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Abstract: In this study, we analyzed the degradation behavior of fluoroelastomer (FKM) O-rings and established a
correlation between the sealing force and equilibrium compression set, allowing us to predict the residual lifetime of field-aged
FKM O-rings to be 12.3 years. An intermittent compressive stress relaxation (CSR) jig was designed based on the working
mechanism of O-rings, enabling us to measure the sealing force of an FKM O-ring through intermittent CSR testing. The
measured sealing force was 1.27 kN at room temperature. We observed the degradation behavior of FKM O-rings at various
thermal aging temperatures and applied the time-temperature superposition (TTS) principle to obtain the stress relaxation
master curve at 60°C. By analyzing the relationship between ar and 1/temperature, we extrapolated ar to be 0.088 at room
temperature. We then constructed the stress relaxation master curve at room temperature and defined the failure condition as
F/Fo = 0.2, which led to a predicted lifetime for the O-ring of 66.2 years at room temperature. The compression set of the
O-rings decreased over time at room temperature due to physical relaxation, which induced a recovery of O-ring thickness.
We found that thermal treatment could accelerate this physical relaxation, allowing the O-rings to reach an equilibrium state in
a shorter time. We recommend a thermal treatment condition of two days at 80°C. To assess the effects of chain scission and
chain recombination, we measured stress relaxation in both strained and unstrained states. The average value of parameter a,
representing the ratio of chain recombination to chain scission, was found to be 1.47, with a deviation of +0.05. Because this
value was greater than one, we confirmed that chain recombination was relatively dominant in the FKM O-rings throughout
the aging process. Using empirical data on the sealing force and equilibrium compression set, we established a correlation
between F/Foand the equilibrium compression set. To predict the residual lifetime, we examined 10 FKM O-rings that had
been field-aged for 12.3 years in a propulsion unit. Following the recommended procedures, we measured the equilibrium
compression set of these field-aged FKM O-rings to be 13.45%, with a deviation of +4.6%. By analyzing the relationship
between Ft/FO and the equilibrium compression set, we calculated the value of Ft/FO for the field-aged FKM O-rings to be
0.909. Utilizing the stress relaxation master curve at 23°C, we predicted the residual lifetime of the field-aged O-ring to be

56.3 years.

Keywords: FKM O-ring, intermittent compression stress relaxation (CSR), time temperature super-position (TTS),
degradation behavior, equilibrium compression set, residual life-time

Introduction

Compared with metals or plastics, elastomers have unique
characteristics: elastic and large deformation, so they are
used in many kinds of industrial components Especially,
O-rings are especially used in various industrial fields: pipes,
autoclaves, plants, propulsion devices, missiles, aerospace,
etc., for sealing fluids. In case of pipes, O-rings could be easily
changed to new one. However, in case of plants, propulsion
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devices, and missiles, O-ring maintenance needs much time
and cost. If O-ring maintenance is not suitable, it could
induce the catastrophe.! For efficient O-ring maintenance,
followings should be studied; 1) degradation behavior, 2)
predicting the life-time, and 3) predicting residual life-time
of O-ring.

For accurate analyzing the degradation behavior and
predicting the life-time, one of the most important points
was an accurate mimic of the environment of its application.
In the past, compression set and tensile strength were usually
used for analyzing the degradation behavior of O-rings. But
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those were showed different results with actual O-rings. Also,
recent studies largely use a diminutive sample of a small disc
or washer; discs of diameter lower than 30 mm and washers
of outer diameter lower than 42 mm. The use of a reduced
sized sample could have the following problems: 1) the
difference of size could lead to different stress responses to
compression; 2) the different exposure area-to-total surface
area ratio to atmosphere could lead to a different degradation
rate; 3) data could be rendered unreliable as a diminutive
specimen may have a different degree of crosslinking from
an actual O-ring. In this study, we used actual O-rings; cross-
sectional diameter is 3.53 mm, and inner diameter is 91.67
mm, for analyzing the degradation behavior and prediction
the life-time. We measured sealing force of actual O-rings,
not compression set or tensile strength.

Compression stress relaxation (CSR) testing is a typical
method for measuring the sealing force of an O-ring and
widely used for life-time prediction. CSR testing was
standardized as an international standard, ISO 3384 in
1979. R. P. Brown and F. N. B. Bennett reported CSR test
methods and evaluated its basic characteristics by the type
of test jig.? CSR testing is divided into continuous CSR
testing and intermittent CSR testing. The continuous CSR
test is simple and commonly used. It observes a continuous
change of sealing force. However, it requires expensive
apparatus and is limited by the size and shape of the test jig.
Intermittent CSR testing - also called “discontinuous CSR
test” because the sealing force is measured periodically -
is a suitable test method to mimic the circumstances of an
O-ring’s application because there is no limitation in the size
and shape of test jig and specimen. Intermittent CSR testing
requires only simple and cheap apparatus such as a jig, an
oven, and an universal testing machine (UTM). Tuckner
reported the advantages and limitations of different CSR
testers and jigs used for intermittent CSR testing, and also
discussed the data of several intermittent CSR test cases.’”
S. Ronan et al. predicted the life-time of natural rubber
by using both continuous and intermittent CSR tests.® We
also reported predicting the life-time of chloroprene rubber
O-ring and FKM O-ring by intermittent CSR method in the
previous study.’

For some time, predicting the life-time of elastomers
has been an important and interesting issue. The Arrhenius
relationship is generally the method of first choice for
doing this. It is based on the assumption that the rate of the
degradation (k(T)) is proportional to exp(-E«/RT). As shown

in equation (1), a plot of In k(T) against 1/T shows a linear
relationship with a slope of E./R. By extrapolating to ambient
temperature, life-time can be predicted.
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Where k(T) is the reaction rate for the process, E, is the
activation energy, R is the gas constant (8.314 J/mol K), T
is the absolute temperature, and A is the pre-exponential
factor(constant).

However, it is difficult to measure the reaction rate k(T),
so frequently the time taken to reach a given % of the initial
value of the physical properties is chosen instead of the
reaction rate.

The method of predicting life-time using this relationship
was standardized as international standard ISO11346. It has,
however, been found that this method can give predictions of
life-time that are too long. This arises from the assumption
in the Arrhenius approach that the reaction rate at service
temperature is same as that at test temperature, i.e. that
activation energy is independent of temperature. However,
activation energy has been found to vary with temperature.®""
Elastomers’ degradation and predictions of their life-times
have been studied with a variety of techniques. In a review
by Celina et al. the many techniques used to analyze
elastomer degradation include modulus profiling, oxygen
permeability, NMR, TGA and DTA."? By analyzing modulus
profiling, oxygen permeability, and oxygen consumption rate,
Gillen et al. monitored the change of activation energy with
temperature and hence predicted elastomers’ life-times."!>
Eventually, it was found that activation energy decreased
with decreasing degradation temperature, meaning that a
life-time predicted at ambient temperature will be shorten
than that observed at these high test temperatures. It was also
found that elastomers show non-linear degradation behavior,
something not taken into account by the Arrhenius approach.

In this study, we predicted the residual life-time of field-
aged FKM O-rings, which had 91.67 mm inner diameter and
3.53 mm cross-sectional diameter. We observed degradation
behavior of FKM O-rings by intermittent CSR testing.
An intermittent CSR jig was designed by considering the
application circumstances of an O-ring. By using time-
temperature superposition (TTS) principle, we observed the
degradation behavior of FKM O-rings at room temperature.
We correlated relationship between sealing force and
compression set. We standardized the method that predicting
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the residual life-time of FKM O-rings. Also, we predicted
residual life-time of 12.3 years field aged FKM O-rings.

Experimental Methods
1. Materials

Field-aged FKM O-rings which was jointed a propulsion
unit during 12 years, were used. It was assembled by
applying 25% compression ratio and silicon oil was used
as a lubricant. The dimensions are 91.67 mm inner diameter
and 3.53 mm cross-sectional diameter. For predicting the
residual life-time we manufactured FKM O-rings which have
same formulation and size with the field-aged FKM O-ring.
FKM O-rings which have for testing were supplied from
Sam Jung Industrial Co. (South Korea). Viton FC2181 (3M,
USA) was used as main matrix of FKM O-rings. Chemical
structure of FKM elastomer is poly(vinylidene fluoride)-
co-hexafluoropropylene, and showed in Scheme 1. Table 1
showed the formulation of FKM O-rings. Silicon oil, SLUBE
884 (Parker, USA), was used as a lubricant for assembling.

2. Measurements

A convection oven, AS-F0-05 model of A-Sung Tester Co.
(Korea), was used for the thermal aging tests. The temperature
deviation was +1°C between gauge and actual temperature.

An Instron (U.S.A) UTM, 3345(Q3776) model, was used
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Scheme 1. Chemical structure of FKM elastomer.

Table 1. The Formulation of FKM O-ring.

Ingredients FKM O-ring (phr)

Viton FC2181 100.0
Carbon black (N550) 46.0
Zinc oxide 3.0
Peroxide 3.0
Homogenizer 2.0
Stearic acid 1.0
Triallylisocyanurate 4.0

— Load cell

Figure 1. A jig for intermittent CSR test.

to measure the sealing force and 25% compressive modulus of
the O-rings. The indenter was was cylindrical of dimensions
25 mm x 180 mm for measuring the sealing force and 120
mm * 25 mm (diameter x height) for measuring the 25%
compressive modulus. The test speed was 1.0 mm/min. Data
acquisition rate was 100 point/sec.

To perform the intermittent CSR test, the test jig was designed
(Figure 1) and manufactured by the consideration of O-ring
assembly. Stainless steel was selected for its construction to
prevent corrosion. The diameter and thickness of the bottom
jig plate were 180 mm and 30 mm, respectively. A circular
groove on the bottom jig plate was designed according to KS
B 2799 (O-ring housing design criteria; Korea Standard), and
0.1 mm free depth was guaranteed for further compression
to determine the sealing force. The inner diameter, width,
and depth of the groove were 92.79 mm, 4.75 mm, and 2.55
mm, respectively. The degree of parallelization of the bottom
surface of groove relative to the surface of bottom jig plate
was tested by a dial gauge. The dial gauge showed a deviation
of only 0.01 mm, confirmed its suitability for intermittent
CSR testing. Considering the O-rings; size (inner diameter
is 91.67 mm), the metal plate which was to be pressed down
by the indenter onto the O-ring was chosen to be 110 mm
in diameter. Because of the 4.4 : 1 size ratio between the

metal plate and diameter of indenter, a reduction of accuracy
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of sealing force measurement by bending of the metal plate
may have been a problem. However, the thickness of the
metal plate (5.0 mm) was made sufficient to prevent this.
The diameter and thickness of the upper jig plate were 180
mm and 30 mm, respectively. As shown in Figure 1, parts
of the upper jig plate were removed to find out the centering
of the metal plate. Some part of the upper jig plate acted as
a shim of height 5.00 mm. After the jig was assembled, an
O-ring was compressed to 2.65 mm: a compression ratio of
25%, the commercial guideline. The diameter of the central
hole of the upper jig plate was chosen to be 30.0 mm by
considering the diameter of the indenter. This design of the
hole allowed the indenter to be set on the center of metal
plate during intermittent CSR testing. The manufactured jig
was 180 mm in diameter and 60 mm in height.

Intermittent CSR tests followed this procedure: 1) an O-ring
was fitted to the jig; 2) the assembled jig was placed in a pre-
heated convection oven; 3) the jig was periodically removed
from the convection oven to measure the sealing force of
the O-ring by using a UTM; and 4) after measurement, the
jig was returned to the oven for continuous thermal aging
testing.

A jig for compression set test were also designed and
manufactured with consideration of how O-rings see service.
A circular groove on the bottom jig plate was designed
according to KS B 2799 (O-ring housing design criteria;
Korea Standard). The inner diameter, width, and depth of the
groove were 92.79 mm, 4.75 mm, and 2.65 mm, respectively.
Other feature of a jig was same as a jig for intermittent CSR
test. After the jig was assembled, an O-ring was compressed
to 2.65 mm: a compression ratio of 25%. The manufactured
jig was 180 mm in diameter and 60 mm in height.

Compression set could be easily determined by measuring
the thickness of O-rings. Video-scope, model PWIDS-2M
(PulsWin, Korea), was used to measure the thickness of
the O-rings. For measuring the thickness, got a photograph
enlarged with 60 times, and analyzed the thickness of O-ring
with image analyzing program, ITPlus 5.0. Photo 1 showed
video-scope apparatus and thickness measuring image. With
measured thickness value, compression set was calculated by
using equation (2).

Compression set(CS) = % x 100 )

Where, CS is the compression set (%), t, is initial thickness
of an O-ring (mm), tr is final thickness of an O-ring, after
removed from the compression set jig (mm), and t. is

thickness of an O-ring at compressed stated (mm).
Results and Discussion
1. Degradation behavior

1.1 Sealing force

Figure 2(a) showed results of an intermittent CSR test
to measure the sealing force of a FKM O-ring at room
temperature. Region 1 showed the indenter chamber and
loaded into plate. Region 2 began the indenter making
contact with the metal plate; its slope showed the stiffness
of the component configuration (Line (a); 103.0 kN/mm).
Region 3 had a slope indicative of the stiffness of the O-ring
(Line (b); 13.3 kN/mm). The stiffness of the metal plate and
a FKM O-ring showed different slopes. The intersection
between Lines (a) and (b) was the sealing force of a FKM

(b)

Photo 1. (a) Video-scope apparatus and (b) thickness measuring image.



Prediction the Residual Life-time of Field-Aged FKM O-rings

141

Region 1 Region2  Region

N

Line (b)

2000

1500
Sealing force : 1.28kN

Load (N)

1000

N

Line (a)
500 -

0.2 0.3

0.1

Displacement (mm)

(a)

Sealing force (N)

2000

1600 -

SIS IS, SIS SIS IS AN AW A

Average sealing force : 1.27kN, deviation : £ 4.5%

1200 -

®

=]

=]
L

400 -

0 T T T T T
2 4 6 8

Number of test

(b)

Figure 2. Sealing force of a FKM O-ring at 23°C; (a) load vs. displacement behavior of a FKM O-ring from intermittent CSR,

and (b) sealing force according to the number of tests.

O-ring; from Figure 2 it was found to be 1.28 kN at room
temperature.

Figure 2(b) showed sealing force of FKM O-rings
according to the number of intermittent CSR test. Intermittent
CSR test was repeated ten times at room temperature. Each
intermittent CSR test used new O-rings. Average sealing
force of O-ring was 1.27 kN, and deviation was +4.5%. We
confirmed that designed intermittent CSR jig and intermittent

CSR test were suitable to measure the sealing force, in here.

1.2 Degradation behavior

Figure 3(a) showed results of compression stress
relaxation of O-rings tested at 60°C, 80°C, 100°C, 120°C,
and 170°C. F; is the sealing force at time t, and Fy is the

60°C
80°C
100°C
120°C
170°C

<« ¢ m > o

FJ/F,

0.1

10 100 10! 102 10° 104 108

Time (hrs)

(a)

FdF,

initial sealing forces. With increasing aging time, residual
sealing force was decreased and the degree of degradation
was increased. With elevating aging temperature, degradation
rate was increased. At 60°C and 80°C, degradation rate
was too slow and sufficient degradation was not obtained.
Even after over 5,208 hrs (217 days), F/Fo was just 0.914
at 60°C. For observing degradation behavior at 60°C, the
TTS principle was applied to the stress relaxation data. The
results were shown in Figure 3(b). Shift factor, ar, was
calculated from the superposed empirical data. The time
which a FKM O-ring took to reach 0.2 F/Fo, was respectively
48,760 hrs. Comparing with Figure 3(a), we could save about
43,552 hrs of testing time by using TTS principle. Figure 4
showed change of In or according to 1000/T. In both cases,

60°C, a; = 1.0
80°C, a, = 3.8
100°C, a, = 8.3
120°C, a, = 26.4
170°C, a, = 221.0

0.1

<« & m > e

T T T T T

10 100 10! 102 100 10¢ 108

Time (hrs)

(b)

Figure 3. Stress relaxation of a FKM O-ring; (a) according to various aging temperature, and (b) master curve at 60°C.
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Figure 4. Arrhenius plot of shift factor, ar.

i.e., at the case of high temperature (over 100°C) and low
temperature (below 100°C), the Arrhenius relationship was
shown between In or and 1000/T. The activation energy was
calculated by followed equation (3).

Ea= = a? 3)

At 100°C~170°C region, the activation energy was 64.5
kJ/mol. At 60°C~100°C region, the activation energy was
54.7 kJ/mol, lower than the activation energy of 100°C~
170°C region. We reported that the activation energy being
decreased at lower temperatures in previous study.® Shift
factor, ar, at room temperature (23°C) was calculated as

o

w

=
. 60°C,a, =112 | FFo=02
A 80°C,a, =432

014 = 100°C,a, =943
+ 120°C, a, = 300.0
v 170°C, a, = 2,510.6
10° 102 10° 104 108 108
Time (hrs)

Figure 5. Stress relaxation master curve of a FKM O-ring at
23°C.

0.088 by extrapolation. Using the values of ar (reference
temperature is 23°C), we recalculated shift factor and could
obtain the degradation master curve at 23°C as shown in
Figure 5. Failure condition was selected as Fy/Fo=-.2, and
shown as a dashed line. From Figure 5, life-time of a FKM
O-ring predicted to be 66.2 years at room temperature.

2. Equilibrium compression set

2.1 Recovery the physical relaxation

In fields, O-rings were installed to groove and compressed
to pre-determined ratio to seal fluids. After installing,
O-rings slowly degraded, and it induced decreasing the
sealing force. Decreasing the sealing force was composed
with physical relaxation and chemical relaxation. Physical
relaxation was caused by the movement of chain towards
new configuration in equilibrium at compressed condition,
and was reversible. On the other hand, chemical relaxation
was caused by scission and recombination events resulting
from the breakage and formation of covalent bonds, and was
irreversible.!® So, when O-rings were removed grom groove
and put the uncompressed condition, thickness of O-rings
was slowly recovered with time. We observed the recovery
of the physical relaxation with followed test; 1) O-rings were
assembled to compression set jig and aged during 43 days at
120°C, 2) after aging process, O-rings were removed from jig
and cooled at atmosphere, and 3) compression set of O-rings
were measured with a video-scope during several months.
Five FKM O-rings were used in this test. Figure 6(a) showed
the change of compression set with time at room temperature.
Because of physical relaxation induced recovery of O-ring
thickness, compression set of O-rings was decreased with
time at room temperature. After 420 days (14 months),
change of the compression set was 15.7% and compression
set was still decreasing. This phenomenon was caused by the
recovery of physical relaxation, and compression set would
be decreased until it arrived to equilibrium state.

2.2. Equilibrium compression set measurements
Caused by slow physical recovery, there needs long time
to arrive new equilibrium state. For accuracy measurement
of compression set, an acceleration process of physical
relaxation is needed. K. T. Gillen and coworkers reported
that thermal treatment could accelerate the physical relaxation
and could be arrived new equilibrium state in a short time.

We observed thermal treatment effect on the accelerating
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Figure 6. Change of compression set for FKM O-rings with time after removal from jigs; (a) non-treated, and (b) after thermal

aging treatment.

physical relaxation with followed test; 1) O-rings were
assembled to compression set jig and aged during 43 day at
120°C; 2) after aging process, O-rings were removed from
jig and cooled at atmosphere, 3) O-rings aged with scheduled
thermal treatment conditions; one day, two days, and three
days at 80°C, 4) after thermal treatment, O-rings were cooled
at atmosphere, and 5) compression set of O-rings were
measured with video-scope during several months. Unfilled
symbols of Figure 6(a) showed the change of compression
set with time after thermal treatment. Unfilled triangle-up
symbol which treated one day at 80°C showed 69.2% of
compression set. This value was 20.1% lower than that of
non-treated O-ring’s compression set, and it estimated to
compression set of non-treatment O-ring which kept during
2,039 days (5.6 years) at room temperature. We confirmed
that thermal treatment greatly could accelerate physical
relaxation. Unfilled triangle-down symbol and unfilled
square symbol which each thermal treatment condition was
2 days and 3 days at 80°C, showed 67.7% and 67.4% of
compression set. Theses values were 21.7% and 21.9% lower
than that of non-treated one, and estimated to 4,384 days
(12.0 years) and 4,551 days (12.5 years). With increasing time
for thermal treatment, acceleration rate of physical relaxation
would be increased. However, over 2 days thermal treatment,
slowdown of acceleration rate was observed. Figure 6(b)
showed the change of compression set of thermally treated
O-ring with time at room temperature. During 218 days (7
months), unfilled triangle-up symbol which was thermally
treated one day, showed 1.4% change of compression set.
By one day thermal treatment, physical relaxation was

accelerated, but it would not arrive to equilibrium state. On
the other hand, unfilled triangle-down and unfilled square
symbol which were thermally treated two and three days,
showed 0.5% and 0.2% change of compression set with
time. Over two days of thermal treatment, physical relaxation
would be accelerated and arrived to new equilibrium state
with short time. Three days of thermal treatment, showed
lower compression set than two days of thermal treatment.
However, difference of compression set between two days
and three days of thermal treatment was under 0.3%. it
could be supposed as data deviation. Therefore, two days
of thermal treatment recommended for accelerating physical
relaxation, and arriving to equilibrium state with short time.
We set up the equilibrium compression set measurement
procedure as follows; 1) FKM O-rings were emitted from
jig at scheduled aging time, 2) FKM O-rings were cooled at
room temperature during two hours, 3) FKM O-rings were
thermally treated during two days at 80°C convection oven,
4) FKM O-rings were cooled at room temperature during
two hours, and 5) thickness of O-ring was measured by
video-scope and calculated equilibrium compression set.

3. Correlation between sealing force and equilibrium
compression set

3.1. Chain scission and chain recombination effect on
the degradation

In the degradation process, there were two main chemical
reaction; chain scission and chain recombination. Chain
scission occurred as breaking the molecular network by
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oxidation and tended to be soften. On the other hand, chain
recombination introduced new molecular network and tended
to be harden. Tobolsky and coworkers reported that could
observe both chain scission and chain recombination by
stress relaxation at unstrained state, and could isolate chain
scission effect by stress relaxation at strained state.'* We
already observed stress relaxation at strained state (See Figure
3(a)). Stress relaxation at unstrained state, was observed by
measuring 25% compressive modulus of O-rings. Initial 25%
compressive modulus is My, and 25% compressive modulus
at time t is M. Figure 7 showed results of stress relaxation
of FKM O-rings both strained and unstrained state at 120°C.
Stress relaxation at strained state, F/Fo was decreased by
chain scission of molecular network. On the other hand,
stress relaxation at unstrained state, My/M, was increased by
forming new molecular network.

Tobolsky and coworkers suggested followed theoretical
modeling expression and confirmed that the theoretical
model was experimentally suitable to several rubbers.'®

oif 1/3
100/1[m] &)

% Permanent Set = o

Where, A is the stretch ratio, F is F¢/F.
In their research, K. T. Gillen and coworkers defined
parameter a for predicting the relative importance of chain

scission and chain recombination.'”"'®

a= r %)

Fi/Fy is residual stress at strained state. Stress decay is
induced by chain scission. So, 1-F means the quantity of chain
scission. Also, Q means the quantity of chain recombination.
Q also could be calculated as My/My — Fy/Fo. When a is
greater than unity, chain recombination is relatively dominate
the chain scission, and tended to be harden. When a is
unity, there was balance between chain scission and chain
recombination. When « is less than unity, chain scission
was relatively dominate chain recombination, and tended to
be soften. From Figure 7, we calculated parameter a with
empirical data, and shown in Table 2.

Average value of parameter ¢ was 1.47, deviation was
+0.05. Parameter a showed uniform value distribution at
whole aging processes. Because of it was greater than unity,
we could confirm that chain recombination was relatively

dominate chemical reaction of FKM O-rings at whole aging
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Figure 7. Stress relaxation with time-dependence both
strained and unstrained state.

Table 2. Sealing (Ft/Fo), Chain Recombination (Q), and
Parameter a of FKM O-rings at 120°C Aging Process.

Fi/Fo Q a
1.0 0.0 -
0.9 0.147 1.47
0.8 0.298 1.49
0.7 0.438 1.46
0.6 0.584 1.46
0.5 0.76 1.52
0.4 0.888 1.48
0.3 1.043 1.49
0.2 1.176 1.47
0.1 1.287 1.43
Average 1.47
Deviation +0.05

1.0

0.8 -

0.6 -

<
'S

0.4 -

0.2 -

0.0 T T T T
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Figure 8. Relationship between Ft/Fo and equilibrium
compression set for FKM O-rings.
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FKM O-rings, equilibrium compression set was measured
as recommended procedure. Figure 8 showed correlation
between sealing force and equilibrium compression set. We
confirmed that there was non-linear relationship between
sealing force and equilibrium set. Caused by this relationship,
it was suitable to use sealing force for analyzing degradation
behavior or predicting the life-time, instead of compression
set or elongation. The stretch ratio was 0.75, and parameter
a was 1.47 (defined from Eq. (3)). Because of parameter
a was greater than unity, the curve showed convex shape.
We could experimentally correlate between sealing force and

equilibrium compression set.

3.4. Prediction of the residual life-time of field-aged
FKM O-rings

For predicting the residual life-time, we took out ten FKM
O-rings which were 12.3 years field-aged in a propulsion
unit. We measured equilibrium compression set of field-aged
FKM O-rings according to the equilibrium compression set
measurement procedures. Equilibrium compression set of
field-aged O-rings was 13.4%, and deviation was +4.6%.
By using the relationship between F/Fo and equilibrium
compression set, we could determine F¢/Fo of field-aged
FKM O-rings; as shown in Figure 9. F/F, of field-aged FKM
O-rings was determined to 0.909. By using stress relaxation
master curve at 23°C, we could predict the residual life-time
of field-aged FKM O-rings. The result is shown in Figure
10. In previous section, the analyzed life-time of O-ring
was 66.2 years at failure condition; Fy/Fo= 0.2 (Region 1 +
Region 2). At F/Fy was 0.909, aged time was 9.9 years in

10 T
Region 1 Region 2
—_ 1
g
o
L
w
FJF, = 0.2
0.1
9.9 years 66.2 years
T T T T T T
10! 102 10% 104 10° 10°
Time (hrs)

Figure 9. The conversion of equilibrium compression set to
Ft/Fo for 12.3 years field-aged FKM O-rings.

1.0

F- F,/F, = 0.909

0.8 -

0.6 -

FJ/F,

0.4

0.2

Equilibrium compression set : 13.4%

0.0

0 20 40 60 80 100
Equilibrium compression set (%)

Figure 10. Prediction of the residual life-time for 12.3 years
field-aged FKM O-rings.

Figure 10. It was shorter than field-aged time, 12.4 years.
Considering the deviation of equilibrium compression set,
the difference of aged time was small, and reasonably could
be accepted. Therefore, Region 2, the residual life-time
of field-aged FKM O-rings, was 56.3 years based on the
failure condition of F/Fo = 0.2. By analyzing the degradation
behavior and correlasting between equilibrium compression
set and sealing force, we can predict the residual life-time of
field-aged FKM O-rings.

Conclusions

Intermittent CSR jig was designed by considering how
FKM O-rings are assembled. We could measure the seling
force of a FKM O-ring by intermittent CSR testing, and
sealing force of a FKM O-ring was 1.28 kN at room
temperature. According to the number of intermittent CSR
test, average sealing force of FKM O-rings was 1.27 kN,
and deviation was +4.5%. We observed the degradation
behavior of O-rings with various thermal aging temperatures.
With elevating aging temperature, degradation rate was
increased. At 60°C, FKM O-rings didn’t age sufficiently.
Even after over 5,208 hrs, F/Fy was only 0.914. By using
TTS principle, we obtained stress relaxation master curve
at 60°C. The time which FKM O-rings took to reach F/
Fo = 0.2, was respectively 48,760 hrs. We could save about
43,552 hrs of testing time by using TTS principle. From
the relationship between ar and 1000/T, we could calculate

the activation energy, and observe the change of activation
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energy according to thermal aging temperature range. At
100°C~170°C range, the activation energy was 64.5 kJ/mol.
At 60°C~100°C range, the activation energy was 54.7 kJ/
mol. By extrapolation, we calculated ar as 0.088 at room
temperature, and could draw the stress relaxation master
curve at room temperature. As failure condition was selected
as Fy/Fo = 0.2, the life-time of FKM O-rings predicted as
66.2 years at room temperature. We measured compression
set of aged FKM O-rings by testing the thickness of O-rings.
Because of physical relaxation induced recovery of O-ring
thickness, compression set of O-rings was decreased with
time at room temperature. After 420 days, change of the
compression set was 15.7% and compression set was still
changing. By thermal treatment, physical relaxation could
be accelerated and could be arrived to equilibrium state with
short time. In here, thermal treatment which was two days
at 80 °C, was recommended. Compression set which FKM
O-rings were thermally treated two days, is 67.6%, and this
was similar with 4,384 days maintained without thermal
treatment. During 218 days, compression set which O-rings
were thermally treated two days, changed just 0.5%. It seemed
that O-rings almost arrived to equilibrium state. For observing
the effect of chain scission and crosslinking reaction, we
measured stress relaxation both strained and unstrained state.
While Fy/Fo was decayed with time-dependence, My/M, was
increased. Because of My/My (unstrained state) was affected
both chain scission and crosslinking reaction. Average value
of parameter a was 1.47, deviation was £0.05. Parameter a
showed uniform value distribution at whole aging processes.
Because of it was greater than unity, we could confirm that
crosslinking was relatively dominate chemical reaction of
FKM O-rings at whole aging processes. For correlating
between Fi/Fy and equilibrium compression set, we measured
equilibrium compression set of aged FKM O-rings. With
empirical data of Fy/Fy and equilibrium compression set,
we could experimentally correlate the relationship between
sealing force and equilibrium compression set. We confirmed
that there was non-linear relationship between Fy/F, and
equilibrium compression set. For predicting the residual life-
time, we took out ten FKM O-rings which were 12.3 years
field-aged in a propulsion unit. We measured equilibrium
compression set of field-aged FKM O-rings according to
the equilibrium compression set measurement procedures.
Equilibrium compression set of field-aged FKM O-rings
was 13.45%, and deviation was +4.6%. By analyzing
the relationship between sealing force and equilibrium

compression set, F/Fy of field-aged FKM O-rings was
calculated to 0.909. We could convert the compression set
to residual sealing force. By using stress relaxation master
curve at 23 °C, we could predict the residual life-time of
field-aged FKM O-rings as 56.3 years. By analyzing the
degradation behavior and correlating between Fy/F, and
equilibrium compression set, we could predict the residual
life-time of 12.3 years field-aged FKM O-rings.
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