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Abstract

In this paper the behavior of an O-ring made of NBR rubber was investigated
under extreme conditions. The effect of the extreme initial compression, oper-
ating pressure and extreme temperature conditions were examined. The rubber
material was tested in simple tension, pure shear and equibiaxial tension modes
complemented with a Dynamic Mechanical Thermal Analysis (DMTA) to cap-
ture the viscoelastic behavior of the material. For the investigation, a large-strain
viscoelastic material model was developed by the authors, to take into account
the large deformations caused by extreme conditions. Insufficient space during
installation causes extreme initial compression consequently leading the materi-
al to crack on the contacting outer surfaces. It was found that the excessive
strain and friction induced shear stress contributes primarily to this phenome-
non. Extreme operating pressure causes the seal to penetrate into the gap be-
tween the shaft and the housing. This behavior damages the material and cracks
appear on the seal. High strain areas were found in the proximity of the gap in
the material. The analysis of the extreme operating temperature showed that
during cooling the O-ring can completely loose its ability to seal at —70°C.
There are three contributing factors: the speed of cooling, the temperature and
the coefficient of thermal expansion.

Keywords

O-Rings, Finite Element Analysis, Initial Pressure, Overpressure,
Temperature Extremes

1. Introduction

O-rings are one of the most widely used seals today. Their simple design, easy
manufacturability and versatile functions made this type of seal to be used in

broad range of industries like automotive-, shipping-, agricultural-, machinery-,
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energy-, and healthcare industry as well as in household appliances. Their oper-
ating principle follows: when compressing an elastomer material into a smaller
space, it changes its” shape. During this procedure the material urges to restore
its’ original shape and as a result, force acts on the contacting surfaces, contact
pressure is developing. This is called preload. This preload is important when
the operating pressure is not acting, so that the system is sealed initially. After
operating pressure is applied, as the rubber material is nearly incompressible, it
transfers the operating pressure to the surrounding surfaces, increasing the ini-
tial contact pressure. This self-sealing effect makes O-rings to be an effective,
economical yet simple type of seal.

O-rings normally operate between —40°C and +80°C, and used up to 50 bars
of pressure. These values greatly depend on the rubber material as well as the
design of the seal, e.g. usage of back-up rings and the operating conditions such
as static or dynamic mode. This article focuses on the extremities O-rings can
experience during their operation. During assembly an unsuitable groove design
can force the material into smaller space than required, compressing the materi-
al too much initially, which leads to cracks to appear on the contacting sides on
the circumference of the O-ring as depicted in Figure 1(a) [1]. Figure 1(b)
shows the failure of the O-ring due to faulty assembly. During the assembly
process, the shaft and the housing can shear off material from the seal, resulting
immediate leakage [1] [2]. Figure 1(c) shows another typical form of fail, when
the material extrudes into the gap between the shaft and the housing. This extru-
sion can occur as a consequence of excessive temperature, as the material softens
at high temperatures, excessive operating pressure, losing the ability to with-
stand high forces, too large gap between the parts, and even swelling of the ma-
terial due to chemical processes [1] [2]. The behavior of O-rings was analyzed in
harsh operating conditions: in very high initial compression, high operating

pressures, and in extreme low temperatures down to —80°C.
2. Characterization of the NBR Rubber Material

2.1. Experiments

For the rubber material characterization, different extension tests and dynamic

tests were performed. Namely simple tension, pure shear and equal biaxial tests

(b)

Figure 1. Different failure modes of O-rings due to extreme conditions [1] (a) circumfe-
rential cracks caused by excessive initial compression; (b) sheared off surface of the
O-ring due to faulty assembly; (c) extrusion of the O-ring caused by excessive operating
pressure, excessive temperature or too large gap between the shaft and the housing.

(a) (c)
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were carried out, followed by a Dynamic Mechanical Thermal Analysis (DMTA)
test. The rubber material of the O-ring is NBR70 K55, which means, that the
material has a hardness of 70 on a Shore A hardness scale, and its’ glass transi-
tion temperature is around —55°C. The simple tension test was performed ac-
cording to ISO 37 international standard [3]. For the pure shear test custom
made test specimen and grips were used. The equal biaxial tests were carried out
by the Institute of Polymer Product Engineering at Johannes Kepler University
in Linz, with a custom made biaxial device [4]. The engineering stress and strain
data obtained by the equal biaxial extension test were then converted into engi-
neering stress and strain data in uniaxial compression mode. The reason for
doing so was, that the results of the uniaxial compression tests depend greatly on
the coefficient of friction between the compression test specimen and the surface
of the specimen grips [5]. Applying lubricant on the aforementioned surfaces
can reduce the uncertainty of the measurement, but especially at high compres-
sive strains the effect of friction is inevitable. It was the authors’ intention to re-
duce the amount of uncertainty caused by measurement error, thus the usage of
equal biaxial test data. The conversions between equal biaxial and uniaxial com-

pression in terms of stress and strain are the following [6]:
2
‘gcomp = 1/(1+ Epiax ) -1 (1)
3
Gcomp = Ubiax (1+ gbiax ) (2)

The speed of extension in all strain states was 100 mm/s. Zwick Z020 uni-
versal tensile tester was used for uniaxial tension and pure shear tests with Test
Xpert II measurement software. Figure 2 illustrates the shape and dimensions
of the tests specimens. Figure 3 and Figure 4 show the engineering and true
stress-strain curves obtained by extension tests.

DMTA test was performed in order to capture the rubber’s viscoelastic beha-
vior. The test was carried out in tension mode on a GABO EPLEXOR 500 N
measuring device. During the test, rectangular specimen is stretched by a static

load and then a sinusoidal dynamic load is superimposed on it. The static and

2

() (®) (0)

Figure 2. Shape and dimensions of the tensile, pure shear and equal biaxial test speci-
mens.
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Figure 3. The obtained engineering stress vs. engineering strain curves of NBR70 rubber
material for different strain states.
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Figure 4. The obtained true stress vs. true strain curves of NBR70 rubber material for
different strain states.

dynamic load as an excitation is not in phase with the reaction force developed
in the rubber [7]. This phase shift characterizes the viscoelastic response of the
rubber. During this analysis the machine measures the storage modulus (E'), the
loss modulus (E"), the complex modulus (E*) and the loss factor (tand) of the
material. The rectangular cross section of the specimen was 5.96 mm by 1.79
mm, the distance between the clamps was 20 mm. The test was carried out from
—100°C to +80°C with 4°C temperature steps. At each temperature the specimen
was excited with 15 different frequencies from 0.2 Hz to 60 Hz with 4.27 Hz fre-
quency steps. The preload of the test specimen was 2 N, and the distance be-
tween the tensile specimen grips was recorded. These recorded data then served
as the basis of the applied loads. The static load was 1%, the dynamic load was
0.1% strain of the measured distances between the clamps at each measurement
point. The reason to use preload was to compensate the deformation of the spe-

cimen caused by the tightening of the clips and to compensate the material’s
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thermal expansion and creep, thus to enhance the precision of the measurement.
At each temperature the soak time was set to 600 s. Figure 5 shows the E' storage

modulus and tandloss factor as results of the measurement.

2.2. Material Model

For the finite element analysis a large-strain viscoelastic material model was de-
veloped. The graphical representation of this model is shown in Figure 6. It
consists of a spring and a series of spring and dashpot elements connected in
parallel with each other. The complete process of the parameter identification is
presented in the authors’ previous article [8]. As a result Figure 7 shows the
material model’s response in terms of the storage modulus, loss modulus and

loss factor.

10000 10
= 1000 1
Ay
2
2 iy
3 N o
g 100 ¥ ¥ 0.1 =]
. Tk .
o -
- i
s ATY
2 NN
s ALY

——F'

—e— tand

1 0.001

-100 -80 -60 -40 -20 0 20 40 60 80
Temperature ["C]

Figure 5. The measured storage modulus (E') and loss factor (tand) of NBR 70 rubber
material.
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Figure 6. Graphical representation of the generalized standard-solid model.
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Figure 7. Comparison of the measured and the calculated response of the NBR70 rubber
material.

2.3. Verification of the Material Model

To verify the developed material model FE simulations were performed for the
three extension tests. The modelled specimen’s dimensions are in accordance
with the ones seen in Figure 2. For the finite element simulation 1/8-th of the
test specimens were modeled to reduce computational time. The tensile speed in
all three cases was 100 mm/s. Figure 8 shows the applied constrains and dis-
placement loads (marked with black arrow) on the modelled 1/8-th test speci-
mens. One can see the specimens were constrained with frictionless supports on
its’ planes of symmetry. On the sides where the displacement loads were applied,
the side could only move in the direction of displacement, marked with arrows
in Figure 8. On the free edges no constrain was applied.

Figure 9 shows the response of the material model compared to the measured
data in uniaxial tension, pure shear and equal biaxial strain states. It can be seen
that a material model shows good correlation with the measured values in each
strain state but especially in uniaxial tension and pure shear modes. The model
can accurately follow the rubber’s behavior up to 150% engineering strain. This
is important because high strain values are expected during extreme operating
conditions due to overload and high temperature. The precise material model is
required to gain good results from the FE simulation. Without having a material
model fitted in all above mentioned three strain states, the results could not be
justified when the material is in a complex strain state. Thus the importance of

fitting the material model to all strain states that are experimentally available.

3. Finite Element Models
3.1. FE model for Extreme Initial Compression Case

For the analysis of the effect of the extreme initial compression, an axisymmetric
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Figure 8. Specimens used to verify the material models in uniaxial tension, pure shear
and equal biaxial tension modes.
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Figure 9. Comparison of the large-strain viscoelastic material model with the rubber’s
response in uniaxial tension, pure shear, and equal biaxial modes.

FE model was built. The model consists of three bodies, namely the O-ring, the
housing and the pipe-like shaft. The reason of the axisymmetric model and the
use of a hollow shaft, was to reduce the total number of elements, thus reduce
computational time. The dimensions of the original geometry was presented in
the authors’ previous article [8].

Compared to that, the pipe-like shaft was modified to have a 2 mm x 15°
chamfer on the inner edge, to enhance convergence when simulating the assem-
bling process. Furthermore, the depth of the groove, where the O-ring is located,
was parameterized, so that higher initial compression of the O-ring could be
achieved. 15%, 20%, 30% and 40% of initial compression were analysed. Figure
10 shows the FE geometry for 15% and 40% of initial compression case.

Figure 11 shows the mesh of the model. Quadratic and triangular axisymme-
tric elements were used. The average element size 0.05 mm for the O-ring, 0.35
mm for the shaft, and 0.5 mm for the housing. Local mesh refinements were
used on the inner edge of the shaft and the groove of the housing, where the
elements size is 0.1 mm. The effect of coefficient of friction between the bodies

was also investigated for this simulation. First, the simulations were set up
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Figure 10. FE model of the O-ring before assembly for extreme initial pressure investiga-
tion, with 15% and 40% initial compression.

Figure 11. Mesh of the O-ring before assembly for 40% initial compression case.

without friction between the bodies (¢ = 0.001), then ¢ = 0.1 and ¢ = 0.2 were
set. The contact technology used for the connections between the parts was
Augmented Lagrange with aggressive, automatic normal contact stiffness up-
date. During the analysis the shaft was moved upwards 4 mm. The simulations
were carried out in ANSYS Workbench 17.2 software [9].

3.2. FE model for Extreme Pressure and Extreme
Temperature Cases

The FE model for extreme pressure case is identical to the one presented in [8].
Only the operation load was increased from 50 bars to 100 bars for extreme
pressure case. The FE model for the extreme temperature case is similar to the
above mentioned model, but the hollow shaft was replaced and a solid shaft was
modelled. The effect of extreme temperature was investigated at different cool-
ing speeds. First the available time for the seal to cool down was set to 1 hour,

then 10 minutes, 1 minute and 10 seconds cooling times were investigated.

4. Finite Element Results of the O-Ring during Extreme
Conditions

All the results in this article are presented in a deformation scale 1:1.

4.1. Effect of Initial Compression

During the investigation of the initial pressure, different initial compression of
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the O-ring and different coefficient of friction were analysed. One can expect,
that high initial compression causes cracks to appear on the contacting surface
of the O-ring. Unlubricated conditions, where the coefficient of frictions is high,
can aggravate the appearance of cracks. Because the 40% initial compression
case with ¢ = 0.2 coefficient of friction is the worst case scenario, the deforma-
tion, strain and stress results are only presented to that case. Figure 12(a) and
Figure 13(a), show the &, and & principal strain values after installations, Fig-
ure 12(b) and Figure 13(b), illustrate the case right after the operating pressure
is applied and Figure 12(c) and Figure 13(c), depict the case 1 hour after oper-
ating pressure is applied. Figures 14-16, show the &, & and strain g, values,
while Figures 17-19 depict o, oy and o stress values for the aforementioned
cases. In Figure 20 one can see, the resulting equivalent elastic true strain. It can
clearly be seen that the O-ring fills the groove completely, and right after assem-
bly high strain areas occur in the middle of the O-ring, on the side of the O-ring,

(a) (b) ()

Figure 12. & results of the O-ring with 40% initial compression (a) after assembly; (b) af-
ter operating pressure is applied and (c) after 1 hour of operating pressure is applied.

-0.007
-0.095
-0.18
-0.27
-0.36
-0.45
-0.53
-0.62
-0.71
-0.8

(®)

Figure 13. & results of the O-ring with 40% initial compression (a) after assembly; (b) af-
ter operating pressure is applied and (c) after 1 hour of operating pressure is applied.
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(a) (b) (c)

Figure 14. g results of the O-ring with 40% initial compression (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.

(a) (b)

Figure 15. & results of the O-ring with 40% initial compression (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.

() (b) (c)

Figure 16. ¢, results of the O-ring with 40% initial compression (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.
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Figure 17. oy results of the O-ring with 40% initial compression (a) after assembly, (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.

-10.2
-12

-15.4

(a) (®) (c)

Figure 18. oy results of the O-ring with 40% initial compression (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.

(a) (b) (c)

Figure 19. g, results of the O-ring with 40% initial compression (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.
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(a) (b) (c)

Figure 20. Equivalent elastic true strain results of the O-ring with 40% initial compres-
sion (a) after assembly; (b) after operating pressure is applied and (c) after 1 hour of op-
erating pressure is applied.

where it is in contact with the housing and the shaft and where the material pe-
netrates between the gap of the housing and the shaft. The results show that g
and g are the dominant principal strain components. The maximal value of the
equivalent elastic true strain for 40% initial compression is 0.82 mm/mm after
assembly and 0.92 mm/mm after applying the operating pressure for 1 hour. The
same parameters for 15% initial compression, which is a typical value for this
type of O-ring are 0.2 mm/mm after assembly and 0.42 mm/mm after applied
operating pressure. One can see, that for 40% initial compression, the values

greatly exceed the values for normal operating conditions.

Effect of Friction on Shear and Sealing Pressure
Analysing the friction induced shear stress values of the inner and the outer edge
of the O-ring where it is contacting with the housing and the shaft, it can be seen
in Figures 21-23 that the shear stress values increase with increasing coefficient
of friction. The distribution of shear stress along the edges is nearly symmetrical,
only the presence of the gap alters the results, as the material can deform more
on the side of the gap. Summarizing the shear stress and equivalent elastic strain
results occurring on the edges, one can see in Figure 24, that the increasing ini-
tial compression and the ascending coefficient of friction increases the maximal
value of the occurring shear stress. Figure 25 shows that beside the increasing
shear stress the occurring equivalent elastic strain values also increase signifi-
cantly on the edge of the O-ring. The higher strain and shear stress values can
cause the material to develop cracks on its’ outer edge when too high initial
compression is applied.

In Figures 26-28 one can see the distribution of the contact pressure between
the O-ring and the contacting parts. The contact pressure is zero on the
non-contacting elements. It is seen, that with increasing coefficient of friction,

the contact pressure values also increase.
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(a) (®) (c)

Figure 21. Shear stress in XY plane on the edge of the O-ring with 40% initial compres-
sion and ¢ = 0.001. (a) after assembly; (b) after operating pressure is applied and (c) after
1 hour of operating pressure is applied.

0.46
0.28
0.11
-0.072
-0.25
-0.43
-0.6

-0.78
-0.96

Figure 22. Shear stress in XY plane on the edge of the O-ring with 40% initial compres-
sion and ¢ = 0.1. (a) after assembly; (b) after operating pressure is applied and (c) after 1
hour of operating pressure is applied.

(a) (®) (c)

Figure 23. Shear stress in XY plane on the edge of the O-ring with 40% initial compres-
sion and g = 0.2. (a) after assembly; (b) after operating pressure is applied and (c) after 1
hour of operating pressure is applied.
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Figure 26. Contact pressure on the edge of the O-ring with # = 0.001. (a) after assembly;
(b) after operating pressure is applied and (c) after 1 hour of operating pressure is ap-

plied.
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Figure 27. Contact pressure on the edge of the O-ring with = 0.1. (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.
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Figure 28. Contact pressure on the edge of the O-ring with ¢ = 0.2. (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.

Figure 29 depicts the assembly process of the O-ring, when the coefficient of
friction is 0.2 and the initial compression is 40%. These given conditions may
lead to fault during assembly, due to the too much initial compression, more
material is pushed away by the shaft. The above mentioned effect and the high
coefficient of friction can cause the material to be sheared off, which leads to

immediate leakage [1].

4.2. Effect of Extreme Operating Pressure

The effect of extreme pressure was investigated for minimal sealing pressure
case, with normal, 15% initial compression. The operating pressure was 100 bars
instead of the 50 bars of operating pressure, which is considered to be the upper
limit of O-rings without supporting ring. One can see the deformed shape and
the total deformation of the seal in Figure 30 and Figure 31. Excessive penetra-
tion of the material can be found between the housing and the shaft. In the
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(a) (b) (c)

Figure 29. Occurring equivalent strain during installation, deformation scale 1:1.
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Figure 30. Total deformation of the O-ring with u = 0.001. (a) after assembly; (b) after
operating pressure is applied and (c) after 1 hour of operating pressure is applied.
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Figure 31. Equivalent elastic true strain of the O-ring with x# = 0.001. (a) after assembly;
(b) after operating pressure is applied and (c) after 1 hour of operating pressure is ap-
plied.

absence of friction the maximal value of total deformation is 0.88 mm and that
of the equivalent elastic true strain is 0.76 mm/mm after one hour of operating
pressure. With g = 0.2 those values are 0.84 mm and 0.96 mm/mm as seen in

Figure 32 and Figure 33. The friction tries to prevent the material to penetrate
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Figure 32. Total deformation of the O-ring with u = 0.2. (a) after assembly; (b) after op-
erating pressure is applied and (c) after 1 hour of operating pressure is applied.
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Figure 33. Equivalent elastic true strain of the O-ring with 4 = 0.2 (a) after assembly; (b)
after operating pressure is applied and (c) after 1 hour of operating pressure is applied.

into the gap, thus the lower total deformation values, although higher strain val-
ues occur due to the shear of the material. Excessive strain and shear can cause

the material to crack on its’ circumference under high pressure.

4.3. Effect of Extreme Operating Temperature

For the simulation of the extreme operating temperature’s effect, the coefficient
of thermal expansion for both the rubber material and the metal parts were con-
sidered in the FE model. For the steel material 1.2 x 10~ 1/°C, for the rubber
material 11 x 107 1/°C coefficient of thermal expansion was considered. For
each analysis the cooling period started at 20°C. As the material model is
time-dependent, the cooling of the O-ring was set for 10 s, 1 m, 10 m and for 1
hour. In real life conditions, 1 h corresponds to a very slow cooling, and 10 s is a
very rapid cooling. Figure 34 shows the maximal value of the contact pressure
on the inner side of the O-ring, where it is contacting with the shaft, for the dif-

ferent cooling periods. It can be seen, that for rapid cooling below —50°C the

DOI: 10.4236/mme.2018.81002

27 Modern Mechanical Engineering


https://doi.org/10.4236/mme.2018.81002

Gy. Szabé, K. Varadi

Cooling period: 10 s Cooling period: 1 m

8

—_ o —
= 7 E 7
26 26 — -80°C left
2 —-80°C left ® —-70°C left

5
Y —oclr 5 3 ——-60°C left
24 —-60Cleft  §4 —-50°C left
& 3 —-S0Cleft &4 -40°C left
5 -40°Cleft O -30°C left
‘E 2 -30°C left ‘2 2 —— 20°C left

—20°Cleft &

31 S

0 0

2 _ 22 2 32 62 92 122
Time [s] Time [s]
(a) (b)
Cooling period: 10 m Cooling period: 1 h

8 8
=7
£ 5/ -
26 —80Cleft 6 — T —80°Cleft
] —-70Cleft  J's — -70°C left
é —-60°C left 5 —-60°C left
8 4 — 50°C left § 4 —— -50°C left
~3 40Cleft g -40°C left
5% 30Cleft -30°C left
< Q
g2 —a0cen 52 — 20°C left
=}
o1 31

0 0

2 302 602 902 1202 2 1802 3602 5402 7202

Time [s] Time [s]

(c) (d)

Figure 34. The maximal value of the contact pressure between the shaft and the O-ring in
the case of (a) 10 s; (b) 1 m; (¢) 10 m; (d) 1 h cooling time.

sealing loses significant contact (sealing) pressure. For any lower temperature
the seal fails to operate as there is no remaining sealing pressure between the
shaft and the housing. This corresponds to the results of the DMTA measure-
ments, where the stiffness of the material changes significantly under —50°C.
Above that the material is more elastic and less stiff, so it can compensate the
change of the geometry, due to thermal expansion (shrinkage) faster. For longer
cooling periods the material behaves more and more soft above —50°C. For 1 h
of cooling period the seal still operates at —60°C. At —70°C hardly any pressure
remain on the contact surfaces for a short time, which can cause leakage. This
small amount of pressure is then rises up to a value of approximately 3 MPa,
which is less than half of the value measured on room temperature. The contact
pressure distribution at the end of the different cooling periods can be seen in
Figure 35 at different temperatures. The values were evaluated on the inner side
of the O-ring, where it touches the shaft.

Varying the cooling period, one can see, that as the time is shortened the mi-
nimal value of the contact pressure is decreasing rapidly. In Figure 36 the results
at —60°C are compared. For 10 seconds of cooling the contact pressure almost
completely drops to zero value for a short time. Investigating an extreme case,
where the cooling period is only 10 seconds, the contact pressure almost drops
to zero which can cause the leakage of the seal. These results can be seen in Fig-
ure 35(a). Figure 37 shows how the contact pressure distribution changes at the
end of the different cooling periods at —60°C.
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Figure 35. Contact pressure distribution between the shaft and the O-ring, in function of
the temperature at the time when contact pressure is minimal for (a) 10 s; (b) 1 m; (c) 10
m; (d) 1 h cooling time.

~

SN

(o)}

W

——-60°C, 1 hleft
-60°C, 10 m left

—— -60°C, 1 m left

—— -60°C, 10s left

N W A

Contact Pressure [MPa]

—

0
3611 4611 5611 6611 7611 8611 9611

Time [s]

Figure 36. The maximal values of the contact pressure on both sides of the O-ring for
different cooling times at —60°C.
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Figure 37. Contact pressure distribution at the end of the cooling period when the time
of cooling was set to (a) 1 h; (b) 10 min; (c) 1 min; (d) 1s.
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. Conclusions

With the help of the developed large-strain material model, it is possible to
investigate the O-rings’—or more generally seals—behavior in normal and in
extreme conditions, such as excessive initial compression, overpressure or
extreme temperature.

High initial compression of the O-rings causes large strain values on the sur-
face of the bodies, and in function of the coefficient of friction, it results in
large shear stresses. These two effects combined together cause the fail form
of O-rings experienced when installing those with high initial compression,
namely, developing cracks along the circumference of both sides of the
O-ring. Though the same fail mechanism occurs when the O-rings are as-
sembled with the appropriate initial compression, but they swell under the
influence of oil or grease.

Under extreme operating pressure or the lack of friction, caused by proper
lubrication or vibration, the O-rings can penetrate into the gap between the
housing and the shaft, where it highly distorts locally, and causes crack in
radial direction experienced in practice.

Extremely low temperatures and extremely fast cooling speeds cause un-
tightness of the system, resulting leakage. Cooling down the seal in 1 minute
at —60°C, it loses half of the contact (sealing) pressure and at —70°C it com-
pletely fails to seal. For any slower cooling speeds the seal is capable of com-
pensating the thermal expansion induced deformation of the bodies, but for

any faster cooling speeds, the O-ring fails to operate.
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