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ABSTRACT
The properties of all polymers change with time as a
function of their environment. Traditional practice has
been to replace these parts according to generic time
limits based on estimates of worst case material
properties and conditions. This is overly-conservative
in many cases, and creates unnecessary mainte-
nance work and costs for replacement and disposal.
Much of this could be avoided if the serviceability of
elastomeric parts such as seals, diaphragms, gas-
kets, cable insulation and hoses could be re-
assessed on a routine basis.

Elastodynamic spot testing offers a way to do this.
Parts can be sampled while in service or storage to
compare their as-new and used (or aged) elastody-
namic properties. This data can usually be correlated
with the results of functional tests to prove that
material properties have not degraded to the point
where the part could fail. This spot testing is similar
to a micro-hardness test, but includes stress-relax-
ation and subsequent recovery. It provides a non-
destructive means to assess the effective age of the
material at a point, or several points, on a part.
Sampling of hardness alone is rarely sufficient to
know whether a part is still functional because this
overlooks the material's viscoelastic and strength
properties.

An elastodynamic spot tester has been used to test
different sizes, shapes and hardnesses of elastomer-
ic parts at different levels of strain, i.e., indentation
depths. An initial test program has given informative
relaxation and recovery data, showing repeatability
and comparing well with finite element analysis of
the indentation process. Tests of aged O-rings and
diaphragms have revealed different elastodynamic
properties, depending on the elastomer compound
and aging conditions.

1. INTRODUCTION
Because parts made from elastomers eventually
deteriorate to the point of being non-functional for
their service as seals, diaphragms, gaskets, cable
insulation or hoses in CANDU® nuclear plants, they
are periodically replaced. Currently, many elastomer-
ic parts are being replaced too soon, creating unnec-
essary maintenance work and costs for replacement
and disposal. A notable few have been replaced too
late - i.e., after they failed and caused serious loss-
es, such as those stemming from the valve
diaphragm rupture at Pickering in 1994 December,
which shut down the plant for several months and
cost in the order of a hundred million dollars.

The objective, therefore, is to know the right time to
replace each part: neither too soon, nor too late.
Some parts in non-critical applications can be left
without penalty until they fail, but critical elastomeric
parts must be part of an ongoing assessment
process and preventative maintenance strategy.
Elastomers have vastly improved in CANDU® plants
since the early days, but much more can be done.
Work in the seventies established the susceptibility
of various commercially available elastomers to radi-
ation, compression set and extrusion in hot water or
humid air-ozone environments (Wensel, 1977;
Wensel and Cotnam, 1978). Thus, preferred elas-
tomers were selected for various static applications
from those available.

Later work concentrated on dynamic performance,
where information on stiffness, damping, resilience,
friction and fretting damage for various elastomers
and conditions could then be applied to design and
maintenance of seals {Wensel, 1985). In an out-
growth of this technology, AECL made a major con-
tribution towards improving O-ring seals for Space
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Shuttle boosters in the aftermath of the Challenger
accident (Wensel et al., 1988). This included exten-
sive testing, analysis and modelling of elastomer
behaviour (Metcalfe et al., 1989). Also, a compre-
hensive set of function-related tests and require-
ments was used to optimize the recipe for the elas-
tomer to be used, with subsequent tests to ensure
consistent manufacturing quality (Metcalfe and
Wensel, 1994 September).

For detection of material deficiencies or internal
defects such as inclusions, voids or regions of inho-
mogeneity in O-rings, a non-destructive tool called an
Elastodynamic Tester was developed (Anon.,
1994 September). This measures reaction force on
two pinch rollers as an O-ring is driven and squeezed
between them. Internal defects are signalled by
spikes in reaction force. Any generally high or low
force, or variation around the O-ring, signifies abnor-
mal properties when compared with a known baseline.

Similar techniques are now being applied to selec-
tion, specification and inspection of elastomer parts
for severe nuclear service (Wensel, 1993). Typical
failure modes for nuclear seals have been investigat-
ed, and elastodynamic spot testing has been devel-
oped to test the serviceability and monitor the aging
of a wide variety of elastomeric parts.

2. FAILURE MODES
There are many possible types of failure for elas-
tomeric parts, e.g., extrusion, chemical attack, wear-
out, tensile cracking, load relaxation and compres-
sion set. They are all influenced by a combination of
material characteristics and service conditions.
Material properties alone cannot quantify extrusion
resistance, chemical resistance, wear resistance,
etc. Some properties are closely related (e.g., tensile
strength to tensile cracking) but other commonly
quoted properties such as hardness, ultimate elon-
gation, permeability and thermal expansion are only
tenuously associated with common failure types.

The first challenge in assessing an elastomeric part
for a particular service is to determine when and how
it fails. This requires a fundamental understanding of
its functional needs for this specific application. For
example, age-hardening of an O-ring interferes with
its ability to in-fill any roughness on the counterface
and create a tight seal. O-ring seal failure may also be
caused by loss of sealing force with time. Some such
change is always expected due to reversible vis-
coelastic stress relaxation, or to thermal expansion-
contraction; but irreversible loss of force has tradi-
tionally been measured as "compression set," i.e.,

the percent of the squeeze that becomes permanent
when an O-ring is squeezed a fixed amount for a
time. Examples of magnitudes of compression set
that may cause a failure for two common O-ring
applications are given in Table 1.

Other applications, including ones that employ elas-
tomeric seals other than O-rings, are different and
must be evaluated individually or in common groups.
This effort is warranted since life predictions could
otherwise be wrong by an order of magnitude or
more if a generic deterioration criterion for failure is
used instead of the actual level that has been shown
to cause failure for that application. Past practice has
often been insufficiently application-specific. The
consequence has been over-conservatism in replace-
ment schedules and, in some cases, failure to satis-
fy regulators.

3 . WHAT IS AGING?
Aging of elastomers is not unlike the human experi-
ence. Many 70-year-olds are admirable national lead-
ers, but it would be ludicrous to expect them to func-
tion acceptably in professional sport, for example.
Likewise, the average football star is totally unfit for
service as president of the USA. Each function
requires different attributes. Some individuals never
have them, and the remainder have them only for a
limited time.

The mix of constituents that go into the compound-
ing process for an elastomer defines its "genetic
make-up," while the milling, moulding and curing are
its "education." If a particular compound thus-pro-
duced is tested and seen as more promising for a
particular service than competing or presently-used
compounds, its adoption may be pursued. However,
for critical applications, its "qualification testing"
must consider more than just the as-new perfor-
mance under normal service conditions. It must also
assess how the compound will "age" in service and
when the part must be replaced. Often, instead of
normal conditions, replacement will be governed by
postulated accident conditions, where a particular
margin of safety must be maintained.

The concept of service lifetime for an elastomer can-
not be tied directly to the calendar. Instead, it must
be specific to each application and each part. It is
defined here as being 100% used up when the part
is no longer serviceable, i.e., when the safety margin
becomes too small for the application. This may
come quickly if the aging factors (e.g., stress, radia-
tion, temperature, ozone) are severe or if the part is
marginal to begin with.
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Aging studies are underway on several nuclear-rec-
ommended elastomers to measure the changes of
various function-related properties in response to
aging factors. This will gradually enable lifetime of
specific compounds in specific service conditions to
be predicted more widely and accurately.
(Performance of elastomers varies too much to infer
the performance of one compound or service from
another.)

A useful form for such data is an Arrhenius plot1,
which combines temperature- and time-dependent
deterioration, and from which service-life estimates
at various temperatures can be interpolated and
extrapolated. Each Arrhenius plot is for a specific test
method and magnitude of deterioration, e.g.. Figure
1 shows Arrhenius plots based on a particular level of
compression set (75%) for three different O-ring
compounds tested in air at 25% squeeze. To be use-
ful for service-life prediction, 75% must be the dete-
rioration expected to cause failure. The tests done to
generate the Arrhenius plots must be in the same
fluid as used in service. When higher temperatures
are used to accelerate the testing, as is common,
extrapolation must be made with caution.

In the meantime, nuclear plants contain many exam-
ples of vaguely defined compounds or service condi-
tions that make an accurate prediction of service life-
time impossible, yet some of these parts are acces-
sible for interim inspection. This is where elastody-
namic spot testing is helpful. If there is sufficient
data to show how a particular elastomeric com-
pound's properties change qualitatively with time in
the service environment, and if the starting quanti-
ties and minimum required quantities for these prop-
erties are known, then making an interim measure-
ment of these quantities using the elastodynamic
spot tester gives a non-destructive method to pin-
point the current "effective age" of the part in terms
of the percentage of service lifetime already used up.

For example, most elastomers age-harden. If hard-
ening is the failure mode and functionality of the part
requires hardness less than say 80, with new parts
being 70, then an interim measurement of hardness
of 75 suggests that half the service life remains
(50% effective age). This presumes the process is
linear; however, aging data may also show that hard-
ening accelerates and that the part's age is therefore
already some amount more than 50%.

4. ELASTODYNAMIC SPOT TESTING
The advantage of elastodynamic spot testing is that
it measures much more than hardness and therefore
offers potentially more and better indicators of aging
and serviceability. It measures stress relaxation and
recovery, and can measure these as a function of
stress level in order to discern the onset of perma-
nent damage. Essentially, the stiffness, clamping and
strength are quantified. It then only remains to relate
these to age, in the same way that measurements of
weight, running speed and subsequent heart rate, for
example, might pinpoint the effective age of an indi-
vidual in a population of genetically and environmen-
tally similar humans. Note that aging does not always
reduce functional performance, at least not in early
life.

A schematic of the elastodynamic spot tester is
shown in Figure 2. It applies and maintains a nominal
force on a flat-ended "foot" that encircles a hemi-
spherical indenter, thus pre-loading and flattening the
surrounding area in the same way as a microhard-
ness tester. When the indenter is then plunged a pre-
set depth into the specimen, instead of taking a sin-
gle force reading, the force and its decrement (relax-
ation) with time are measured continuously for at
least one minute. The magnitude of the relaxation
force is a measure of hardness (modulus). In a stan-
dard hardness test, this is recorded after a standard
time of 30 seconds, while the elastodynamic test
monitors the force across the whole time domain of
the test. During the relaxation phase, a rapid drop in
force signifies springiness and little damping, while a
slow drop signifies high damping.

Part of the deformed mesh of an axisymmetric, finite
element analysis of the indentation process is shown
in Figure 3. The material was assumed to be Neo-
Hookean (Metcalfe et al., 1989) with Young's modu-
lus of 450 psi (-55 IRHD). The specimen thickness is
0.14 inches and depth of indentation is 0.020 inches.
The figure shows that the indenter deforms material
well below the surface of the rubber. Thus the test is
a "macro" test rather than a "micro" or surface prop-
erty test. Figure 4 compares the finite element
results with actual spot tester results for a rubber
specimen of known hardness. This shows close
agreement between numerical and experimental
results and also illustrates the repeatability of the
spot tester procedure.

f Arrhenius plots show the natural logarithm of time (to a specified level of damage) versus the reciprocal of absolute temperature at
which each test was performed. Many aging tests involving polymers and elastomers materials give straight Arrhenius plots, which
allow simple extrapolation (or interpolation) to the service temperature. This accounts for their usefulness and popularity in life pre-
diction. (See Figure 1 for a typical Arrhenius plot.)
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After the relaxation phase of the elastodynamic test,
the load is removed and subsequent movement of
the indenter is monitored for up to 10 minutes. The
rate of recovery of indentation depth during this
phase can be interpreted similarly to relaxation -
quick recovery indicates a springy rubber; slow
recovery indicates a highly damped rubber. If recov-
ery is complete, or if it extrapolates towards becom-
ing complete (i.e., no discernible after-effect of the
indentation), the test can be repeated with an incre-
mental increase in the pre-set indentation depth. If
there is incomplete recovery, the strength of the
elastomer is being exceeded in the most highly
stressed region and the corresponding "yield
strength" is noted.

5. DATA ANALYSIS
A typical plot of force and displacement data for a
spot test on a diaphragm is given in Figure 5. The
load cell readings include both the force of the inden-
ter on the rubber and any resistance due to the
indenter's suspension system. The displacement
(LVDT) readings are of the indenter relative to the
foot.

Assuming the rubber is linear-viscoelastic, its behav-
iour can be modelled by a system of springs and
dashpots (Figure 6). If *i ^ Q / K ; , i.e., the damping
to stiffness ratio of each branch, and "ft is defined as
an energy decay constant associated with each
branch, then the expression describing the model
behaviour in a force relaxation test at constant dis-
placement is (Metcalfe et al., 1989):

The initial force, Fo, is analogous to instantaneous
hardness and SYi represents the total loss in force,
expressed as a fraction of the initial force, over an
infinitely long period of relaxation. In this paper the
value of Fo divided by the depth of indentation is
called "spot stiffness", and the value of EYi is
called "stiffness relaxation". These values are calcu-
lated by fitting the above model to the relaxation
phase of the test data using a least-squares method.
A third value that is reported is called one-minute
recovery, the fraction of the indentation recovered
one minute after removal of all load from the indenter.

6. RESULTS
A pre-production prototype elastodynamic spot
tester was used to evaluate the aging characteristics
of N674 (nitrile) Orings. Different batches of the

same compound were tested to determine if the
elastomer properties varied from batch to batch.
Results are shown in Figures 7 and 8, illustrating the
effects of batch and squeeze. Tests were performed
at different indentation depths; the figures reveal
that there is some scatter in the results from this pro-
totype tester and that the results do not depend
greatly on the depth of indentation used. Figure 7
shows that the squeezed O-rings were a little less
stiff than the other, unsqueezed O-rings (from a dif-
ferent batch), although the difference is slight. Figure
8 shows there is a large difference in relaxation
behaviour between the squeezed and unsqueezed
O-rings. The squeezed O-rings relax much more, and
there also appears to be a slight difference in relax-
ation between the two batches that were not
squeezed. Because these differences between the
squeezed and unsqueezed O-rings were not obvious
in the spot stiffness results, they would not be
revealed by a conventional hardness test; they
require a tester that evaluates viscoelastic response.

Table 2 gives elastodynamic spot test results for new
and aged O-rings made from two different elastomer
compounds. The tests were performed using the
first production spot tester and the results are all for
the same indentation depth. The aged O-rings were
subjected to a squeeze of 25% for various durations
in the media indicated. For each compound the spec-
imens are listed in the order of increasing spot stiff-
ness, which is analogous to hardness.

For the E740 (ethylene propylene) compound, the
spot stiffness results show obvious differences for
the different aging conditions, with both duration and
temperature of aging having an effect. The changes
in spot stiffness seem more dramatic for the more
severe aging conditions. Stiffness relaxation and
one-minute recovery appear to be affected only
when the temperature exceeds 300°F. In particular,
change (deterioration) of these viscoelastic proper-
ties in 320°F oil was greater (worse) than in 350°F air.

For the N1148 (nitrile) compound, the spot stiffness
was also affected by both the duration and tempera-
ture of aging. The greatest increase in spot stiffness
occurred during 30 days of exposure to 350°F air.
The stiffness relaxation values show a trend that con-
trasts with the E740 results - several of the aged O-
rings actually relaxed less than the new O-ring. Three
of the aged O-rings also showed a slightly greater
recovery than the new O-ring. Assuming that less
relaxation and a quicker recovery are desirable char-
acteristics, the results show that compound N1148
"improves with age" early in life. Even the O-ring
aged in 350°F air for 30 days showed less percent-
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age relaxation than the new specimen, although this
specimen had a spot stiffness that was more than
three times greater than new, i.e., the absolute
decrease in indenter force during its relaxation was
much greater than that of the new O-ring. The sam-
ples aged for 30 days in 320°F oil and 300°F water
had higher stiffness relaxation and slower recovery
than that of the new O-ring.

7. CONCLUSIONS
The performance of elastomer parts in sealing appli-
cations depends on the particular functional require-
ments of the application, the properties of the elas-
tomer material, and the change in properties during
service life. Without complete knowledge of all
three, a maintenance program is difficult to manage
- guessing leads to unnecessary costs and occasion-
al serious failures.

The elastodynamic spot tester provides a simple,
non-destructive means of assessing the viscoelastic
properties of a variety of elastomer parts. If used to
monitor the properties of parts as they age, it can
identify changes in properties that have an effect on
performance.

Elastodynamic results have been presented that pro-
vide information about elastomer aging that cannot
be obtained from conventional hardness testing. The
spot tester has also been used to illustrate how the
elastic, viscoelastic, and strength properties of two
elastomer compounds, E740 and N1148, were
affected as the compounds aged under several dif-
ferent conditions. The effect on elastic properties
(spot stiffness) does not always correspond to the
effect on viscoelastic properties (stiffness relaxation
and one-minute recovery). It was also seen that, for
moderate aging conditions, compound N1148 under-
went an increase in spot stiffness (which may be
considered detrimental to a seal), but also a decrease
in force relaxation and increase in recovery speed
(which may be considered beneficial to a seal).
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TABLE 1: Example of Magnitudes of Compression Set Deterioration for Failure

Application Description
Geometry

Face seal in a bolted
flange joint

Piston seal with
changing eccentricity

due to tolerance
stack-op and

clearance

Movement of
Sealed Parts

none

yes

(sliding as well as
gap opening)

Pressure

applied quickly >100
psi

<40psi

Evaluation Summary
Tolerance to

Compression Set

high

low

Estimated
Deterioration
Criterion to

Cause a Failure

85-95%§

25-50%

§ After 95% compression set, an unpressurized O-ring exerts almost no remaining contact force against the sealing
walls. The margin against leakage becomes small, especially if the O-ring is disturbed or depiessurized then re-
pressurized.

Table 2: Spot Test Results for New and Aged O-Rings
E740 (Ethylene Propylene)

N1148 (Highly Saturated Nitrile)
Indentation for all tests is approximately 0.012 in.

All the aged O-rings were subjected to 25% squeeze throughout their aging.

Compound

E740

N1148

Aging Condition

New
200 days, 200°Fair
14days,300°Fair
30 days, 320°F oil
30 days, 350°F air
200 days, 250°F air

New
200 days, 200°F air
30days,320°Foil
50days,250°Fair
14 days, 300°F air
30days,300oFH2O
30 days, 350°F air

Hardness
IRHD

73
72
71
70
87
75

71
75
73
76
76
82
88

Compression
Set (%)

-
19
33
94
100
38

_
43
62
47
73
65
96

Spot
Stiffness
(lbf/in)

35.59
39.30
40.68
46.01
61.53
64.80

49.66
55.29
57.54
58.30
67.24
93.75
167.42

Stiffness
Relaxation

(%)
37.2
36.0
38.1
47.8
44.3
36.2

48.4
40.4
50.2
40.9
39.5
57.0
41.0

One-Minute
Recovery

(%)
95.1
95.5
95.0
90.2
92.8
95.5

95.0
96.6
92.9
97.4
97.7
88.7
92.2

2 4 8
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I stepper motor drive

Each data point is
i.the result of many

thermal aging test

Compound "A"
Compound "B"
Compound "C"

R
2.2 2.4 2.6 2.8 3 3.2 3.4

1 000/Temperature (*K)

Figure 1: Typical Arrhenius Plot for
Three O-ring Compounds (Damage
Parameter is 75% Compression Set)

mdentfr

frame

see detail "A"

optional base plate to hold specimen;

0.05 in.
dia.

rubber specimen

0.02 in.
dia.

bulge0.15 in. dia.

Detail "A"
indenter just touching squeezed specimen (preload stage)

Figure 2: Schematic of Elastodynamic
Spot Tester With Indenter Detail

Figure 3: Deformed Mesh From Finite
Element Analysis of Indentation
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Finite Element

o Experiment
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•

0.005 0.01 0.015 0.02
Indentation (in)

Figure 4: Comparison of Finite Element and
Experimental Results for Spot Tester
Indentation of a Flat Sample of Young's
Modulus 3MPa (Hardness 55IHRD)
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Figure 5: Plot of Force and Displacement
Data for a Spot Test on a Diaphragm
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Figure 6: Mechanical Model of Elastomer
Behaviour During Relaxation Test
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