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1. ABSTRACT

In the area of elastomers, tests have identified
specific compounds that perform well in each class
of CANDU® service. They offer gains in service
life, sometimes by factors of ten or more. Moreover,
the aging characteristics of these specific
compounds are being thoroughly investigated,
whereas many elastomers used previously were
either non-specific or their aging was unknown. In
this paper the benefits of elastomer upgrading, as
well as the deficiencies of current station elastomer
practices, are discussed in the context of fuel
handling equipment. Guidelines for procurement
storage, handling and condition monitoring of
elastomer seals are outlined.

In the area of rotary seals (non-elastomeric) there
have also been significant advances. In the fuelling
machines, low friction is needed for accurate
positioning. The development of an improved seal
is described, which since 1992 has saved at least
M$l per year at Pickering alone.

2. INTRODUCTION

Over the past twenty-five years the Fluid Sealing
Technology Unit (AECL, Chalk River) has helped
solve a variety of sealing problems in CANDU® fuel
handling equipment, primarily in response to
specific station requests for help. Following are
some of the component problem areas that have
been investigated and resolved:
• D2O hose failures (Darlington '95, Lepreau '91,

NPD and Douglas Point)
• Marotta fill, vent and drain valve seal retrofit

(Darlington '94)
• Snout plug and squeezer mechanism seals

(Pickering '91)
• Darlington and Bruce flathead O-rings and quick-

disconnect seals (-'93)
• NPD snout seals
• Ram ballscrew face seals

We are now at a point in our knowledge of
elastomers, where we have identified specific
elastomer compounds that have "superior"
performance in each class of CANDU® service. A
wholesale upgrade of seals on fuel handling
equipment to the "superior compounds" is
recommended. Furthermore, adoption of improved
elastomer quality assurance, procurement and
handling practices as well as improved in-service
monitoring are recommended.

3. ELASTOMERS

Historically, equipment in nuclear plants has
contained whatever elastomer each component
supplier traditionally used for non-nuclear service.
Most plant operators do not realize the resulting
proliferation of elastomer compounds, many of
which are far from optimal for the service
conditions, has multiplied the costs to provide
station reliability, maintainability and safety. By
standardizing on a handful of "superior" elastomer
compounds, service life can be extended,
maintenance planning and safety can be improved,
environmental qualification can be streamlined, and
procurement and handling of replacement parts can
be simplified. Extensive tests have identified high
performing compounds for each class of CANDU®
service. These designated "superior" compounds
offer gains in service life sometimes by factors of ten
or more over others being used. Moreover, the
aging characteristics of the "superior" compounds
are becoming much better known than those of other
compounds, many of which are only known by
generic type.

4. CRITERIA FOR ASSESSING
ELASTOMERS

To establish the life of any elastomeric component,
the type and magnitude of deterioration that causes a
failure in service must be known, as well as the
deterioration rate. There are many possible types of
failure (e.g., extrusion, chemical attack, wear-out,
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tensile cracking, load relaxation and compression
set). They are all influenced by a combination of
material characteristics and service conditions.
Commonly reported material properties alone cannot
quantify extrusion resistance, etc. Some properties
are closely related to common failure modes
(e.g., tensile strength to tensile cracking failure), but
other commonly quoted properties such as hardness,
ultimate elongation, permeability and thermal
expansion are only tenuously associated. A primary
challenge in assessing an elastomeric component for
a particular service is to determine when and how it
might fail in service. Relevant and comprehensive
failure criteria based on functional properties are
necessary for meaningful life prediction. These
need to be based on a fundamental understanding of
the performance needs for the particular application.

5. IMPORTANCE OF COMPOUND- AND
SERVICE-SPECIFIC DATA

A database of relevant properties and behaviour is
key to elastomer selection and life prediction. This
data must be compound-specific because within a
given elastomer class (e.g., nitrile), the base polymer
is compounded with varying amounts of fillers,
vulcanizing agents, anti-oxidants, anti-ozonants,
processing aids, plasticizers and accelerators from
any number of suppliers. These variables, and the
method and degree of mixing and curing, all
profoundly affect functional properties of the final
elastomer product.

Properties alone, however, are not enough for the
database to be usable for severe service. It must also
include service-specific behavior. Most of the
published data on elastomers is misleading because:
(1) the effects of the fluid are neglected (e.g., air
versus water versus other fluids), and (2) the
measured damage parameters that life predictions
are based on often have little bearing on how a part
actually fails in service. Parameters are more often
chosen for testing convenience than for functional
relevance.

Besides choosing the most appropriate damage
parameter(s), the level of damage considered to
constitute a failure must also be chosen judiciously.
Compression set may be correctly identified as the
most likely failure mode for a particular application,
but its magnitude for failure may be poorly
estimated. For example, a compression set failure
criterion appropriate for a piston seal will severely
underestimate life for a bolted flanged joint. A high
compression set criterion is appropriate for a flange

seal since the seal is in a static, highly squeezed face
seal arrangement, with no extrusion gap and no
changes of squeeze. In contrast, a low compression
set criterion is appropriate for a piston seal that is
dynamic, lightly squeezed for low friction and wear,
and has parts with tolerance stack-ups that create
significant eccentricity between the piston and bore.

Naturally, the amount of testing must always be a
compromise with the value of the results. Consider
that accelerated thermal aging requires data at four
temperatures for reasonable extrapolation, and at
each temperature the duration of the test must be
iterated to obtain the desired level of damage (see
Figure 1). Consequently, developing a compound-
specific database can become very expensive. This
is another reason to rationalize the number of
compounds used in the field to the fewest that
adequately cover the required range of applications.

6. "BATCH" APPROACH TO QUALITY
ASSURANCE

To ensure relevance of elastomer test data, the
ingredients and processing variables for each chosen
compound must be closely controlled for
consistency, both in original qualification testing and
in subsequent service. To ensure that the correct
specific compound is received, purchasing
specifications must not open the door to other
compounds in the same class of elastomer.
Otherwise, performance in service may be
unacceptable (i.e., low safety margins, unreliability
and frequent replacement). If alternative compounds
are needed as back-up, each must be separately
qualified. Purchase specifications, as a minimum,
must require that each elastomer seal be of a
particular compound, traceable to the particular
"batch" of ingredients, mixed and processed
together to form the unvulcanized stock from which
the part was made. A certificate of conformance
should be supplied specifying the compound, its
batch number and date of cure, along with the
hardness, specific gravity and tensile strength of
samples from that batch, as compared with the
manufacturer's expected values. In this manner the
elastomer compound can effectively be
characterized.

7. DEFECTS IN ELASTOMERS

Inspection methods and rejection criteria for defects
are often neglected in quality assurance programs for
elastomeric parts. This can compromise their
integrity and reliability. Surface defects in most
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parts can be detected by the unaided eye. In the case
of elastomeric parts this is most effective when the
elastomer is strained appropriately (i.e., by bending,
pulling, pressurizing, etc.), since many defects such
as cuts and tears are difficult to see in unstretched
parts. Size can be compared to reference standards
that correspond to acceptance limits, and (if
necessary) measured using optical and mechanical
aids (e.g., calibrated magnifier, depth-measuring
microscope, stylus profilometer).

For detection of internal defects (inclusions, voids,
discontinuities in reinforcing materials, etc.), as well
as for monitoring state of aging (on the shelf or in
service) a non-destructive technique called
elastodynamics has been found most useful. A tool
has been developed, employing this technique for
inspection of O-ring seals. Basically the tool
measures reaction force on two pinch rollers while
the seal is driven and squeezed between them.
Localized defects are signalled by spikes in reaction
force. Any generally low or high force, or variation
around the seal, signifies abnormal properties when
compared with a known baseline. A version of this
tool, developed for monitoring the condition of
elastomeric parts of all types, is described in
Section 9.

8. STORAGE AND HANDLING

Elastomers are subject to deterioration with time,
temperature, and other environmental influences.
Ideal storage conditions are cool, dark and free from
contaminants (such as ozone, solvent vapor, etc.).
Elastomer parts should be stored in a relaxed state,
free from strain (i.e., not folded, twisted, or hanging
on a rack). Their shelf life (expressed as expiry
date) should be stated and be rationally based (e.g.,
if 90% of "as-new" lifetime for the particular service
is deemed acceptable, and proper storage at the
maximum allowable temperature is known to cause
1% loss per year, then shelf life is 10 years). Many
elastomers are very stable under store-room
conditions. Measurement of critical functional
properties (e.g., compression set, extrusion
resistance, hardness) of elastomers of certain
ethylene-propylene and nitrile compounds stored
under proper conditions has shown them to be
essentially unchanged after more than twenty years
(for example, see Figure 2). Unfortunately, not all
elastomer compounds are this stable.

Many elastomers are incompatible with common
solvents. Ethylene-propylene elastomers are notable
for their lack of resistance to petroleum-based

products. Some elastomers have very poor
resistance to cutting and tear propagation. To cover
the many facets of proper use and handling of
elastomeric parts, a one-day on-site training course
for mechanical maintainers has been developed.
This has been very well received by station
personnel, and has been presented at eleven venues.

9. MONITORING IN-SERVICE
DEGRADATION

Nuclear plants contain many examples of vaguely
defined elastomer compounds that make accurate
prediction of service lifetime impossible (yet many
of these parts are accessible for interim inspection).
Even in applications where well-defined compounds
are used, the service conditions may not be well
known. There are also cases where station personnel
would like to assess the state-of-aging of elastomeric
components held in inventory for long times.

In applications such as these, a recently developed
tool called an elastodynamic spot tester promises to
be very helpful. Sufficient data is needed to show
how a particular elastomeric compound's properties
change qualitatively with time in the service
environment. Also, the starting quantities and
minimum required quantities for these properties
must be known. Then, making an interim
measurement of these quantities using the
elastodynamic spot tester gives a non-destructive
method to pinpoint the current "effective age" of the
part in terms of the percentage of service lifetime
expended.

For example, most elastomers age-harden. If
hardening is the failure mode and functionality of
the part requires hardness less than say
80 durometer*, with new parts being 70 durometer,
then an interim measurement of hardness of
75 durometer suggests that half the service life
remains (50% effective age), assuming the
degradation rate is linear with time. However, aging
data may also show that hardening accelerates and
that the part's age is therefore already say 90%.

The advantage of elastodynamic spot testing is that
it measures much more than hardness. It also
measures stress relaxation and recovery, and can
measure these as a function of mechanical stress
level in order to discern the onset of permanent

"Durometer" is a measure of rubber hardness, as
determined by indentation depth of a stylus under a
given load after a given period of time.
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damage. Essentially, the stiffness, damping and
strength are quantified to effectively "fingerprint"
the material. It then only remains to relate these to
age, in the same way that measurements of weight,
running speed and subsequent pulse rate, for
example, might pinpoint the effective age of an
individual in a population of genetically and
environmentally similar humans.

10. FUELLING MACHINE RAM SEALS

For fuelling machines in Pickering and the 600 MW
CANDUs, the severe requirement is for seal torque
to be no more than 0.6 N.m—low enough to achieve
accurate positioning of the rams. Seal gland
conditions are:

-25to55°C
- 0 , 3 or 10 MPa (gauge)
- 24, 36 or 246 rpm, reversible

Reliability is essential. Many seal types were tested
during early development. The most acceptable was
a six-pocket-with-orifice hydrostatic design, similar
to those used in the first CANDU Main Coolant
Pumps at NPD (Nuclear Power Demonstration),
then at Pickering. Its face materials were bronze vs.
carbide-coated stainless steel. Leakage was about
2 L/min at full pressure, and its main failure mode
was dirt or erosion affecting the orifice and de-
stabilizing the seal, thus causing face rubbing,
friction and wear. It was also difficult and expensive
to manufacture, with quality assurance of the
orifices, face coating, and the bellows for axial
movement being particular problems.

Performance was tolerable throughout the 1970s and
early 1980s because each plant kept a spare machine
available, but the days of generous spares came to an
end in the mid-1980s—higher reliability was
demanded.

A different type of hydrostatic seal (Figure 3:
CAN13 seal) was developed using analysis
techniques and materials not available to the early
CANDU designers. The bellows was replaced by an
O-ring of material with demonstrated capability for
the service. Silicon carbide was chosen for the new
seal faces based on extensive hydrostatic seal testing
in the 1970s, when it was found to be both resistant
to erosion and tolerant of moderate nibbing contact.
The need and means to hold it securely in
compression (by shrink-fitting) to prevent breakage
had also been understood.

Requirements for low torque and low speed
necessitated a hydrostatic seal; the extreme range of
pressure required a seal face that would neither
erode while on pressurized standby, nor wear when
rubbing at pressures as low as atmospheric.

The flat-conical seal face configuration was
developed so that the flat region of the face would
rub lightly and not wear out-of-flat while running at
atmospheric pressure and 246 rpm. The conical
region was optimized to meet the torque requirement
while having minimum leakage at the higher
pressures. There were three reasons for this:

(1) to minimize the erosive flow,
(2) to minimize the amount of dirt

consequently filtered out between the seal
faces,

(3) to reduce the 2 L/min leakage per seal
suffered with the previous seal design.

CAN 13 seals were first installed in Pickering in
1988 after extensive testing in laboratory testers and
fuelling machines. Full commitment to this design
was made in 1989 and completed by 1992. There
have since been no failures of the 64 seals running in
these eight reactors, despite dirty operating
conditions in Pickering-B that have caused many
pump seals to fail. The 600 MW CANDUs have
similarly changed to the new seals.

Savings due to installation of CAN13 seals at
Pickering are estimated to be at least MSI per year,
with about a third coming from maintenance savings
and two thirds from extra kW-h of production.
Extrapolating over the expected lifetimes of the
existing plants now using this seal, the savings are of
the order of M$20. The economic viability of future
plants has also been much enhanced—all this
coming from an original 1985 investment of $53,230
for design, development, rig-testing and supply of
the first two seals.
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Figure 1: Arrhenius Thermal Aging Tests. This figure illustrates the number of
data points required for a reasonable extrapolation.
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Figure 3: CAN13 Seal for AECL Fuelling Machine Ball Screw Rams. The rotating
seal face is flat-conical to give hydrostatic lubrication when pressurized.
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