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A B S T R A C T

O-ring durability is a key issue for engineering structures that require sealing over a long service life. Rubber-
like materials are used for this type of component because of the assumption of incompressibility, i.e. a high
bulk modulus 𝐾. However, this assumption has been called into question in the literature, particularly for
elastomers under high hydrostatic pressures. This work examines the compressibility of rubber-like materials,
with a particular focus on fluorosilicone elastomers (FVMQ). A method of confined compression using a
transparent crucible is presented which allows local measurement of the displacement field. This technique
provides a better understanding of the analysis of oedometric compression data and a reliable way to determine
the 𝐾 value. Furthermore, this approach allows following the evolution of 𝐾 over time with accelerated ageing.
Three ageing temperatures – 200, 220 and 250 ◦C – were tested up to 34, 15 and 1 weeks, respectively. For
the three ageing temperatures, the FVMQ results show a decrease in 𝐾 values with ageing. In particular, at
250 ◦C, a turning point was observed after 72 h of ageing. These results highlight the influence of ageing
on the compressibility of the FVMQ and the presence of two different ageing mechanisms affecting the 𝐾
evolution.
. Introduction

Fluorosilicone (FVMQ)1 elastomer is used in various industrial sec-
ors (Bhuvaneswari et al., 2017) thanks to its exceptional performance
n aggressive environments. In particular, it is widely used in sealing
ystems where durability is critical to ensure reliable operation over
 long service life. Sealing quality involves a low volume variation of
he material under high hydrostatic pressure, i.e. a high bulk modu-
us 𝐾. Indeed, in this kind of application the elastomer is confined
ithin the edges of its housing. The incompressible character of the
lastomers is then a key concept for their sealing ability. However,
ncompressibility means a bulk modulus tending to infinity. Never-
heless, the assumption of incompressibility is an approximation that
oes not apply to all elastomers or loading conditions. Some elas-
omers can exhibit significant volume changes, often referred to as
uasi-incompressibility. The bulk modulus is an important parameter
or materials under hydrostatic pressure (Zimmermann and Stommel,
013), laminated rubber (Bouaziz et al., 2020; Hao et al., 2024), and
n cavitation failure contexts (Gent and Lindley, 1959; Barney et al.,
020).

To ensure sealing, measuring 𝐾 becomes an important issue and a
reat challenge. Two approaches qualified as indirect and direct can

∗ Corresponding author.
E-mail address: clemence.logeais@minesparis.psl.eu (C. Logeais).

1 Fluoro-vinyl-methyl-siloxane (G-group [ISO 1629]).

be considered. In the indirect approach, determining the bulk modulus
consists of deducing it from the Young’s modulus 𝐸 and the Poisson’s
ratio 𝜈 once these material parameters were evaluated. 𝐸 and 𝜈 can be
obtained by using various techniques such as dilatometry (Laufer et al.,
1978; Farris, 1964; Shuttleworth, 1968; Green, 1921), digital image
correlation (DIC) (Xu and Juang, 2021; Farfán-Cabrera et al., 2017;
Pritchard et al., 2013) or strain gauges (Smith et al., 1972; Ren et al.,
2008). However, measuring 𝜈 poses a great challenge in the calculation
of 𝐾, as reported by Burns et al. (1990) and Burns et al. (1987). Besides,
even a minor error in 𝜈 can introduce significant uncertainty in the
determination of 𝐾. The direct approach involves experimental setup
of two types of test. The first consists of applying hydrostatic pressure
to a material by immersing the specimen in a confining fluid (Weir,
1953; Adams and Gibson, 1930; Scott, 1935; Copeland, 1948; Tizard
et al., 2012; Stanojevic and Lewis, 1983), but this method could be
difficult to set up because it requires special equipment. Furthermore,
the permeability of the material could return an erroneous measure.
The second is to apply hydrostatic pressure by enclosing the mate-
rial in a crucible (Bouaziz et al., 2020; Stanojevic and Lewis, 1983;
Holownia, 1975; Tizard et al., 2012). While setting up this method is
straightforward, it may introduce challenges in accurately capturing the
ttps://doi.org/10.1016/j.mechmat.2024.105193
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mechanical response of the material due to the blind nature of the test.
Issues such as stiffness problems could prove challenging to rectify.

Concerning the long-service life, current literature shows a limited
understanding of the precise degradation mechanisms associated with
VMQ. In fact, as a modified silicone, the monomeric repeating units
f fluorosilicone elastomer exhibit different reactivities compared to
onventional silicones, which limits the applicability of existing knowl-
dge on silicones (Camino et al., 2001). While some information is

available about their thermal stability and thermal degradation (Cox
et al., 1964a,b; Kalfayan et al., 1975; Pires et al., 2022; Thomas, 1972),
a full understanding of their mechanical properties, particularly in
terms of compressibility, remains limited or even non-existent. Indeed,
to the author’s knowledge, few papers have been dedicated in the
literature, to the experimental determination of the bulk modulus of
elastomers (Burns et al., 1990, 1987; Adams and Gibson, 1930; Diani
t al., 2008; Barney et al., 2022; Kelly and Lai, 2011; Tabor, 1994;

Van Engelen and Kelly, 2015; Zimmermann and Stommel, 2013), less
ublication were found to investigate the influence of ageing on 𝐾. Al-
hough, studies have been carried out on the ageing of seals (Bernstein

and Gillen, 2009; Cassenti and Staroselsky, 2017; Kömmling et al.,
2017), understanding the evolution-on-time of the compressibility of
the sealing material is essential to ensure the performance of the
seal. Bouaziz et al. (2020) showed the evolution of 𝐾 over ageing
time and temperature for unfilled and filled neoprene. The observations
have shown that, measuring the bulk modulus 𝐾 is a complex task
that can introduce significant uncertainties. It is therefore imperative
o develop a reliable and accurate method for studying the evolution
f compressibility in this material over ageing time and temperature.

In this work, we introduce an innovative approach for measuring
, aiming at avoiding issues related to load line rigidity of the test-

ng machine. It involves confined compression by using a transparent
olymethyl methacrylate (PMMA) crucible equiped with optical exten-
ometry to follow the local deformation of the material. The integration
f optical extensometry with a transparent PMMA crucible presents
ome advantages such as, providing enhanced insights into oedometric
esponse analysis and precision in the measurement of the elastomer’s
ulk modulus. This methodology allowed a better understanding of the
aterial’s deformation during the confined compression.

After providing the definition of bulk modulus and discussing the
assumption of incompressibility, commonly considered in elastomer
studies, the following sections introduce the material under study and
the methods used to determine the bulk modulus 𝐾. Additionally, an
approach to tracking the evolution of 𝐾 with ageing is outlined.

2. Background

2.1. Incompressibility assumption

Elastomers are commonly assumed to be incompressible, which is
generally admitted without any checking. One way to verify this by
sing tensile/compression tests consists of measuring full field displace-
ent by digital image correlation (DIC) technique. By considering an

sotropic material, at least with transversal isotropy, the longitudinal
nd the transverse elongations 𝜆𝐿 and 𝜆𝑇 can be accessed (Anssari-
enam and Horgan, 2022). In Logeais et al. (2022), we carried out such
 checking by using H2 dog bones [ISO 527-2] and discs specimens
or, respectively, tensile and compression tests. The aforementioned
wo elongations were measured by marker tracking, allowing the vol-
me change to be determined all along the test. The jacobian of the
ransformation 𝐽 = det (F

˜
), where F

˜
is the deformation gradient, is the

ratio between the actual volume 𝑉 with respect to the initial volume
0 during the test:

𝐽 = 𝑉
𝑉0

= 𝜆𝐿 × 𝜆2𝑇 (1)
2 
Fig. 1 shows the evolution of 𝐽 as a function of the longitudinal
longation for both tensile/compression tests, respectively triangle and
ound points. It is observed that the evolution of 𝐽 varies with elonga-
ion following a non-linear trend. Moreover, the response of 𝐽 is not
he same under tension and compression tests. At the same applied

strain rate, the change in volume 𝐽 seems more critical in the case of
a compression test.

Recall that the strict incompressibility assumption should lead to
no volume change of the material during the mechanical loading, so
hat 𝐽 should remain constant, equal to one. The horizontal red line in

Fig. 1 characterises this no-volume change assumption. The deviation
from incompressibility assumption, for the fluorosilicone, is clearly
highlighted.

Under small strain framework, by using 𝐽 − 1 = 𝛥𝑉 ∕𝑉0 and 𝜆 = 1 +𝜀
for both longitudinal and transverse direction, with 𝜀 the engineering
strain, Eq. (1) becomes:
𝛥𝑉
𝑉0

≈ 𝜀𝐿 + 2𝜀𝑇 (2)

Taking the isotropy of the material into account, the Poisson’s ratio
𝜈 is defined as 𝜈 = −𝜀𝑇 ∕𝜀𝐿, yielding then (Schwarzl et al., 1967):
𝛥𝑉
𝑉0

= 𝜀𝐿(1 − 2𝜈) (3)

As aforementioned, the incompressibility assumption should lead to
no volume change, i.e. 𝛥𝑉 = 0, then, from Eq. (3), 𝜈 = 0.5.

The Poisson’s ratio is related with the bulk modulus and the Young’s
modulus 𝐸 by Barney et al. (2022):

𝐾 = 𝐸
3(1 − 2𝜈) (4)

Furthermore, 𝜈 = 0.5 leads to an asymptotic value of 𝐾 as plotted
n Fig. 2. Indeed, a small change on 𝜈 near 0.5 can induce significant
hange in 𝐾.

The assumption of incompressibility is an approximation and does
not apply perfectly to all types of elastomers and to all loading con-
ditions. Some elastomers can exhibit significant volume changes, of-
ten referred to as quasi-incompressibility. In the literature, the bulk
modulus plays a critical role in materials subjected to hydrostatic pres-
sure (Zimmermann and Stommel, 2013), laminated rubber (Bouaziz
et al., 2020; Hao et al., 2024) or in the context of cavitation failure
(Gent and Lindley, 1959; Barney et al., 2020).

In summary, the incompressibility assumption has not been veri-
ied for fluorosilicone and monitoring the compressibility over time
ppears to be critical for sealing applications. The bulk modulus is
ommonly characterised by measuring 𝐸 and 𝜈; however, for a quasi-

incompressible material, a small uncertainty in its measurement will
give a large uncertainty in 𝐾 (Burns et al., 1990, 1987). This motivates
a direct measurement of 𝐾 so as to better assess the liability of the
ealing for a long period.

2.2. The bulk modulus K

The bulk modulus measures a material’s resistance to volumetric
compression, i.e. the volume change concerning an applied hydrostatic
pressure. It is described by the following equation:

𝐾 = −𝑉 𝑑 𝑃
𝑑 𝑉 (5)

where 𝑑 𝑃 is the pressure variation, 𝑉 the initial volume, and 𝑑 𝑉 the
olume variation. In this equation, a compressive pressure change,
here 𝑑 𝑃 > 0, will result in a decrease in volume, 𝑑 𝑉 < 0. Conse-
uently, this relationship implies that for an isotropic material the bulk
odulus 𝐾 will be greater than zero.

Compared with other elastic moduli such as Young’s modulus 𝐸 and
shear modulus 𝐺, establishing a relationship between bulk modulus and
the internal structure of the elastomer is challenging. This complexity
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Fig. 1. Jacobian of the transformation 𝐽 – volume change – as a function of applied strain in uniaxial tension and compression of a FVMQ (Logeais et al., 2022).
Fig. 2. Evolution of 𝐾 with as function of 𝜈.

arises as the bulk modulus characterises a volumetric property at
macroscopic scale. The main hypothesis often used in the literature
to elucidate the mechanism governing the bulk modulus is the one
presented by Tabor (1994). According to Tabor’s framework, Young’s
modulus 𝐸 and bulk modulus 𝐾 can be attributed to different inter-
molecular mechanisms. In this conceptualisation, the bulk modulus is
attributed to intermolecular forces, specifically van der Waals forces
acting between the methylene group and its neighbours.

Theoretically, two elastic material parameters are enough to use
Hooke’s law in the small strain framework. The calculation of the stress
(resp. strain) tensor can then be completed when the strain (resp. stress)
tensor is known. Let us consider here that the strain tensor 𝜀

˜
is known.

Then, the terms of the stress tensor 𝜎
˜

read:
𝐸 ( 𝜈 )
𝜎𝑖𝑗 = 1 + 𝜈
𝜀𝑖𝑗 + 1 − 2𝜈 𝜀𝑚𝛿𝑖𝑗 (𝑖, 𝑗) ∈ {1, 2, 3} (6)

3 
where 𝛿𝑖𝑗 is the Kronecker symbol, 𝛿𝑖𝑗 = 1 if (𝑖 = 𝑗) and 𝛿𝑖𝑗 = 0 if (𝑖 ≠ 𝑗),
and

𝜀𝑚 =
trace(�̃�)

3
(7)

In the case of confined compression tests (Weir, 1953; Adams
and Gibson, 1930; Scott, 1935; Copeland, 1948; Tizard et al., 2012;
Stanojevic and Lewis, 1983), in cylindrical coordinates (𝑟, 𝜃 , 𝑧), 𝑧 being
the loading direction, the strain tensor is known to be uniaxial. Actu-
ally, the unique component of the strain tensor is 𝜀𝑧 =

𝛥𝐻
𝐻0

, where 𝐻0

and 𝛥𝐻 are respectively the initial height of the specimen, at the onset
of the confined compression test, and the contraction of the specimen.
Note that 𝛥𝐻 is negative. From Eq. (6), the principal stresses can be
determined as follows:

𝜎𝑟 = 𝜎𝜃 = 𝐸
1 + 2𝜈

𝜈
1 + 𝜈

𝛥𝐻
𝐻0

(8)

𝜎𝑧 =
𝐸

1 + 2𝜈
1 − 𝜈
1 + 𝜈

𝛥𝐻
𝐻0

(9)

𝜎𝑧 is, by definition, equal to 𝐹∕𝑆0 where 𝐹 is the load and 𝑆0 is the
area of the cross section, which does not change because of the rigid
crucible.

Therefore:

𝜎𝑧 =
𝐹
𝑆0

= 𝐸
1 + 𝜈

1 − 𝜈
1 + 𝜈

𝛥𝐻
𝐻0

(10)

Knowing then the slope of the stress–strain curve and the Young’s
modulus, Eq. (10) leads to a second degree equation on 𝜈. The positive
solution for 𝜈 can be selected, which enables to calculate 𝐾 by using
Eq. (4) (Barney et al., 2022).

In the following, Eq. (4) was substituted into Eqs. (8) and (9):

𝜎𝑟 = 𝜎𝜃 = 3𝐾 𝜈
1 + 𝜈

𝛥𝐻
𝐻0

(11)

𝜎𝑧 = 3𝐾 1 − 𝜈
1 + 𝜈

𝛥𝐻
𝐻0

(12)



C. Logeais et al.

t
c
s
a
t
t
t
w
i
m
a
s

i

a
e

m
0
a

s
u
f
T
m
o
c
b
r
o

a
l
n

c
a

c
t
a

Mechanics of Materials 200 (2025) 105193 
Table 1
Ageing times for each ageing temperature.

Ageing temperature (◦C) 200 220 250

Ageing times (h)

0 0 0
168 168 24
336 504 48
504 840 72
1512 1176 96
2520 1680 120
5712 2520 168

Note that, from Eqs. (11) and (12), when 𝜈 → 0.5 then 1 − 𝜈 ≈ 𝜈.
Therefore, in a confined compression test, the stress tensor is equi-
triaxial, i.e. 𝜎𝑟 = 𝜎𝜃 = 𝜎𝑧. Finally, from Eq. (12) the bulk modulus can
be derived:

𝐾 = 1
3
1 + 𝜈
1 − 𝜈

𝐹
𝑆0
𝛥𝐻
𝐻0

(13)

At last, the approximation 𝜈 ≈ 0.5 leads to the simple result :

𝐾 ≈

𝐹
𝑆0
𝛥𝐻
𝐻0

(14)

meaning that the bulk modulus is the slope of the stress–strain curve in
a ‘‘real’’ confined compression test. The experimental challenge is then
the determination of the time when the specimen is in the confined
state, which is a key point to accurately measure, 𝛥𝐻 and 𝐻0 with
respect to 𝐹 .

3. Material, design and method

3.1. Material and specimen

The study is based on the analysis of a FVMQ elastomer which is
a copolymer composed mainly of triofluoropropylsiloxane, dimethyl-
siloxane and methylvinylsiloxane with 0.75 phr peroxide. The elas-
tomer is filled with silice and titane oxide. It is a modified silicone in
which some −CH3 groups are replaced by −CH2CH2CF3 in the polymer
repeat unit.

The material was supplied by ITC Élastomères in the form of 2 mm
thick plates. In order to obtain the samples, discs with a diameter of
20 mm were cut-out directly from the plate using a circular punch.

3.2. Ageing of specimens

The in-service ageing process has been mimicked, providing valu-
able insight into the durability of elastomeric materials, by accelerated
ageing. This approach is particularly important for understanding how
the compressibility of an elastomer changes over time, as it allows data
to be extrapolated beyond the typical duration of laboratory tests.

In the accelerated ageing protocol, sheets were placed in an oven
under air at three temperatures: 200, 220 and 250 ◦C up to 34, 15
weeks and 1 week respectively. After ageing, the samples were pre-
pared in the same way as the pristine specimens, allowing the confined
compression tests to be carried out at room temperature. Table 1
shows the ageing times tested for each ageing temperature. Note that
2 samples have been tested for each ageing time and temperature
condition.
 m

4 
3.3. Oedometric compression setup

Confined compression tests, also referred to as oedometer com-
pression, were performed on FVMQ discs. This testing method allows
for the application of quasi-equitriaxial loading, reproducing similar
conditions to those in a sealing application. A disc sample is placed
in an oedometer cell, with the primary goal of accurately monitoring
the specimen’s height variation as the load is applied.

In this work, a new experimental setup is proposed to determine
he bulk modulus by measuring the local displacement using a PMMA
rucible. Fig. 3 illustrates the experimental setup. Fig. 3(a) shows the
ystem, with the transparent-polymer crucible, the metallic piston and
 white specimen. The PMMA crucible consist of a cubic external struc-
ure of 40 mm side length, which provides adequate resistance during
he oedometric compression tests. The transparency allows following
he local elongation of the specimen by using a camera synchronised
ith the testing machine. The internal shape is cylindrical with an

nternal diameter of 20 mm with an upper tolerance of 0.045 mm. A
etal base is placed at the bottom of the crucible with calibrated points

nd lines spaced at 1 mm intervals, i.e. a point is followed by a line
eparated by 0.5 mm. Fig. 3(b) shows an example of an image taken

with the camera. This allows a permanent view of the scale during
the test used as optical extensometer. To exert a load on the sample
nside the crucible, a metallic piston of 19.95 mm diameter is used. This

clearance of 25 μm from the internal diameter is a compromise between
voiding friction between the crucible and piston and minimising the
xtrusion of material in this gap. In addition, some lubricant (here

Vaseline) was applied to the surfaces of the metal piston to facilitate
its displacement through the crucible.

The tests were performed at room temperature on an Instron testing
achine with a 10 kN load cell. A crosshead displacement rate of
.5 mm/min was applied. The maximum load was limited to 8 kN, to
void damage of the crucible.

Images were captured using a 4 megapixel camera at 2 images per
econd. Local displacement was measured by an optical extensometer
sing the Vicgauge2D software. In fact, it is possible to save images and
ollow simultaneously the local displacement at different frequencies.
herefore, synchronised with Instron machine data, the local displace-
ent sampling rate is approximately 50 Hz. The virtual point of the

ptical extensometer is placed on the piston, thanks to the pattern
reated with speckles, and the calibrated points and lines on the metal
ase. The displacement measured by the optical extensometer thus
epresents the local displacement view through the verticales surfaces
f the specimen.

The lateral surfaces of the crucible were monitored using a camera
ll along the test. No visible displacement was reported. Therefore, the
ateral deformation of the crucible during the test was considered to be
egligible. Note that, using a steel cylinder, Holownia (1975) proposed

a methodology to correct this phenomenon if needed.

3.4. Secant/tangent bulk modulus

Once the data have been collected and reduced only to the confined
ondition, the tangent 𝑅𝑡 and secant 𝑅𝑠 stiffnesses can be determined
nalytically as follows:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑅𝑡 =
𝜎𝑖 − 𝜎𝑖−1
𝜀𝑖 − 𝜀𝑖−1

𝑅𝑠 =
𝜎𝑖 − 𝜎0
𝜀𝑖 − 𝜀0

(15)

As mentioned in Section 2.2, for 𝜈 ≈ 0.5, the 𝐾𝑡 and 𝐾𝑠 can be
onsidered equal to 𝑅𝑡 and 𝑅𝑠 respectively. In other mechanical tests,
he secant modulus is often used to characterise the initial stiffness of
n elastic material, 𝐾𝑠 is then a measure in the elastic region of the
aterial. It is an average of the slope of a linear stress–strain curve, up
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Fig. 3. Oedometric compression device in PMMA: (a) Oedometric set-up; (b) acquisition image.
Fig. 4. Stress–strain curve for confined compression, illustrating the difference between the secant and tangent bulk modulus before (a) and after (b) correction of the ‘‘toe region’’.
to the deviation from linearity. The 𝐾𝑡 is a measure of the ratio of stress
to strain at a given point on the stress–strain curve. It is calculated from
the instantaneous slope of the curve at a given point. It can be used to
characterise the elastic behaviour of the material at a given level of
deformation. If the stress–strain curve is linear, then 𝐾𝑠 = 𝐾𝑡

In the case of the oedometric compression test, the aim is to obtain
the value of the bulk modulus on the linear part. The equivalence
between 𝐾𝑠 and 𝐾𝑡 is only obtained if the ‘‘toe region’’ is removed from
the data exploited.

Fig. 4 presents the stress–strain curves (black curves) obtained
from confined compression tests, displayed before (Fig. 4(a)) and after
dimension correction (Fig. 4(b)). The secant and tangent moduli are
represented by light and dark blue hexagonal symbols, respectively.

After applying this correction and determining the bulk modulus
by Eq. (15), Fig. 4(b) is obtained. It can be observed that 𝐾𝑡 is much
scattered, but its average value seems to fit with 𝐾𝑠 once the initial
point (𝜎0, 𝜖0) is correctly determined.

4. Results and discussions

4.1. Response at the unaged state

This section presents the oedometer compression results on the flu-
orosilicone elastomer using the experimental set-up and methodology
presented previously. This integrated approach not only allows real-
time observation of the specimen response, but also provides critical
information for post-processing of the data, enhancing the overall
analysis of the oedometer compression test results.

Fig. 5 provides a visual representation of the compression oedome-
ter test results. In Fig. 5(a), the blue line shows the local displacement
5 
(𝛥ℎ) of the fluorosilicone elastomer with respect to the crosshead dis-
placement imposed by the tensile machine shown by the black solid line
(𝛥𝐻). The green line shows the evolution of the load as a function of the
displacement. Four specific points are marked on the local displacement
curve for clarity and ease of the interpretation. Corresponding images
capturing the state of the specimen at these marked points during the
test are shown on Fig. 5(b). This dual presentation allows a combination
of the quantitative data (displacement and force) and the qualitative
visual observations of the deformed system.

• Point 1⃝: represents the beginning of the test, when the specimen
is placed in the crucible and the piston comes into first contact
with it. At this point no load or displacement is imposed on the
material, but it can be seen that a gap exists between the specimen
and the piston due to a non-planarity of the top surface. Inaccu-
racies in the alignment of the test system or non-planar contact
surfaces can result in unequal loading and deformation across
the specimen. This lack of uniformity can affect the reliability
and repeatability of test results. At this point, the oedometric
conditions are not satisfied because the specimen is not fully
confined inside the crucible. Furthermore, up to a displacement
of 0.1 mm, it can be seen that the optical displacement follows
the imposed crosshead displacement.

• Point 2⃝: after 0.1 mm of displacement, the local displacement
curve falls away from the imposed displacement and load in-
creases non-linearly. The local displacement on the specimen is
lower than the crosshead one. Looking at the corresponding image
on the point 2⃝, it can be seen that the colour of the specimen
appears darker compared with the first image. This is due to the
contact between the sample and the wall of the crucible. It has
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Fig. 5. Oedometric compression test on fluorosilicone: (a) Load vs. displacement curve; (b) Images showing the deformed state in the crucible at each step in (a). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
filled the empty space left in the set up. However, the oedometric
state is not yet stable because there is still a gap between the
sample and the piston and the sample is not completely stacked
on the crucible.

• Point 3⃝: there is an inflection of the local displacement and
the force. The corresponding image shows that the material is
completely confined in this state, so the oedometric condition is
verified. From this point, initial ℎ0 and 𝑠0 were measured so as to
obtain the bulk modulus which can be determined all along the
linear part, up to point 4⃝.

• Point 4⃝: slight extrusion of the material is observed at the top of
the specimen. As linearity is maintained throughout the test up
to 8 kN, the extrusion effect can be considered as negligible.

These results suggest that the non-linear part at the beginning of
the test corresponds to the sample settling within the measurement
system. Additionally, the inflection point in the force–displacement
curve corresponds to the moment when the material is fully confined
within the crucible. The new initial height could be determined by
the projection of the curve until the intersection with the abscissa, as
shown in Fig. 5(a) at the ℎ0 point. For a better understanding of how
to correct the characteristic dimensions of the specimen for stress and
strain calculations, the reader can refer to Appendix.

The method outlined in Section 3.4 and on the Appendix will there-
fore be used for the post-processing of the results. The bulk modulus
of the FVMQ was determined by performing two tests on unaged
specimens. The bulk modulus determined was 1310 ± 23 MPa, consistent
with values found in the literature (Bouaziz et al., 2020; Barney et al.,
2022). The bulk modulus is high enough to consider this material for
sealing applications.

In summary, using a transparent crucible made of PMMA for con-
fined compression tests on elastomers offers one significant advantage
dealing with the real-time visualisation of the material’s deformation
during the test. Namely, this allowed a better understanding of the
large ‘‘toe’’ region at the beginning of the stress–strain curve. Addition-
ally, local displacement measurements can be obtained, overcoming
potential issues encountered in blind tests, such as those using metal
crucibles. However, the main drawback concerns the accuracy of the
measurement. Regarding the use of optical extensometer, the use of
a higher resolution camera could improve accuracy due to the very
small deformation observed on the specimen. Also, measurements are
limited to the surface of the specimen visible to the camera, which can
lead to uncertainties due to loadline or material heterogeneity. These
6 
factors should be carefully considered when using transparent crucibles
for confined compression testing.

The next step consists of characterisation of the evolution of 𝐾 with
ageing to ensure that the sealing function is maintained throughout the
service life of the engineering structure.

4.2. Evolution of 𝐾 with ageing

After accelerated thermo-oxidative ageing on FVMQ plates at 200,
220 and 250 ◦C up to 34, 15 and 1 weeks respectively, the samples were
tested using the same PMMA crucible. For each time/temperature pair
selected, the material was tested twice to ensure reproducibility of the
results.

At 250 ◦C, in order to ensure material integrity, the ageing time
was limited to 1 week. Indeed, beyond this time, the material will be
completely degraded and brittle. Delamination occurred on both edges
of the specimen. For ageing at 200 and 220 ◦C, the integrity of the
material was observed at the maximal ageing times, respectively 34
and 15 weeks, the ageing time could then be extended.

Fig. 6 shows the evolution of 𝐾 with ageing time parameterised by
the ageing temperature. For the sake of clarity, Fig. 6 is presented with
a semi-logarithmic scale due to the large range of ageing times. This
scale allows all temperatures to be displayed on the same graph. The
evolution of 𝐾 is normalised by the bulk ratio 𝐾∕𝐾0 recalling that 𝐾0
is the bulk modulus at the unaged state equal to 1310±23 MPa. Due to
the semi-logarithmic scale, the bulk ratio cannot be plotted at t = 0 h.
Therefore, the unaged bulk ratio is reported to 100 h. The red, blue
and green dashed lines represent ageing temperatures of 250, 220 and
200 ◦C, respectively.

A ‘‘linear’’ decrease of the bulk ratio is followed by a steeper one
at 1512 h, 840 h and 24 h at 200, 220 and 250 ◦C respectively. The
evolution appears to be similar but with slower kinetics at lower tem-
peratures. This implies that the degradation mechanisms responsible for
the decrease in 𝐾 for FVMQ accelerate at higher ageing temperatures.

The evolution of 𝐾 at 250 ◦C undergoes a significant decrease,
losing approximately 30% of its initial value, after 72 h of ageing.
Beyond this ageing period, the modulus increases until it reaches a
value corresponding to a loss of approximately 20% of the initial bulk
modulus. After one week, as aforementioned, the material undergoes
significant degradation, rendering it unsuitable for further testing.

Besides, the bulk modulus 𝐾 exhibits a gradual decrease of approxi-
mately 40% and 30% after 15 weeks at 220 ◦C and 200 ◦C, respectively.
For these ageing times, there is no increase in 𝐾 as observed at 250 ◦C.
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Fig. 6. Influence of ageing on 𝐾 of FVMQ at 200, 220 and 250 ◦C with 𝐾0 = 1300 MPa. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
Fig. 7. Influence of ageing on 𝐾 of polychloroprene at 70, 80 ◦C with 𝐾0 = 1100 MPa (Bouaziz et al., 2020). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
It is expected that for lower ageing temperatures, the same profile as
at 250 ◦C should be found, but the minimum 𝐾 should be shifted
to a longer period. Ageing at 200 ◦C was extended to 34 weeks. 𝐾
appears to stabilise between the two last ageing times. This highlights
the complex relationship between ageing temperature and time, which
influences the compressibility characteristics of the material over time.

Fig. 7 presents the results of the evolution of 𝐾 with ageing for a
polychloroprene – using a metallic crucible – in the study of Bouaziz
et al. (2020). The same semi-log representation of the ageing time and
evolution of 𝐾 is used in this graph. The blue and green dashed lines
represent ageing temperatures of 80, 70 ◦C, respectively. A ‘‘linear’’
decrease is observed for both ageing temperatures until 1025 and 800 h
for 70 and 80 ◦C.

At 80 ◦C, the evolution of K seems to be stabilised. At 70 ◦C, in line
with our observations, the initial decrease was followed by a steeper
one up to 2032 h. In agreement with FVMQ at 250 ◦C, the steeper
decrease was followed by a bulk modulus increase. This was followed
by a stabilisation of 𝐾 with a loss of about 5% at the end of the
ageing. Assuming that a high temperature increases the kinetics of the
mechanisms responsible for the evolution of 𝐾, similar phenomenon
is supposed to occur at 80 ◦C with a lower ageing time, which has
not been tested. The trend seems to be similar to the FVMQ results.
However, the decrease in 𝐾 seems to be less significant than on the
FVMQ.

These results indicate that compressibility varies with time and that
there are two distinct ageing states. Taking the example of ageing at
250 ◦C, several hypotheses can be proposed to explain the evolution of
𝐾 over time. The degradation of the polymer matrix, which could lead
to porosity in the material, appears to be the most plausible explanation
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for the first part of the curve. The presence of voids would likely
decrease the bulk modulus. Subsequently, as noted, the material stiffens
and undergoes embrittlement after 72 h of ageing. This change in the
elastomer could be attributed to ageing mechanisms such as chain-
scission and post-crosslinking, which may explain the observed increase
in bulk modulus after 72 h. This phenomenon may have a detrimental
impact on the component’s ability to deform and conform to contact
surfaces where it is confined, potentially increasing the risk of leakage
in sealing applications. Although the bulk modulus increases again, this
zone appears to be avoided when using the material in an engineering
structure due to these factors. These various results highlight that the
bulk modulus value must be considered alongside other end-of-life
criteria.

5. Conclusions

In this work, the compressibility of fluorosilicone elastomer (FVMQ)
used for sealing application was explored. The incompressibility as-
sumption for elastomers was questioned and it was suggested that it
should be verified through a uniaxial test, measuring longitudinal and
transverse strain, by considering an isotropic material. For FVMQ, this
assumption is not verified in either compression or tensile tests. In the
case of O-ring components, the bulk modulus 𝐾 must be controlled to
ensure a correct sealing over a long service life. In this study, a confined
compression test with a transparent crucible has been used to follow
the local displacement with an optical extensometer. Transparency
allows the oedometric compression data to be understood, resulting
in a more accurate measure used to calculate the bulk modulus. As a
matter of fact, this method provided a reliable 𝐾 value of 1310 MPa,
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sufficient for sealing applications. In the second part, the evolution of
𝐾 over time was studied by applying accelerated ageing, using the
same experimental set-up. Three temperatures – 200, 220 and 250 ◦C –
were tested and showed a decrease in 𝐾 over time with kinetics more
significant at high temperature. At 250 ◦C, an increase was observed
after 72 h of ageing. These results were similar to those found in the
limited report in the literature on the subject and showed that the
sealing of an engineering system can be compromised after a certain
period of operation.

Although the time-dependent response of the compressibility mod-
ulus was not studied in this work, their impact on seal performance is
worthy of further investigation. Future work should focus on the time-
dependent response of the bulk modulus, as stress relaxation is a critical
factor that can significantly influence the mechanical response of the
material under long-term confined compression.
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Appendix. Determination of 𝑲: characteristic dimensions

The method presented here is based on qualitative analyses of the
confined compression test. The results are presented in detail in 4.1.

In the case of an oedometer test, the engineering stress and strain
are considered equivalent to the true stress and strain due to the trans-
verse confinement, as the cross section remains constant throughout the
test. For this reason, engineering stress and strain are used to calculate
the bulk modulus 𝐾. As mentioned before, the bulk modulus is calcu-
lated from the stiffness obtained in the linear part of the stress–strain
curve. Commonly, in confined compression tests, the initial dimensions
of the specimen, as measured by a caliper gauge, are taken into account
in:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜎 = 𝐹
𝑆0

𝜀 = 𝛥𝐻
𝐻0

(A.1)

where 𝐹 is the force applied, 𝑆0 the initial section, 𝛥𝐻 the imposed
displacement and 𝐻0 the inital thickness of the specimen. However,
corrections must be applied to these initial dimensions. Actually, the
dimensions used for calculation should correspond to those when the
material is fully confined in the crucible.
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Fig. A.8. Correction of dimensions and determination of 𝐾: (a) Load vs. displacement
curve; (b) Deformed shapes of the specimen inside the crucible.

Fig. A.8(a) shows the force applied as a function of applied crosshead
displacement. Three characteristic events labelled 1⃝, 2⃝and 3⃝points
are marked inside the graph. Fig. A.8(b) illustrates the deformed shapes
of the sample corresponding to the 3 events.

At the start of the test (label 1⃝), the sample is placed in the crucible
and the piston is in contact with the top surface of the sample. The side
surface of the sample is not perfectly bonded to the internal wall of
the crucible. The material is not completely enclosed, the oedometric
conditions are not fully satisfied. Between 1⃝and 2⃝, the loading is
assumed to be uniaxial until the specimen is fully confined in the
system. After a displacement 𝛥𝐻0, inflection point marked by label
2⃝, the force increases linearly, e.g. curve segment between 2⃝and 3⃝.

Indeed, it corresponds to the moment when the specimen is completely
confined within the oedometric system. Consequently, the specimen
has a new cross-section corresponding to the internal diameter of the
crucible noted as 𝑠0. The new initial height, ℎ0 = 𝐻0 − 𝛥𝐻0, could be
determined by the projection of the curve until the intersection with
the abscissa, as shown in Fig. A.8(a). So the new expression of stress
and strain is defined as:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜎 = 𝐹
𝑠0

𝜀 = 𝛥ℎ
ℎ0

(A.2)

This setting allows the behaviour of the material under the specific
conditions of the oedometric test to be accurately determined. Thanks
to the transparent crucible, optical extensometer could be used to
measure these key lengths.
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