experiments were carried out with
application of the Molykote 33 Medium silicone grease.

A vacuum pump connected to the leak port in the test fixtures was used to create
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Figure 2.6: Leak test fixtures used in the experiment: left - compression fixture; right -
flange based fixture

a pressure difference between the system and ambient environment. The system
(vacuum) pressure and leak rate was continuously measured during each test by a
vacuum pressure transducer and supplemented by a flow meter with a resolution
of 10−3 cm3/min. The overall system leakage (which includes the leakage in
the fittings and air permeation through the polymer parts) was measured to be
approximately 3.5 Pa · cm3 · s−1 (or 2 × 10−3 cm3/min) by the pressure decay
method.

Surface characteristics of the sealing parts

Three flange parts with different surface finish were used in the leak measurements.
The sealing areas were prepared by milling, turning and grinding processes and
exhibited rather different surface roughness. The topography was characterised
by a Veeco Dektak 150 stylus profilometer using a line scan in the direction
orthogonal to the leakage path with a lateral resolution of 0.56 µm and track length
of 10 mm. A summary of the roughness properties is given in Table 2.3.

The surface roughness in the case of milling is somewhat higher than usually
specified in engineering documentation, however that was made intentionally to
promote leakage. The sealing area topography of the flange parts is depicted in
Figure 2.7(left), while Figure 2.7(right) shows the computed one-dimensional (1D)
surface roughness power spectra. It should be noted that the surface roughness is
anisotropic in all cases studied here.
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Table 2.3: Surface roughness properties of the sealing surfaces used in the flange
experiments.

Surface finish
Surface roughness parameters

Ra, µm Rq, µm Rv, µm Rp µm RMS slope
Milling 1.7806 2.1588 -6.189 5.38 0.1807
Turning 0.4081 0.5069 -1.043 1.212 0.0083
Grinding 0.4788 0.6471 -3.812 2.517 0.0928

Figure 2.7: Topography (left) and 1D surface roughness power spectra (right) of the
indicated sealing surfaces
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Adhesion experiments

For the adhesion experiments, use was made of the Explexor DMTA machine
operated in the compression mode and cylindrical specimens of 26 ± 1mm length
cut from the unfilled HNBR O-rings. The set-up is schematically depicted in
Figure 2.8. The compression clamps were cleaned with ethanol prior to each
experiment. Three HNBR specimens were roughened with a coarse sand paper
to study the effect of rough surface on adhesion.

Figure 2.8: Schematic of the pull-off test set-up.

The experiment procedure was as follows. The specimens were compressed in the
radial direction and let relax for 1000 s under the constant deformation. Then the
chamber was cooled down to -50 °C keeping the strain constant until failure of
the adhesion bond occurred due to the thermal shrinkage of HNBR. The force,
the distance between the clamps and the chamber temperature were recorded
during the course of each experiment. In experiments at room temperature, the
clamps were separated after the initial compression and relaxation steps at a rate
of 140µm/s. The maximum pull-off force recorded was taken as a value of the
adhesion strength. Three measurements were made for each test condition.

2.3 Simulation

2.3.1 FEA simulation

FEA is used in this work to predict the time-temperature dependent behaviour
of HNBR seals in Paper IV and CS specimens in Paper II as well as the
thermo-mechanical properties of HNBR− ZrW2O8 composites in Paper V using
a homogenisation method. The commercial FEA software package Abaqus was
used in all FEA simulation experiments.
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The detailed description of the FEA approaches are given in the corresponding
papers. It should be noted that the neo-Hookean form of the material strain
energy density function was chosen in all cases because of its physical significance
[39, 40] and the moderate strains involved. Furthermore, the difference between
neo-Hookean and other widespread hyperelastic models in the quality of fitting the
material stress response of the HNBR compounds is rather small as demonstrated
in Figure 2.9.

Figure 2.9: Experimental and fitting curves of nominal stress vs. stretch ratio: left -
unfilled HNBR; right - 20.4 vol.% CB filled HNBR. The experimental data are obtained
by step-strain relaxation in uniaxial tension and compression at +60 °C. The inset shows
the R2 fitting parameters for the indicated models

The strain energy density function for a compressible neo-Hookean material in
Abaqus is formed of the deviatoric and the volumetric terms [41,42] and expressed
as:

W = C10(Ī1 − 3) +
1

D1
(J − 1)2,

where C10 and D1 are material parameters representing the resistance to shear and
the compressibility of the material respectively; Ī1 = J−2/3I1 is the first deviatoric
strain invariant; J = λ1λ2λ3 and I1 = λ21 + λ22 + λ23 is the first strain invariant
expressed in terms of the principal stretch ratios λi. Parameter D1 can be found
from the bulk modulus through the following expression:

D1 =
2

K
.
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2.3.2 Persson’s contact mechanics and the effective medium seal leakage
theory

Leakage experiments of HNBR seals exposed to low temperatures at various
compression levels were carried out using sealing surfaces with different
topography. In order to understand the effects of compression and the
counter-surface topography on leakage, a multi-scale approach based on the
Persson contact mechanics [43–45] is undertaken.

It is generally accepted that the real contact area of two contacting bodies is smaller
than the nominal one. In the Persson’s contact mechanics [43,44], magnification ζ
is introduced in order to quantify the effect of roughness at different length scales
on the contact area and, consequently, seal leakage. The apparent contact area
A(ζ) can be then studied as a function of magnification ζ or length scale Λ = L/ζ
with L being the macroscopic contact width. The contact between a rubber block
and a rigid surface appears to be complete A(1) = A0 at the lowest magnification
ζ = 1. At higher magnifications surface roughness can be observed and, thus, the
apparent contact area decreases (A(ζ) < A0). The apparent relative contact area
A(ζ)/A0 at the magnification ζ can be obtained according to the theory [44–46]
via

A(ζ)

A0
= erf

(
P0

2Φ
1
2

)
(2.3)

where erf(x ) is the error function, P0 is the nominal contact pressure and the
function Φ is expressed as

Φ(ζ) =
π

4

(
E

1− ν2

) ζqL∫
qL

dqq3C(q) (2.4)

whereC(q) is the 2D surface roughness power spectrum,E and ν are the elastomer
Young’s modulus and the Poisson’s ratio, q = ζqL (with qL = 2π/L) is the wave
vector.

Estimation of the interfacial leak rate through a seal-rigid substrate contact can be
done using the critical junction theory [47,48] or the Bruggeman effective medium
leakage theory [49, 50]. The latter is used here since it takes into account the leak
rate through multiple channels, not only the critical constriction channel as in the
former approach. The effective medium theory treats a multi-component medium
(e.g. a porous medium in the fluid flow studies) as a single phase medium with
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effective (averaged) properties. Assuming incompressible laminar flow, the leak
rate is calculated using the effective conductivity of the contact interface σeff in
accordance with [49, 50]

Q =
Ly

Lx
σeff∆P (2.5)

where

1

σeff
=

ζ∫
1

(
−A

′(ζ)

A0

)
2

σeff + σ(ζ)
dζ (2.6)

and

σ(ζ) =
[u1(ζ)]

3

12µ
(2.7)

Here u1(ζ) is a function dependent on the average effective separation between
surfaces, µ is the sealed fluid viscosity. For more details on the theoretical
foundation of the leak rate calculations, the reader is referred to the original
publications [43–46, 49, 50]. The contact mechanics and leakage codes developed
by Persson were utilised in this work. Here, no correction for the elastomer
adhesion or surface anisotropy was made in order to simplify the contact and
leakage analyses.
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Key findings

3.1 Stress relaxation in HNBR at low temperatures (Paper I)
Compression stress relaxation (CSR) measurements were performed in HNBR at
temperatures below and above the Tg and at compression ratios relevant for the
sealing applications [51]. The experimental measurements successfully showed
changes in the stiffness of carbon black filled (20.4 vol.%) and unfilled HNBR
due to SR. 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 [51].

The SR significantly affects the mechanical behaviour of HNBR at low
temperatures. The stiffness of the material at temperatures above the glass
transition and at moderate compressive 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 Tg. 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 Tg, see Figure 3.1.
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

23
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Figure 3.1: The time-temperature contour plot of the normalised strain energy density
function for: left - unfilled HNBR; right - 20.4 vol.% CB filled HNBR. 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

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
0.0026K−1 for the unfilled and carbon black filled HNBR compounds respectively
when the reference temperature is taken as 298 K (+25 ◦C). The relaxation
master curves demonstrated in Figure 3.2 are produced by horizontal and vertical
translation of the time segments obtained in CSR measurements. The temperature
relation of aT can be well fitted by WLF equation [52].

Figure 3.2: Representative CSR master curve for the unfilled (left) and 20.4 vol.% CB
filled (right) HNBR. 20 % nominal compression. The insets depict the variation of the
horizontal shifting factors with temperature and its fitting by the WLF equation (solid
lines)
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The effects of carbon black and compressive strain on the relaxation dynamics of
HNBR are evaluated using a normalized relaxation function ψ computed as [53]:

ψ =
S(t)− S∞

S(t1 = tmin)− S∞
(3.1)

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

Carbon black imparts greater long-term stiffness and also larger relaxation strength
to the HNBR at times longer than 10−4. On the other hand, the relaxation
dynamics of HNBR at times from 10−3 to 104 s are found to be unaffected by
the addition of carbon black, see Figure 3.3. At the Tg 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 > 104 s).

Figure 3.3: The effect of 20.4 vol.% CB loading (left) and imposed compressive strain ε
(right) on the relaxation function ψ of HNBR. The insets show the same at times ≥ 10−3

s.

The relaxation function is also found to be unaffected by the compression strains
at times ≥ 10−3 (which corresponds to ' −15 °C in the relaxation experiments).
The results, thus, confirm that the time-strain separability in elastomer mechanical
behaviour might extend to down to ≈ Tg which was not apparent from the earlier
publications on the subject [53, 54]. 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. In this work, the SR master curves and the TTS factors were used in
section 3.2 to obtain the viscoelastic parameters for prediction of cold compression
set in HNBR.
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3.2 Elastic recovery after compression in HNBR at low
temperatures (Paper II)

Elastic recovery after compression or compression set (CS) is an important
property for a sealing material which reflects its ability to restore its undeformed
shape after unloading. This, for instance, can be very useful in cases where the
structural framework around an elastomer seal is not fully fixed and allows for
some displacements. If an elastomer has a large CS at low temperatures it might
fail to close a sudden increase in the sealing gap as schematically depicted in
Figure 3.4. The results of a study of the cold CS in HNBR and its modelling
(paper II) are presented in this section

Figure 3.4: Schematic of compressed O-ring seal (black) in a flange: left - at ambient
temperature; right - upper part lift-off at low temperature and leakage due to "frozen" seal.

CS is found to increase with cooling reaching ≈ 100 % near Tg in unfilled and
20.4 vol.% CB filled HNBR. CS might, however, approach zero even at such
low temperatures provided there is substantial time for the shape recovery. The
duration of the initial compression has a significant effect on the elastic recovery
in the CS experiments conducted at ambient temperature, while the effect becomes
minimal at sub-zero conditions once the glass transition region is reached.

Since the compression set in the studied materials has a clear viscoelastic
origin at low and moderate temperatures, and the neighbouring time segments
have similar shapes and overlap quite well near their edges, the postulate of
time and temperature equivalence can be applied to construct compression set
master curves. The TTS principle has been successfully applied to the HNBR
compression set data measured at various temperatures. The CS master curves are
depicted in Figure 3.5. The variation of the horizontal shifting parameter aT with
temperature is well fitted by the WLF expression [52] with the parameters being
similar to the "universal" values for polymers regardless of whether the HNBR
compound is reinforced or not.

CB imparts inferior low temperature recovery properties to HNBR compared to



3.2. Elastic recovery after compression in HNBR at low temperatures (Paper II) 27

the unfilled HNBR, although the negative effect is not substantial at ambient
conditions. The largest difference of about 20 % between the CS values in the
20.4 vol.% CB filled and unfilled HNBR is observed near the Tg region. Below
this temperature both compounds demonstrate no or minimal elastic recovery (see
Figure 3.5).

Figure 3.5: CS Master curve with Tref = −20 °C: left - for unfilled HNBR; right - for
20.4 vol.% CB filled HNBR.

As shown above, the shape recovery after compression is a viscoelastic process,
therefore the recovery can be modelled based on the viscoelastic characteristics of
the elastomers. Using the Boltzmann superposition principle [55] and generalised
Maxwell and Voigt models for approximation of stress relaxation and creep
processes respectively [55–57], it is possible to derive the following expression
for the strain ε at any time t after release of the compressive load [16]:

ε(t) =ε0

(
1−

(
E∞ +

m∑
i=1

Ei exp
−
(

tc
ρi

)))
× · · ·

· · · ×

Dg +
n∑

j=1

Dj

(
1− exp

−
(

t
aT(T )τj

)) (3.2)

where ε0 is the initial compressive strain imposed at ambient temperature, E∞ is
the equilibrium elastic modulus, tc is the time under compressive load, Ei are
the relaxation strengths and ρi are the corresponding relaxation times, Dj are
the retardation strengths and τj are the corresponding retardation times, aT is the
horizontal shifting TTS factor. The glassy compliance Dg is found by:

Dg =
1(

E∞ +
m∑
i=1

Ei

) (3.3)
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The expression consists of two terms in the parentheses. The first of which
accounts for the compression stress relaxation history while the second determines
the actual recovery behaviour at any time (or reduced time t/aT). The strain
recovery can be converted to the compression set using

CS =
ε(t)

ε0
. (3.4)

By virtue of the relaxation data with the TTS shifting factors from section 3.1, CS
was computed using Equation 3.2 and Equation 3.4. The results of the CS model
prediction are presented in Figure 3.6 and Figure 3.7 together with FEA simulation
output against the experimental CS data in HNBR.

Figure 3.6: Experimental and modelling results of the compression set as function of time
for the unfilled HNBR: left - at +25 °C; right - at −20 °C.

Figure 3.7: Experimental and modelling results of the compression set as function of time
for 20.4 vol.% CB filled HNBR: left - at +25 °C; right - at −20 °C.
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Both models predict the elastic recovery of HNBR quite well at +25 °C and
acceptably at −20 °C which is near the glass transition temperature of the HNBR.
The deviation between the FEA solution and the proposed model is rather small
and presumably related to the difference in fitting of the relaxation data and the
limited number of the Prony elements in Abaqus. Another potential source of this
small discrepancy is the necessary use of the hyperelastic material model in FEA
dictated by the finite strains in the FEA model.

The largest differences between the experiment and modelling results of about 5 %
are observed close to Tg in both compounds. In general, the thermo-mechanical
behaviour of elastomers becomes more complex in the vicinity of Tg, and there
can be several reasons for the noticeable deviation. The first and foremost reason
of the deviation is the increasing strain dependency of the HNBR relaxation
function (and, thus, creep and recovery) on temperature below −15 °C described
in section 3.1. Another explanation is the known temperature dependency of the
elastomer modulus which has not been accounted for in the modelling approach
(application of the vertical shifting factor bT(T )). A small contribution for the
deviation can arise from the finite cooling (or heating) time during which some
incomplete relaxation processes may still take place at rates varying with the
temperature.

The modelling approach can be used to predict the HNBR elastic recovery
at low and moderately elevated temperatures provided that only physical
relaxation processes occur in the studied material and the temperature relation of
time-temperature superposition factor aT is available. The mechanical behaviour
of HNBR at finite strains in the glassy state is no longer described by the simple
models used in this work [51]. As such, both FE and analytical approaches might
fail to give accurate estimates of CS below Tg. Nonetheless, as demonstrated
by this Ph.D. work and many other experiments, e.g. [9, 14, 15], the deformation
field in elastomers pre-loaded in ambient conditions is "frozen-in" at temperatures
below Tg, i.e. they exhibit no or very limited recovery manifesting in CS values of
about 100 %.

3.3 HNBR adhesion below the glass transition temperature
(Paper III)

Adhesion of soft materials put into contact with a rigid substrate might change
their contact mechanics and frictional behaviour, hence it might also affect the
leakage behaviour in elastomer seals. This section reports the experimental results
of HNBR-substrate adhesion in cold environment and explains the origin of the
adhesion phenomenon. The specimens were compressed to desired deformation
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and cooled down below Tg while monitoring the compressive force, clamp distance
and the chamber temperature as described in section 2.2.2.

At some temperature, below the glass transition point of the HNBR, the
compressive force gradually decreased down to zero (due to the entropic nature
[51] and thermal contraction of the material as well as the negligible recovery,
as will be explained below), and even to negative values due to the adhesive
strength of the HNBR-steel contact; see Figure 3.8. Once the tensile stress in the
elastomer near the interface reached the elastomer-steel bond strength, breakage
of the adhesive bonds (opening crack propagation) occurs and the force abruptly
vanish. Several experiments with different compression of HNBR O-ring sections
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Figure 3.8: The compressive force imposed on a specimen (red line) and the temperature
(green line) as a function of time. Note that the temperature plot indicates the temperature
inside the chamber, but not the specimen internal temperature.

are conducted for smooth and rough elastomer surfaces; see Table 3.1 for a
summary.

The phenomenon of adhesion of HNBR to a rigid substrate can be explained
considering 2 limiting cases: adhesion in a room temperature contact and adhesion
in the contacting pair cooled to temperatures below Tg.

3.3.1 Adhesion in a room temperature contact

Low pull-off force values of about 0.04 N/mm are measured when separation
between the HNBR ring section and the clamp counter-surface occurs at room
temperature. The elastic deformation of the solids at the interface (as a result of
the adhesive forces) leads to stored elastic energy. During pull-off this elastic
energy is given back, and helps to break the atomic interactions. It results in
the vanishing pull-off force observed in ambient conditions. In spite of the small
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Table 3.1: The change in force (pull-off force) during the abrupt detachment induced by
the thermal contraction of HNBR at temperatures below Tg (LT), and due to pull-off action
at room temperature (RT). The results are given for smooth and sand paper roughened
HNBR surfaces.

surface condition 10 % compression 20 % compression
smooth, LT 20.4± 3.0N 31.4± 8.8N

rough, LT 4.8± 0.2N ..
smooth, RT 0.9± 0.2N ..
rough, RT 0.015± 0.015N ..

values, the adhesion can be still sufficient to sustain the weight of the specimens,
see Figure 3.9.

Figure 3.9: HNBR ring section adhering to one of the holders after the pull-off test.

The strength of adhesion can be estimated quantitatively. The adhesive interaction
between an elastic cylinder and a flat surface is a straightforward extension of
the classical theory of the interaction between a spherical body and a flat surface
known as Johnson-Kendel-Roberts (JKR) theory [58]. If the applied pull-off force
is orthogonal to the flat contact region, the pull-off force per unit length is given
by [59–61]

fc = −3πE∗
0a

2
c

4R
,

where the half-width of the rectangular contact region at the pull-off instability is
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given by

ac =

(
2wR2

πE∗
0

)1/3

,

where the effective low-frequency modulusE∗
0 = E0/(1−ν2) (whereE0 and ν are

the elastomer long-term (low-frequency) modulus and Poisson ratio, respectively).

The work of adhesion w ≈ 0.1 J/m2 was previously measured for the HNBR
against smooth glass surface using an opening crack at the pull-off velocity of
≈ 1µm/s [62]. However, the pull-off rate in these experiments is ∼ 100 times
higher, and, for this case, theory predicts a ∼ 10 times higher work of adhesion
because of the viscoelastic enhancement factor [63–67]. Assuming w ≈ 1 J/m2

for HNBR against a steel surface (at the pull-off speed ≈ 100µm/s) one gets
ac ≈ 0.1mm and the pull-off force Fc/L = fc = 40N/m or for L = 26mm
long O-ring section, about Fc ≈ 1N. This low pull-off force is close to the value
measured at room temperature (0.9N).

3.3.2 Adhesion in the contact cooled below the glass transition temperature

For the contact pair engaged at room temperature and then cooled below Tg, a
very strong adhesion is observed manifesting in the large pull-off force values
(Table 3.1). This phenomenon can be understood qualitatively as follows. When
the system is cooled to T = −50◦C, the elastic deformation field in HNBR is
frozen-in, and the stored elastic energy (which helps to break the adhesion bonds
at ambient temperature) is not given back during separation of the elastomer from
the mating clamp surfaces. Thus, the absence of the elastic deformation energy
can result in very strong adhesive bonds.

It is also possible to make quantitative estimates of the force required to separate
the glassy HNBR from its substrate using linear fracture mechanics. Consider
the limiting case where the HNBR ring section is in full contact with the
counter-surface and assume that no elastic energy is given back during pull-off.
In this case, the pull-off force in the direction orthogonal to the contact region
(mode I crack propagation):

fc ≈ (2πwaE∗
g )

1/2, (3.5)

where E∗
g = Eg/(1 − ν2g ) is the effective elastic modulus of the elastomer in the

glassy region (or high-frequency modulus). Knowing that a ≈ (Rδ)1/2 (where
δ is the ring compression) one can get a ≈ 0.5mm for ∼ 10% compression.
Taking L = 26mm and E∗

g = 2GPa, the pull-off force is estimated to be F =
Lf ≈ 17N, which is close to what was found for the smooth clean O-ring section
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(see Table 3.1). It was assumed that w = 0.07 J/m2 because when the HNBR
is in the glassy region it behaves as an elastic solid, and there is no viscoelastic
enhancement factor [68]. If the contact is incomplete within the nominal contact
area, the work of adhesion and, hence, the calculated pull-off force will be smaller,
as, for instance, in the case of roughened HNBR.

In the cold adhesion experiments and experiments on the sealing force decay in
section 3.4, the separation of HNBR from the substrate at low temperatures was
induced not by a pulling action, but rather the thermal contraction of HNBR. Thus,
from the glass transition temperature to T = −50 °C, HNBR contracts with ≈
0.2%, or (for the 2R = 5.5mm O-ring cross section) ∆R ≈ 11 µm in the radial
direction. If no contraction would be possible (e.g. by adhesion to the confining
steel plates), one would instead expect a stress of order S ≈ Eg × 0.002 ≈
4MPa to develop, and a normal force F ≈ L2aS ≈ 100N, which is larger
than the cold adhesive force measured. Hence, the adhesive bond will break when
the temperature decreases below as indeed observed in the experiments. These
results are crucial for sealing applications, and particularly used for describing the
low-temperature phenomena in section 3.4.

3.4 Leakage of elastomer seals at low temperatures (Paper IV)
Interfacial leakage of air in hydrogenated nitrile butadiene rubber (HNBR)
O-ring seals subjected to different compression ratios and exposed to sub-zero
temperatures is studied in this section. The leakage experiments are supplemented
with analysis of the soft seal-rigid substrate contact by FEM and leakage prediction
using a multiscale contact mechanics approach proposed by Persson [43, 45, 46]
and the effective medium leakage theory [49, 50] described in section 2.3.2 taking
the counter-face surface properties (detailed in section 2.2.2) as input.

The leak rates of the studied seals do not change much with cooling to temperatures
approximately above −25 °C. At a certain temperature below it an abrupt increase
in the air leakage occurs. This finding is in accordance with the cold seal failures
experienced before [19,21,24,28]. The temperature at which the leak rate abruptly
increases (> 10−2 cm3/min) reflecting the seal failure is referred to as leakage
(or failure) temperature. The variation of the leakage temperature with O-ring
compression is shown in Figure 3.10 for all studied counter-surfaces.

The leak data feature a wide distribution of leak temperatures depending on the
filler content, the sealing surface topography and the seal compression level.
The leak temperature of the seals is found to decrease with increase of O-ring
compression for all types of surface finish and regardless of CB content in HNBR.
The effect of larger seal compression is, however, more pronounced in the CB
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filled HNBR seals. Furthermore, the seals made of CB filled HNBR in general
demonstrate lower leak temperatures as compared to the unfilled HNBR seals.
The highest leak temperature (about −28 ◦C) was observed in the unfilled HNBR
seals at ≈ 7% compression with the roughest counter-surface, while the lowest
leak temperatures below −45 °C were found in the filled HNBR seals at ≈ 30%
compression against the most smooth sealing counter-surface in the experiment.

Milling Grinding Turning

Figure 3.10: Leak temperature as function of seal compression for 20.4 vol.% CB filled
and unfilled HNBR seals for the indicated surface treatment.

The difference between leak temperatures at various surface finish conditions is
illustrated in Figure 3.11. The positive effect of a smoother sealing surface on
the seal failure temperature is quite apparent for seals made of both elastomers.
However, the effect of roughness at relatively low (7 − 10%) seal compression
ratios is not as significant as at high (25− 30%) compression ratios.

Figure 3.11: The effect of surface finish on leak temperature at the indicated seal
compression δ: right - in unfilled HNBR and left - in 20.4 vol.% CB filled HNBR seals.

Low temperatures have a profound effect on the retention of the sealing force of
the tested O-rings as depicted in Figure 3.12. The O-ring sealing force decays with
cooling to nearly zero at sub-zero temperatures. A similar behaviour of sealing
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force decline during cooling was noticed earlier in fluoroelastomer [23–25] and
HNBR [30, 69] seals. In addition, experiments were carried out on CB filled
O-rings, and the effect of filler on the sealing force is quite apparent here. A
higher amount of carbon black makes the retention of the sealing force at low
temperatures better. This positive effect of the filler is in a good agreement with
the results of the flange-based leak experiments and attributed to a lower thermal
contraction of the filled elastomers [37] as well as a lower contribution of the
entropy elasticity [51].

Another interesting phenomenon, which was not discovered in the earlier studies,
is the abrupt force increase observed in these experiments at temperatures below
the glass transition (see Figure 3.12). These force jumps led, in turn, to a drastic
increase of the leak rates in every experiment, except for the seals lubricated by
a silicone grease. This peculiar effect is believed to be related to breakage of the
adhesive bond between the elastomers and the metal substrates at low temperatures
when the thermal stresses in the elastomer near the interface reach a critical value
due to the thermal shrinkage as described in section 3.3.

Figure 3.12: The effect of CB loading (left) and grease lubrication (right) on the
temperature variation of the O-ring compressive force normalised to the compressive force
at room temperature. The seals were compressed (δ = 0.1± 0.005) and left to relax under
the constant strain for approximately 16-17 hours in ambient conditions before the cooling
step in order to minimise the effect of stress relaxation during the experiment.

No significant increase of the leak rates was observed in grease lubricated seals,
even though the seals detached from the counter-surface manifested in similar
force jumps as in the dry O-rings, see Figure 3.12. The silicone grease is likely to
fill up the gap between the HNBR and its counter-surface and, thus, to impede the
air permeation through the contact.

An approach combining FEA and the effective medium leakage theory is used to
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predict cold failures in HNBR seals [70]. The predicted seal failure temperature is
plotted against the initial compression of the seal together with the experimental
leak data for the two studied compounds in Figure 3.13. The simplified FEA model
is seen to capture the onset of air leakage in HNBR seals at temperatures below
the Tg quite well, considering the data scatter and the assumptions used in the
modelling approach. The difference between experimental and predicted leakage
temperatures can also be attributed to quality of the data fitting with 13 Prony
elements (maximum in Abaqus) and also the cold adhesion phenomenon described
in detail in section 3.3.

Figure 3.13: Simulated and experimental leak temperatures as functions of seal initial
compression in unfilled HNBR (left) and 20.4 vol.% CB filled HNBR (right). The
experimental data are for surfaces after milling (�), grinding (F) and turning (�) listed
in the direction of roughness decrease. The FEA was performed using a cooling rate of
−0.01 °C/s attained in the flange-based leak tests and CoF = 5.0

The adhesion bond between HNBR seal and its steel substrate might break at low
temperatures due to thermal stresses in elastomer at the interface leading to the
premature onset of air leakage. The thermal stresses are generated in the elastomer
rings due to thermal contraction both in radial and circumferential directions (the
O-ring cross section and the circumference decrease with cooling). As soon as the
normal or shear stresses exceed the adhesion strength at a critical temperature Tcrit,
the detachment of a glassy elastomer takes place. In turn, a large leakage might
immediately develop since the deformation field in the elastomer seal is frozen-in
in the initial compressed state (i.e. it has a negligible recovery), as schematically
illustrated in Figure 3.14. The leak will be sustained if the seal is not able to recover
within the experiment time as most likely the case for with the leakage experiments
at temperatures below Tg. Only external heating can help the elastomer to recover
and close up the gap between the HNBR seal and its counter-surface.

A quantitative estimation of the thermal stress in the direction orthogonal to the
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Figure 3.14: Schematic of the O-ring compressed in a flange joint a) at room temperature,
b) cooled down to a low temperature (HNBR-steel adhesion increases with cooling down
to Tg), c) cooled down to the critical temperature (Tcrit < Tg) at which debonding and
subsequent leakage occur.
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contact area and its implication for adhesion-related seal failures can be made.
The condition for the adhesion bond breakage is

S > Sadh

where the normal thermal stress S = Eα∆T and the bond strength Sc =
Fc/(2aLy) = fc/(2a) with fc being the adhesion (pull-off) force per unit length of
O-ring. Hence, the temperature interval that the adhesion bond in glassy elastomer
can sustain without failure (assuming no recovery) is

∆T =
fc

2aEα

Consider two limiting cases of weak and strong cold adhesion measured using
unfilled HNBR O-ring sections observed in section 3.3, i.e. the pull-off force
per unit length of 0.2 N/mm and 1 N/mm respectively in the case of 10 % initial
compression. Thus, using the glassy modulus E of 2 GPa and α ≈ 8× 10−5 °C−1

the lower and upper bounds of ∆T are ≈ 1.2 °C and ≈ 6 °C. Since fc increases
with

√
a (or ≈ δ1/4) (see Equation 3.5) while the contact area linearly grows with

a (or ≈
√
δ), it can be concluded that the adhesion bond might fail earlier (at lower

∆T ) when higher compression ratios δ are involved. The opposite is also true at
lower δ, e.g. 5 %. Similar observations can be made taking the elastic modulus (fc
scales with

√
E while the thermal stress has a linear relationship with E).

The results also signify the effect of the thermal contraction of static seal material
at the point where the frozen seal cannot recover within the experimental time
scale. The importance of the elastomer CTE at and below Tg is much higher
than estimated before [71]. It is clear that the CB filled HNBR seals with CTE
α ≈ 6 × 10−5 °C−1 in the glassy state yielded a better cold leakage performance
than the unfilled counterparts with α ≈ 8 × 10−5 °C−1, in spite of the inferior
cold-recovery properties of the filled HNBR [16]. This is also supported by the
experimental data of the sealing force decay rate which is significantly lower in
CB filled HNBR seals. Therefore, having an elastomer with a small CTE (ideally
≤ 1 × 10−5 °C−1 for contact with steel counter-parts) would be very beneficial
for sealing applications where permanent or periodic exposure to temperatures
reaching the glass transition and below is foreseen.

3.5 Thermo-mechanical properties of zirconium tungstate /
HNBR composites (Paper V)

As demonstrated in section 3.4, controlling the coefficient of thermal expansion
of sealing elastomers turns out to be very important in static applications with
freezing environment. This section reports the properties of HNBR filled with
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zirconium tungstate ZrW2O8 exhibiting a negative thermal expansion (NTE)
effect over a wide range of temperatures (α ≈ −9 × 10−6 °C−1 [72]). The
emphasis of this research work was on the thermal expansivity of the prepared
composites and its modelling.

Figure 3.15: Linear CTE of the composites as a function of ZrW2O8 content : left - at
temperatures between 298 K and 403 K (25 ÷ 130 °C); right - at temperatures between
193 K to 233 K (−80 ÷−40 °C).

Figure 3.15 illustrates the experimentally determined relationship between the
CTE of the composite material in the rubbery state and ZrW2O8 volume fraction
above and below the glass transition of the HNBR. As expected, the CTE of
HNBR-ZrW2O8 composites has a downward trend if plotted against the ZrW2O8

volume fraction in both the rubbery and glassy states. The peak CTE reduction of
almost half of the original value in the unfilled HNBR is observed in the elastomer
filled with approximately 40 vol.% ofZrW2O8. An even larger decrease in CTE to
0.4 of the initial CTE value is measured in the same compound, when it is cooled
down below the glass transition of the HNBR.

All prediction models used in the work, except the lower bound (LB) of the
Schapery model [73], capture the CTE reduction of HNBR in the rubbery state
reasonably well and can be used for engineering purposes. The rule of mixtures
(ROM), however, fails to provide a good estimate for the effective CTE in
the glassy state. A simple FEA homogenisation approach as well as Kerner’s
expression [74] and the upper bound (UB) of the Schapery model [73] yielded
much more accurate predictions of the composite CTE below the Tg.

The addition of ZrW2O8 to HNBR also changes the mechanical characteristics
of the material. The effect is observed in volumetric compression and uniaxial
tensile tests. The bulk modulus is found to increase with ZrW2O8 content as
depicted in Figure 3.16. The largest bulk modulus measured in the HNBR filled
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with 35.8 vol.% of zirconium tungstate is ≈ 1.45 times greater than that observed
in the unfilled HNBR compound. The bulk modulus results are in agreement with
previously reported theoretical prediction derived in [71].

Figure 3.16: Bulk modulus of HNBR-ZrW2O8 composites as function of ZrW2O8

content. Solid line indicates the theoretical prediction of the bulk modulus. The graph
points are averages of three samples with error bars showing the standard deviation.

The small-strain tensile modulus increases with the concentration of zirconium
tungstate as well which is demonstrated in Figure 3.17. Like many other inorganic
fillers, the inclusion of ZrW2O8 leads to lower failure strains in the filled HNBR
(see Figure 3.17). Nevertheless, the lowest strain at failure values recorded is still
well above the strains expected in sealing applications.
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Figure 3.17: Tensile failure strain and small-strain elastic modulus E as a function of
ZrW2O8 content. The graph points are averages of five tests with error bars showing the
standard deviation.
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Chapter 4

Conclusions and future work

4.1 Conclusions
The elastomer seal capability to quickly recover or adjust its shape in accordance
with any structural deformation of the seal housing is of great importance for
pressurised equipment where such deformations are possible. The most common
measure of this recovery property is compression set (CS). CS in hydrogenated
nitrile butadiene rubber (HNBR) is found to increase with cooling, but decrease
with time reflecting its viscoelastic origin. At temperatures approaching the
glass transition point Tg and deeper into the glassy region (≤ −25 °C) the
initial compressive deformation state in HNBR is "frozen-in", i.e. the material
demonstrates no recovery manifesting in CS of 100 % regardless of additions of
filler. Carbon black (CB) as a reinforcing filler imparts a higher stiffness, however
at the same time it has a negative impact on the CS: the filler effect on CS is
small at ambient temperature, but steadily increases with cooling. The maximum
difference between CS in CB filled and unfilled HNBR of u 20% is found near
Tg (at ≈ −15 °C).

A viscoelastic model for prediction of the time variation of the elastic strain
recovery (or CS) is proposed. The model links the basic relaxation characteristics
of a rubbery material, such as the relaxation spectrum obtained in stress relaxation
(SR) experiments, with the compression set in the material. Such link has been
missing so far, despite some researchers empirically noticed a correlation between
SR and CS. It is demonstrated that the CS model prediction matches finite element
analysis (FEA) solution and it successfully captures the recovery behaviour of the
studied HNBR at ambient temperature. The modelling approach can also be used
to predict CS at low and moderately elevated temperatures with a good accuracy

43
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provided that only physical relaxation processes occur in the studied material and
the temperature relation of time-temperature superposition factor is available.

The relaxation function of HNBR needed for CS and other viscoelastic modelling
can be determined at any strain used in sealing application at temperatures down to
≈ Tg+1÷8 °C (i.e. −15 °C) or at times higher than 10−3 s. At temperatures below
that, the relaxation function has an increasing strain dependency which renders the
slight deviation between CS model prediction and experimental results at −20 °C.

The behaviour of elastomer seals in static immovable joints is not solely
determined by the viscoelastic properties of the sealing elastomer. Here, the
thermal contraction of the material and adhesive interaction in the contact zone
might be crucial for the cold performance. In this work, leak rates of static HNBR
O-rings at various compression are investigated using a vacuum test fixture. When
cooling down to temperatures below Tg of HNBR, an abrupt increase of air leakage
(> 10−2 cm3/min) is observed. The experimental results demonstrate that the
seal failure temperatures are affected by surface finish conditions, variation of the
compression ratio of the seals and additions of carbon black (CB) in the HNBR.

The seal compression force is also found to decrease with cooling, and the rate of
the compression force decay depends on the CB content. In addition, an abrupt
increase of compression force followed by a sudden increase of the leak rate in
HNBR seals was observed at low temperatures < Tg. This effect is believed to
be caused by failure of the HNBR-substrate adhesion bond induced by the thermal
shrinkage of the elastomer. The strong adhesion of HNBR to its substrate at low
temperatures was confirmed by small-scale experiments with sections of O-rings.
When the elastomer seal-substrate contact formed in ambient conditions is cooled
down below the glass transition temperature, the elastic deformation imposed on
the elastomer at room temperature is "frozen-in", and the stored-up elastic energy
is not given back during separation at low temperatures. This results in the strong
adhesion manifested as a large pull-off force.

The main cause for the seal failures is believed to be detachment of the
elastomer seals from their mating sealing parts due to a) breakage of the adhesion
bond induced by the elastomer thermal contraction in case of a rather strong
adhesion bond and negligible recovery of the HNBR below Tg or b) due to
the thermal contraction and the negligible recovery when the strong adhesion
bond is not formed. It is demonstrated that most of the cold failures can be
modelled by the effective medium leakage theory and a simple FEA approach
using thermo-mechanical material data, the most important of which are the
thermal expansivity and small-strain viscoelasticity of the elastomer compounds.
Despite the worse recovery properties, the CB filled HNBR has a lower thermal
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expansion which results in a better retention of the sealing force and lower leakage
temperatures if compared to the seals made of the unfilled HNBR. Hence, it can be
inferred that better low-temperature serviceability in static joints can be achieved
using elastomer compounds with low coefficients of thermal expansion (CTE)
ideally close to the one of the seal housing material.

Rigid filler inclusions with low or negative thermal expansion (NTE) can be
utilized to minimise the CTE of sealing elastomers. In this work, composites
of HNBR and zirconium tungstate ZrW2O8 having CTE of ≈ −9 × 10−6 °C−1

were produced and characterised. The CTE of HNBR filled with approximately
40 vol.% ZrW2O8 is shown to be reduced by a factor of 2 in the rubbery state and
by a factor of 2.5 in the glassy state. The reduction of CTE with the ZrW2O8

content is well described by the simple rule of mixture at temperatures above
Tg, while Kerner and the upper bound of the Schapery models as well as a FEA
homogenisation approach fit the CTE results below Tg better. The models can,
thus, be used for prediction of the CTE of other elastomer composites.

4.2 Recommendations for future work
This thesis addresses the problem of cold leakage in static elastomer seals
subjected to moderate compressive deformations and its relationship with the
material properties. Nevertheless, there are related research topics that were
scarcely covered or not investigated at all in this Ph.D. work. The unresolved
questions include:

• Time and temperature variation of the bulk modulus K (and, thus, Poisson’s
ratio) of elastomers in cold environment should be thoroughly studied to
be able to improve the seal performance prediction. This is especially
important for high-pressure applications since a proper transmission of the
fluid pressure to the contact face is required. Furthermore, high pressure
introduces more molecular congestion and, as a result, might change the
viscoelastic response of the materials and shift the onset of the glass
transition towards higher temperatures as reported elsewhere [75–77].

• The effect of fillers and plasticisers on adhesion at ambient and low
temperatures should be investigated since most of the soft seals are made
of elastomers containing these constituents. Lubrication with industrial oils
or greases might also change the cold pull-off characteristics depending on
their viscosity, wetting and other properties. Therefore, it is necessary to
understand and characterise this effect on adhesion.

• The effect of lubrication on seal leakage should be examined in greater detail
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over longer periods. Fluids tend to squeeze out of the contact zone with
time [50, 78, 79], or they can be washed away by the service media.

• The materials in this work were tested soon after their production, whereas
years of service in the real-world applications can lead to a different
cold performance. Therefore, the effects of ageing and degradation on
the viscoelasticity, adhesion and cold leakage of HNBR should also be
evaluated.

• Alternative materials with even larger NTE effect (e.g. those described
in [80, 81]) can yield further reduction of the CTE of HNBR and other
elastomers.



Bibliography

[1] H. K. Müller and B. S. Nau. Fluid sealing technology : principles and
applications. Mechanical engineering. Marcel Dekker, New York, 1998.

[2] D. Baker. Why Challenger failed. New Scientist, 1525(Sep. 11):52, 54–56,
1986.

[3] R. F. Robbins, Y. Ohori, and D. H. Weitzel. Linear thermal expansion of
elastomers in the range 300 to 76 K. Rubber Chemistry and Technology, 37
(1):154–168, 1964.

[4] G. Kraus and J. T. Gruver. Thermal expansion, free volume, and molecular
mobility in a carbon black-filled elastomer. Journal of Polymer Science Part
A-2-Polymer Physics, 8(4):571–581, 1970.

[5] D. W. Brazier and G. H. Nickel. Application of TMA for rapid evaluation of
low-temperature properties of elastomer vulcanizates. Thermochimica Acta,
26(1-3):399–413, 1978.

[6] L. Nikiel, H. Yang, M. Gerspacher, and G. Hoang. Electrical resistivity and
thermal expansion coefficient of carbon black filled compounds around T-g.
Kautschuk Gummi Kunststoffe, 57(10):538–540, 2004.

[7] R.P. Campion, D. Derham, G.J. Morgan, and M.V. Lewan. Effects of time,
temperature, and fluids on the long-term service durability of elastomers and
elastomeric components. In Current Topics in Elastomers Research. CRC
Press, 2008.

[8] C. M. Roland. Glass transition in rubbery materials. Rubber Chemistry and
Technology, 85(3):313–326, 2012.

47



48 BIBLIOGRAPHY

[9] R. E. Morris, J. W. Hollister, and P. A. Mallard. The cold-compression sets
of natural and synthetic vulcanizates. Rubber Chemistry and Technology, 19
(1):151–162, 1946.

[10] B. M. Gorelik and M. F. Bukhina. Crystallization of rubber at low
temperatures in compression (in russian). Kauchuk i Rezina, (11):11–15,
1961.

[11] B. M. Gorelik and M. F. Bukhina. Effect of degree of compression of rubber
on strain recovery and contact pressure (in russian). Kauchuk i Rezina, (9):
22–26, 1961.

[12] N. S. Baranov and A. I. El’kin. Loss of resilience of rubber seals at low
temperatures (in russian). Kauchuk i Rezina, (5):33–37, 1974.

[13] M. F. Bukhina and M. D. Parizenberg. Temperature-strain superposition of
elastomer properties near the transition from rubberlike into glassy state (in
russian). Vysokomolekulyarnye Soedineniya Seriya B, 23(6):456–460, 1981.

[14] M. Jaunich, W. Stark, and D. Wolff. A new method to evaluate the low
temperature function of rubber sealing materials. Polymer Testing, 29(7):
815–823, 2010.

[15] M. Jaunich, W. Stark, and D. Wolff. Low temperature properties of rubber
seals. Kgk-Kautschuk Gummi Kunststoffe, 64(3):52–55, 2011.

[16] A. G. Akulichev, B. Alcock, and A. T. Echtermeyer. Elastic recovery after
compression in HNBR at low and moderate temperatures: Experiment and
modelling. Polymer Testing, 61:46–56, 2017.

[17] Norsok M-710. qualification of non-metallic sealing materials and
manufactures, 2001.

[18] R. Mody, D. Gerrard, and J. Goodson. Elastomers in the oil field. Rubber
Chemistry and Technology, 86(3):449–469, 2013.

[19] N. S. Baranov, V. E. Sokolov, and A. I. El’kin. Contact leaks through flange
joints sealed by circular and square-section rubber seals (in russian). Kauchuk
and Rezina, (8 , 1982):25–28, 1982.

[20] B. Alcock, T. A. Peters, R. H. Gaarder, and J. K. Jørgensen. The effect of
hydrocarbon ageing on the mechanical properties, apparent crosslink density
and CO2 diffusion of a hydrogenated nitrile butadiene rubber (HNBR).
Polymer Testing, 47:22–29, 2015.



BIBLIOGRAPHY 49

[21] H. P. Weise, H. Kowalewsky, and R. Wenz. Behaviour of elastomeric seals at
low temperature. Vacuum, 43(5):555–557, 1992.

[22] M. Salita. Simple finite-element model of O-Ring deformation and activation
during squeeze and pressurization. Journal of Propulsion and Power, 4(6):
497–511, 1988.

[23] Ronald D. Stevens, Eric W. Thomas, James H. Brown, and William N. K.
Revolta. Low temperature sealing capabilities of fluoroelastomers. In SAE
Technical Paper. SAE International, 1990.

[24] S. G. Burnay and K. Nelson. Leakage of transport container seals during
slow thermal cycling to -40-degrees-C. International Journal of Radioactive
Materials Transport, Vol 2, Nos 1-3, 1991, pages 91–96, 1991.

[25] G. Streit, M. Achenbach, and A. Kanters. Sealability of O-Rings
at low-temperatures .1. Sealability without media influence at
low-temperatures. Kautschuk Gummi Kunststoffe, 44(9):866–870, 1991.

[26] K. W. Taylor. Performance characteristics of oilfield proven elastomers in
low-temperature seal applications. In Offshore Technology Conference, 1991.

[27] Peter Warren. Low temperature sealing capability of elastomer O-rings.
Sealing Technology, 2008(9):7–10, 2008.

[28] M. Jaunich, K. von der Ehe, D. Wolff, H. Voelzke, and W. Stark.
Understanding low temperature properties of elastomer seals. Packaging,
Transport, Storage & Security of Radioactive Material, 22(2):83–88, 2011.

[29] T. Grelle, D. Wolff, and M. Jaunich. Temperature-dependent leak tightness
of elastomer seals after partial and rapid release of compression. Polymer
Testing, 48:44–49, 2015.

[30] B. Omnes and P. Heuillet. Leak tightness of elastomeric seal at low
temperature: Experimental and FEM-simulation. In Constitutive Models for
Rubber IX - Proceedings of the 9th European Conference on Constitutive
Models for Rubbers, ECCMR, pages 609–614, 2015.

[31] B. Zhang, M. Yu, and H. Y. Yang. Leakage analysis and ground tests of the
O-type rubber ring seal applied in lunar sample return devices. Proceedings
of the Institution of Mechanical Engineers Part G-Journal of Aerospace
Engineering, 229(3):479–491, 2015.



50 BIBLIOGRAPHY

[32] T. Grelle, D. Wolff, and M. Jaunich. Leakage behaviour of elastomer seals
under dynamic unloading conditions at low temperatures. Polymer Testing,
58:219–226, 2017.

[33] X. Chen, J. Bartos, H. Salem, and R. Zonoz. Elastomers for high pressure
low temperature HPLT sealing. volume 5, pages 3828–3842, 2016.

[34] Bob Flitney. How should we rate the temperature capabilities of elastomers?
Sealing Technology, 2007(11):6–9, 2007.

[35] A. Douglas, O. Devlen, M. Mitchell, D. Edwin-Scott, and M. Neal.
Development of a procedure to accurately measure the low-temperature
operating limits of elastomeric seals. Sealing Technology, 2016(9):7–12,
2016.

[36] B. Alcock and J. K. Jørgensen. The mechanical properties of a model
hydrogenated nitrile butadiene rubber (HNBR) following simulated sweet
oil exposure at elevated temperature and pressure. Polymer Testing, 46(0):
50–58, 2015.

[37] A. G. Akulichev, B. Alcock, A. Tiwari, and A. T. Echtermeyer.
Thermomechanical properties of zirconium tungstate/hydrogenated nitrile
butadiene rubber (HNBR) composites for low-temperature applications.
Journal of Materials Science, 51(24):10714–10726, 2016.

[38] L. Mullins. Effect of stretching on the properties of rubber. Rubber Chemistry
and Technology, 21(2):281–300, 1948.

[39] L. R. G. Treloar. The physics of rubber elasticity. Oxford classic texts in the
physical sciences. Oxford University Press, Oxford, New York, 3rd edition,
2005.

[40] G. Marckmann and E. Verron. Comparison of hyperelastic models for
rubber-like materials. Rubber Chemistry and Technology, 79(5):835–858,
2006.

[41] O. H. Yeoh. Developments in finite element analysis. In Engineering with
Rubber, pages 345–364. Carl Hanser Verlag GmbH & Co. KG, 2012.

[42] Abaqus/CAE user’s guide. Ver. 6.14. Providence, RI, 2014.

[43] B. N. J. Persson. Theory of rubber friction and contact mechanics. Journal
of Chemical Physics, 115(8):3840–3861, 2001.



BIBLIOGRAPHY 51

[44] B. N. J. Persson, O. Albohr, C. Creton, and V. Peveri. Contact area between a
viscoelastic solid and a hard, randomly rough, substrate. Journal of Chemical
Physics, 120(18):8779–8793, 2004.

[45] B. N. J. Persson, O. Albohr, U. Tartaglino, A. I. Volokitin, and E. Tosatti.
On the nature of surface roughness with application to contact mechanics,
sealing, rubber friction and adhesion. Journal of Physics: Condensed Matter,
17(1):R1, 2005.

[46] C. Yang and B. N. J. Persson. Contact mechanics: contact area and interfacial
separation from small contact to full contact. Journal of Physics: Condensed
Matter, 20(21):215214, 2008.

[47] B. N. J. Persson and C. Yang. Theory of the leak-rate of seals. Journal of
Physics: Condensed Matter, 20(31):315011, 2008.

[48] B. Lorenz and B. N. J. Persson. Leak rate of seals: Comparison of theory
with experiment. EPL (Europhysics Letters), 86(4):44006, 2009.

[49] B. Lorenz and B. N. J. Persson. Leak rate of seals: Effective-medium theory
and comparison with experiment. The European Physical Journal E, 31(2):
159–167, 2010.

[50] B. N. J. Persson. Fluid dynamics at the interface between contacting elastic
solids with randomly rough surfaces. Journal of Physics: Condensed Matter,
22(26):265004, 2010.

[51] A. G. Akulichev, B. Alcock, and Echtermeyer A. T. Compression stress
relaxation in carbon black reinforced HNBR at low temperatures. Polymer
Testing, 63:226–235, 2017.

[52] M. L. Williams, R. F. Landel, and J. D. Ferry. Mechanical properties
of substances of high molecular weight .19. the temperature dependence
of relaxation mechanisms in amorphous polymers and other glass-forming
liquids. Journal of the American Chemical Society, 77(14):3701–3707, 1955.

[53] T. Tada, K. Urayama, T. Mabuchi, K. Muraoka, and T. Takigawa. Nonlinear
stress relaxation of carbon black-filled rubber vulcanizates under various
types of deformation. Journal of Polymer Science Part B: Polymer Physics,
48(12):1380–1387, 2010.

[54] J. Glucklich and R. F. Landel. Strain energy function of styrene butadiene
rubber and the effect of temperature. Journal of Polymer Science: Polymer
Physics Edition, 15(12):2185–2199, 1977.



52 BIBLIOGRAPHY

[55] J. D. Ferry. Viscoelastic properties of polymers. Wiley, New York, 1980. 3rd
ed.

[56] N. W. Tschoegl. The phenomenological theory of linear viscoelastic
behavior: an introduction. Springer-Verlag, Berlin ; New York, 1989.

[57] S. W. Park and R. A. Schapery. Methods of interconversion between linear
viscoelastic material functions. Part I-a numerical method based on Prony
series. International Journal of Solids and Structures, 36(11):1653–1675,
1999.

[58] K. L. Johnson, K. Kendall, and A. D. Roberts. Surface energy and the
contact of elastic solids. Proceedings of the Royal Society of London
A: Mathematical, Physical and Engineering Sciences, 324(1558):301–313,
1971.

[59] J. A. Greenwood and K. L. Johnson. The mechanics of adhesion of
viscoelastic solids. Philosophical Magazine A, 43(3):697–711, 1981.

[60] D. Maugis and M. Barquins. Fracture mechanics and the adherence of
viscoelastic bodies. Journal of Physics D: Applied Physics, 11(14):1989,
1978.

[61] M. K. Chaudhury, T. Weaver, C. Y. Hui, and E. J. Kramer. Adhesive contact
of cylindrical lens and a flat sheet. Journal of Applied Physics, 80(1):30–37,
1996.

[62] A. Tiwari, L. Dorogin, A. I. Bennett, K. D. Schulze, W. G. Sawyer, M. Tahir,
G. Heinrich, and B. N. J. Persson. The effect of surface roughness and
viscoelasticity on rubber adhesion. Soft Matter, 13:3602–3621, 2017.

[63] B. N. J. Persson and E. A. Brener. Crack propagation in viscoelastic solids.
Phys. Rev. E, 71(3):036123, 2005.

[64] B. N. J. Persson, O. Albohr, G. Heinrich, and H. Ueba. Crack propagation in
rubber-like materials. Journal of Physics: Condensed Matter, 17(44):R1071,
2005.

[65] J. A. Greenwood. The theory of viscoelastic crack propagation and healing.
Journal of Physics D: Applied Physics, 37(18):2557, 2004.

[66] J. A. Greenwood. Viscoelastic crack propagation and closing with
lennard-jones surface forces. Journal of Physics D: Applied Physics, 40(6):
1769, 2007.



BIBLIOGRAPHY 53

[67] J. A. Greenwood, K. L. Johnson, S. H. Choi, and M. K. Chaudhury.
Investigation of adhesion hysteresis between rubber and glass using a
pendulum. Journal of Physics D: Applied Physics, 42(3):035301, 2009.

[68] A. G. Akulichev, A. Tiwari, L. Dorogin, A. T. Echtermeyer, and B. N. J.
Persson. Rubber adhesion below the glass transition temperature: role of
frozen-in elastic deformations. Submitted, 2017.

[69] R. Hornig, J. Sunder, and B. Herr. Static cold sealing force behaviour of
amorphous hnbr materials. International Polymer Science and Technology,
39(11):T1–T14, 2012.

[70] A. G. Akulichev, A. T. Echtermeyer, and B. N. J. Persson. Interfacial leakage
of elastomer seals at low temperatures. Submitted, 2017.

[71] S. N. Shubin, A. B. Freidin, and A. G. Akulichev. Elastomer composites
based on filler with negative thermal expansion coefficient in sealing
application. Archive of Applied Mechanics, 86(1-2):351–360, 2016.

[72] T. A. Mary, J. S. O. Evans, T. Vogt, and A. W. Sleight. Negative thermal
expansion from 0.3 to 1050 kelvin in ZrW2O8. Science, 272(5258):90–92,
1996.

[73] R.A. Schapery. Thermal expansion coefficients of composite materials based
on energy principles. Journal of Composite Materials, 2(3):380–404, 1968.

[74] E. H. Kerner. The elastic and thermo-elastic properties of composite media.
Proceedings of the Physical Society. Section B, 69(8):808, 1956.

[75] U. Bianchi. Pressure Effects on glass transition in polymers. Journal of
physical chemistry, 69(5):1497–1504, 1965.

[76] N.W. Tschoegl, W. G. Knauss, and I. Emri. The effect of temperature and
pressure on the mechanical properties of thermo- and/or piezorheologically
simple polymeric materials in thermodynamic equilibrium – a critical review.
Mechanics of Time-Dependent Materials, 6(1):53–99, 2002.

[77] K. Koperwas, A. Grzybowski, K. Grzybowska, Z. Wojnarowska, J. Pionteck,
P. Sokolov, and M. Paluch. Pressure coefficient of the glass transition
temperature in the thermodynamic scaling regime. Physical Review E, 86
(4, 1), 2012.

[78] B. Lorenz and B. N. J. Persson. Fluid squeeze-out between rough surfaces:
comparison of theory with experiment. Journal of Physics: Condensed
Matter, 23(35):355005, 2011.



54 BIBLIOGRAPHY

[79] B. N. J. Persson, N. Prodanov, B. A. Krick, N. Rodriguez, N. Mulakaluri,
W. G. Sawyer, and P. Mangiagalli. Elastic contact mechanics: Percolation of
the contact area and fluid squeeze-out. The European Physical Journal E, 35
(1):1–17, 2012.

[80] W. Miller, C. W. Smith, D. S. Mackenzie, and K. E. Evans. Negative thermal
expansion: a review. Journal of Materials Science, 44(20):5441–5451, 2009.

[81] K. Takenaka. Negative thermal expansion materials: technological key
for control of thermal expansion. Science and Technology of Advanced
Materials, 13(1), 2012.



Appendix A

Enclosed papers

55



56 Enclosed papers



Paper I

A.1. Paper I 57

A.1 Paper I

Compression stress relaxation in carbon black reinforced
HNBR at low temperatures

A.G. Akulichev, B. Alcock, A.T. Echtermeyer.
Polymer Testing. 2017;63:226-235



58 Enclosed papers



Material Behaviour

Compression stress relaxation in carbon black reinforced HNBR at low
temperatures

Anton G. Akulichev a, *, Ben Alcock b, Andreas T. Echtermeyer a

a The Norwegian University of Science and Technology, Department of Mechanical and Industrial Engineering, Richard Birkelands Vei 2 B, 7034 Trondheim,
Norway
b SINTEF Materials and Chemistry, Forskningsveien 1, 0373 Oslo, Norway

a r t i c l e i n f o

Article history:
Received 24 June 2017
Received in revised form
16 August 2017
Accepted 17 August 2017
Available online 19 August 2017

Keywords:
Stress relaxation
Rubber
Low-temperature
Viscoelastic properties
Glass transition
HNBR

a b s t r a c t

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 temper-
ature Tg 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 inde-
pendent of strain at temperatures right above the Tg or at times longer than 10�3 s for the deformations
employed. CB imparts higher long-term stiffness and also larger relaxation strength at times longer than
10�4 s to the HNBR, but it does not affect the relaxation behaviour of the rubber in the time span from
10�3 e 104 s. 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.

© 2017 Elsevier Ltd. All rights reserved.

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 in-
creases with temperature. For instance, the theory entails the
following expressions for the strain energy function and the
nominal stress S in uniaxial loading [1]:

W ¼ 1
2
nkT

�
l2 þ 2l�1 � 3

�
¼ 1

2
G
�
l2 þ 2l�1 � 3

�
(1)

S ¼ nkT
�
l� 1

l2

�
¼ G

�
l� 1

l2

�
(2)

where l ¼ 1 þ ε is the stretch ratio, n is the number of network
chains per unit volume, k is the Boltzmann constant, T is temper-
ature, and G is the shear modulus.

On the other hand, elastomers also exhibit a viscoelastic

behaviour [2]. At temperatures far above the glass transition tem-
perature, 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 ap-
proaches 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 seal-
ing 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 Tg in connection with
their aging and chemical degradation, e.g. in Refs. [4e10]. However,
there are few studies dedicated to SR at low temperatures, specif-
ically near the glassy region, even though some industrial equip-
ment 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 tem-
peratures were undertaken in the 1940s [14e16]. Some of the most* Corresponding author.
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comprehensive investigations of the phenomenon in the glassy and
transition regions were made in Refs. [17e20] 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 bymeans 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 re-
ported in literature [21e32]. Particularly, Bartenev and colleagues
[26,27] assert that elastomers exhibit unique relaxation mecha-
nisms 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 Tg 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 temper-
atures 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 Seq(l) and the viscoelastic
(time-dependent) stress component SVE(l,t), the time and strain
effects on the stress response are separable if

SVEðl; tÞ ¼ SðlÞjðtÞ (3)

Where j(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 SRwith amajor focus on
the rubbery region, while the region near Tg 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 Tg. 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 rein-
forced 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 moti-
vation 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 hy-
drogenated nitrile butadiene rubber with 96% saturated poly-
butadiene with 36% acrylonitrile content and varied carbon black
(CB) content of either 0 or 50 phr. The compound formula is
detailed in Table 1.

These two compounds are further designated as filled and un-
filled 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 vulcaniza-
tion 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 Tg of about �16 �C as determined by the
position their DMTA tan delta peaks [3,38] measured at 1 Hz fre-
quency 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 þ110 �C. The relax-
ation 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.

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
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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�1.

2.2.2. Compression stress relaxation (CSR)
Sub-zero compression stress relaxation (CSR) experiments were

carried out on a special test rig illustrated in Fig. 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 h 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 h. The temperature fluctuations inside the freezing cabinet
were±0.4 �C; the values reported in the paper aremean 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”.

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

The compression specimens had a cylindrical shapewith 20mm
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 ε was
10e40% 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 Tg was, however, reduced to
15e30% 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 unloa-
ded to recover their original shape for at least 48 h 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 Fig. 2,
demonstrate the influence of sub-zero temperatures on the stress-
strain behaviour of the HNBR compounds.

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 Tg, 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 tem-
peratures below�25 �Cwill 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�1. 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”

Fig. 1. Schematic of the compression rig used in the “manual method”.
Fig. 2. Representative nominal tensile stress-strain curves of the unfilled (solid lines)
and filled (dashed lines) HNBR at the indicated temperatures.
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elasticity [41] and also likely due to adiabatic heating, see e.g.
Ref. [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 þ22 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 temper-
ature dependency of the material stiffness in this temperature re-
gion. 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 deforma-
tion. The relaxing part of stress appears to growwith 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 Fig. 3.

As expected, the cold environment leads to stiffening of HNBR
which is manifested in an increase in the instantaneous compres-
sive 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 char-
acteristic regions: the rubbery, the transition and the glassy region.
The rubbery region exhibits the lowest rates of relaxation and the
material reaches the equilibrium statemuch 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 Tg
(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 sur-
prising as the material exhibits a reduction of the initial stress by a
factor of 2 after 103 s and by a factor of 3 after 106 s (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 condi-
tions. This observation cannot be explained by the adiabatic heat-
ing during the load ramp phase since the relaxation rate keeps on
being rather high over the whole time span of the experiment. A

Fig. 3. CSR curves of unfilled HNBR at 20% nominal compression at the indicated temperatures. Top e logarithmic plot of the nominal stress as a function of time; bottom e semi-
logarithmic plot of the nominal stress normalized by the maximum (instantaneous) stress value as a function of time.
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potential explanation can be as the following. The HNBR investi-
gated 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 Tg 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 Fig. 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 Tg. For instance, the
average relaxation rate in the unfilled HNBR at �20 �C is approxi-
mately 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 muchmore 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 104 s of the experiment
at �39.3 �C.

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 elasto-
mers is often modelled with viscoelastic (transient) and hypere-
lastic 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 Figs. 3 and
4. Therefore, these competing temperature effects should be clearly
distinguished from each other.

Fig. 5(aeb) depict the step strain stress relaxation response at
various temperatures and Fig. 5(ced) 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 h of stress

Fig. 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 e

logarithmic plot of the nominal stress as a function of time; bottom e semi-logarithmic plot of the nominal stress normalized by the maximum (instantaneous) stress value as a
function of time.
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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.

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 Fig. 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 (Fig. 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
70e120 �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 func-
tions of both compounds is compared in Fig. 6.

The change from entropic elasticity to the internal energy
elasticity at longer times occurs quite abruptly in the unfilled HNBR
in the vicinity of Tg, 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 varia-
tion 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

Fig. 5. (aeb) 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�1)
and (ced) 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.
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regions of HNBR [43] local to the surface of the CB particles might
contribute to the difference.

Fig. 7 summarises the findings in this section.
The strain energy function of HNBR has a complex concave-

downward shape when plotted against the temperature. The po-
sition of the minimum strain energy on the temperature scale T0 is
defined by the experiment relaxation time (or the strain rate), but it
cannot be lower than the Tg. 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 tem-
perature relation if temperatures above Tg are considered. It is likely
that the volume fraction of glassy-like domains becomes high
enough tomake the internal energy contribution stronger here. The
entropy elasticity, on the other hand, begins to dominate at tem-
peratures above the inflection point T’. The position of T0 can also be
shifted to higher temperatures by addition of filler as observed in
the carbon black reinforced HNBR. Therefore, the temperature ef-
fect 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 Tg 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 temper-
ature. 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 pa-
rameters a(T) and bnum(T) for each isothermal time segment being
shifted:

err ¼ 1
n

Xn
i¼1

�
yiðtiÞ � byiðaðTÞ; bnumðTÞ; tiÞ

�2

ðyiðtiÞÞ2

Here yi are the experimental values of stress S at times ti, byi 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 Fig. 6, i.e. 0.0038 and 0.0026 per de-
gree Kelvin for unfilled and filled compounds respectively. The
numerical vertical shifting factor bnum(T) bears no physical signif-
icance and is used in the optimisation routine merely to obtain
smoother master curves. Therefore, the values of bnum(T) which
were between 0.98 and 1.02 are not reported here. Short-time CSR
data corresponding to 15� 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 Fig. 8 and Fig. 9, yields a decent

Fig. 6. 10000-sec isochrones of the normalized strain energy density having the same
significance as in Fig. 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 263e353 K and 333e393 K for the unfilled and filled
HNBR respectively.

Fig. 7. Schematic of the temperature variation of the strain energy function of HNBR
which is composed of hyperelastic (HE) and viscoelastic (VE) parts.

Fig. 8. Representative CSR master curve for the unfilled HNBR. 20% nominal
compression and Tref ¼ 23.8 �C. The inset depicts the variation of the horizontal
shifting factor with temperature and its fitting by the WLF equation (solid line).
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representation of the relaxation functions of the filled and unfilled
elastomers over a large time span.

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 relaxa-
tion function j(t) is introduced and computed as follows:

jðtÞ ¼ SðtÞ � Seq
Sðt1 ¼ tminÞ � Seq

(4)

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 illus-
trated in Fig. 10. It is evident that at times �10�3 s the relaxation
dynamics of HNBR are not influenced by the compressive strain
imposed in the experiment. This time threshold corresponds to
approximately between Tgþ1 and Tgþ8 �C depending on method
used to define the Tg [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.

However, the separability of time and strain does not hold when
the material is cooled down to or below the glass transition tem-
perature. Indeed, the relaxation functions at shorter (<10�3 s)
experimental times exhibit different shapes, as shown in Fig. 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 else-
where [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 Fig. 11.

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�3 to about
104 s which supports the results presented elsewhere for SBR [34].
Therefore, it can be concluded that the carbon black does not affect

Fig. 9. Representative CSR master curve for the carbon black filled HNBR. 20% nominal
compression and Tref ¼ 22.5 �C. The inset depicts the variation of the horizontal
shifting factor with temperature and its fitting by the WLF equation (solid line).

Fig. 10. The relaxation functions of the unfilled HNBR at the indicated nominal
compressive strains (short-time cut-off at 10�7 s). The inset shows the same at times
�10�3 s.

Fig. 11. The relaxation functions j(t) of filled and unfilled HNBR at 20% nominal
compression (short-time cut-off at 10�7 s). The inset shows the same at times �10�3 s.
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the relaxation dynamics of the studied HNBR in the mentioned
time span or at temperatures above the Tg.

The relaxation functions at short (<10�3 s) and long (>104 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 elas-
tomer that enables the prediction of other viscoelastic character-
istics, 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 ¼ ε

 
Eeq þ

Xn
i¼1

Eie
�t=ti

!

where ti are the relaxation times, Ei are the spectral strengths, Eeq is
the equilibrium modulus. The relaxation spectra are depicted in
Fig. 12.

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�4 s) if compared to the
relaxation spectrum of the unfilled rubber at the same tempera-
ture. 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 hydro-
genated 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
Tg. 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 shapewith an inflection point above
the Tg. 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 (þ25 �C).

Carbon black is shown to impart greater long-term stiffness and
also larger relaxation strength to the HNBR at times longer than
10�4 s. On the other hand, the relaxation dynamics of HNBR at
times from 10�3e104 s are found to be unaffected by the addition of
carbon black. At the Tg or deeper into the glassy region, the relax-
ation 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 > 104 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 10�3 s
(which corresponds to a temperature of Tg þ 1÷8 �C in the relax-
ation experiment). The results, thus, confirm that the time-strain
separability in elastomer mechanical behaviour might extend to
down to Tg 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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a b s t r a c t

Elastic recovery after compression or compression set is one of the key indicators of elastomer perfor-
mance in sealing applications, such as O-rings in flange joints. In this work, findings of a study of the
compression set property of a hydrogenated nitrile butadiene rubber (HNBR) at temperatures above and
below the glass transition temperature Tg are presented. The compression set in the elastomer is found to
increase with cooling up to 100% at the glass transition temperature and decrease with time after
unloading even at temperatures below Tg. The effects of reinforcing filler (carbon black) and the initial
compression time are also considered. Equivalence of time and temperature effects on the compression
set of the elastomers is then demonstrated. A viscoelastic model describing the time-temperature
variation of the compression set is proposed and verified by finite element analysis (FEA) and experi-
mental results. It is shown that modelling captures well the experimental behaviour of the elastic re-
covery of the studied HNBR at ambient and low temperatures.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Rubbers or elastomers typically exhibit high resilience proper-
ties which make these materials almost ideal candidates for pres-
sure sealing applications. The excellent elastic recovery or low
compression set enables the rubber seals to compensate for any
movements of the sealed parts, e.g. the sealing gap growth caused
by pressure peaks. However the sealing performance is often
jeopardized by freezing conditions since rubbers becomemuch less
resilient at low temperatures near their glass transition point. This
effect is schematically illustrated in Fig. 1.

In reality the contact of rubber seal and its counter surfacemight
be much more complicated on different length scales including
micrometer and sub-micrometer ranges [1]. Nevertheless even a
sudden microscopic separation can promote leakage if the seal
material exhibits no or negligible elastic recovery as depicted in
Fig. 2. Therefore understanding the effect of cold environments on
the recovery properties of elastomer compounds is of high interest
for a number of branches of industry which use machinery oper-
ated under high pressure and exposed to low temperatures.

Despite its importance inmany practical applications, the elastic
recovery or set properties at low temperatures are covered rather
scarcely in academic literature. Morris et al. [2] reported high
compression set values for several rubber systems exposed to cold
environment and noticed that the set effect is reversible upon
warming to the ambient temperature. Similar effects of low tem-
peratures on the elastic recovery in styrene butadiene rubber (SBR)
and nitrile butadiene rubber (NBR) were later described in Ref. [3].
The same authors reported the effect of crystallization in natural
rubber (NR) on the elastic recovery [4]. Baranov and Elkin [5]
investigated the development of the elastic recovery and the con-
tact area of elastomeric ring seals with gradual temperature
reduction down to �70 �C. They found the recovery was uneven
along the contact width of the compressed seals and it was also
stress dependent. Bukhina and Parizenberg [6] applied the time
temperature superposition (TTS) principle to the rubber recovery at
different temperatures and constructed the recovery master curves
for several compounds. Jaunich et al. [7,8] recently investigated
low-temperature recovery of various rubber compounds by a
modified compression set method using a dynamic mechanical
analysis (DMA) machine and demonstrated effects of temperature,
elastomer nature, the degree of compression, and the machine
contact pressure on the compression set development over time.* Corresponding author.
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Summing up the available publications, there exists very few
reports and experimental studies of the cold recovery of elastomers
and particularly no data on hydrogenated nitrile butadiene rubber
(HNBR) was found even though this material is of great importance
for the oil and gas industry. The main objectives of this work are
therefore to study the low-temperature strain recovery property of
a model HNBR compound and to elucidate the effect of carbon
black as a reinforcing filler on this property. In addition, the re-
covery behaviour at various temperatures is modelled based on the
established mathematical concepts for viscoelastic materials.

2. Materials and experimental procedure

2.1. Materials and processing

A typical rubber formulation widely used in seals in the oil and
gas industry was tested. The composition is based on hydrogenated
nitrile butadiene rubber with 96% saturated polybutadiene with
36% acrylonitrile content and varied carbon black (CB) content from
0 to 50 phr (parts per hundred rubber). For ease of description, the
formulation without carbon black is hereafter referred to as “un-
filled” HNBR, while the formulation contained 50 phr carbon black
is referred to as “filled”HNBR. The compound formulae are detailed
in Table 1.

The compounds (except the peroxide) were combined in an
internal mixer to yield a single HNBR masterbatch which was then
mixed with the peroxide in a two roll mill. Compression moulding
and vulcanization in a press at 170 �C for 20 min 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 our previous publication [9]. The vulcanised
unfilled HNBR has Shore A hardness of 70 ± 5, while the carbon
black filled material has Shore A hardness of 85 ± 5.

2.2. Test methods

2.2.1. Dynamic mechanical thermal analysis
Dynamic mechanical thermal analysis (DMTA) was carried out

on a Netzsch-Gabo Eplexor 150 DMTA machine equipped with a
150 N load cell and a thermal chamber. A temperature sweep was
performed using the tension loading mode and the testing fre-
quency of 1 Hz. Specimens for the experiments were nominally
8 mm wide and 2 mm thick moulded-to-shape bars. The temper-
ature was swept in the range of �60 to 120 �C. For each tempera-
ture step, the specimens were pre-loaded to 0.05% of the initial
length on top of which a cycling strain with the amplitude of 0.02%
was applied. The specimen was unloaded each time before moving
to a new temperature step to reflect changes in the specimen
length.

2.2.2. Compression strain recovery
At least 2 standardised methodological approaches to measure

elastic recovery of rubber materials in compression at low tem-
peratures exist. The first method is based on compression set (CS)
measurements and described in ISO 815-2 [10], while the other is
called elastic rebound after compression and implemented in
Russian GOST 13808-79 [11]. The principal formulae for calculation
of the recovery parameters and the essential testing conditions are
summarized in Table 2.

The compression set approach was followed in this study.
Nevertheless, as it is immediately deduced from the equations,

Fig. 1. Schematic of compressed O-ring seal (black) in a flange: a) at ambient temperature; b) upper part lift-off at low temperature and leakage due to “frozen” seal.

Fig. 2. Schematic magnified view of rubber seal surface (black) in contact with a rigid counter surface: a) at ambient temperature; b) rigid surface lift-off and leakage at low
temperatures.

Table 1
Composition of the generic HNBR used in this study.

Component Content, 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
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these two recovery metrics are related if we assume equal testing
conditions (i.e. specimen geometry, initial compression, duration of
the experiment and the elapsed time t at the property
measurement).

The strain recovery tests were carried out using the same
Eplexor 150 DMTA machine using a 1500 N load cell and parallel
plate compression holders. The specimens were cylindrical with
10 mm nominal diameter and 6 mm height. The testing procedure
in this work was somewhat different with the major change being
the duration of the holding time under the freezing conditions
which was set to 30 min as compared to 24 h in the ISO standard.
The procedure illustrated in Fig. 3 was automatized in the machine.
First a rubber specimen was compressed to 85% of its initial height
(step I) and left to relax at room temperature for 6 h (step II). This is
to reflect the practical application in which rubber seals are rarely
pressurized or exposed to the service environment immediately
after installation. Nevertheless the impact of the duration of the
compression stepwas also included into the investigation. After the
compression step, the rubber specimen was exposed to the
required temperature and held under load over 30 min (steps III
and IV). Then the compression load was quickly removed keeping,
however, 2 N compressive force in order to maintain the contact
with the specimen. The specimen height change was recorded over
time starting from the point of unloading (step V). The compression
set values reported hereafter correspond to the time of 30min after
unloading (as in ISO 815-2) unless stated otherwise or designated
by the time.

3. Results

3.1. Dynamic mechanical thermal analysis

Fig. 4 depicts the outcome of DMTA for both HNBR compounds
(i.e. unfilled and filled with 50 phr carbon black). As expected, the
addition of carbon black results in a significant increase of the
dynamic moduli [12,13]. In contrast with the material stiffness, the
filler does not produce a noticeable impact on the glass transition
temperature which is determined from the tan delta peak
maximum to be about �16 �C for 1 Hz testing frequency in both
cases.

3.2. Strain recovery and compression set

Preliminary compression set (CS) experiments in a freezing
cabinet indicate that the studied HNBR demonstrates almost no
elastic recovery already at �25 �C, only a few degrees below Tg.
Moreover, if the elastomer is sufficiently compressed against a
rough surface, such as sand paper in Fig. 5, the counter-surface
topography is mirrored on the elastomer specimen surface after
unloading in a freezing environment. The observed set is not per-
manent. As already noticed by Morris et al. [2], putting the cold CS
specimens back to the ambient condition leads to relatively quick
(10e20 min) restoration of the major portion of their original
shapes.

More quantitative CS experiments at various temperatures
down to �30 �C followed. The processed strain recovery data is
plotted in Fig. 6 as a variation of compression set with time and
temperature for both studied HNBR compounds. The compression
set is seen to increasewith cooling below the ambient temperature,
and it rises steeply near the glass transition point. This is in line
with the previous observations in other elastomers [3,4,6e8]. At
the temperature of �30 �C, both compounds lose their resilience
completely and do not regain their undeformed shapes as
demonstrated by their compression set values of 95e100% at the
short times. As expected, the compression set in HNBR has also a
strong time-dependent nature. It gradually decreases as the re-
covery time progresses at all temperatures. Even at the lowest
temperature some recovery is evident but it occurs at a very slow
rate.

It is noteworthy that the filled HNBR has inferior compression
set characteristics at sub-ambient temperatures above the glass
transition point if compared to the unfilled HNBR, even though they
exhibit close magnitudes of compression set at room and elevated
temperatures. This result is in good agreement with the CS mea-
surements carried out using zirconium tungstate filled HNBR [9]
where a noticeable increase of CS in the filled rubber was also

Table 2
Comparison between ISO 815-2 and GOST 13808-79.

Test conditions ISO 815-2 GOST 13808-79

Initial compression 25% for hardnesses below 80 IHRD
15% for hardnesses between 80 and 89 IHRD
10% for hardnesses above 90 IHRD

20 ± 2%

Specimen geometry A: Ø 29 � 12.5 mm
B: Ø 13 � 6.3 mm

Ø 10 � 10 mm

Test duration (cold exposure) 24 or 72 h 5 min
Specimen recovery time 30 ± 3 min 3 min
Principal equation CS ¼ h0�hðtÞ

h0�hc
Kr ¼ hðtÞ�hc

h0�hc

The principal equation in terms of engineering strain CS ¼ εðtÞ
ε0

Kr ¼ 1� εðtÞ
ε0

Here CS is the compression set parameter; Kr is the coefficient of elastic recovery; h0 is the initial thickness of the specimen; h(t) is the thickness after recovery time t; hc is
the compressed thickness of the specimen.

ε0 ¼ Dh
h0

¼ h0�hc
h0

is the initial compressive strain; εðtÞ ¼ h0�hðtÞ
h0

is the strain after recovery time t.

Fig. 3. Schematic of the low-temperature strain recovery test procedure: I e loading
step; II e stress relaxation step; III e cooling (heating) step; IV e temperature con-
ditioning period; V e recovery step (load released).
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observed. The difference in CS between the carbon black filled and
the virgin compound enlarges with temperature reduction peaking
near the Tg region, which is seen in Fig. 6 and more clearly in Fig. 7.

Fig. 8 demonstrates how the initial compression time at room
temperature influences the compression set property at room
temperature and at Tg. The room temperature CS clearly increases
with the duration of the initial squeeze, while the results at Tg show
no considerable effect of the compression time on the recovery of
HNBR. Therefore keeping the CS specimens over a long time in-
terval under compression at temperatures near or below Tg (as for
example stated in ISO 815-2) may not be necessary, unless sec-
ondary low temperature effects such as crystallization are to be
investigated at the same time.

3.3. Compression set master curves

Since the compression set in the studied materials has a clear
viscoelastic origin at low and moderate temperatures, and the
neighbouring time segments have similar shapes and overlap quite

well near their edges, the postulate of time and temperature
equivalence can be applied to construct compression set master
curves. A specific shifting routine was implemented in MATLAB in
order to obtain a smooth master curve following the approach
suggested in Ref. [14]. The following function was minimized with
respect to the horizontal shifting parameter a(T) for each
isothermal time segment being shifted:

Here yi are the experimental values of the compression set at
times ti, yi are the values of the compression set function approx-
imated by a polynomial, and n is the number measurement points
in each time segment. Since the machine unloading time is finite
and affects the measurements at short times, the initial period of
100 s in each segment was ignored. The obtained master curves are
presented in Fig. 9.

A plot of the shifting factors versus temperature is presented in
Fig. 10. The figure also demonstrates that the relation between the
horizontal shifting factors and temperature can be well described
by the WLF equation expressed as [15,16].

log10ðaT Þ ¼
�C1

�
T � Tref

�
C2 þ T � Tref

It is evident that the carbon black does not have much influence
on the temperature variation of the shifting factor, and the
discrepancy between the curves for the filled and unfilled HNBR is
probably within the experimental and computing errors in shifting
and model fitting. It is also interesting to note that the values of the
WLF parameters obtained in both compounds are similar to the
“universal” constants for polymers (C1 ¼ 17.44 and C2 ¼ 51.6 K)
reported in Ref. [15].

4. Modelling of the recovery experiment

4.1. Viscoelastic modelling

The recovery after compression should be a viscoelastic process
and it should be possible to model the recovery based on the
viscoelastic characteristics of the rubber materials. The modelling
approach presented here is based on the linear viscoelasticity
principles and inspired by Ref. [17]. We begin with the Boltzmann

Fig. 4. DMTA testing results taken at 1 Hz frequency: a)Storage (solid line) and loss (dashed line) moduli as a function of temperature; b)Tan delta as a function of temperature.
Spline interpolated data.

Fig. 5. Unfilled HNBR CS specimens photographed 3 min after load release at �25 �C.
20% nominal compression was imposed, and the specimen on the right was com-
pressed against sandpaper (photo courtesy of Natalia Akulicheva). The scale bar behind
the specimens indicates mm.
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superposition principle which yields the following equation for
creep strain at time t [16,17]:

εðtÞ ¼
Zt
�∞

Dðt � uÞdsðuÞ
du

du; (1)

where D(t) is the creep compliance and s(t) is the stress acting on
thematerial. Since ε and s are defined from t¼ 0 the integral can be
rewritten to get

εðtÞ ¼ s

E0
þ
Zt
0

Dðt � uÞdsðuÞ
du

du (2)

Here E0 is the instantaneous modulus corresponding to the
initial elastic response. The compression set test is basically carried
out in 2 phases: compression (stress relaxation) phase with dura-
tion tc with no changes in strain and the recovery phase when the

load is removed (s ¼ 0). We also assume that the initial compres-
sion strain ε0 is known and constant and the unloading step is
momentary. Therefore the expression is changed to

εðtÞ ¼ ε0 þ
Zt
tc

Dðt � uÞ dsðuÞ
du

du (3)

Integration by parts knowing sðtÞt > tc ¼ 0 gives

εðtÞ ¼ ε0 � sðtcÞDðt � tcÞ (4)

It is quite common that the mechanical response of a visco-
elastic solid material is successfully modelled by phenomenological
approaches using elastic springs and dashpots in series or parallel.
To model a stress relaxation process, the generalized Maxwell
model consisting of an elastic spring representing equilibrium
(long-term) response and m Maxwell elements is typically used
[16,18]:

sðtÞ ¼ ε0

"
E∞ þ

Xm
i¼1

Eie
�ðt=riÞ

#
; (5)

where E∞ is the equilibrium elastic modulus, Ei are the relaxation
strengths and ri are the corresponding relaxation times. The series
expression for the Maxwell elements is described mathematically
as a Prony series [18]. Although equation (5) is strictly valid only for
small strain linear viscoelasticity problems, it is found to approxi-
mate the rubber relaxation behaviour relatively well for the mod-
erate strains (up to 15%) used in the compression set experiments
reported here. The creep compliance of a viscoelastic solid material
is often modelled by the generalized Voigt model with n Voigt el-
ements having the following expression [16,18]:

DðtÞ ¼ Dg þ
Xn
j¼1

Dj

�
1� e�ðt=tjÞ

�
(6)

where Dj are the retardation strengths and tj are the corresponding
retardation times. Dg is the glassy compliance found by

Fig. 6. Compression set as a function of time at the indicated temperatures.

Fig. 7. Compression set as a function of temperature (30 min after unloading).
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Dg ¼ 1
E∞ þPm

i¼1 Ei
(7)

Incorporating (5) and (6) into (4) one may arrive at

εðtÞ ¼ ε0

0@1�
 
E∞

þ
Xm
i¼1

Eie
�ðtc=riÞ

!24Dg þ
Xn
j¼1

Di

 
1� e

�
�

t�tc
ti

�!35
t�tc

1A
(8)

The expression consists of two terms in the parentheses. The
first of which accounts for the compression stress relaxation history

while the second determines the actual recovery behaviour.
Despite a potentially large number of material parameters in the
Prony series coming into the formula, it can be easily programmed
to supply any number of the Prony elements. After computing the
strain recovery, the compression set or the recovery coefficient are
calculated in accordance with the equations in Table 2. A perma-
nent strain term could be added if justified by the experimental
data, however this was not considered necessary in this work.

If the recovery test is performed at a temperature T different
from the ambient Tc, then the recovery term in the equation has to
be evaluated at the temperature of interest. This can be achieved
using a physical test or using TTS by shifting the whole retardation
spectrum along the time scale by the superposition factor aT(T) if
there is an established and proven relation between aT and tem-
perature. The equation for the strain recovery at an arbitrary tem-
perature T is, thus, generalized to

Fig. 8. Effect of the hold time (step II) at room temperature on the compression set of the unfilled HNBR: a) at room temperature and b) at �20 �C. The error bars indicate the
standard deviation. The data for 24 and 72 h hold time are taken from the previous study [9]. The modelling approach and the predictions are to be described in sections 4.1 and 4.3.

Fig. 9. Master curves of the compression set property of the studied HNBR compounds with Tref ¼ �20 �C. No correction for thermal shrinkage (vertical shifting) was applied.
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εðt; TÞ ¼ ε0

0@1�
 
E∞

þ
Xm
i¼1

Eie
�ðtc=riÞ

!24Dg þ
Xn
j¼1

Di

 
1� e

�
�

t�tc
aT ðTÞti

�!35
t�tc

1A
(9)

In practice, it is rather common that only a relaxation or retar-
dation spectrum is available, and therefore a conversion method
that is favourable to the user has to be employed. The numerical
method proposed by Park and Schapery [19] was used in this work
due to its straightforward implementation in MATLAB.

The test data used were quasi-static compression stress relax-
ation (CSR) master curvesmeasured for thesematerials [20,21]. The
data were fitted to equation (5) using the sign control method [22]

(SCM). An example showing the relaxation data, the fit curves and
the obtained relaxation spectra are depicted in Fig. 11. It should be
noted that the carbon black filled HNBR exhibits higher relaxation
strengths in its relaxation spectrum at intermediate and long times
if compared to the relaxation spectrum of the unfilled rubber at the
same temperature. This effect determines the higher relaxing
component of stress and higher CS values observed in the filled
rubber during the recovery experiments at temperatures above Tg.

The full procedure for compression set calculation is illustrated
in Fig. 12. A comparison of the predictions using this model with
experimental data will be discussed below and is shown in Figs. 15
and 16.

Fig. 10. Horizontal shift factor as function of temperature at Tref ¼ �20 �C. The dashed
lines represent WLF fit made in the range of �20 to þ40 �C.

Fig. 11. a) CSR master curves (solid lines) with Tref ¼ þ23 �C [20,21] and their fitting (dashed lines) by SCM; b) the computed relaxation spectra of the studied HNBR compounds.

Fig. 12. Compression set computation workflow.
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4.2. FEA modelling

An alternative way to model the shape recovery of the rubber
specimens with time is to use finite element analysis (FEA) using
the viscoelastic data of the HNBR rubber system. Generally, finite
element analysis is a preferable way to determine the behaviour of
industrial seals, as they might have intricate cross section geome-
tries and various inserted elements. In this work, Abaqus software
(v. 6.14) was used to simulate the performed compression set ex-
periments and verify the proposed model. The FEA model of a cy-
lindrical rubber block compressed by rigid surfaces was made in

the axisymmetric setting using CAX4RH linear hybrid elements.
The friction coefficient for the rubber block and the mating rigid
surfaces was set to 0.2, although this value was found not to
significantly affect the results.

The FEA material model consists of two parts: the first is to
model the hyperelastic behaviour and the second is for the visco-
elastic behaviour with the temperature relation of the super-
position factor provided by the WLF equation. The neo-hookean
form of the strain energy density function was chosen as a
hyperelastic material model for the FEA since only moderate strains
are of concern in the current investigation. The strain energy
density function for a compressible neo-hookean material is typi-
cally formed of the deviatoric and the volumetric terms [23,24] and
expressed as:

W ¼ C10
�
I1 � 1

�þ D1ðJ � 1Þ2

where C10 and D1 are material parameters representing the resis-
tance to shear and the compressibility of the material respectively;
I1 ¼ J�2=3I1 is the first deviatoric strain invariant; J ¼ l1l2l3 and
I1 ¼ l21 þ l22 þ l23 is the first strain invariant expressed in terms of
the principal stretch ratios li. The parameter C10 is found from
fitting of the corresponding long-term compression stress-stretch
data demonstrated in Fig. 13, while the compressibility was
measured earlier [9]. The model adequately fits the uniaxial
compression data sets for both compounds yielding only a slightly
higher fitting error than the models with larger number of material
parameters [21].

The material model parameters used in the FEA are listed in
Table 3.

The viscoelastic material behaviour is modelled by the Prony
series in dimensionless form as required by Abaqus. The same CSR
data sets were used to identify the viscoelastic material parameters
for the FEA. The number of Prony series terms was, however,
reduced to 13 to comply with the limitation of the software.

An example of the visualization output of the performed FEA is
shown in Fig. 14.

4.3. Comparison with experimental data

The experimental CS data for the unfilled HNBR and filled HNBR
are plotted in Figs. 15 and 16 respectively together with the
modelling results.

Both models predict the elastic recovery of HNBR quite well at
ambient temperature (þ25 �C) and acceptably at around the glass

Fig. 13. Step strain CSR response at þ40 �C as function of stretch ratio and fitting of the
relaxed (long-term) stress data by the neo-hookean model. Cylindrical specimens were
compressed in the Eplexor machine using the same compression holder. A silicone
grease was applied to minimise barrelling. The strain rate here is approximately 0.005
sec�1. The strain step length is 0.05, and linear interpolation is used between the
measurement points.

Table 3
Long-term material properties used in FEA.

Parameter Unfilled HNBR Carbon black filled HNBR

C10, MPa 0.92 1.89
D1, MPa�1 0.001 0.00087

Fig. 14. Images of the simulated compression set test at the ambient temperature. The times indicated are after the load is released.
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transition temperature (�20 �C). The deviation between the FEA
solution and the proposed model is rather small and presumably
related to the difference in fitting of the relaxation data and the
limited number of the Prony elements in Abaqus as described
above. Another potential source of this small discrepancy is the
necessary use of the hyperelastic material model in FEA dictated by
the finite strains in the model.

The largest differences between the experiment and modelling
results of about 5% are observed close to Tg in both compounds. In
general, the thermo-mechanical behaviour of rubber becomes
more complex in the vicinity of Tg, and there can be several reasons
for the noticeable deviation. The first potential explanation is the
known temperature dependency of the rubber modulus which has

not been not accounted for in the modelling approach (it directly
affects the compression history term). Therefore, for more accurate
results in the case of large temperature differences a correction
factor, e.g. a vertical shifting factor bT(T), should be introduced.
Furthermore, the cooling (or heating) process takes time during
which some incomplete relaxation processes may still take place at
rates varying with the temperature. This effect is, however, not
considerable at Tg as evident from the experiments with varying
initial compression times (Fig. 8b).

Themechanical behaviour of rubber at finite strains in the glassy
state or on the upper shelf of the transition region might no longer
be correctly described by the simple models used in this work. As
such, both FE and analytical approaches might fail to give accurate

Fig. 15. Experimental and modelling results of the compression set as function of time for the unfilled HNBR at a) 25 �C and b) �20 �C. The data in b) are corrected for the thermal
contraction.

Fig. 16. Experimental and modelling results of the compression set as function of time for the carbon black filled HNBR at a) 25 �C and b) �20 �C. The data in b) are corrected for the
thermal contraction.
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estimates of CS below Tg. Nonetheless, as demonstrated by this
work and many other experiments [3,4,6e8], rubber at these
temperatures exhibits no or very limited recovery manifested in CS
values of about 100%.

The modelling approach could also be extended to predict CS in
rubber exposed to elevated temperatures. The necessary condition
for the utilization is that the stress relaxation at these temperatures
is governed only by physical mechanisms and that there is a
complete relaxation data set (a relaxation or retardation spectrum)
available at short and long times. If the physical relaxation is
augmented with some chemical relaxation processes, the approach
will most likely stop yielding adequate estimates of CS. The varia-
tion of the horizontal shifting factor with temperature, if used,
should be well characterized since low accuracy in its temperature
relation might also be a significant source of error in the CS
estimation.

The modelling approach can also help explain the noticeable
difference in CS values demonstrated in Fig. 8 when the initial
compression is applied with various durations. In the case of a short
compression relaxation period (the relaxation processes in the
rubber are incomplete) the compression history term in equation
(9) is high and facilitates the strain recovery to proceedmuch faster.
If the compression relaxation time is much longer, the contribution
of the compression history term decreases, approaching the equi-
librium state at long times (E∞) and, thus, the computed recovery
rate is much smaller and in accordance with the experimental
observations. In contrast to the ambient conditions, the CSR term
becomes negligible at, and below, Tg in comparison with the re-
covery term at the same temperature. Hence, the recovery rate is
mostly governed by the retardation spectrum at these
temperatures.

5. Conclusions

The following conclusions can be drawn based on the experi-
mental results and the subsequent modelling:

1. The studied HNBR compounds (with and without the addition
of 50 phr carbon black) possess rather poor recovery at low
temperatures at and near the glass transition region demon-
strated by large compression set (CS) values of 70e100% at these
temperatures. Nevertheless, the compression set might
approach zero even at low temperatures near Tg provided there
is substantial time for the shape recovery;

2. The duration of the initial compression has a significant effect on
the elastic recovery in the CS experiments conducted at ambient
temperature, while the effect becomes minimal at sub-zero
conditions once the glass transition region is reached;

3. Carbon black as a filler imparts inferior low temperature re-
covery properties to HNBR compared to the unfilled HNBR,
although the negative effect is not substantial at ambient con-
ditions. The largest difference of about 20% between the prop-
erty values in the filled and unfilled HNBR is observed near the
Tg region. Below this temperature both compounds demonstrate
no or minimal elastic recovery;

4. The time-temperature superposition principle is found to be
applicable to the HNBR compression set data measured at
various temperatures, since the neighbouring isothermal time
segments overlap quite well. The variation of the horizontal
shifting parameter aT with temperature is well fitted by theWLF
expression with the parameters being similar to the “universal”
values for polymers regardless of if the HNBR compound is
reinforced or not.

5. A viscoelastic model for prediction of the time variation of the
strain recovery is proposed. The model links the basic relaxation

characteristics of a rubbery material, such as the relaxation
spectrum obtained from stress relaxation experiments, with the
compression set in the material. It is demonstrated that the
model prediction matches the FEA modelling output and it
successfully captures the recovery behaviour of the studied
HNBR at ambient temperature.

6. The modelling approach can also be used to predict rubber re-
covery at low and moderately elevated temperatures provided
that only physical relaxation processes occur in the studied
material and the temperature relation of time-temperature su-
perposition factor aT is available.
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We have studied how the adhesion between rubber and a flat counter surface depends on tempera-
ture. When the two solids are separated at room temperature negligible adhesion is detected, which
is due to the elastic deformation energy stored in the rubber, which is given back during pull-off
and help to break the adhesive bonds. When the system is cooled down below the glass transition
temperature, the elastic deformation imposed on the system at room temperature is “frozen-in”
and the stored-up elastic energy is not given back during separation at the low temperature. This
results in a huge increase in the pull-off force. This study is crucial for many applications involving
rubber at low temperatures, e.g., rubber seals for cryogenic or space applications.

Introduction – Most surfaces of solid objects have sur-
face roughness on many length scales[1], which has a cru-
cial influence on the contact between elastic solids[2–11].
Surface roughness is the main reason for why adhesion
(manifested as a pull-off force), is usually not observed
at the macroscopic length scale[12–27]. Solids can in-
teract and form bonds only when separated at atomistic
distances (nanometer or less), and in order to make con-
tact the solids must deform at the interface. For elas-
tically “hard” solids this results in a very small contact
area which reduces the adhesion. More important, the
elastic deformation of the solids at the interface (as a
result of the adhesive forces) leads to stored-up elastic
energy. During separation this elastic energy is given
back, and helps to break the atomic bonds, and results in
the vanishing pull-off force observed in most cases. Thus
adhesion is only observed for either extremely smooth
surfaces (as in wafer bonding[28]), or when at least one
of the solids is elastically very soft[29, 30].

At room temperature rubber-like materials are soft
with a Young’s modulus of order a few MPa for most
types of engineering rubber, such as rubber for seals, tires
or wiper blades, and even much less for the weakly cross-
linked rubber used, e.g., for pressure sensitive adhesives
(which can have Young’s modulus as low as 1 kPa)[30].
However, when rubber materials are cooled below the
glass transition temperature the Young’s modulus typi-
cally increases by a factor of ∼ 1000 (and sometimes much
more) to several GPa. Thus if a rubber object is moved
in contact with another solid at low temperature no ad-
hesion force will be detected in most cases, even if the ad-
hesion would be strong at room temperature. However,
here we will show that if a rubber object is squeezed into
contact with a counter object at room temperature and
then cooled down below the glass transition temperature,
an extremely strong adhesive bond can form. This results

from the frozen-in elastic deformation field (see Fig. 1),
and from the high effective Young’s modulus in the glassy
state. As will be discussed below, these phenomena have
important technological implications, and if not properly
accounted for, can result in expensive or disastrous con-
sequences, such as the Challenger catastrophe [31].

Experimental – We have performed two types of ex-
periments (schematically shown in Fig. 2(a) and 2(b))
to study how the adhesion between rubber and a counter
surface depends on the temperature. We have used un-
filled hydrogenated nitrile butadiene rubber (HNBR).
The material composition and the processing details were
reported elsewhere [32, 33]. The first set of experiments
used a rubber half-cylinder (radius R = 1.5 cm, length
L = 7 cm) confined between two flat, smooth, and par-
allel Polymethylmethacrylat (PMMA) surfaces at a sep-
aration about 10% − 20% smaller than the radius of the
rubber cylinder. This resulted in a rectangular region of
(apparent) Hertz-like contact with the width 2a ≈ 1 cm
(see Fig. 1). The system was kept at room tempera-
ture for about 12 hours before put in a cold room with
temperature −40 C. After staying in the cold room for
about 12 hours we removed the rubber-PMMA contact
and observed frozen-in elastic deformation (see Fig. 1b).
Similar observations were made in [33] for button-shaped
HNBR specimens exposed to temperatures below the
glass transition temperature Tg.

For the second set of adhesion experiments we have
used a Dynamic Mechanical Analysis (DMA) appara-
tus (Netzsch-Gabo Eplexor 150 machine with a thermal
chamber and a 150 N force transducer). The machine
was operated in the compression mode. The compres-
sion holders were cleaned with ethanol prior to each ex-
periment. For the experiment, cylindrical specimens of
2.4 − 2.8 cm length were cut from rubber O-rings having
a nominal cross section diameter of 2R ≈ 0.53 cm.



(b)(a)

FIG. 1: Demonstration of frozen-in elastic deformation. Pic-
ture of a rubber half-cylinder at (a) room temperature and (b)
at T = −40○C, after the cylinder was squeezed at room tem-
perature against a sandpaper surface, and then cooled down.
Note in (b) the rectangular (nominal flat) strip of frozen-in
rubber deformation (Hertz-like contact). The magnification
picture (right) shows that the (nominal flat) contact area has
frozen-in surface roughness inherited from the surface rough-
ness of the sandpaper. The frozen-in deformation of the rub-
ber cylinder stays unchanged as long as the rubber is kept at
T = −40○C, but disappears when the rubber sample is kept for
some time at a temperature above the rubber glass transition
temperature, e.g., at room temperature.

The cylindrical specimens were compressed in the ra-
dial direction by the DMA machine and let relax for 1000
s under the constant deformation. Then the chamber was
cooled down to -50 ○C keeping the displacement constant.
The force, clamp separation and the chamber tempera-
ture were recorded during the experiment. At some tem-
perature, below the glass transition point of the rubber,
the compressive force gradually decreased down to zero
(due to the frozen-in deformation field and the thermal
contraction of the material; see below), and even to neg-
ative values due to the adhesive strength of the rubber-
steel contact; see Fig. 3. Once the tensile stress in the
rubber near the interface reached the rubber-steel bond
strength, breakage of the adhesive bonds (opening crack
propagation) occurred, and the force vanished abruptly.
We performed several experiments with different com-
pression of the rubber O-ring, and for smooth and rough
rubber surfaces.

rubber
(half-cylinder)

steel bolt PMMA

(a) servo
motor

force
transducer

rubber

steel
sample
holder

(b)

thermal
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FIG. 2: Schematics of the two set-ups used for studying ad-
hesion at low temperatures.
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FIG. 3: The rubber O-ring with smooth surface initially com-
pressed 10% and cooled down. The compressive force acting
on the steel plate (red line) and the temperature (green line)
as a function of time is depicted. Note that the temperature
plot indicates the temperature inside the chamber, but not
the rubber O-ring internal temperature.

We also performed some pull-off experiments with the
system at room temperature. In this case we obtained
the pull-off force (at the pull-off speed vz = 140 µm/s):
0.9 ± 0.2 N for the smooth, clean rubber O-ring and
0.015 ± 0.015 N for the roughened rubber O-ring. These
values should be compared to the 20.4 N and 4.8 N ob-
served during (the thermal contraction-induced) pull-off
when the system temperature is below the rubber glass
transition temperature; see Table I for a summary.

Adhesion in a room temperature contact – The adhesive
interaction between an elastic cylinder and a flat surface
is a straightforward extension of the classical theory of
the interaction between a spherical body and a flat sur-
face known as Jonson-Kendel-Roberts (JKR) theory[34].
If the applied pull-off force is orthogonal to the flat con-
tact region, the pull-off force per unit length is given
by[35–37]

fc = −3πE∗0a2c
4R

,



TABLE I: The change in the force (pull-off force) during the
abrupt detachment, induced by the thermal contraction of the
rubber at low temperature (LT), and due to pull-off (at speed
vz = 140 µm/s) at room temperature (RT). In the first case
the system is prepared at room temperature and then cooled
down to −50○C in ≈ 300 s (see Fig. 3). The pull-off force was
measured for 10% and 20% compression of the rubber O-ring,
and for all surfaces cleaned by ethanol. We show results for
smooth rubber and roughened rubber surface.

surface condition 10% compression 20% compression

smooth, LT 20.4 ± 3.0 N 31.4 ± 8.8 N

rough, LT 4.8 ± 0.2 N ..

smooth, RT 0.9 ± 0.2 N ..

rough, RT 0.015 ± 0.015 N ..

where the half-width of the the rectangular contact region
at the pull-off instability is given by

ac = (2wR2

πE∗0 )
1/3

,

and the effective low-frequency Young modulus E∗0 =
E0/(1−ν2),where E0 and ν are the rubber low-frequency
Young modulus and Poisson ratio, respectively. For
HNBR rubber against smooth glass surface, for an open-
ing crack at the pull-off velocity ≈ 1 µm/s we have mea-
sured the work of adhesion w ≈ 0.1 J/m2 [21]. How-
ever, the pull-off velocity in our experiments is ∼ 100
times higher and theory predicts for this case a ∼ 10
times higher work of adhesion because of the viscoelas-
tic enhancement factor (see Ref. [38–43]). Assuming
w ≈ 1 J/m2 for HNBR rubber against the steel surface
(at the pull-off speed ≈ 100 µm/s) we get ac ≈ 0.1 mm
and the pull-off force Fc/L = fc = 40 N/m or for our
L = 2.6 cm long rubber cylinder, about Fc ≈ 1 N. This
low pull-off force is close to our measured pull-off force
at room temperature (0.9 ± 0.2 N).

Adhesion in a cooled contact – For the system which
was cooled below the rubber glass transition temperature
we observed very strong adhesion (see above). This can
be understood qualitatively as follows. First note that
the adhesion observed at room temperature is so small
as a result of the elastic energy stored at the interface
during the compression of the rubber cylinder. That is,
during removal of the steel (or PMMA) sheet, the elastic
energy stored at the interface helps to break the adhesive
bonds and result in the small pull-off force observed. Now
when the (compressed) system is cooled to T = −50○C (or
T = −40○C as in the first experiment), which is way below
the rubber glass transition temperature (Tg ≈ −23○C),
the elastic deformation field is frozen-in and not given
back during the pull-off. This frozen-in deformation field
can be clearly seen in Fig. 1(b) where a flat rectangular

region is observed on the top of the rubber cylinder. As
the rubber heats up, this flat region disappears, and the
rubber regains its original perfect cylinder shape with
half-circular cross section. However, a very large pull-
off force is necessary to separate the rubber and a rigid
counter-surface if the rubber is below the glass transition
temperature. Consider, for example, the limiting case
where the rubber surface within the rectangular contact
region (width 2a) can be considered to be in full contact
with the countersurface, and assume that no elastic en-
ergy is given back during pull-off. In this case, using the
theory of cracks, we estimate the force needed for pull-off
when the applied force is orthogonal to the flat contact
region:

fpull−off ≈ (2πwaE∗1 )1/2,
where E∗1 is the (effective) elastic modulus of the rub-
ber in the glassy response region (or high-frequency
modulus), which is of order several GPa. Using that
a ≈ (Rδ)1/2 (where δ is the penetration) we get for ∼ 10%
compression (i.e. δ = 0.1R) a ≈ 0.5 mm. Thus with
L = 2.6 cm and E∗1 = 2 GPa, we get the pull-off force
F = Lf ≈ 17 N, which is close to what we observe for the
smooth clean rubber O-ring section (see Table I). Here
we have assumed[44] w = 0.07 J/m2 because when the
rubber is in the glassy region it behaves as an elastic
solid, and there is no viscoelastic enhancement factor.
If the contact is incomplete within the nominal contact
area, the work of adhesion and, hence, the calculated
pull-off force is smaller.
When the rubber surface was roughened with sandpa-

per the pull-off force at low temperature did not decrease
as one would expect based on experiments at room tem-
perature. This is due to the fact that the elastic deforma-
tion field imposed on the asperity contact regions during
the contact formation at room temperature, is frozen-in
when the temperature is lowered to T = −50○C (or to
T = −40○C in the first experiment), and hence no elastic
asperity deformation energy is given back during pull-
off at T = −50○C. Table I shows that the pull-off force
at low temperature on the roughened surface is a fac-
tor 4.8/20.4 ∼ 0.24 smaller than for the smooth rubber
surface. We interpret this as reflecting a change in the
contact area: if we assume the work of adhesion w is pro-
portional to the contact area we get a decrease by a factor
of (4.8/20.4)2 ≈ 0.06 in the contact area upon roughen-
ing of the rubber surface. In particular, if the relative
contact area A/A0 = 1 for the smooth rubber surface we
get A/A0 = 0.06 for the roughened surface. The pull-off
force at room temperature scales with w as w2/3, so if
the change in the contact area would be the only rea-
son for the drop in adhesion at room temperature, one
would expect the pull-off force at room temperature to
be (0.9 N) × (0.06)2/3 ≈ 0.14 N. However, the observed
pull-off force is 0.015 ± 0.015 N. This shows, as already
pointed out, that the main reason for the low adhesion
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FIG. 4: (a) When the confined rubber cylinder is cooled be-
low the rubber glass transition temperature, the deformation
field imposed at room temperature becomes frozen-in. (b) If
the system is cooled further below the glass transition tem-
perature, the surfaces may separate at the adhering interface
because of the thermal contraction mismatch. This assumes
that the thermal contraction of the rubber compound is larger
than the thermal contraction of the “box” containing the rub-
ber cylinder, which is typically the case owing to the rela-
tive large thermal expansion coefficients of rubber materials.
Considering low-temperature application of rubber seals, this
large thermal contraction in combination with the poor shape
recovery at and below the glass transition might result in an
abrupt increase in the leak rate as the surfaces separate.

observed at room temperature is not the reduction in the
contact area, but rather the elastic (asperity) deforma-
tion energy stored at the interface.

Discussion – We have studied adhesion between rub-
ber and flat PMMA and steel surfaces when the system
is cooled (starting with a contact formed at room tem-
perature) below the rubber glass transition temperature.
When the separation between the rubber and the counter
surface occurs at room temperature negligible adhesion
is detected, which is due to the elastic deformation en-
ergy stored at the interface, which is given back during
pull-off and helps to break the adhesive bonds result-
ing in the negligible pull-off force observed in this case.
When the system is cooled down below the glass tran-
sition temperature, the elastic deformation imposed on
the system at room temperature is “frozen-in”, and the
stored-up elastic energy is not given back during separa-
tion at the low temperature. This results in a huge pull-
off force. Here we note that this phenomenon is similar to
liquid glues which is put between two surfaces and harden
with increasing time, e.g., due to formation of cross-links
or due to evaporation of a liquid component. This re-
sults in a solid in perfect contact with the substrate and
without elastic energy stored-up at the interface, at least
in the ideal case where no stresses develop in the adhe-
sive during the transformation from the liquid to solid
state. Thus, the absence of the elastic deformation en-
ergy can result in very strong adhesive bonds. A good
example is cyanoacrylate adhesives (“superglues”) which
cure through reaction with moisture held on the surface
to be bonded.

In the second experiment reported on above, the pull-

off force resulted from the thermally induced contraction
of the rubber as it is cooled to low temperature. The
thermal expansion coefficient of most rubber materials
is much larger than that of steel and other metals or
metal alloys. For example, for carbon steel and the rub-
ber compound at T = −33○C, the linear thermal expan-
sion coefficient α = (dL/dT )/L0 (where L0 is the length
of the sample at room temperature) are ≈ 1 × 10−5 K−1
[45] and ≈ 8 × 10−5 K−1 [32], respectively. Thus from the
glass transition temperature to T = −50○C, we expect the
rubber to contract with ≈ 0.2%, or (for the 2R = 0.53 cm
rubber O-ring) ∆R ≈ 10 µm in the radial direction. If
no contraction would be possible (e.g., by adhesion to
the confining plates), one would instead expect a stress
of order σ ≈ E1∆R/R ≈ 4 MPa to develop, and a normal
force F ≈ L2aσ ≈ 100 N, which is larger than the adhesive
force found above. Hence, the adhesive bond will break
during the cooling down as indeed observed.

To summarize, when a rubber O-ring is confined be-
tween steel surfaces (as in a typical application) if the
temperature is lowered below the rubber glass transi-
tion temperature, where the rubber deformation field is
“frozen-in”, the mismatch between thermal expansion of
the rubber and the confining box material, may result in a
finite surface separation at low temperatures (see Fig. 4).
This would result in a dramatic increase of leakage of the
seal. In another set of experiments, which we will report
elsewhere, we indeed observed an abrupt increase in the
gas leakage of rubber O-ring seals at low temperatures,
which we interpret as resulting from the combination of
the frozen-in rubber deformation field, and the thermal
contraction of the rubber O-ring. In this case we mea-
sure both the rubber contact force acting on the steel
surface, and the gas leakage, which abruptly increased
at the same time as the contact force abruptly changed.
The observed cold pull-off force for the seal rings in the
leakage experiments is consistent with the measurements
presented above.

Summary and conclusion – We have studied adhesion
between rubber and flat smooth PMMA and steel sur-
faces, when the system is cooled (starting with a con-
tact formed at room temperature) below the rubber glass
transition temperature. When the separation between
the rubber and the counter surface occurs at room tem-
perature small (for smooth rubber surface) or no (for
roughened rubber surface) adhesion can be detected,
which is due to the elastic deformation energy stored at
the interface, which is given back during pull-off and help
to break the adhesive bonds resulting in the small pull-off
force observed in these cases. When the system is cooled
down below the glass transition temperature, the elastic
deformation imposed on the system at room temperature
is “frozen-in” and the stored-up elastic energy is not given
back during pull-off at the low temperature. This results
in a huge pull-off force. The study above is crucial for



applications involving rubber at low temperatures, e.g.,
in many applications where rubber seals operate at very
low service temperatures, e.g., in some mining and oil-
field applications in regions with cold climate or in space
applications.
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Phys. Rev.Lett. 108, 244301 (2012).
[7] S. Hyun, L. Pei, J.-F. Molinari, and M. O. Robbins. Phys.

Rev. E 70, 026117 (2004)
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[28] U. Gösele and Q.-Y. Tong, Annu. Rev. Mater. Sci. 28,
215 (1998).

[29] B.N.J. Persson, O. Albohr, C. Creton and V. Peveri, J
Chem Phys. 120 8779 (2004).

[30] C. Creton and M. Ciccotti, Reports on Progress in
Physics 79, 046601 (2016).

[31] R. P. Feynman, What do you care what other people
think?: Further Advances of a Curios Character, (W.W.
Norton & Company, 2001).

[32] A.G. Akulichev, B. Alcock, A. Tiwari and A.T. Echter-
meyer, Journal of Materials Science 51, 10714 (2016).

[33] A. G. Akulichev, B. Alcock, and A. T. Echtermeyer,
Polymer Testing, 61, 46 (2017).

[34] K. L. Johnson and K. Kendall and A. D. Roberts, Proc.
R. Soc. London A 324, 301 (1971).

[35] J. A. Greenwood and K. L. Johnson, Philos. Mag. 43,
697 (1981).

[36] D. Maugis and M. Barquins, J. Appl. Phys. D 11, 1989
(1978).

[37] M.K. Chaudhury, T. Weaver, C.Y. Hui and E.J. Kramer,
J Appl Phys 80, 30 (1996).

[38] BNJ Persson, EA Brener, Physical Review E 71, 036123
(2005).

[39] BNJ Persson, O Albohr, G Heinrich, H Ueba, Journal of
Physics: Condensed Matter 17, R1071 (2005).

[40] Tao Lin Sun, Feng Luo, Wei Hong, Kunpeng Cui, Yi-
wan Huang, Hui Jie Zhang, Daniel R. King, Takayuki
Kurokawa, Tasuku Nakajima, and Jian Ping Gong,
Macromolecules 50, 2923 (2017).

[41] J.A. Greenwood, J. Phys. D: Appl. Phys. 37, 2557 (2004).
[42] J.A. Greenwood, J. Phys. D: Appl. Phys. 40, 1769 (2007).
[43] J.A. Greenwood, K.L. Johnson, S.-H. Choi and M.K.

Chaudhury, Journal of Physics D: Applied Physics 42,
035301 (20089).

[44] We estimate the adiabatic (thermal equilibrium) work of
adhesion for the steel-rubber interface using w ≈ 2(γ1γ2),
where γ1 and γ2 are the surface energies of the steel and
rubber surfaces, respectively [see J.N. Israelachvili, Inter-
molecular and Surface Forces (Academic, London), 3rd
Ed. (2011)]. The surface energy of clean steel surfaces is
very large, but steel surfaces exposed to the normal at-
mosphere has strongly bound contamination which can-
not be removed with water or organic fluids such as ace-
tone. The measured surface energy of steel surfaces after
cleaning with water or acetone is [see M. Mantel and J.P.
Wightman, Surfaces and Interfaces 21, 595 (1994)] about
γ1 ≈ 0.04 J/m2. Using the surface energy γ2 ≈ 0.03 J/m2

for the HNBR rubber this gives w ≈ 0.07 J/m2.
[45] R.J. Corruccini and J.J. Gniewek, Therman Expansion

of Technical Solids at Low Temperatures: A Compilation
From the Literature, National Bureau of Standards, NBS



monograph 29 (1961).



Paper IV

A.4. Paper IV 91

A.4 Paper IV

Interfacial leakage of elastomer seals at low temperatures
A.G. Akulichev, A.T. Echtermeyer, and B.N.J. Persson.

Submitted



92 Enclosed papers



Interfacial leakage of elastomer seals at low temperatures

A. G. Akulicheva, A. T. Echtermeyera, B. N. J. Perssonb,c

aDepartment of Mechanical and Industrial Engineering (MTP), Norwegian University of Science and Technology, Richard Birkelandsvei 2B,
N-7491 Trondheim, Norway

bPGI-1, FZ Jülich, Germany, EU
cwww.MultiscaleConsulting.com

Abstract

Interfacial leakage of air in hydrogenated nitrile butadiene rubber (HNBR) O-ring seals exposed to sub-ambient tem-
peratures is studied. Flange-type fixtures with sealing surfaces produced by 3 different surface finish processes are
used. When the seals are cooled down to temperatures below the elastomer glass transition point Tg of (−23 ◦C), an
abrupt increase of air leakage (> 10−2 cm3/min) is observed. The effects of surface finish conditions, compression ra-
tio, grease lubrication and additions of carbon black in the HNBR on the cold leakage are discussed. Persson’s contact
mechanics and effective medium leakage theory coupled with finite element analysis (FEA) of the HNBR seals are
utilized to capture the changes in the contact area and pressure with cooling and predict the seal failure temperatures.
The main cause for the cold seal failures is believed to be the detachment of the elastomer seals from their mating
sealing parts due to the elastomer thermal contraction and the negligible recovery of the HNBR in cold environment.
In addition, the adhesive rubber-substrate interface influences the detachment and seal failure.

Keywords:
Elastomer, Seals, Leakage, Low-Temperature Extreme

1. Introduction

Elastomeric seals are used in almost any industrial pressure retaining equipment operating at low and high pres-
sure, e.g. in oil and gas, automotive or aerospace applications. These seals usually have excellent flexibility, resilience
and elastic recovery properties and do not require very fine surface finish to make a good seal, as, for example, ther-
moplastic seals would demand. There are, however, factors under which the pressure integrity of elastomeric seals
can be compromised. One of these influencing factors is exposure to a cold environment which might, in fact, lead to
catastrophic consequences, as, for instance, in the Challenger disaster [1].

Among all fluids, sealing of gases represents the most difficult task for engineers due to their extremely low
viscosity. The gas leakage in elastomer seals arises from gas permeation through the materials and from the interfacial
(or contact) leakage. The permeation of gases through elastomers is known to decrease with temperature reduction
[1, 2, 3] and is, thus, not as significant at low temperatures as the interfacial leaks [2]. The Challenger catastrophe
triggered scientists and engineers from a variety of industries to study the low-temperature behaviour of elastomer
seals to be used in gas containing systems. As a result of their efforts, some publications appeared [4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15]. A short summary of the experimental details and findings of the existing literature is given in
Table 1.

The sealing experiments undertaken in different conditions and using different equipment show some similarities.
Thus, the majority of seals failed at temperatures approximately 10-35 ◦C below Tg depending on their compression
level and the exerted pressure difference. Hence, Tg does not accurately define the low-temperature limit of service-
ability of elastomeric seals. Furthermore, Tg can be determined by several methods, which in general do not give the
same results.

Another interesting observation can be made considering the effect of gas pressure: high (≥ 100 bar) pressure
difference, if applied prior to cooling of the sealed joint, might result in lower leakage temperatures [8, 10]. Higher
failure temperatures were obtained in low-pressure (< 100 bar) systems [5, 6, 11, 13], or in high-pressure systems
pressurized after the cooling step [10]. Furthermore, there are indications that pressure and temperature cycling from
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low to high values might yield increased leak temperatures [16], but not much experimental data are available to
public for these cases.

Most of the earlier investigators used commercial seals with scarcely reported low-temperature properties of the
seal materials (typically only the glass transition Tg and sometimes 10 % retraction TR-10 temperatures) and the
sealed surface properties. Therefore, the mechanisms of cold leakage of elastomeric seals have remained unclear,
except for the case where the sealing gap was artificially increased and seals failed due to their slow elastic recovery
at low temperatures near their Tg [12, 15, 18]. This is, however, an extreme scenario which will not be considered
herein. The main objective of this work is to understand the phenomena governing the leakage of static elastomeric
seals in flange-type joints at low temperatures. The effects of filler in the elastomer and lubrication will be considered
as well. The most common scenario when seals are mounted in a joint at ambient temperature inside a workshop or
an assembly site and then brought to a cold service is followed. Prediction of the temperature at which the particular
elastomer seal fails is of the most interest and aimed in this work.

Table 1: Short summary of the low-temperature leak test data. The imposed compression and applied gas pressure difference are given in paren-
theses; for more details the reader is referred to the indicated publications. ∆T indicates the difference between the measured leakage temperature
Tfail and the glass transition. Special test conditions are explained in notes

Elastomer type Tg, ◦C TR-10, ◦C Typical conditions Special conditions Notes
Tfail, ◦C ∆T, ◦C Tfail, ◦C ∆T, ◦C

Taylor [8] (15% compression / 345 bar)
Nitrile -37 -56 -19

Arctic Nitile -35 -49 -62 -27
Camlast 1049 -18 -19 -40 -22

Aflas 7 -23 -30
Viton 3 -34 -37

Burnay and Nelson [6] (1 bar)
FKM E60C -18 -30 -12

Stevens et al [5] (10 /20 % compression / 14 bar)
FKM E60C -18 -31 -13

10 % compression
FKM B70 -21 -33 -12

FKM B600 -13 -26 -13
FKM GLT -29 -44 -15

FKM GLFT -23 -36 -13
Weise et al [9] (25 % compression / 1 bar)

Viton1 -7 -35 -28
Viton2 1 -20 -21
Viton3 -6 -31 -25
Viton5 -23 -44 -21
EPDM -30 -61 -31
Silicone -31 -63 -32

Warren [10] (16.6-18.5% compression / 100 (175) bar)
NHNBR LT -32 -36 -54 -22 -41 -9

Pressurized after the cooling stepFKM LT -19 -31 -55 -36 -32 (-40) -13(-21)
FKM ULT -27 -40 -56 -29 -42(-45) -15(-18)

Omnés and Heuillet [13] (24 % compression / 5 bar)
HNBR -18 -30 -12 Pressurized after the cooling step

Grelle et al [12] (20 % compression / 1 bar)
FKM -17 -38 -21 -10 7 Partial release of compression
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(a) Leak test rig with a load cell. (b) Leak test flange.

Figure 1: Leak test rigs used in the experiment (schematic).

2. Materials and methods

The cold sealing experiments reported here were performed using a custom-built thermal chamber coupled with
heat exchanger piping connected to a recirculating coolant bath manufactured by Julabo. The interiors of the chamber
with test rigs can be cooled down to about −52 ◦C in the experimental set-up.

Two configurations of test rigs were utilized in the experiment. The first one was based on the compression
rig concept used in stress relaxation experiments [19] and features compression (sealing) force measurements by a
2.5 kN compression load cell, see Fig. 1a. Pre-defined compression is exerted to an O-ring by a screw in this set-
up. The sealing counter-faces have root mean square (RMS) surface roughness of 0.95 µm. The main purpose of
the measurements with this rig was to measure the sealing force variation with cooling. Vacuum creates additional
compressive force to the seal estimated to be about 800 N leading to lower failure temperatures, especially if the
pressure difference is applied at temperatures above the Tg. As a result, another rig was also utilized for measurement
of leak rates in cold environment.

The second rig is schematically illustrated in Fig. 1b and represents a simple flange arrangement accommodating
an O-ring and exchangeable flange parts having different sealing surface topography as will be described later. A set of
spacers was selected to fix the desired seal compression δ. The temperature of the tested O-rings was measured by two
thermocouples positioned near the seals; the average values of the thermocouple readings are reported. The sealing
surfaces were cleaned with ethanol prior to each test, and the seals were mounted dry at a temperature of 24 ± 1 ◦C.
In addition, several experiments were carried out with application of silicone grease (Molykote 33 Medium).

A vacuum pump connected to the leak port in the test fixtures was used to create a pressure difference between
the system and ambient environment. The system (vacuum) pressure and leak rate was continuously measured during
each test by a vacuum pressure transducer and supplemented by a flow meter with a resolution of 10−3 cm3/min. The
overall system leakage (which includes the leakage in the fittings and air permeation through the polymer parts) was
measured to be approximately 2 × 10−3 cm3/min by the pressure decay method.

Three flange parts with different surface finish were used in the leak measurements. The sealing surfaces were
prepared by milling, turning and grinding processes and possess rather different surface roughness. Their surface
topography characteristics in the direction orthogonal to the leakage path are summarised in Table 2. The surface
roughness of the milled surface finish is somewhat higher than usually specified in engineering documentation, how-
ever that was made intentionally to promote leakage. The sealing area topography of the flange parts is depicted in
Fig. 2a, while Fig. 2b shows the computed one-dimensional (1D) surface roughness power spectra. It should be noted
that the surface roughness is anisotropic in all cases studied here.
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Table 2: Surface roughness properties of the sealing surfaces used in the flange experiment. Line scan was performed by stylus profilometer with a
lateral resolution of 0.56 µm and track length of 10 mm.

Surface finish Surface roughness parameters
Ra, µm Rq, µm Rv, µm Rp µm RMS slope

Milling 1.7806 2.1588 -6.189 5.38 0.1807
Turning 0.4081 0.5069 -1.043 1.212 0.0083
Grinding 0.4788 0.6471 -3.812 2.517 0.0928

(a) (b)

Figure 2: a) topography measured by stylus profilometer and b) 1D surface roughness power spectra of the indicated sealing surfaces.
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Figure 3: Pressure difference in the system, leak rate and temperature of an unfilled HNBR O-ring subjected to ≈ 8 % compression as function of
time (grinding surface finish).

For the experiments hydrogenated nitrile butadiene rubber (HNBR) O-rings of ca. 108 mm inner diameter and
5.3-5.5 mm cross section diameter were manufactured in lab environment by compression moulding. Due to the
variance in the cross section diameter of the seals, the attained compression levels in flange-type experiment were
somewhat different. The basic material is HNBR having 96 % saturated polybutadiene with 36 % acrylonitrile content.
Two formulations were used: one with 20.4 Vol.% N-330 HAF carbon black (CB) loading and the other without it
(further referred to as unfilled HNBR). The full description of the material composition, the processing details and
the material properties were provided in the previous publications [17, 18, 19]. It is important to mention that the
elastomers have a Tg of about −16 ◦C as determined by dynamic mechanical thermal analysis (DMTA) experiments
at the measurement frequency f of 1 Hz [18] or −23 ◦C as determined from differential scanning calorimetry (DSC)
measurements conducted using a heating rate of 20 ◦C/min [17].

In the flange-based set-up, three O-rings of each compound were tested against each of three sealing surfaces
using three different compression ratios, so the total number of leakage tests was 54.

3. Results

The leak rates of the studied seals do not change much with cooling to temperatures approximately above −25 ◦C.
At certain temperatures below it an abrupt increase in the air leakage occurs, as for instance depicted in Fig. 3.
This finding is in accordance with the cold seal failures experienced in the past works [2, 6, 9, 11]. We refer to
the temperature at which the leak rate abruptly increases (> 10−2 cm3/min) reflecting the seal failure as leakage
temperature. In order to stop such large leaks, the seals have to be heated to temperatures several degrees higher then
that at the onset of the large leak (see Fig. 3). The variation of the leakage temperature with O-ring compression is
shown in Fig. 4a-4c for all studied counter-surfaces.

The leak data feature a wide distribution of leak temperatures depending on the filler content, the sealing surface
topography and the seal compression level. The leak temperature of the seals is found to decrease with increase
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(a) Milling (b) Grinding (c) Turning

Figure 4: Leak temperature as function of seal compression for 20.4 vol.% CB filled and unfilled HNBR seals.

(a) unfilled HNBR (b) 20.4 vol.% CB filled HNBR

Figure 5: The effect of surface finish on leak temperature a) in unfilled HNBR and b) in filled HNBR seals at the indicated seal compression ratio
δ.

of O-ring compression for all types of surface finish and regardless of CB content in HNBR. The effect of larger
seal compression is, however, more pronounced in the CB filled HNBR seals. Furthermore, the seals made of CB
filled HNBR in general demonstrate lower leak temperatures as compared to the unfilled HNBR seals. The highest
leak temperature (about −28 ◦C) was observed in the unfilled HNBR seals at ≈ 7 % compression with the roughest
counter-surface, while the lowest leak temperatures below −45 ◦C were found in the filled HNBR seals at ≈ 30 %
compression against the most smooth sealing counter-surface in the experiment.

The variation of the leak leak temperatures with the surface finish conditions is illustrated in Fig. 5a and Fig.
5b for unfilled and filled HNBR respectively. The positive effect of a smoother sealing surface on the seal failure
temperature is quite apparent for seals made of both elastomers. However, the effect of roughness at relatively low
(7−10 %) seal compression ratios is not as significant as at high (25−30 %) compression ratios. The plausible reason
is related to the strength of adhesion between HNBR and the steel counter-face and will be discussed in the next
section.

Another set of experiments was carried out using the rig with the sealing force measurement capability. Low
temperatures have a profound effect on the retention of the sealing force of the tested O-rings as depicted in Fig. 6a.
The O-ring sealing force decays with cooling to nearly zero at a variable decay rate which reaches a maximum at about
−10 ◦C. A similar behaviour of force decline during cooling at low temperatures was noticed earlier in fluoroelastomer
[5, 7, 6] and HNBR [20, 13] seals. In addition, experiments were carried out on CB filled O-rings, and the effect of
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(a) (b)

Figure 6: The effect of CB loading in a) and grease lubrication in b) on the temperature variation of the O-ring compressive force normalised to the
compressive force at room temperature. The seals were compressed (δ = 0.1 ± 0.005) and left to relax under the constant strain for approximately
16-17 hours before the cooling step in order to minimise the effect of stress relaxation during the experiment.

filler on the sealing force is quite apparent here. A higher amount of carbon black makes the retention of the sealing
force at low temperatures better. This positive effect of the filler is in a good agreement with the results of the flange-
based leak experiments and attributed to a lower thermal contraction of the filled elastomers [17] as well as a lower
contribution of the entropy elasticity [19]; see also the analysis and discussion below.

Another interesting phenomenon, which was not discovered in the earlier studies, is the abrupt force increase
observed in our experiments at temperatures below the glass transition (see Fig. 6a). These force jumps led, in
turn, to an drastic increase of the leak rates in every experiment, except for the seals lubricated by a silicone grease.
This peculiar effect is believed to be related to breakage of the adhesive bond between the elastomers and the metal
substrates at low temperatures as the thermal stresses in the rubber near the interface reach a critical value due to the
thermal shrinkage [21]. The effect of adhesion on the cold leakage will be discussed below.

No significant increase of the leak rates was observed in grease lubricated seals, even though the seals detached
from the counter-surface manifested in similar force jumps as in the dry O-rings, see Fig. 6b. The silicone grease is
likely to fill up the gap between the HNBR and its counter-surface and, thus, impedes the air permeation through the
contact.

4. Analysis and discussion

Leakage experiments of HNBR seals exposed to low temperatures at various compression levels were carried out
using sealing surfaces with different topography. In order to understand the effects of compression and the counter-
surface topography on leakage, a multi-scale approach to the contact mechanics of an elastomer seal ring against a
rough rigid substrate has be to undertaken.

Consider a case of an O-ring seal squeezed between flange parts in a tight joint. The seal delimits a high and low
pressure regions with the pressure drop ∆P. The nominal contact area A0 between the O-ring and the rigid counter
surface is Ly × Lx or πD × 2a, where D is the seal diameter and a is the half-width of the contact region in the fluid
leakage direction. It is well known [22], that most surfaces in engineering applications exhibit surface roughness
on a wide range of length scales, which has to be accounted for in the contact studies. As such the contact area,
for example, when observed with micro-scale resolution, will be smaller than the nominal one. This is due to the
existence of microscopic peaks and valleys in the topography of the surface, even if the looks smooth and flat to the
naked eye.
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In order to quantify the effect of roughness on different levels mathematically, magnification ζ is introduced
according to the Perssons contact theory [23]. The apparent contact area A(ζ) can be then studied as a function of
magnification ζ. The contact between a rubber block and a rigid surface appears to be complete A(1) = A0 at the
lowest magnification ζ = 1. At higher magnifications surface roughness can be observed and, thus, the apparent
contact area decreases (A(ζ) < A0). The apparent relative contact area A(ζ)/A0 at the magnification ζ can be obtained
using the Perssons contact theory [23, 22, 24] via

A(ζ)
A0
= erf

(
P0

2G
1
2

)
(1)

where erf(x) is the error function, P0 is the nominal contact pressure and the function G is expressed as

G(ζ) =
π

4

( E
1 − ν2

) ∫ ζqL

qL

dqq3C(q) (2)

where C(q) is the 2D surface roughness power spectrum, E and ν are the elastomer Youngs modulus and the
Poissons ratio, q = ζqL (with q = 2π/λ and qL = 2π/Lx) is the wave vector and λ is the wavelength.

Estimation of the interfacial leak rate through a seal-rigid substrate contact can be done using the critical junction
[26, 25] or effective medium theories [27, 28]. The latter is used here since it takes into account the leakage through
multiple channels, not only the critical constriction channel as in the former approach. The effective medium theory
treats a multi-component medium (e.g. a porous medium in the fluid flow studies) as a single phase medium with
effective (averaged) properties. Assuming incompressible and laminar flow, the leak rate is calculated using the
effective conductivity of the contact interface σeff in accordance with [27, 28]

Q =
Ly

Lx
σeff∆P (3)

where

1
σeff
=

∫ ζ

1

(
−A′(ζ)

A0

)
2

σeff + σ(ζ)
dζ (4)

and

σ(ζ) =
[u1(ζ)]3

12µ
(5)

Here u1(ζ) is a function dependent on the average effective separation, µ is the sealed fluid viscosity. For more
details on the theoretical foundation of the leak rate calculations, the reader is referred to the original publications
[27, 28].

The leak rates for the cases studied here were calculated using the methodology presented above. Fig. 7b depicts
the outcome of the leakage calculations with leak rate Q plotted against the normalized contact pressure (P0/E). The
surfaces evidently have different interfacial leakage characteristics. As expected, the milled surface represents the
worst leakage case, while the surface produced by turning is characterized by the lowest leak rates. In fact, the real
contact area (see Fig. 7a) reaches the percolation threshold (for A(ζ)/A0 ≈ 0.42) at much lower compression than in
the other cases which leads to an abrupt decrease of leak rate already at very small contact pressures (P0/E ≥ 0.005
or, for instance, P0 ≥ 0.025 MPa for the unfilled HNBR). In contrast, the contact pressure required to attain the
percolation threshold for the surface after milling is about 16 times higher: P0/E ≈ 0.08 or P0 ≈ 0.4 MPa for the
unfilled HNBR. This will have an effect on the leakage at low temperatures in addition to the other effects. It is
noteworthy that the leak rates in Fig. 7b have to be multiplied by a factor of ≈ 1000 coming from the ratio Ly/Lx and
even higher as the contact width Lx dramatically reduces with cooling, see the analysis of the contact below. In this
study, the roughness of the HNBR O-ring surface is assumed smaller than the counter-surface roughness.

It is quite clear that the seal contact pressure is a very important characteristic for the leak rate in ambient condi-
tions. Changes in the contact pressure with temperature is also likely to define the onset of the observed air break-
through at temperatures below Tg. In order to understand the development of the contact pressure profile across the
sealed interface with temperature, a finite element analysis (FEA) approach is utilized. An axisymmetric model of an
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(a) (b)

Figure 7: Calculated relative contact area in a) and calculated leak rate Q in b) as functions of the normalized contact pressure at the indicated
surface finish. The results were obtained using 1D power spectra depicted in Fig 2b without taking the adhesion and the surface roughness
anisotropy into account.

O-ring with a cross section diameter of 5.5 mm was built and analysed using Abaqus software (v. 6.14). For meshing,
CAX4RH linear hybrid elements were utilized. Compression of the ring was done by rigid analytical surfaces.

The thermo-mechanical properties of the materials employed were obtained in the previous studies [17, 18, 19].
The thermal dilatation curves of the studied elastomers are depicted in Fig. 8a and implemented into the analysis as
temperature dependent functions of the coefficients of thermal expansion. It is worth mentioning that the CB filled
HNBR apparently has a lower thermal expansivity than the unfilled material.

(a) (b)

Figure 8: The thermo-mechanical data of HNBR at the indicated CB volume fraction: a) dilatometric curves and b) storage modulus master curves.
The dilatometric measurements were carried out using Netzsch DIL402C dilatometer at a heating rate of 2 ◦C/min [17].

The model takes into account long-term hyperelastic and viscoelastic (time-dependent) responses and finite com-
pressibility of the materials [17, 18]. Modelling the viscoelastic behaviour of the HNBR near the glass transition is not
straightforward as it also exhibits an increasing strain dependency at about −15 ◦C and deeper into the glass transition
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(a) T = 297K (b) T = 253K (c) T = 243K

Figure 9: An example of the simulated contact pressure profile along the contact line of an O-ring section subjected to 10 % compression at ambient
temperature and cooled down. The contact pressure scale bar is in MPa. The maximum contact pressure at −20 ◦C (253 K) is about a half of the
initial one due to the thermal shrinkage of the HNBR and softening related to the entropic nature of the material. The contact pressure at −20 ◦C
is still sufficient to retain the air tightness at 1 bar pressure difference (see Fig. 9b), whereas at −30 ◦C (243 K) it diminishes to nearly zero with a
minor contact width resulting in leakage. The FEA was performed using a cooling rate of −0.01 ◦C/s and CoF of 0.5.

(a) (b)

Figure 10: The effects of cooling rate with CoF = 5 in a) and the coefficient of friction using the cooling rate of −0.01 ◦C/s in b) on the simulated
seal failure temperatures for the unfilled HNBR compound.

[19]. However, considering the initial large-strain field in the seal is essentially frozen-in below the Tg [18, 21], the
modelling approach in the first approximation can be considerably simplified focusing only on the thermal shrinkage
in the transition and glassy regions which causes small strain changes with each temperature increment (≈ 0.1−0.2 %
over the total temperature range from −20 ◦C to −40 ◦C). Therefore, only small-strain viscoelastic material data are
needed to get the corresponding Maxwell model parameters. The data were collected during temperature-frequency
sweeps using a TA instruments dynamic mechanical thermal analysis (DMTA) apparatus. The data were then used to
build master curves depicted in Fig. 8a and compute the viscoelastic parameters to feed the viscoelastic part of the
model. All material properties used in the simulation are listed in Appendix A.

An example of the FEA simulation is given in Fig. 9a-9c. The simulated contact pressure steadily decreases with
cooling and, at temperatures below the glass transition, abruptly drops to zero. For the counter-surface produced by
grinding, microscopic separation of the seal from the counter-part is likely to occur as the maximum contact pressure
quickly falls below ≈ 0.25 MPa (or ≈ 0.51 MPa for the 20.4 vol.% CB filled compound). This in turn results in a drastic
increase in the air leak rate through the contact. This contact pressure corresponds to the leak rate Q ≈ 10−3 cm3/min
estimated by the effective medium leakage theory for this surface (see Fig. 7b).

The simulation results are influenced by non-material parameters. The rate of cooling has a large impact on the
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(a) Unfilled HNBR (b) 20.4 vol.% CB HNBR

Figure 11: Simulated and experimental leak temperatures as functions of seal initial compression for sealing surfaces with indicated surface
treatment. The experimental data are for surfaces after milling (�), grinding (F) and turning (�) listed in the direction of roughness decrease. The
FEA was performed using a cooling rate of −0.01 ◦C/s attained in the flange-based leak tests and CoF = 5.0.

cold seal failures as demonstrated by Fig. 10a built based on FEA simulation with various cooling rates. It is evident
that the leakage temperature greatly increases at higher rates of cooling. The seal detaches from its substrate at
temperatures above the Tg when the cooling rate of 1 ◦C/s is applied. It can be understood qualitatively as follows. As
the rate of cooling grows, the ability of HNBR to recover and compensate for the thermal shrinkage becomes more
and more reduced. The recovery is a time (and temperature) dependent process [18] and the time window required
for the seal to recover the thermal contraction becomes smaller and smaller with cooling in the transition and glassy
regions. Therefore, the condition for the seal failure would be:

ε̇r / α(T )Ṫ (6)

where εr is the recoverable strain. The results of the FEA simulation also depend on the coefficient of friction (CoF)
used as demonstrated in Fig. 10b. However, the sensitivity to the variation of CoF is not as substantial as the sensitivity
to the cooling rate. Furthermore, a rather high friction is to be expected due to the adhesion and ”locking” of the frozen
elastomer between the steel asperities, especially in the roughest sealing surface.

The actual cooling rate of −0.01 ◦C/s achieved in the flange experiments is used in further analysis and comparison
with the experimental leak data. The predicted seal failure temperature is plotted against the initial compression of
the seal together with the experimental leak data for the 2 studied compounds in Fig. 11a and in Fig. 11b. The
simplified FEA model is seen to capture the onset of air leakage in HNBR seals against the surface after grinding at
temperatures below the Tg quite well, considering the data scatter and the assumptions used in the modelling approach.
The difference between experimental and predicted leakage temperatures can also be attributed to quality of the data
fitting with 13 Prony elements (maximum in Abaqus) and also cold adhesion phenomena.

It has been found above and in [21] that the adhesion bond between HNBR seal and its steel substrate might
break at low temperatures due to thermal stresses in elastomer at the interface leading to the premature onset of air
leakage. The adhesion of the HNBR O-ring compressed at ambient temperature to a rigid substrate is rather small
(the pull-off force per unit length fadh ≈ 0.04 N/mm) at this temperature, however it is found to grow with cooling
[21]. The effect is strongest for smooth and clean surfaces, whereas contaminated or rough surface might reduce the
adhesion significantly. This difference can reach one order of magnitude (e.g. fadh ≈ 0.2 N/mm for roughened HNBR
vs fadh ≈ 1 N/mm for clean and smooth HNBR [21]). The thermal stresses are generated in the elastomer rings due
to thermal contraction both in radial and circumferential directions (the O-ring cross section and the circumference
decrease with cooling). As soon as the normal or shear stresses exceed the adhesion strength at a critical temperature
Tcrit, the detachment of a glassy elastomer takes place. In turn, a large leakage might immediately develop since the
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Figure 12: Schematic of the O-ring compressed in a flange joint a) at room temperature, b) cooled down to a low temperature (rubber-steel adhesion
increases with cooling down to Tg), c) cooled down to the critical temperature (Tcrit < Tg) at which debonding and subsequent leakage occur.

deformation field in the elastomer seal is frozen-in in the initial compressed state (i.e. it has a negligible recovery), as
schematically illustrated in Fig. 12. The leak will be sustained if the seal is not able to recover within the experiment
time, as most likely the case for with our leakage tests below Tg. Only external heating can help the elastomer to
recover and close up the gap between the HNBR seal and its counter-surface.

A quantitative estimation of the thermal stresses in the direction orthogonal to the contact area and its effect on
adhesion-connected seal failure temperatures can be made. The condition for the adhesion bond breakage is

S > S adh (7)

where the normal thermal stress S = Eα∆T and the bond strength S adh = Fadh/(2aLy) = fadh/(2a). Hence, the
temperature interval that the adhesion bond in glassy elastomer can sustain without failure (assuming no recovery) is

∆T =
fadh

2aEα
(8)

Consider two limiting cases of weak and strong cold adhesion measured using unfilled HNBR O-ring sections [21],
i.e. the pull-off force of 0.2 N/mm and 1 N/mm respectively in the case of 10 % initial compression. Thus, using the
glassy modulus E of 2 GPa and α ≈ 8 × 10−5 ◦C−1 the lower and upper bounds of ∆T are ≈ 1.2 ◦C and ≈ 6 ◦C. Since
fadh increases with

√
a (or ≈ δ1/4) [21] while the contact area linearly grows with a (or ≈ √δ), it can be concluded

that the adhesion bond might fail earlier (at lower ∆T ) at higher compression ratios δ. The opposite is of course true
at lower δ, e.g. 5 %. Similar observations can be made taking the elastic modulus ( fadh scales with

√
E [21], while the

thermal stress has a linear relationship with E).
The results also signify the effect of the thermal contraction of static seal material at the point where the frozen

seal cannot recover within the experimental time scale. The importance of the elastomer thermal contraction at and
below Tg is much higher than estimated before [29]. It is clear that the CB filled HNBR seals with the coefficient
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of thermal expansion α ≈ 6 × 10−5 ◦C−1 in the glassy state yielded better cold leakage performance than the unfilled
counterparts with α ≈ 8 × 10−5 ◦C−1, in spite of the inferior cold-recovery properties of the filled HNBR [18]. This
is also supported by the experimental data of the sealing force decay which is significantly lower in CB filled HNBR
seals. Therefore, having an elastomer with a small CTE (ideally ≤ 1 × 10−5 ◦C−1 for contact with steel counter-parts)
would be very beneficial for sealing applications where permanent or periodic exposure to temperatures reaching the
glass transition and below is foreseen.

5. Conclusions

Cold performance of hydrogenated nitrile butadiene rubber (HNBR) O-rings at various compression is studied
using low (1 bar) pressure difference. When cooling down to temperatures below the glass transition point Tg of HNBR
(−23 ◦C), an abrupt increase of air leakage (> 10−2 cm3/min) is observed. The experimental results demonstrate that
the seal failure temperatures are affected by surface finish conditions, variation of the compression ratio of the seals
and additions of carbon black (CB) in the HNBR. The seal compression force is also found to decrease with cooling
and the rate of the compression force decay depends on the CB content. In addition, an abrupt increase of compression
force followed by a sudden increase of the leak rate in HNBR seals was observed at low temperatures < Tg. This
effect is believed to be caused by failure of the HNBR-substrate adhesion bond induced by thermal shrinkage of the
elastomer. The origin and conditions of the cold adhesion and its failure is explained in our separate publication [21].

The main reason for the seal failures is believed to be detachment of the elastomer seals from their mating sealing
parts due to a) breakage of the adhesion bond induced by the elastomer thermal contraction in case of a rather strong
adhesion bond and negligible recovery of the HNBR below Tg or b) due to the thermal contraction and the negligible
recovery when the strong adhesion bond is not formed. It is shown that most of the cold failures can be modelled by
the effective medium leakage theory and a simple finite element analysis (FEA) approach using thermo-mechanical
material data the most important of which are the thermal expansivity and small-strain viscoelasticity of HNBR.
Despite the worse recovery properties, the CB filled HNBR has a lower thermal expansion which results in a better
retention of the sealing force and lower leakage temperatures if compared to the seals made of the unfilled HNBR.
Hence, it can be inferred that better low-temperature serviceability in static joints can be achieved using elastomer
compounds with low coefficients of thermal expansion ideally close to the one of the seal housing material.

No leakage was found in silicone grease lubricated seals which is likely to fill the gap between the HNBR and its
counter-surface after the separation of HNBR seal from it in a cold environment. However, the effect of the grease and
other industrial lubricants on cold adhesion is unclear and should be studied in more detail. Furthermore, the grease
might squeeze out with time or might be washed away by service fluids, and, therefore, a different leakage behaviour
should be expected in circumstances other than in this work.
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Appendix A. Material properties used in FEA

Appendix A.1. Thermal expansion

Thermal expansion properties

T , ◦C
α, 1/◦C

0 vol.% CB 20.4 vol.% CB
-50 0.000131 0.000104
-40 0.000141 0.000112
-30 0.000153 0.000119
-20 0.000167 0.000126
-10 0.00018 0.000129
0 0.000188 0.000131

Appendix A.2. Hyperelastic model parameters

Hyperelastic material model parameters

T , ◦C
C10, MPa D1, MPa−1

0 vol.% CB 20.4 vol.% CB 0 vol.% CB 20.4 vol.% CB
-20 0.715 1.595 0.001 0.00087
-10 0.754 1.644 0.001 0.00087
10 0.816 1.743 0.001 0.00087
23 0.863 1.807 0.001 0.00087

Appendix A.3. Viscolastic model parameters

Viscolastic material model parameters

0 vol.% CB 20.4 vol.% CB
gi τi gi τi

0.016446 3.88E-11 0.0091265 8.13E-15
0.084958 4.05E-10 0.077912 1.90E-13
0.12617 4.23E-09 0.10678 4.44E-12
0.18243 4.42E-08 0.17927 1.04E-10
0.24471 4.62E-07 0.27004 2.42E-09
0.24072 4.82E-06 0.21934 5.66E-08
0.080891 5.04E-05 0.073866 1.32E-06
0.013841 0.00052604 0.02312 3.09E-05
0.003442 0.0054945 0.0095157 0.00072235

0.0010951 0.05739 0.0059176 0.016879
0.00094397 0.59944 0.0046534 0.39441
0.00035235 6.2612 0.0030326 9.2161
0.00058876 65.398 0.011327 215.35

Appendix A.4. Time temperature superposition (WLF) parameters
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TTS parameters

Material Tref C1 C2

0 vol.% CB 293 4.3661 71.1068
20.4 vol.% CB 293 8.41 91.0144
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