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EXECUTIVE SUMMARY

Degradation of elastomeric cable materials in a nuclear reactor
environment has been widely investigated in the past decade. This
investigation addresses the question how materials degradation correlates
with the actual circuit failure of (safety-related) cables in the
containment building of a nuclear power plant. Mainly total failure is
considered, defined as an electrical shortout or an obvious short path.

In the introduction (Section 1), the limitations of the present work are
discussed. A very large number of independent variables (e.g.,
composition, geometry, additives, aging sequences, rate effects) leads to
a high degree of complexity and forces judicious constraints on
experimentation. Cables are basically simple, well understood, and
reliable components with a low failure rate; a large number of
experiments are therefore needed to determine failure probability.
Further complications are introduced by the shortcomings of accelerated
testing methods. Single-conductor, 600 V, power cables with ethylene
propylene rubber (EPR) insulators and Hypalon jacket were chosen for the
experiments. With this configuration, a number of experiments large
enough to be statistically significant were feasible. This approach
furnished sufficient data to form a base for cautious extrapolation by
means of scaling models to other geometries and to other mechanical
boundary conditions.

Literature data and several hundred scoping tests (Section II) are the
basis for a discussion of purely electrical failures; i.e. failures
occurring when cables are not mechanically stressed or handled, and,
therefore, the ideal cylindric geometry is not changed. It is shown that
direct electrical-field breakdown, as well as thermal runaway, is very
unlikely at rated voltages even after long-term exposure to high
temperatures (190°C) and to high total doses of gamma radiation (108
rads); rate effects are negligible or perhaps even beneficial. The
deterioration of insulation resistance due to the presence of strong
continuous radiation (10 Mrad/h), during an accident, leads to only
negligibly small shunt currents; also, high humidity has little influence
in the absence of cracks. It is concluded that at normal reactor
environments (temperatures less then 90°C, and radiation less than 200
rads/day) the cable design investigated will not fail in 40 years. Very
high tempers ures (>180°C) and radiation fluxes, such as occur during
accident concitions, will last only for days and do rarely, during this
time, fatally influence cable performance. This fact simplifies the
present investigation by limiting it to situations where the geometry of
the cable is affected by mechanical forces.

For the following it is assumed that the cables are operated within
ratings and that no severe nonstatistical flaws (such as cuts) exist.

The remaining failure mechanisms fall into two categories. First, if the
cable is stretched by an applied force (or by its own weight) over an
edge with small curvature, the metal wires may gradually creep through
the soft polymeric insulation resulting in metallic contact between cable



wires or a wire and the cable support, shorting the cable (creep
shortout). Second, the polymeric materials, embrittled by aging, may
crack under mechanical stress. To permit long-term aging, creep, and
cracking measurements, a dedicated facility has been established. It
consists principally of seven temperature controlled heat chambers, in
which stressed and unstressed cable samples are exposed to constant
elevated temperatures for long periods. Creep distances can be preci-
sion measured by X raying at regular intervals.

Creep shortout is investigated in detail in Section III. The main
parameter for creep effects is the average stress at closest proximity
between cable wire and (metallic) support. This stress is determined
essentially by the wire radius, the support curvature, and the weight of
the overhanging cable part. For stranded wires, the position ot the
strands is also of importance. It has been found that with increasing
time two phenomena occur which decrease the likelihood of creep
shortout. First, the strands will position themselves such that the

ef fective support areas increase. Second, plastic bending of the wire
leads to further increase of the effective support area. With this, the
effective stress decreases and creep slows down.

For realistic geometries, creep shortout is observed only at very high
temperature ‘> 175°C) in combination with high stress (> 500 lb./sq.in.)
where failure will occur in a very short time (hours or days).
Temperature and radiation hardening slow down creeping with increasing
exposure time, and the mitigating phenomena described above come into
play. The critical stress (~500 psi) causes different lengths of
critical overhang for different cable gauge sizes; the scaling equation
is presented in Section IIIL.

Under creep loads below the critical stress, and at temperatures higher
than 200°C, a temporary shortout phenomenon is observed that involves
high embrittlement and even "powdering™ of the polymers, but not a
touching of wire and counter electrode. After a short while, the cable
returns to normal performance. The phenomenon is rare.

Crack failure (Section 1V) is different from the above described cases as
it requires the presence of a (contaminated) liquid or condensate. The
two most important, of the situations investigated, are cracking of
undisturbed cables in (long) conduits and cracking due to bending during
maintenance activities. In both cases, crack appearance correlates well
with the polymers reaching a certain critical strain to break factor
(e.3., e/ey ~.02). (An example pertaining to "through" cracks, i.e.,
cracks extending all the way to the conductor: such cracks will, under
no outside stress, appear in 5 days at 200°C, and in about a year at
125°C. For bending after cooling, the corresponding times are only one
half. If the temperature does not exceed 100°C, through cracks under no
outside stress will not appear in 5 years.) It is important to note that
even a few days exposure to very high temperatures (200°C) will produce
inadmissible cracking, however.



In Section V the conclusions drawn from the above described detailed
measurements and accompanying analytical considerations are summarized.
The measurements were made without radiation exposure and only for a few
years’' duration. Arguments are presented demonstrating that the results
are applicable and conservative for real containment environments and
over long periods, viz. 40 years. Briefly, creep shortout is mitigated
by radiation that enhances embrittlement; for cracking, strain to break
curves measured under radiation have to be used to make the prediction
model valid. The essential fact is, however, that situations of concern
occur only at high environmental stress, i.e., high temperature and
bending. During the life of a reactor these situations occur rarely and
only for brief periods, much shorter than the reported aging and
measurement times. Within the uncertainties of the complex overall
structures, the above results are, therefore, generally pertinent.

Finally, in Section 1V, some brief recommendations to improve electrical
system reliability are given. As cracking has been shown to be of most

concern, occurring even at relatively brief high temperature excursions,
sealing of the cabling system may be advisable. In addition, long cable
overhangs over sharply curved corners should be avoided.



I. INTRODUCTION

A. Program

A three year detailed experimental and analytical study on cable failure
in a reactor containment has been performed. This discussion extends,
improves, summarizes, and attempts to extrapolate data reported
provioully.loz

Considerable effort has been expended in the past 10 years to understand
the complex aging and deterioration of polymeric cable materials in a
reactor environment. Some of the pertinent publications are quoted in
references 1 and 2. Of interest is a recent publication by Bustard, et
ll,a containing U.S. and European deterioration data.

Materials' deterioration may or may not cause deterioration of electrical
circuit performance, however. The present investigation deals with cable
cireuit failure and correlates, where possible, electrical performance
deterioration with materials' deterioration.

The cable failure problem is of considerable complexity due to the large
number of variables introduced by materials combinations, additives, rate
effects, circuitry, aging sequences, environments, mechanical support,
and others. Even a conservative compilation (c.f. Reference 1,

Appendix A) shows from 25 to 30 independent parameters leading to
hundreds of thousands of different combinations. The situation is
further aggravated by three additional facts:

(1) Cables, per se, are simple and well-developed components, whose
failure rate is very low; many experiments are therefore needed to
determine reasonably reliable and statisically valid failure data.

(2) Many parameters of possible importance, such as additives and
materials processing sequences, are proprietary, often unknown,
and/or batch variable; this requires a multiplicity of tests for
statistical evaluation.

(3) Extrapolation in time requires a deterioration model, such as the
Acrchenius dependence. Such a model is not known for multicomponent
devices such as cables exposed to several deterioration mechanisms at
the same time.

Literature studies and several hundred scoping tests served to bound and
define an acceptable program. The program's aim was to find and
understand the most important operational failure mechanisms for
electrical cables in a reactor containment environment. Extrapolation to
40-year exposure with the possibility of a reactor accident at the end of
this time is desirable.



B. Simplifications

Constraints had to be imposed and simplifications had to be introduced to
keep the experimental investigation within feasible limits.

Considerable simplification was possible through the realization that for
modern qualified cables operated at design voltages or less, the observed
and projected deterioration of most electrical properties of the cable
(such as loss factor or breakdown field strength) is unlikely to lead to
electrical-system failure. Two electromechanical failure mechanisms are
of concern, however: (1) creep shortout, occurring when a mechanically
stressed cable is bent over a corner and conductors are pulled towards
each other or towards a grounded electrode, and (2) cracking of the
insulating layers, which in the presence of electrolytic conduction may
lead to current diversion or breakdown.

One constraint which had to be imposed on the experimental program is the
use of a single combination of materials (EPR for the insulating material
and Hypalon for the jacket) and a single cable geometry (600 V, 20-A
rated low-power cable); this cable is typically used in nuclear power
plants. By adopting this choice, the number of experiments described
below became statistically significant at least for one cable design. An
attempt will be made to generalize the results to other cable types by
correlating the observed cable damage with the rather well-known
materials deterioration. Analytical extrapolation to other geometries
and to a variety of mechanical stresses is accomplished by correlation
to, and then generalization from, simple scaling models.

A number of additional simplifications are made, that are generally
thought to be conservative (i.e., increasing the predicted frequency of
damage). First, for cracking, any crack penetrating through the jacket
to the cable insulator was assumed to be a "failure." Second, it was
known that radiation exposure mitigates creep shortout by embrittling the
polymers; hence, in the creep experiments, only temperature exposure is
used as an aging mechanism. Third, to extrapolate cracking data, a
working hypothesis was used that links cracking to the end value of the
breaking strain for the materials, disregarding the combination of
radiation and/or time-temperature exposures under which the breaking
strain was obtained. Fourth, (and perhaps not necessarily conservative),
creep shortout was defined as an impedance of less than some fraction of
an ohm. These simplifications decrease the number of necessary
experiments.

On the other hand, the experimental effort was increased by extension of
a test parameter. Up to now, maximum temperatures during an accident
were generally considered to be below 165°C; for this investigation,
maximum test temperatures of up to 225°C were included. The reasons are
threefold: (1) an expectation that predicted containment temperatures
may be increased to account for more severe accident scenarios, (2) the
fact that cables may be overloaded and therefore hotter than the
environment, and (3) the desire to accelerate the aging process in
experiments being conducted.



C. Facility

Extrapolations, scaling laws, and even the general damage mechanism may
possibly change radically with future introduction of new cable designs.
To be prepared for a subsequent need to repeat (some of) the
investigations, a dedicated long-term exposure facility has been
established, It consists of seven automatically controlled heat chambers
and three large heat pipes, all designed to operate with minimum
attention for long periods. Self-calibrating fixtures that permit
accurate mechanical measurements over long times have been incorporated.
The facility is described in Reference 1, Section III.

11. PURELY ELECTRICAL FAILURE

This section deals with purely electrical and electrochemical cable
failure (field breakdown, thermal runaway, internal gas discharge,
tracing, and tracking); the cables are assumed not mechanically stressed
(tracking) or geometrically deformed. Purely electrical failures are
extensively treated in References 1 and 2. A summary of the important
results will be sufficient for the present discussion.

While our experiments were all done with EPR-Hypalon cables, the data
from literature show, that the results are essentially also applicable
for designs using PE, XLPO, or XLPE insulators. The electrical
properties of these materials are quite similar; average breakdown field
strengths differ by factors of 3, and conductivities by factors of 10 in
either direction. For the purpose of this section, order of magnitude
arguments are justified; differences between insulator and jacket can
then be ignored.

All cables are assumed uniform and operated within ratings; severe
overloads (circuit breaker failure) make the analysis invalid. Within
ratings, and with no geometry changes, the operational field strengths in
power cables and the thermal loads occurring are very small compared to
critical values. An order of magnitude change would not lead to failure.

A. Field Breakdown

Considerable breakdown data are reported in literature. Qualification
tests with high dose rate aging have been performed by a number of
investigators, including Bennet4 (XLPO), Thome® (XLPE and EPR), and
Hosticka et al.® (XLPE); all of whom used minor variations of the
standard IEEE qualification method.’ The tests revealed no breakdowns
except when cables were cracked by rewinding, for example, and then
immersed in water (a case excluded in this section).

Of interest is a report by Grub and Lan;eset.8 who exposed unusually

long samples of EPR cabling to a total of 300 Mrad of radiation (combined
gammas, betas, and neutrons) over 4 years. The authors found no
noticeable change in breakdown field strength over this time and dosage.



The average dose rate in the Grub-Langeset test was about 8 krad/h, much
less than generally used for qualification aging. Dose rate effects on
the breakdown field strength of EPR, then, must be very low or
negligible. The same conclusion is arrived at in dose-rate effect
neasurements by Asaka.?

ureakdown tests for cables are generally conducted at room temperature.
Occasionally, tests are also conducted at the highest temperature
predicted during an accident. For EPR, the breakdown field increases
with increasing temperature, as Corbelli and Toniolil? have found for
temperatures below 100°C. One possible explanation is that

breakdown- causing gases diffuse outward more easxly at higher
temperatures. Measurements by St. Onge et al. 11 yerify this
dependence up to 170°C for EPR, while mzasurements for XLPE show a
decline of the breakdown field to one-half as temperature increases to
170°C.

Extensive measurements of breakdown field strength above 170°C were
performed during our investigations. An example for the EPR-Hypalon
cable is shown in Figure 1 for 225°C aging . Over a week the average
breakdown voltage increased about 10% over that observed for the
room-temperature voltage, while the standard deviation stayed about the
same.

It is concluded that increasing temperature and radiation rates do not
severely decrease the breakdown field strength and sometimes increase
it. Synergistic effects are unlikely and apparently have never been
reported.

B. Dielectric Loss Failure

A second purely electrical failure mechanism is caused by a strong
increase in dielectric loss (or insulator conductivity) which may lead to
circuit starvation or to thermal runaway. Loss factor (for ac) and
insulator resistivity (for dc) are related parameters used to assess the
damage phenomena.

Radiation treatment does permanently change the loss parameters. It
sometimes improves them somewhat, and where it is detrimental, the
changes are less than an order of magnitude. As examples, tests by
Kuriyama, et al 12 and Bustard 13 may be mentioned. As a few

examples below will show, increases of dielectric losses by several
orders of magnitude would be of some concern with presently used power
cables; for signal cables the effects would be totally negligible.

Dose rate influences on the two parameters (loss factor and insulation
resistivity), were also measured by Kuriyama et al. 12 There is only a
small change in each parameter as the dose rate increases. Seguchi et al
14 nave exposed EPR and low-density PE cables to irradiation with dose
rates varying from 5 to 500 krad/h and to a total dose of 100 Mrad. The
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authors find there are no dose-rate effects if the materials contain
anti-oxidants; otherwise, the dissipation factor increases by about 50%
with decreasing dose rate, which is in agreement with Kuriyama's
results. It is concluded that dose rate effects are small and not
important for dielectric losses

In contrast, the influence of temperature on cable losses is substantial,
although generally temporary (i.e., they last only as long as the
temperature is elevated). 1In Figure 2, the insulation resistance as
measured by Murata et al 15 during a LOCA simulation is plotted.

Compared to room temperature, temperatures of 174°C decrease resistivity
by nearly 4 orders of magnitude. The data are only slightly affected by
the aging methods used.
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Figure 3 gives an example of higher temperature measurements (up to
225°C) performed in our investigation. The dc leakage current (Ip),
averaged over ten l-m-long cable samples, is seen to increase by nearly 7
orders of magnitude over the current measured at room temperature. The
ac dissipation factor (D) first decreases with increasing temperature (as
additives perhaps diffuse out of the polymers) and then rises to not
quite 0.35; dissipation factors were measured at operational ac voltages
and frequencies.

What do these data mean? The following discussion of thermal runaway is
based on a comparison of the heat generated by losses in the conductor of
the cable whici: is unavoidable, and the additional heat caused by the
dielectric losses in the insulator and the jacket. The first quantity is
current dependent, the second depends on the applied voltage. The cable
presently under investigation, AWG #12, has a conductor resistance of
0.00828 ohms/m at room temperature. At 100°C, this value is increased by
a factor of 1.43. At the maximum rating, 20 A, the cable current causes
heat generation of 4.74 W/m at 100°C, and somewhat more at higher
temperatures. The installation has to be able to carry this heat flux
away, and usually is amply dimensioned to do this. Therefore, dielectric
losses may add a comparable amount of heat generatiorn without undue
consequences. To be conservative, we will stipulate that additional
dielectric heat input will not exceed 20% of the permitted current heat
generation. Dielectric losses are therefore limited to 0.95 W/m for the
present cable,

For d¢, the dielectric losses are U2/R where U is the applied voltage

and R is the leakage resistance of the cable per unit length. For an
applied voltage of 480 V, R must be larger than 0.24 Mohm.m to keep the
losses under 0.95 W/m. The cable (average) measurement in Figure 3 (with
an applied voltage of 500 V aud a leakage current of 0.4 mi at an
equilibrium temperature of 225°C) yields an average value of 1.2 Mohmem
at the highest experimental temperature. This cable design can thus be
assumed to be safe from thermal runaway up to 225°C.

For ac, the losses are essentially electronic and therefore generally
less than those for dc, which contain an additional ionic conductivity.
For a D-factor of 0.35, the ac losses, UZLCD. with C being the cable
capacitance per unit length, are about 0.015 W/m for the example in
Figure 3 and are therefore negligible.

The above deductions assume that the loss resistance and the D-factor are
reasonably uniformly distributed along the cable, i.e., that there is no
"bad spot" sclely responsible for the leakage current. For the
measurements in Figure 3, this is assured by the standard distribution
value for the 10 leakage current measurements, which reaches only a
factor of 2 for the highest temperatures.

Not many measurements in literature are made at temperatures as high as
225°C. 1f we wish to determine from such lower temperature measurements

=315
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the highest sate operational temperature, we may (for EPR) use the
leakage current curve in Figure 3 for scaling.

There are many variations in EPR composition;13 the statistical chance
exigsts, that the EPRs in the measurements quoted above were better than
average. A safe temperature for EPR power cables would then be 200°C; as
Figure 3 shows, the 25°C decrease would lower the average leakage current
by about an order of magnitude. (As will be shown below, this
temperature has to be loweired more if the cable is mechanically stressed.)

€. Other Phenomena

wWhile radiation is applied, the conductivity of insulating materials is
enhanced due to additional carrier generation. This phenomenon should be
independent of temperature but could conceivably cause excessively high
currents during accidents. Figure 4, taken from a paper by Murata et
al,!5 ghows measurements on EPR cables preaged in a variety of ways,

and then, during measurement, exposed to radiation. After an initial
drop, resistivity varies by about a factor of 3, and is not proportional
to the dose rate. Extrapolating to a dose rate of 10 Mrad/h, (a dose
rate comparable to those expected in an accident), indicates that a
parallel resistance of more than 100 Megohm would appear across a 1l-km
length of cabling. At higher temperatures, the effect would be
overwhelmed by thermal-carrier generation.

With no cracking, the influence of humidity on cable resistivity is
observable but small. Measurements by St. Onge et al (Reference 11,
Figures 4-3 and 4-5) show an order of magnitude increase in conductivity
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for XLPE under extreme humidity (soaked cables) compared to dry
conditions. A somewhat smaller increase is shown for EPR. The
measurements quoted above (e.g., Figures 2 and 3) include the influence
of humidity.

Cables immersed in water, as might be the case after an accident, may
exhibit a particular form of field breakdown caused by water penetrating
the cable along micro-fracture structures. A phenomenon named
"tcoein;"16-17 develops, where treelike fractures filled with liquid
slowly extend into the insulators. This phenomenon is of importance at
high field strengths. Data are not available for low operational fields,
those smaller than 1 kV/mm for power cables. Treeing becomes less
pronounced at high temperatures, while the influence of radiation is
unknown. An experiment representing the probable worst case has been
operated for 36 months. In this experiment, ten 1l-m-long cables have
been soaking in a salt water solution at room temperature under field
strengths 5-times higher than the operational level. No breakdowns have
been recorded.

For a cable with very high insulation resistance, another breakdown
effect has been reported in the literature.18a,b p space charge region
may build up under irradiation, causing high local fields and a discharge
breakdown. In reactor circuits, the effect would be strongly mitigated
by low circuit impedance; it can be disregarded at higher temperatures,
where higher conductivity would cause the space charge to leak off.

Not directly related to cable properties is surface breakdown at the end
of the cable. It is called "tracking" (as carbonized tracks form across
the surface) and has been extensively investigated for reactor accident
conditions.l? Breakdown occurs under high humidity on dirty surfaces,
across which a voltage of a hundred to a few hundred volts exists. The
phenomenon is of concern for armored cables (rarely used) and cable ends
clamped to ground in a very short distance from a medium voltage
conductor. Cleanliness and sealing of switch boxes will eliminate this
problem.

D. Comment on Circuit Failure

The present work deals only with primary cable failure, 1. e., complete
breakdown of the cable proper. The above discussion of leakage contains
data, however, which permit useful comments on other and potentially more
common total or partial circuit failures.

The first phenomenon of concern is circuit starvation - loss of so much
current through leakage, that the load does not receive enough power. A
100-m long circuit is considered. At 480 Vv, 190°C, and 0.24 Mohmem
resistance, the circuit would lose 200 mA, which for a power circuit is
unimportant. (At 175°C, a circuit using the cable of Figure 3 would only
lose 0.6 mA.) For a signal cable operating at 50 V, the losses would be
a tenth of the above values or less. A 10% current loss may cause
unacceptable misreadings, if the inforration readout is current dependent
(for example, for pressure transmitters;.
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Similarly important is crosstalk, particularly between power circuits on
one side and control circuits on the other side. As stated above, a
power circuit with a marginal cable may generate a stray current.
However, installation regulations demand total spatial separation of
power and signal ciccuits; where this is the case, no problem exists.
Signal-to-signal circuit crosstalk is mitigated by lower voltages.
lnstead of the 200 mA of stray current in the above example, 20 mA would
be available. 1f a small part of this (e.g., 2 mA) enters a signal line,
the accuracy of indication would suffer, but the readings would not be
meaningless. As starvation and crosstalk depend strongly on geometry of
installation general statements are impossible. Estimates such as those
presented have to be made for specific layouts of pcssible concerns.

E. Summary and Conclusions

The above data and those in rvefereuces 1 and 2 show that EPR-Hypalon
reactor cables, mechanically unstressed and with undistuirbed geometrcy,
and operated within rating, are extremely unlikely to gemerate total
circuit failure during a reactor accident, unless the cable temperature
exceeds 200°C where thermal tunaway may occur. Some data exist
predicting the same for XLPE and XLPO insulation.

A method to scale the critical temperature to other cable designs has
been discussed.

The importance of making a number of measurements to permit assessment of
uniformity of a sample cable design has been established.

With purely electrical effects (in power cables) not of concern for
temperatures below 200°C, the investigation had tu stress the electrical
ef fects of mechanical phenomena. Creep shortout and cracking will be
analyzed in the following sections.

4 & SN CREEP SHORTOUT

A cable is stretched by an applied force, F, over a surface with a radius
of curvature, r. The metal wires will creep through the polymeric
insulation and cable jacket; after some time, metallic contact between
cable wires or between the wires and the cable support may occur. This
gsection will mainly deal with purely mechanical shortout. (At very high
temperatures and stiesses a [temporary] electrical breakdown may occur
without mechanical contact.)

Figure 5 shows an example of cables pulled, by the weight of a vertical
gection, over a conduit corner. The worst case situation results, if a
bottown cable is bent over a sharp edge, the cable is pressed down by the
upper layers of cabling, and the vertical section hangs free (i.e., is
not supported by friction forces).
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limited to the simplest case where the cable

consists of a single wire surrounded by an (EPR) insulator and a
The conducting wire is stranded, and the creep
dimensional. An attempt has been made by Reaugh of
ence Applications, Inc. to obtain a computer analysis using
of-the-art available programs His findings are described in
Even with simplifications (cylindrical wire,
2-D treatment), present

The present discussion is

(Hypalon) jacket
deformation is 3

state
Section 3 of Appendix A.
predictable materials properties, programs turned

out unsuitable
for a satisfactory analysis,

It has become clear that the main proble
is long term

permitting scaling from one cable design to another,

Corner

Figure 5: Cables Pulled Around Conduit



detevioration of the cable materials properties, which is largely unknown
for times longer than a few years. How deterioration influeuces creep
behavior has not been investigated hefore.

In this situation a comprehensive and long duration experimental program
was neccessary. Extrapolation and scaling have to be made cautiously. To
obtain a basis for evaluations of measurements, some theoretical
considerations are described first.

The creep-shortout of a cable obviously involves very large strains,
i.e., strains close to 1. Such cases are not treated in literature.

The low-strain behavior of polymeric materials including rubber has been
thoroughly investi;ated.zo Even the long-term o2r "aging" phenomena of
these materials are subjects treated in textbooks .21 Unfortunately,

most published werk is limited to temperatures below "transition”
temperatures, which means that only the lower regions of the temperature
vange of present interest are covered. (For EPR the transition
temperature is not well defined, and the transition is not severe since
only a small percentage of the polyethylene incorporated into the
compound shows a crystalline melting point; the "transition” lies between
temperatures of 70° and 90°c.22)

At low temperatures and low strain rates, creep is a linear function of
applied stress, o, and a function of a time dependent "creep
compliance," J(t), or its inverse, the creep modulus, M(t). The creep
strain, ¢, is given by

€ =a ¢ J(t) = o/M(L) (1)

where o is assumed constant, and J or M is measured at a constant
temperature, T.

For the same material, curves representing the time dependence of J,
measured at different temperatures, starting times, and stresses, are
geometrically similar. Consequently, the curves can be obtained from one
another by translation of the horizontal or vertical or both axes, and by
scale changes. Figure 6 shows a Bell Telephone Laboratories "master
curve" obtained by shifting many measurements to obtain oveclay with a
room- temperature curve.23 1If this creep strain behavicr applies also

at high strains, a extcapolation of creep shortout data can be based on
the shape of the compliance curves.

Some presently available literature creep data for EPR are discussed in
Reference 1; the "effective viscosity" approach and its relationship to
the compliance method are also discussed there.

The above relationships, as indicated, are not numerically valid for the

high strain case; they are used as phenomenological guidance only for the
experiments described below.
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FRENT SYMBOLS REPRESENT
STRESSES RANGING FROM 0.3-5.5 MPa
AND TEMPERATUKES FROM 23-110°C
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All creep experiments i : © anging cable samples over curved
supports, the urvatu i1 ying from .2mm (“sharp sheet”, Figure

{ Reference 1) t Stretc ights were applied in a distand

sufficiently far ‘om tl! SUPP point to av« transfer of shear
stresses to the support neighborhood £ e stretching

J its are pictured \ pure 2 ; C ‘ The most of
arrangement , designe« Tl sion X ; SUCe \ is shown

Figure

Six hairpin shaped cable samples are positioned over gooseneck
supports and stretched by lead weights (visible at the rear of

mounting strul:s For three of the six yles ! max imum

PE
electric field was maintained between c le wir d support by

the highest operational ac voltage, 480 | short-1ndicat
ircuits are seen lccated on the right of e 7 The other

were powered only during brief measurements

in




Figure 7: Photograph of a Tensioner

A calibration arrangement, discussed in Reference 1, permitted alignment
of all the (gooseneck shaped) support structures in such a way, that the

axes of the support cylinder passed through the X ray source This way
the true distance between wire and support was projected A correction
method for misalignments occurring during months of heat exposure was
developed To avoid or minimize sporadic density gradients on the X-ray
film and on subsequent enlargements, the exposure was done very carefully
and the developing and enlargement processes were automated. With this
method, the "creep distance,"” e.g., between the (hairpin shaped) shadow
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of the cable wire and the rounded support cylinders (with calibration
hole) pictured in Figure 8 (more fully discussed below) could be
determined to an accuracy of about 10 microns.

With the precision arrangements a total of 240 X ray exposures were made
in 2 1/2 years; each X-ray film carrying information on 6 cables which
had been exposed to identical environments, half of the cables being, in
addition, under electrical stress.

The X-ray measurements had the advantage that the cable was not disturbed
by the test and was the same through the full exposure. 1In early tests,
cables were exposed, then carefully cross-sectioned along the plane of
the most severe deformation. The remaining thicknesses of insulator and
jacket were then measured; Figure 9 shows a cut through & new cable and
through a sample exposed to temperatures of 125°C and nominal stresses of
2 MPa for 1 day. (The cuts were made after cooling to room temperature.)

It ix seen that deformation is nonuniform, asymmetric and, in this
example, accompanied by unraveling of the wire strands. (It is believed
that the cutting process itself did not contribute noticeably tc these
distortions.)

An inportant evaluation parameter is the stress, s, generated by an
applied stretching weight, W, An effective support area A has to be
estimated. After the wire has sunk in and the wire support distance is
small compared to the wire diameter, the effective area, A, shouid be
proportional to the wire radius, ry,, and the curvature radius of the
support, rg, such that

A = kegry (2)
where k is the proportionality constant.

The proportionality constant, k, should be of the order of unity. I(n
Reference 1, an argument has been presented that k ~.3. Newer results
show that k¥ = 1 is more justifiable. This value will be chosen in the
present analysis. Equation (2) heolds only for cables hung around
cylinders. For special geometries, this value has to be meditied. For
cables lying on a plane and then hanging from a sharp edge (Reference 1,
Figure 19) the support area is increased by force transfer from the tlat
position; replacement of rg in Equation (2) by the cable radius r,
appears to give a reasonable approximation. At high temperatures
(»>150°C), cables hanging over a thin flat plate (Reference 1, Figure 18b)
stick to the sides of the support. According to Reaugh,<® the factor

in Equation (2) then assumes a value of 3 to 4.

All cables tested were of the design used throughout this investigation.
The seven-strand copper conductor had an average tadius of 1.15 mm, while
the EPR insulation and the Hypalon jacket had thicknesses of 0.74 and
0.51 mm, respectively.
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Figure 8 Symmetric (a) and Unsymmetric (b) Hang of Cable, 6 Power

Magnification



Figure 9 Cut Throug a ¥aw Cable (a) and a Cable Stretched by 0.9 kg at
L25°C for 1 Day (b)

B. Measurement Results

Under mechanical and thermal stress, the distauce, v, (Fig. 8) between
the cable wire and the support becomes smaller fast at the beginning of

the test This is largely due to the fact that the contact area is very
small in the beginning and the stresses e, therefore, high. After a
while, the contact area approaches tbh tue defined above in

Equation (2) and the distance vedv Y o scomes much slower. Figure 10
shows an example taken at vario s ‘ 1it.) stresses, each rdnt
representing the average of two vte cables. In the lowz2s plct a

shortout occurs (for both cables) after 52 hours under 190°C nnd at a
nominal stress of 6 x 10% N/m?. (6900 Newton/m* = 6900 Pascal =

1 lb/sq.in.) For the support used, a cylinder of rg = Z.4mm vadius, a
weight of 4-1b. creates tiie above nominal stress of 880 lb/sq.in. = 6 X
10° Pa. To generate an ejuivalent stress for a standard cable, a free
overhang of about 120 ft. would be needed.

From this and similar experiments it is seen that at high temperatures
high stresses can produce shortouts in a short time, a few days or less
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The dielectric breakdown behavior at high voltage exposure showed an
even more surprising effect. As Figure 12 shows, breakdown voltages
measured for 18 cables at 225°C do not vary significantly with the
thickness of the remaining layer. The explanation for this may be
that mechanical compression near the support improves the insulating
matecrial (e.g., by removing bubbles, closing microcracks, and
densifying the polymers). Using an experimental facility developed
by K. Gillen,%® a 5% density increase was measured for EPR samples
removed from a location just above the support point. Cable
breakdown in the support region therefore becomes less likely with
increasing exposure; breakdown along flaws at other locations remains
unaffected.

BREAKDOWN VOLTAGE (kV)

(8]
E]

&)

O OO» O

o
 DEFORMATION

)

2 SLEEVED CABLES .
1 WIREHANGER Il, 225 C
® WIREHANGER lil, 225°C
1 .0 5 ® WIREHANGER IV, 225°C + HEAT SPIKE .
225°C
o.a l l
.01 0.1 1.0 10.0

REMAINING '_|'_H_LCKNESS (mm)

Figure 12: DC Breakdswn Voltage vs. Remain.ng Polymer Thickness at 225°C

-27-






Rows 6, 7, and 8 use the support width, 4, defined in Figure 12,
and the major and minor axes of the elliptical projection cf the
calibration hole, 4,, 4. Support width is known to be

4.76 mm, and the major hole diameter is very close to 1 mm. The
two quantities are -herefore useful to obtain scaling factors.
In vow 6 the scaling factor is printed out directly.

Row 9 gives the values for the measured tilt angle, a, versus
the vertical, indicated in Figure 8.

A computer program calculates corrections and averages of
interest from the vaw data. (The digit behind the decimal point
in rows 10 through 14 is carried only for program convenience
and is not significant.)

Row 10 determines the support shadowing corrvection (i.e., the
part of y hidden by the shadow of the not ideally aligned
support) from the minor to major ellipse axis ratio, i.e., from
the data in rows 6 and 7. The value is shown in microns.

Row 11 improves the correction by taking the tilt angle (row 8)
into account.

Row 12 shows the actual thickness of the EPR layer in microns,
calculated by dividing row 2 by row 6, the scaling factor.

Rows 13 and 14 list the corrected apparent thicknesses for the
Hypalon and for the total polymeric layers. As the lower part
of these layers may be partially covered by the support, the
correction caleculated in row 11 is added.

Row 15 provides averapges for the 6 thickness measurements in
tows 2 to 4 in microns. The EPR values are listed in column 2,
Hypalon and total values in columns 4 and 6, respectively.

Rows 16 and 17 contain the standard deviations for row 15, ia
microns and percent of the average value, respectively.

In rows 18 to 23 are listea the normalized values for the data
presented in vows 12 to 17; for each cable the total thickness
before exposure is defined to be 100%,

Finally, in rows 24 and 25, reduced group values are listed.
These help in assessing uifferences between the three cables
under voltage and the three nonenergized cables. Here the

preexposure thickness for each of the layers is set at 100%.
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Table IIL

Example of Data Evaluation

Raw Data

175°C, 2-mo exposure

Cable Number

EPR, measured (mm)
Hypalon, measured (mm)
Total, measured (mm)

Alpha, (degrees) (Fig.8)
Scaling factor

Large hole diameter (mm)
Small hole diameter (mm)
Phi, (degrees) (Fig.13)

Computer Evaluations

10
11
12
13
14

Kappa (um)

K*sin(phi)

EPR (uym), corrected
Hypalon (uym),corrected
Total (um),corvrected

Average (um)over 6 cables
std. dev. (ym)
Deviation (%)

23.
6.
354,
234.
588.

Reduced, EPR (%)
Reduced, Hypalon (%)
Reduced, Total (%)

Average, E, H,T (%)
Std, dev., E,H,T (%)
Deviation (% of %)

Group Averages
E,H,T, 1 to 3 (%)
E,H,T, 4 to 6 (%)




The reason for introduction of normalized values is that the original
dimensions of the cable samples, although taken sequentially from the
game reel, vary considerably. Bending the cables over support rods
increases the variation. In Table 1V, some statistical data of
interest are shown. The first three groups of figures show

before exposure averages for 42 cable samples used in the seven creep
experiments; thicknesses and standard deviations are measured in
microns and the relative standard deviations in percent. For a
population of 42, a relative standard deviation of 10% must be
considered large. Normalization of the total thickness to 100%
eliminates the standavd preexposure deviation for this parameter; as
the two bottom groups in Table 1V show, the relative deviation for
the EPR insulator is halved, and the relative deviation for the
jacket improved. The original dimensions are thervefore not reduced
proportionally. This points to nonuniformity of composition or of
processing and makes extrapolation more difficult. Further
statistical facts will be analyzed below, after the exposure
experiments have been discussed.

Measurements of the remaining thickness of the EPR layer (only)
versus time are presented in Figure 14 (average values of the 6
cables in each test) and Figure 15 (worst cable of each lot of 6),
with the exposure temperatures as parameters. The cables were not
aligned as far as the position of the wire strands is concerned (see
drawings in Table 11); a random assembly was attempted.

In short-term measurements under load, such as depicted in Figure 10
above, it was observed that the reduction of the creep distance
occurred the faster, the higher the temperature was. This is no
longer the case for a few months exposure, as Figure 14 and 15 show.
In Figure 16 the thickness reduction after 3 months is plotted versus
the temperature of the experiments; it has a minimum around 100 to
125°C. The phenomenon is easy to explain. 1In the beginning the
cable material is the softer, the higher the temperature is, and thus
sinks in the faster. But at higher temperature the hardening of the
polymers accelerates after a while compensating for the greater
softness - the distance reduction curves then flatten out.

More surprising seems to be the observation that after a year or so
the creep distance, y, becomes larger again. The effect is most
pronounced between 100° and 150°C. The "lift-off" phenomenon is due
to the plasticity of the wire and the subsequent redistribution of
support stresses.

In Figure 17 the geometry of the cable is shown a) for the beginning
of the creep process and b) for the time after which the cable wire
has bent to a smaller radius. (The drawings exaggerate the effect.)
On top of the Figure is the situation pertaining to the stretching
arrangement of Figure 7, on the bottom the geometry for a corner.
After the stress has moved to the outside, the center of symmetcy
lifts up and plastic is squeezed back. While the effect complicates
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Table 1V

Preexperiment Averages, 42 Cables

EPR Layer (microns)

Standard deviation, EPR, (microns)

Rel. Standard deviation (%)

Hypalon Layer (microns)

Standard deviation, Hyp., (microns)

Rel. Standard deviation (%)

All cable (microns)
Standard deviation, (microns)
Rel. Standard deviation (%)

553.

55.3

10.

328.
35,
10.

881.
69.

Reduced thickness, EPR, (%)
Standard deviation (%)
Rel Standard deviation (% of %)

Reduced thickness, Hyp., (%)
Standard deviation (%)
Rel. Standard deviation (% of %)
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Figure 16: EPR Reduction Afcer 3 months vs. Temperature

the test evaluation, it is beneficial as it increases the effective
support area and thervefore slows creep.

Another kind of Lift-off effect is observed for cables for which the
strands have a unfavorable lie, gimilar to Figure a) in Table IIL.
This geometry, as stated above, is unstable. The strands therefore
twist into position b) and for a while the distance, y, to the
support will increase. It is believed that this phenomenon is
responsible for some of the sudden upward "spikes" in the data of
Figures 14 and 15.
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The above described phenomena, temperature nonlinearity and wire

lift-off, are most strongly developed for the EPR layer. The Hypalon

jacket, added for protection, consists of tougher and more stable

material, and is expected to exhibit less average creep. N

Figure 18 describes the Hypalon layer reduction for 1-1b. load
weight, a nominal stress of about 220 lb./sq.in. A comparison with
Figure 14 for EPR shows that the overall temperature dependence of
creep is reduced by about a factor of 3. A nonlinear temperature
dependence similar to Figure 16 is still recognizable, but it is
noticeably smaller. Most important is the relatively low dependence
on increased load. A few data points obtained with 2-1b. load weight
ave plotted in Figure 19. A squeeze-out such as for EPR, which would
lead to shortout, as in Figure 14, is not to be expected; an almost
200 micron thick layer remained in all long-term experiments.

In Figure 20 a majority of the long-term data points pertaining to
the composite thickness (EPR + Hypalon) are entered. A log- log scale
is used to make long-time projections easier. Total thickness for
the worst out of 6 cables is plotted in the right upper region for
the groups of cables under 1-1b. and 2-1b. loads (nominal stresses
220 and 440 1b./sq.in. respectively).

At least for small strains the creep compliances (see Figure 9) for
longer times can be represented by a power law; extrapolation has
been discussed by steuik.?? 1In Figure 20 a conservative power law
extrapolation line is drawn, which assumes the average total
thickness of polymer insulation (882 microns, see Table 1V) still to
exist after 8 hours of exposure, and which would decrease to a
thickness of 1 micron in 40 years. All long-term measurements (upper
vight), 220 and 440 psi stay above this line and tend away from this
"eritical curve."

To describe the meaning more clearly, some data points for 880
Ib./8q.in. (6 MPa) are drawn on the left side of Figure 20. At this
nominal stress the 190°C measurements tends away from the critical
curve, predicting the shortouts shown in Figure 10. (The 125°C
values may cross the critical curve later. The 225°C measurements
have shortouts at less than 8 hours, which are not shown.)

As a measure for the quality of the data, the relative deviation for
our samples of 6 cables are plotted in Figure 21. The percent
deviations increase essentially with increasing temperature and
stress. Part of this is due to the fact that with increase of these
parameters, the reference value, remaining thickness, becomes
smaller. Otherwise, the measurements appear surprisingly well
behaved and support the conclusion that the measurement methods do
not have a systematic ecror.
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For the present discussion the criterion will be that cracks penetrating
to the inner conductor may cause a shortout and are considered as causing
failure.

Three specific situations are of primary concern:

a) Long cables lying in conduits or trays, unstressed by outside forces, .
may develop cracks under thermal cycling or shrinkage.

b) Cables, sharply bent, (e.g., around conduit corners) may crack under
the mechanical stress produced by temperature cycling or by overhang
weighting. (This stress is tensile and perpendicular to the cable
cross section, in contrast to the compressional stress responsible
for creep shortout.)

¢) Cables, embrittled by aging, may be mechanically stressed and cracked
by handling, e.g., during maintenance.

Variations and combinations of thege characteristic situations may occur.

The investigation of cracks in cables is made difficult by two

phenomena. First, a crack will originate at a flaw, and the distribution
of nonuniformities is generally widely variable. (Once a crack starts
enlarging, it relieves tensional stresses in its neighborhood and
prevents turther cracking there.) Second, cracks, especially small ones,
can heal n;nln.za (This phenomenon was clearly observed and witnessed
only once during this investigation, but was quite conspicuous at the
time.) For these reasons, measurements of number and size of cracks
oceurring for a certain temperature history and stress distribution will
show large variations.

Extrapolations are difficult, too. Investigations at the Bell Telephone
Laboratories?? have shown that for low density polyethylene (LDPE)
cables the time needed to develop incipient cracking, plotted versus
inverse temperature, exhibits non-Acrcrhenius behavior. 1t cannot be
assumed that the present materials combination behaves more simply.

Ninety percent of all cracks observed are either (nearly) circumferential
(i.e., perpendicular to the cable axis) or (nearly) axial (longitudinal).
In ovder for a crack to occur, stresses perpendicular to the direction of
the crack must be present. These are quite easily explainable for
bending cracks, but require involved mechanisms for very long straight
cables. It has been found that a combination of materials' volume
changes, together with (nonuniform) sticking of the cable layers to each
other and/or to the cable wire are mechanisms which occur and may suffice
to explain the observations.

A i te

wWhen EPR or Hypalon are initially heated up, the materials first expand
(see e.p., Reference 11, Figures 3-7). After a while (months at 75°C,
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8. Cracks in Long Conduits

Cables lying horizontally in long conduits are essentially free of outside
applied stresses. Cracking phenomena for such conditions were studied in
three thirty feet long iron pipes of 2-inches diameter, surrounded by
thick foam insulation. 1In each of the pipes, six long cables were heated
by passing from 20 to 30 amperes of dc current through the cable
conductors. Thermocouples were positioned at 1-m intervals on the inside
of each pipe. An upper third of pipe and insulation could be removed to
permit cable insertion, cable removal, and inspection. The arrangement

is described more fully in Reference 1, Section IIIL.

The heat distribution along the pipe caused a fall-off of the temperature
by sbout 4% with reference to room temperature within one meter from each
end. The temperature acrose the pipe, measured outside the ca*les, was
constant within ?%.

A briet experiment demonstrated crack generation during a severe heat
spike, where temperature was permitted to rise to 320°C in two hours.
After cooling, the system was opened. The wires had warped and some had
crogsed over others. Both perpendicular and longitudinal cracks were
present . The perpendicular cracks went through both jacket and insulator,
the longitudinal cracks occurred in the jacket only. The distribution of
the cracks is ghown in Table V. 1t is of interest to note that one

cable, otherwise indisgtinguishable from the others, showed no cracks at
all. This demonstrates the nonuniformity of material and/or processing.
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TABLE V

Perpendicular and Longitudinal Cracks in 10-m Long EPR/Hypalon Cable
after Severe Overload
(Temperature rise to 320°C in 2 hours)

PERPENDICULAR LONGITUDINAL
L_H J ————
——— ——eeeee

1 EACH 110 em LONG
1 EACH 4 cm LONG

PEMN AL U e 1 EACH 81 om LONG
1 EACH 4.9 mm WDE

e 1 EACH 96 om LONG
HONE 1 EACH 113 em LONG
MONT MONE
TEACH 10 om LONG
2 EACH 4.1 mm WDE 1 EACH 20 om LONG
1 EACH 3.2 mmn WDE 1 EACH 22 em LONG

1 EACH 77 em LONG

Long-term experiments were performed (with cable bundles of six each) at
95°C, 135°C, and 165°C. Every three months the test pipes were let cool
down, opened, and the cracks were counted. Their direction and
approximate widths and lengths were noted.

Two experiments were run at 95°C, a temperature slightly higher than the
rated value. An early test lasted one year, a much more precisely
controlled test had a duration of 2 1/2 years. No cracks developed.

Data from measurements at 135°C and 165°C are compiled in Table VI.

After 3 months at 165°C and after 6 months at 135°C, a rubbery, blackish
effluent (which later hardened) was observed at three to five locations
in the pipes. A chemical investigation showed that the effluent
consisted of hydrocarbons and exhibited a high water content. No adverse
influence on cracking or electrical breakdown could be discovered.

C. Other No-Stress Measurements

As opening and restarting the conduit experiments described above is
cumbersome, the measurements were spaced 3 months apart. This is not
enough to determine the onset of cracking - and especially that of
through cracks with desirable accuracy.
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TABLE VI

CRACKING IN CONDUITS: WNumber of all cracks and/or through cracks

Exposure Perpendicular Longitudinal

Experiment (months) All  Through All  Through Comments
12 gauge, 135°C 3 0 0 0 0
0 0
12 184 189 984 0
10 gauge, i35°C 3 0 0 0
A 79 0 o |
12 gauge, 165°C 3 113 24 12 2
6 782 42 370 19 lorgitudinal
[*) cracks
12 2757 756 948 6 combine

A special series of tests was undertaken with bundles of 60 cable pieces,
each 1-ft. long, inserted into ovens in use for other experiments. In
intervals of days at high temperatures, and of half-months at low
temperatures, three or six each of the cables were withdrawn an? analyzed
for cracks. The resulting data are shiown in Figure 24, where the number
of cracks measured in 3 cables is plotted. (I.e., at 225°C half the
total numder of observed cracks is shown.)

With izcrezsing time, first cracks are observed in Hypalon. After the
time has about doubled, through-cracks appear. The samples exposed to
100°C oc lower temperature did not exhibit any cracking ir 2 years - a
result in agreement with the observations in long conduits.

D. Hot Cracking in Stressed Bends

Especially in loug-duration experiments, crack. may form during cooling;
hence a tes: series was performed where cracking was evaluated before the
specimens had opportunity to cool.
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Thirty five cable samples were exposed to a thermal treatment in which
the temperature was slowly increased, over a period of 5 days, to 225°C
in steps of 25°C. The cables were stretched over a sharp edge with
weights of either 1.6 kg or 0.34 kg each. Half the experiments were
performed in a dry atmosphere; for the other half, the humidity ranged
between 95% and 100%. In the last experiment, a one-hour heat spike of
265°C was applied before the normal heiting sequence,

Listed in Table VIl is the average number of observed cracks, the average
width of the ~racks, and the integrated crack width per cable. Also
given is the percentage of cracks which reached the conductor (through
cracks). 1t was observed that the formation of cracks increased strongly
hetween 200°C and 225°C. One crack in experiment I1I was found to have
healed after cooling. All cracks, with the exception of 2 out of nearly
100, were perpendicular to the cable axis.

The most severely stretched cables, those in experiment I, clearly
exhibited the largest number and the highest total width of cracks. The
average crack width was very low in this experiment. The presence of
humidily (during the relatively brief aging experiments) does not seem to
have noticeable influence. The addition of a heat spike, simulating a
temporary overload, had strong impact, however. It resulted in very tiny
cracks (or crazing) which did not penetrate to the conductor. This
inconsistency (and some of the observations above) may be related to the
adhesion of the insulator to the center wire. In the first three
experiments, the three cable components (jacket, insulator, wire) stuck
inseparably to each other after cooling. The heat spike in test IV led
to easy separability of the three components, however.

The experiments were designed to simulate severe accident conditions.
Temperatures above 175°C and high mechanical stresses lead to substantial
crack formation within days.

1t was observed that occasionally cracks formed during cooling and even
later. Such cracks were fewer than 10% of the total.

E. Cold Bending Cracks

To simulate damage from bending during maintenance handling, sample
groups of 6 cables each were exposed to temperatures of 75°, 100°, 125°,
150°, 175° and 225°C and were allowed to cool completely, then bent
around a mandrel. Care was taken to exert as little longitudinal stress
as possible. The bending jig is described in Reference 1, and shown
there in Figure “3. The cracks, most of which appeared in the bends or
their immediate n:ighborhood, were counted.

The results of the test series are plotted in Figure 25. Of major

interest are the “"through" cracks which appear on the lower part of the
Figure. It is seen, in comparison to the unstressed crack distribution
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Table V71

B Crack Statislice For Heating to 225°C Qver 5% Days
Perpendicular Cracke

- —— o —— — - —— —— — - | . . 77 i

Experiment I 4 ¢ T11 v
Numher ot cabies 10 10 10 S
Load per cable (kyg) L.6 9.38 0.4 0.34
Suvirenment Ovy D'y  Humid Humid

(Heat Spike)

- —n, -

Average number of
cracks per vable 4.6 1.9 2.3 1.6

Standard deviation “0% 3a% 21% 154%

. e —— e — - — o — ——— —— ——

Average width
of wracks {mm) 0.9 Y | 1.6 0.1

Standavd daviation 271% 51% 47% e

o — 4 — g 5 - g — — . 1. o . e . . e

Integral crack
width (o) 4.2 2.1 3.7 0.1%

- g g i e o e -

Through cracks
{(percentage) % 5% 61% Q

— o v— — . |~ ——._—e | e . e . . ), et .

of Figure 24, that thcough :Packs appear earlie¢ if the cable is hent.
The Hypalon surcace cracks, for ciariry, have not been plotted to low
numbers. They do, of course. appear much earlier yet than they do for
nonstressed cables. As the data for 225 show, the lypalon crack
digtribution has a minumum: with increasing temperatune ficst very many
small cracks appear, then fewer dut large: cracks ave geverated by
combination of small ones Afrer some ‘ime, a few of the larger cracks
extéend through the EPR insulater, Torming the Lhrough cracke plotted 1ir
Flgure 25.
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Sticking measurements (or rather observations) were also made in
connection with nonstressed cracking, Figure 24, but are nct marked in
the plot. Observations were made on other occasions. In Figure 27 the
acquired sticking data are shown in a log time versus inverse temperature
plot. Error bars are estimated. Downward arvows arve used to identify
data points where only the upper limit is known. The time, at which
Hypalon reaches a strain to break factor e/e, = 0.1 is indicated as a
reference line. Tf the fusion processes can be described by an
activation energy, the respective energies for sticking are smaller than
the activation energy for embrittlement of Hypalen (and of EPR).

G. Discussion
1. Cracking Without Outside Stress

A theoretical treatment of cable cracks generated without outsgide
stress is available in J. Reaugh's report, Appeadix A, Section 11.
Although the model is highly simplified, it explains many of the
observed features reasonably well.

In Figure 1, Appendix A, the theorvetical stress distribution
calculated for the model used is shown for a certain shrinkage
situation. The axial stress, oz, is seeri to be higher in Hypalon
than in EPR. It is also higher than the circumferential stcess in
both materials. The material will, therefove, first show
circumferential cracking in the Hypalon at the EFR -Hypalon boundary.
A stress distribution instability willi make the crack prapagate o
the surface.

The various possible combinations of stress developtent are treated
by Reaugh in Figures 4-6 of tne referenced report; the maximum
normalized stresses o/E = (AR/1)/7(AV/V) are plotted versus

Hypalon to EPR volume change. The location of maxitum stiress is
indicated by the letters a (Wite-EPR boundary) and b (EPR Hypalon
boundary). Where no location ingicater is used, the streges is the
same throughout the matérial whigch is z2lways identified by
superscript H or E.

In Figure 28, which is basically identical to Reaugh's Figure 6,
an example situation is marked We choose o Hypalon to &PR volume
change ratio of 1.6, and (e.g. from Figure 23) &V/V = .15,
According to Figure 28, thi highest stcress developed is o; im
Hypalon; the Figure shows that (AR/R)}/(AV/V) {s .64 for the
present example. The stcain AR/x is rherefsre .190. If this
equals the breaking strain e, the material will crack. For a
breaking strain e, = 3.5 before aging, the critical wvalve for
e/e, = .03, When the aging material reaches this embritrlement
factor, perpendicular cracks will aoccur. The seconﬁ highest
stress is the circumferentia)l stress in Hypilon, % at the
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EPR/Hypalon boundary. Here AL/L turns out to be .067 and the
critical e/e, value is .02. At this value longitudinal cracks will
occur,

The above example describes the behavior of the tested materials
reasonably well. In all measurements made, perpendicular cracks
oceur earlier in the aging process than do longitudinal cracks.
Below, the crack formation and the aging time at which the necessary
values of e/e, are reached will be compared.

For materials where EPR expands instead of shrinking, Figure 28
predicts the occurrence of axial cracks first. The interesting
feature is that comparable stress values and therefore comparable
cracking are to be expected.

Figure 28 pertains to the "no slip” case; i.e., it is assumed that
the three materials are fused together. From Figure 4 (all slip) and
Figure 5 (sticking at conductor only), Appendix A, it is seen that
the expected stresses are lower, often appreciably so. Cracking will
therefore be inhibited at short ag'ng times and low temperatures,
where the cable materials are not fused.

2. Stress Cracking

For the assessment of bending cracks, a simple two-dimensional model
can be developed with the help of Figure 29.

A strip of cable material of width 2p is bent (without deformation

of the cross section) over a cylinder of radius r. At the outer side
of the geometry, where cracks can start developing, the length of the
plastic around a quarter bend is w(r + 2p)/2. At the neutral

fiber, the corresponding length is w(r + p)/2. The resulting

bending strain is then p/(r + p). This strain is augmented by

o/M, if an applied stress, o, exists, where M is the appropriate
modulus. Cracks will develop if the sum of these strains exceeds or
equals the breaking strain, e, that is, if

e 5 P + (3)

T +p N

The experiments, for cold bending described above in part (E) of this
section, were of course performed with round cables ard not with
strips. Stress o, as stated, was minimized. Lateral deformation

of the geometry, usually less than 10%, was neglected. It was
assumed that the effects of sticking between the three materials was
small compared to the influence of the bending stress, Equation (3).

For the experiments described above, (e.g., the data in Figure 25),
the bending radius, r, was 6.4 mm. The radius p extending to the
surface (Figure 29) is 2.4 mm. The corresponding radius for the EPR
Hypalon boundary is about 2 mm. According to Equation (3), cracking
should occur for e/e, = .08 on the Hypalon surface; through cracks
should start when e/e, = .06 for EPR.
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The model based on Equation 4 may be useful to estimate the
embrittlement ratio e/e,, above which no cold bending cracks will
ever occur: For a very sharp bend (kink), the bending radius cr will
be very small and the ratio p/(r + p) will tend towards unity.

With e~1, the limiting value e/e, for the materials used in the
experiments described above will be about 0.3. A very conservative
working hypothesis would therefore demand that e/e, be kept above

0.4 to avoid any cold bending cracks. In the present experiments, no
cracking has ever been observed above this value.

3. Time Dependence

The above discussions of both "unstressed"” and of bending cracks
links the occurrence of cracks quite simply to the strain to break
ratio e/e,. This is fortunate because this parameter is relatively
well known for many materials.

In Figure 30 and Figure 31 our measurements are compared with updated
e/e, measurements by Gillen.?2 1In our Archenius type graphs his
(average) straight lines for the time needed to reach e/ey, = .1 for
Hypalon and e/e, = .25 for EPR are entered. The smaller values for
e/e, calculated above to imitate cracking will lie above these

lines. We note that the activation energies for the two materials
are practically identical. Our measured data are linked by lines
parallel to Lhe lines characterizing the materials.

Figure 30 shows the beginning of cracking versus temperature, where
no outside stresses are applied. The data are from Figure 24, some
additional not specifically reported me¢asurements at 190°C, and from
pipe experiments; for the latter only an upper limit of the cracking
times could be determined. With increasing time, Hypalon cracks
appear first. After the time has more than doubled, through cracks
are formed.

In Figure 31 a corresponding plot is furnished for bending cracks.
Most of the data pertain to the rcevere bending strains discussed
above and lead to the data in Figure 25, for example. The data for
different cross-section of Figure 26 are entered (at 125°C
temperature) and marked by the cable gauge number. Very
approximately, bending cracks occur at half the time of the
corresponding unstressed cracks for the same aging treatment.

The error bars in Figure 30 are due to uncertainties in time
measurements, and are the Gaussian deviations of the crack number
distribution plotted on a linear scale. Instead of ervor bars, the
influence of cable design (i.e., mostly gauge) is indicated in
Figure 31. The uncertainties of the present measurements are larger
than the ones observed by Gillen for his measurements of e/e,.
Nevertheless, the correlation of cracking with the embrittlement
factor e/e, is convincing.
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unstressed cavles lying horizontally in a conduit, cracking starts
fast at high temperatures. The first through cracks in our test
cables showed up in 12 days at 175°C and multiplied rapidly with
increasing time.

Crack appearance correlates well with the appearance of a certain
critical strain to break factor (e/e, = .03), as indicated in
Figure 32, an extended composite of data presented in Figures 30
and 31. If the exposure temperature does not exceed 100°C,
complete cracks will not appear in 5 years.

It is of interest to note that at around half the exposure time
needed for "unstressed"” complete cracks, the cable will, after
cooling, be prone to cracking during maintenance.

B. Radiation Influence

The data for the above work have been taken with temperature aging only.
In certain cases the results have to be adjusted, if substantial
radiation aging is present.

In Section II (purely electrical failures) it has been shown that the
presence of even large dose rates increases cable conductivity little, if
compared with temperature enhancement. Electrical runaway is therefore
not influenced. Radiation aging over long times is shown to have very
small and often beneficial effects on breakdown properties.

For creep assessment, additional radiation aging will enhance materials
hardening and is therefore beneficial.

The theoretical description of crack formation shows that only the strain
to break ratio e/e, is of importance, not how it is caused 1.8, by
thermal or by radiation aging or by both). But additional radiation will
shorten the time needed for a certain degree of embrittlement, and in the
graph of Figure 32 the “cracking lines" (e.g. a) have to be lowered (line
b). The distance a-b has to be experimentally determined; it should be
negligibly small for the normal radiation background in a reactor.

C. Extrapolation

It is impossible in principle to extrapolate statistical data from a few
years' observations to the expected reactor life of 40 years. We are,
however, mainly interested in the importance of the data for the safety
of the reactor. Two established facts are helpful for that assessment:
Firstly, a basic understanding of the deterioration phenomena of concern
has been developed, no indication of sudden increase in damage has been
found and is to be expected, and a reasonable extrapolation as well as an
assessment of damage changes with changes of the environmental parameters
is possible and justifiable. Secondly, real situations of concern have
been found to occur fast only at high environmental stress, viz.
high-temperature. During the life of a reactor these situations
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occur only rarely and for times of days (accident, circuit breaker
failure). Normally the temperature is below 80°C, and radiation flux is
at worst of the order of 200 mR/hr.

It follows that what is of interest for long times are actually low
temperature and low radiation deterioration data. Our experiments (e.g.,
Figure 14, 75°C data points, Figures 30 and 31, and room tewmperature
measurements not specifically reported) show that deterioration is far
too small to be of concern or that no detericration could ve detected in
3 years. Some evaluations by Gillen and Salazar?® extend to 15 years:
Cables, aged at low temperature (e.g., 48°C) and low vadiation (120
mR/hr) were takeu fror. sactor, which had not operated (no radiation)
for half the exposw rme. No mechanical deterioration (e.g., in

e/e,) had occurred.

Theoretically one now has to worry about a kind of synergistic time
effect: The long term, low environmental stress aging may cause the
polymer system to respond more severely to sudden high stress (heat
spike) than our measurements for a non preaged system show. Our
understanding of the phenomena certainly predicts the opposite for creep
shortout, but may have some effect on cracking.

Actually, preaging may diminish the generation of surface cracks. In
Table VII cracks under stress are listed. In Column IV of this table
five measurements with cables exposed to a brief heat spike before aging
are compared to 30 measurements taken under steady rising temperatures.
Average crack width and number were much lower than for the other test
samples, and no through cracks were observed.

The cracking data presented appear to be challenged in literature:
Gllroy29. at the Bell Telephone Laboratories, has measured the
incipient occurrence of microscopic surface cracks (not through cracks)
for low density polyethylene (not the much tougher Hypalon). His data
are entered on the right side of Figure 32; the measurements extended
through 4 years. The curve shows bending in the unfavorable direction.
The data are not applicable to the present system; however, the 15-year
measurements referred to above would have had to show a measurable
decrease in e/e,.

With the above argument, it is justifiable to state that the shortout
criteria presented in paragraph A are not materially changed - and
sometimes mitigated - by long term exposure.

D. Conclusion

EPR- Hypalon reactor cables, and those of similar polymeric composition
are highly reliable components. At low temperatures and low continuous
radiation, no failures are to be expected if current and voltage ratings
are not exceeded. High temperatures may cause creep shortout, but only
for very large overhangs, not compensated for by tieing. For
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unsealed conduits, high temperature high humidity conditions may lead to
crack shortouts.

V1. RECOMMENDATLONS

The admitted variation of cable properties both for the EPR-Hypalon
family, and particularly for other cable compositions, may change the
parameters we have identified above for safety assessment. As was
discussed, there is little concern for the purely electrical parameters,
in this area present cabling is specified and used very conservatively.
It is, however, recommended to add a determination of the critical
stress, above which creep shortout may occur, to present qualification
tests. As evident from Section III discussions, critical stress can be
found in relatively short time and with tolerable effort. As mentioned
(and already generally being done), it is also necessary to determine the
strain to break ratio (for each design and radiation environment) to
assess cracking.

Other recommendations resulting pertain to circuit and systems layout and
are often self evident and occasionally already implemented: The
avoidance of overloads, generally required, should be specially mentioned
as (long) heat spikes may have severe secondary effects. The
conduit/connection box system should be sealed to prevent malfunction
caused by cable cracks. Sharp bends, already forbidden by many
installation codes, have to be avoided even more carefully in the light
of our results. Long vertical overhangs, if unavoidable, should be tied
back for stress relief, and/or the curvature radii for overhang supports
should be made large.
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ANALYSES OF MECHANICAL FAILURE OF ELECTRICAL CABLES

1. INTRODUCTION

This report describes Lthe analvses af two modes of electri~
cal cable failure ~ 1nsulator cracking and creep short-out. Re~
portes of an OngoiLng Ccompeanlon experimental program (ef. 1)
describe the test methods and results. In this report, we dis-
cuss analveis methods suited to describing the two kinds ot
experiments, and resullbts that have been abtained.

The approach taken in these analyses 18 to use =implitired
constitutive descriptions of the materials to identify and 11lu-
minate trende in the esperimental results, rather than to develop
the compler constitutive models that would be required to des-
cribe the detailed behavior of cable insulation and jacket ma-
teriales during bthe aging process. Thue the analvses are not
intended to be computer simulations of the experiments, but
rather analveses of simplified material behavaior 1n simplitied
geometry under similar loading conditions.

The results of this approach have succeeded 1n illuminating
several of the experimental trends. We presenlt these results
with substantial emphasis on the methods used, their limitations,
and suggested efforts for further development.
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2. STRESS ANALYSIS OF INSULATOR AND JACKET CRACKING

2.1 INTRODUCT TON i

A sequence of experiments (Ref. 1) was pertormed on bundles
ot 10-m long cables. The horizontal lavout and mechanical con-
nections were asuch that the cables were under no mechanical load.
The cable bundles were placed in insulated pipes. and held at a
steady temperature, After a waiting pericd that depends an the
temper ature of the specific esperiment, both perpendicul ar cracks
(which run completaely eround the circumference) and longitudinal
cracks (which are parallel to the cable avis) are observed.

It was separatelvy chserved that unstressed cables heated for
a Lime~temperatuwr e combinagtion exhibilh permanent, volumetric
shrinkage. Gillen (Ref, 2) has shown that for typical cable
insulation materials, the volume change can be positive (swel-
ling) or negative (shranking). Hypalaon, used for the jacket of
Lhese cables, alwave shhvainks., For the cables used in the experi-
ments (Ref. 1) both EFR, the insulation material. and Hypalon
shrink, although the Hypalon shrinkage 1s about 1.8 times the EPR
shr inkage.

It is also observed in Ret+. | that there 1s an ordered
sequence of changes with time at all temperatures:

1. There i1& free slip between Hypalon and EFR, and between
EFR and the center conductor.

2. The EFR sticks to the conductor.

T« Hypalon sticks to the EFR.

We performed a stress analvsis of a single long cable with
permanent volume change to illuminate these results.

2.2 STRESS ANALYSIS

For the stress analvsis we make the following simplifving
asuumptions:

1. Cvlindrical svmmetrv., with the multi-strand center con-
ductor represented as a cylindrical, ri1agid body.

20 Isotropic elastic materi1als, although EFF and Hypalon .
may have different properties.

3. Volume shrinkage or swelling is geometrically uniform,
although EFR and Hypalon may have different values.




4. Thermal expansion strains.
0,001 are 1anored
strains, which may bhe as

The geametry for the stress analysis
cylinder . The i1nner radivs (which 1@
central conductor and the EFPR) 18
Boundary is B, and the outer

equations that falliow, the radial
direction 18 B, and the avial
Hooke s law for the stress
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The esquation of stress equilibrium is i

B s = O. &3
ar r !
¥ !

Combining (1) and (2), and substituting into (3),

> !
d“u 1 du u !
ol B - ey 0. (4) !
dr r dr r L
L
L
The solution of equation (4) 1s :
,
I
]
(5) \

u=C + D/r,

where C and D are in general different in the two materials. .
Thus there are six unknown parameters — C, D, and e for mate- ‘

rials 1 (EPR) and 2 (Hypalon). The six equations are devel opad
from the boundary conditions.

Condition (1) Free slip:

w, (a) = O, when Srl 18 compressive

|
' (6. 1) |
5. ,t(a) = O otherwl se ]
ri :
+
srl‘b) = Srz(b) €7.1)
:
w. (b)) = u.ib), when 5 _(b) 18 compressive ]
’ < rs (8.1 |
Srl(b>= O otherwise l
[
Srzlc) = Q (?.1) ?
Sz1 = 0 (10.1)
>3 €i1. 19

f
:
5. =0 |
|
;
:
|
:

A=y




Condition (2 EPR sticks to the conductor:

Equation (4.1) becomes

UI(‘) 0 (hae2)

s0 that Lension 1s allowed at the sticking i1nterface. Other
altered eguations are

€, =0 ' (10.2)
G . =0 (11.2)

T

and the other equations are unchanged.

Condition (3) All boundaries stick together:

The altered equations are

ulte) = 0 (& 3)
ul(b) = u:,(b) (8.3
.4 = 0 (10.3)
€. " 0 (11.3)

and the remsinder are unchanoed.

The six equations in six unknowns are then solved. A compu-
ter program written in BASIC that assembles and solves these
equations 16 presented in the appendix.

For the present evample, the baseline properties are taken
to be that the elastic properties of EFR and Hypalon are the
same, and that the Hypalon volume shrinkage 1¢ 1.8 times the EFR
valume shrinkage. The geometryv, corresponding to the dimensions
of the cables tested in Ref. 1 is specified by a=1,15 mm, b=1.89
mm, and c=2.4 mm. For condition (3), EFR sticks to the conductor
and Hypalon jacket, the stress components normalized Lo Young's
modulus times the EFR volume change are shown in Fig. 1. In that
figure, positive stresse is tonsile, The equivalent stress, used
in mechanics to compare the approach to failure in an arbitrary
stress state wilth failure in uniaxial tension, 1s given by

— " T S S o _—y s St 2 % 7§

8 = \[1.5(5‘ + &< + 87) (12)
@q r -] 2

where the stress deviators., e.qg. s, are given by

- = - ... :)
W Sr (Sr + S9 ¥ Sz)/a. 135
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In a s1aple tension test, S = 8 . and S5 /E = « Thus
(=25 2 eq z

the normalized sauivalent strese 18 1dentical with the equivalent
strain normalized by the EFR solume shrinkage.

-

1t 1e not uncommon that the strain-to-fracture 1s i1nfluenced
by the state of stress - the strain 1s laraest when two of the
three principal stresses are zera, and smal lest when all three
are esqual (hydrostatic tension). The strain-to-fracture of aged,
embrittled EFR and Hypalon under Lthe state of stress indicated in
Fia. 1 1s unknown. From edsperience wilth ather materials, it 1s
likelv that the the strain-to=fracture, €y under these condl -
tions 1s such that

e e

+
where e is the measured strain to frecture 1n simple tension when
aged by the same time-at-temperature conditiorn. AgINa curves

for Lhese and similar insulation and jacket wmateriale are fre-
gquently presented as the ratio e/& vs. time, where € 15 the
strain-to-fracture in uniaxial tension of the unaged material.
For EFPR and Hypalon, € 18 about 3.5, Although we present the
results of these analvées as the ratio e/e_ for comparison with
aging curves, it should be noted that the giscussiun above
suggests that failure may occur sgoner than the ageing time
corresponding to that ratio.

Taking the EPR volume shrinkaae to be 20U, perpendicular
cracks would appear in Hypalon when it has aged enough that
e/em = 0,04, lonaitudinal cracks when efe = 0,03, Ferpendicular
and longitudinal cracks would appear 1in EBR when e/eo = 0,02,

Although, as Fig. 1 shows, the maximum tensile stresses are
at the inside radii of the two materials., elastic fracture mecha-
nics analysis shows that i1n this geometry for these stress dis-
tributions, both kinds of cracks are unstable. That 1s. 1+ a
crack starts, it will propagate to a boundary without requiring
additional stress or agina.

1f, as seems to be the case experimentally, the Hypalon
cracks first, we argque that perpendicular cracks, which are
driven by the highest tensile stress in EFR at the Hypalon boun-
dary, are more likely to be cracked through to the center conduc-
tor *han are longitudinal cracks. A detailed analvsis of the
influence of a crack in Hypalon on the stress state in EFR has
not been pertormed.
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We additiornally pecrforned a seqguence of calculations to vary
Hypalon properties telative to EPR. Filgure U shows the relatlve-
Ly minor effect of Hypalon's Poisson's ratio, and Floure T shows
the relatively minor effect of Hypalon’s Young's modulus. Finasl-
lys, Figures 46 show normalized strecs at the i1nterfaces as =
function of the ratio of Hypalon valume changs ta EFR volume
chanqge for EFR expanding as well as shrinking., These facts make

the present anelysis more generallv useful.

Al thouah essentially 11 stress 1n EPR 14 compressive when
the EFR erpends. ong cannob conclude that thvough-crscks are
tmpoessible, A more detailed analvsis of the stress redistribu-
tion caused hy Hvpalon cracks should be performed to determine 1+
there are conditbtions that would permit through-cracking,

2.3 SUMMARY

When bath EFR and Hypalon shrink, tensile stroeess is deve-
loped that will promote crackirng provided that the materials have
embrittled sufficiently. Assuming 20% volume shrinvage for EFR,
3&6% volume shrinkage for Hypalon, =3d the unaged strain-to-frac-
ture of both materials, e = 3.5, then the ceble will show per—
pendicul ar cracks in Hypafon when the Hypalon has aged enough
that e/e = 0,04, longitudinal cracks in Hvpalon when
@/e = 0?03, and both perpendicular and longitudinal cracks in
EFR when /e = 0,02, We note that the state of stress may
produce crac?ing somewhat souner than the values given. For
through-cracks to develop (1f Hypalon cracirs first) the stress
radistribution caused by Hypalon cracks must show a sufficient
strese riser that EFR cracking is promoted, thereby continuing
the Hypalon crack. Since the EFR axtial stress at the Hypalon
boundar v is much larger than the hoop stress, perpendicul ar
through-cracks are favored over longitudinal through-cracks.

2.4 RECOMMENDATIONS FOR FURTHER RESEARUH

We have not included consideration of the ordered sequence
of changing boundary conditions, and the corresponding history of
permanent volume change in these materials, A& more accurate
analysls would take this sequence into account, and compare with
e/eo aaing curves for Lhese materials,

We have noted that the presencse ob a crack redistributes the
stress an the uncracked section. The wethods of linear elastic
fracture mechanics can be used to obhtain the stress redistribu-
tian. Since the estiwmated nominal strain-to-fracture is on the
order of 15%, however , the inherent small-strain assumption of
fhat discipling i1e only marginally met, The alternative is
numer ical simulatiaon. The radistribution of stress 15 perhaps of
Bven areater importance for assess:ng the likelvhood of through=-
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cracks when the EFPR aor other insulating material swells instead
of shrinks. We note that two-dimensional analyses would be ade-
quate to obtain this stress redistribution for both perpendicular
and longitudinal cracks.

All of the preceeding (performed and recommended) analyses
have postulated that the volumetric shrinkage 1s uniform and
isotropic. 1t is clear from these analyses that nonuniform but
isotropic volume change would tend to promote cracking earlier
in the aging process (provided that the e.cess shrinkage were in
the region of high stress), and that ce tain (but not all) aniso-
tropies would also promote earlier cracking. Since there has
been evidence and theory that both aging and densification are
not uniform with radius, the erpected time of crack appearance
based on aging curves, is only approximate. We would recommend
that the stress analysis presented here be generalized to incor-
porate best-available information on the non-uniformity of volume
shrinkage so that quantitative, although approsimate, estimates
of the aging at which cracks appear can be obtained.

Finally, the unknown property in these analyses is the
strain-to-fracture for these materials under multiaxial states of
stresa. Without independent measurement, we can only present
approximate values of e/e for comparison with aging curves.
Cracking may occur soonerothan the indicated time.

A=149



3. STRESS AND DEFORMATION ANALYSIS OF CREEP SHORT-OUT

3.1 INTRODUCTION

In the creep short-out tests (Rnf. 1) electrical cables are
bent into an inverted U, huna over rods of verious diameters,
welighted, and held at temperature. The cable tensioner 1s shown
in Figure 7, taken from Ref 1. Gradually, with a velocity that
depends on temperature, the center conductor moves thr oughy the
insulation toward the support. See Figure 8, also taken from
Ret. 1.

fuasi-static analysis, Ref. 3, had indicated three trends
that were both apparently amenable to and required more deta:led
anal ysis:

1. The support stress was inversely proportional ta the
support radius.,

2. The support stress was proportional to the square-root
of the applied load.

. 19 The drift of the center conductor was a power-law func-
tion of time. For a given support geometry and load., the
drift velocity depends on the creep complilance.

Although three non-linear compubter simulation programs were
thought to be capable of doing these analyses, none was entirely
successful. We report both the difficulties we encountered with
applving these programs to the problem, as well as the results,
for the benefit of further analvses.

3.2 COMPUTER SIMULATIONS

We simplified both the geometry and the material description
of the electrical cable. The first geometrv, Figure 9, shows the
cable cross—-section. Only half of the cross-section 1% calcu-
lated, as shown - the other halt i1s represented by & symmetry
condition, In Figure 9, the central portion (the conductor) 1s
represented as a rigid body: a vertical downward force 1s ap-
plied through the center of masss. Since the calculation 1s
performed in plane strain, that force is actually a force per
untt out-of-plane length.

The actual value of that force was to be determined by a
second calcul ation. In Figure 10 we show the pre-bent cable
hanging over a rigid cvlindrical bar. Here, too, the calculation
is plane-strain, with half the geometry inferred from a symmetry
condition. An enlargement near the contact surtace of the cable
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and support rod are shown 1o Figure 11, The verticral stress at
the plane of svmmetry, multiplied by the out-of-plene thickness,
fraom this calculation was to be used »5 the verticael force per
urr bt outl-of ~plane thickness in the fi1rsh geomealry,

We attempted first to caleulate the geometry of Figure %,
using the force estimated from a previous, analviic calculation
tRet, 3, assuming thalt 1t would be a straight~forward applica-
tion aof the computer simulabtion progr ams We found that assump=-
tion to be tneorrect,

Fe s STEALTH Analvsis

Al thouah the STEALTH finite-=difterence code (Ret., 4), wril~
ten by SAL for the Elsctric FPower Reseaooh Institute, 18 an
erplicit, time-marching code, 1t incorporated the features re-
quired for the analvais = creep model formul ation, riagid-body
pedwraction tncluding void openinag and closing, and formal ated
for Jarge displacemaents amd rotatons, 1t had been previously
used at GHLA for salt creep analvees of the Waste lsolation Filot
Fraoject, and ahowed reasanabil e performance in the Benchmark Fro-
ar aim.

For creep applications. the Courant condition, which re-
gquires that the time step for each computational cycle 15 less
than the time required for sound to travel across the narrowest
sone, must be sidestepped. The method vsed 1s to modify the
inertia term 1in the equation of motion. Mare pragmatically., the
mass density 1e increased. thereby decreasing the soundepeed,
until the total deformation takes place 1in a large, but compuba-
tinally feasible number of cycles, on the order aof 10,000 for
this analysis. This method has been used in explicit codes for
many vears, ©#qg. Ref. 5.

We were unable to successfully complete the analysis beyond
a total time of a few dave., The goal, of course, was 40 years.
The major problem seemed to be tnvolved with the motion of compu-
tational zoones adiacent to the rigid body as they slip around and
are effectively extruded from underneath the conductor-insul ator
interface. Once an extrusion (sidewavs) velocity was set up, the
artifically large inertia of the computational cells were arti-
ficially difficult to stop. The resulting severe mesh deforma-
tions resulted 1n an effective proagram halt. After several
unesuccessful attempts to continue, the attempt to use STEALTH was
abandoned,

In retrospect, the STEALTH calculation required an artifi-
Cial drag to retard the extrusion velocily. Were further anal -
yvees attempted with STEALTH, we would recommend that the resolu-
tion be increased, with twice as many zones around the circumfe=-
rence (at least near the conductor-insulator interface) and a




velocity-dependent drag on the computational nodes that slip on
the conductor. An alternative to the latter would be an addi-
tional control on the time-step to limit the slip mobtion 1n any
cyvcle to approximately a zone dimension. Although the develop-
ment of an appropriate artifice would be somewhat time-consuming,
a8 it reguires some trial-and-error, we feel thet 1t does have a
reasonable chance of success,

3.2.2 NIKE Analysis

The NIKE finitte-element code (Ref. &) also has the required
features for these analvses. It was also available on the SNLA
computer system. We were unable to even start the analysis
however. Debug print statements introduced i1nto the code helped
to isolate the difficulty as an apparent bug in the random 1/0
package used at SNLA to alliow 1/0 compatability with computer
codes developed at LLNL. Simple attempts to fix the bua were
unsuccessful., The attempt to use NIKE was abandoned.

It 18 plausible that with a concerted effort, the NIKE code
could be made Lo run on the SNLA computer system. Indeed, chan-
ges to the Cray Operating System made subsequent to our attempts
(in the Spring of 1983) may permit the code to run in these
applications without further eftort. Since the NIKE code has
been faormulated for large-displacement slip on interfaces, in
contrast to ABADUS, discussed subsequently, the effort required
to set up the analyses and to make the required modifications to
allow for compatability with the ABADUS creep model would seem to
be wor thwhile., We recommend that such an effort be pursued,

2.2.0% ABADUS Anal yses

The ABADUS fintte-element code (Ref., 7) 1s liscenced to the
SMLA computer facility. We thought we were successful in analy-
21g both geometries with ABADUS., We subsequently discovered,
howeser, that the small displacement assumption inherent to the
inter face-slip description of ABADUS Version 4.4 had compromised
the accuracy of our results., Attempts to use the rigid-body slip
fovmulation in the development version (Version 5), were unsuc-
cessful .

We performed two calculations in the first geometry (Figure
?) with 200,000 dvne/cm force to 40 vears, and with 600,000
dyvnes./cm to 10 vears. Figure 12 shows the detormation due to the
smaller load at 40 vears, and Figure 13 shows the deformation due
to the larger load at 10 years. In those figures, the aoriginal
configuration (dashed lines) overlays the deformed configuration
tsolid lines).
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The creep law used 18 strain-hardening (as opposed to time-
har dening’ . The creep-stratn rate 18 glven by

“ 9.2 ln-lo P t—m.alsa

= (14
€ e eq

in cgs units, Here eceu is Lhe eguivalent creep strain, and £ 1s
Lime (sec). This law is cuonsistent with the creep compliance

inferred 1n Ref. 3 from analyvesis of experiments on these cables.
Hote that in this analvsis., no distinction nas heen made betweesn
the properties of EFFE and of Hypaelon, and no interface between
the two materials has been speci fied,

The migration of the center conductor for those two anal vses
is shown 1n Figure 14 using the same cholce of plotted variables
as 1n Red, 1 (solid lines) and a moditied set used in Ref. 3
(dashed |ines) that apparently permite straight-line e trapaola-
tion, Gualitatively, higher lnads produce more severe defor ma-
tion. Bolh these celculations vuse the assumptions of constant
force per unit gut-of-plane distance, 1.2, a two-dimensianal
geumetry, and & constant creep law.

We have to admit that Lhe results are Lnaccurate, In Figure
12, for evample, we note that the element adijecent Lo and in
contact with the center conductor 1s severelv doetormed. The
algot tthm used 1n ABADUS for interface-slip/void-opening emplays
a small displacement approsimation. Thus although the i1nsulator
appear s Lo have separated from the conductor, there are i1nterfe-
rence (gep) forces being applied to some of the apparently sepa-
rated nodes. A development version of ABRADUS (Version 9) does
contain rigid«body interaction that relarxes the small-slip assum-
ption. We attempted to use that version to perform these calcu-
lations., That attempt failed. The tise-step required to permt
solution convergence with the rigid-body interaction became pro-
hibitavely amall., Apparently the difficulties we encountered
with STEALTH are also apparent in ABADUS, although m.onifested
somewhat differently.

We slso per formed anal yses of the second geometry (Figure
10) to determine the appropriate force. During creep deforma-
tion, an increasing areas of *he bent cable is in contact with the
cvlindrical rod., As a consequence, the contact stress at the
plane of svmmelry decreases wilth time, 'Sew Figure 15 for a
cloce-up picture of the cable a8t 40 years under & 1-lb. load.)
For that 1-1b load, the (vertical) contact stress, 5 , can biee
wel ]l -r epresented as i

>

sl p ;
* Sall x i‘)b t % 041 dvhes/cm’ (15)
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For the 2-1lu load,

=0 O3 2
S, w FT,.68 o !06 t Vi 034 dvnes/cm” (iés}

Rouwghlv, the contect stress i1s proportional to the sauare-
root of the losd, Howsver, as can be seen by examining Figure
1%, Lhese calculations ere also ineccur ate due to the small
digplacement approcimation of the contact forces,

3.3 DISCUSSION OF THE ANALYSES

The results of these analyses are consistent with the ap-
proximate analytical results of Ret., 3. There are two signif. -
cant simplifications that have potential 1mpact on the resul tes

1. The EPR insulation and Hypelon jacket are not differen-
tiated,

L. The creep Law does not explicitly incorporate any ef-

fects of material aging, The strain-hardening lew used
describes materials that do not exhibit aging.

Eqperiment seens to indicate a significant difference be-
twaseny the deformation of EFR and of Hypalon., The process appears
ta be that $irst the entire insulation 1s edtruded from beneath
the conductor. Then the Hypalon jacket 18 subsequently extruded.
Secondly, we anticipale that ss aging and embr ittlement become
significant, the creep rates would diminish with time even more
rapidly than the simple power -law dependence would indicate.

The difficultios associated with obtaining constitutive
properties for the weparate materials have been discussed before,
Among the several rouadblocks are

1. The materials used in electrical cable menufacture are
nel ther simple nor well-defined.

2, Cable insulation in & cable ages differently than the
game material isolated from the cable configuration, ap-
parently due (in part) to copper diffusion,

3., Long-term experiments, durations of even 107 of the 40«
year lite-cyele are not feasible.

Despite these roadblocks to numerical ~fmulation of creep
short -out, the analyses are a valuable adjunct to the experi-
ments., When the creep law can be represented by @ power law in
time, the parameter 1-§, where ¢ 18 the remaining fractional
thickness of insulation and jacket, is also @ power law in time.




The power 1% nearly independent aof the load. Both decreasing
contact stress and materiral aging will tend to reduce creep
shart-out compared to the power-law extrapolation af 1-f. Thus
it i9 Ltempting to conclude that straight-line estrapolation of
the measured 1-f results on a log-log plot is conservative with
respect ta creep short-ouat,

2.4 RKRECOMMENDATIONS FOR FURTHER RESEARCH

Before relading any of the simplitying assumptions used in
the analvees to date, 1t is imperative that an accurate solution
for creep short-out deformation be found. None of the caomputer
coudes used to date could be used for the anal yees without modifi-
cation, and none has an SNLA support group. We recomnend the
fallowing procecdure as the minimum-cost method to obtaan a code
tapable of parforming the anal yoess:

i Fequest aselstance {rom Mibbelt & Carlson in vbhtaining &
comiutationally efficient boundary treatment +for ABABUS.

2 fry @ simple test probles with NIKE to determine whether
the 170 pacl ane 1s currently working.

S 1# all ®lse ftails, fund a (1-2 month) development effort
for moditving the boundary treatment of STEALTH.

nly atter a code has been obtained would we recommend
relaxing the simplifying assumptions we used. We recommend then
that first the changing force per unit out-of-plane thickness be
applied to the geometry of Figure 9. Second, modify the creep
law to reflect the embrittlement with age. Third., provide sepa-
rate treatment of jlacket material and Hypalon, with appropriate
slip or stick i1nterface conditions as determined by experiment,
Finally, significant improvement of the contact stress vs. time
distribution can be obtained with three-dimensional analysis,
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S. APPENDIX

PROGRAM LISTING OF SHFEINE

The compater proagram SHRINK was written to assemble and
solve the equations developed in Sect.on 2.2 of this report. 5
is written 1n a dialect of BARASIC developed by Micraosoft for use
with the CF/M operating tystem, BASIC-80 Release 5.0, termed
MBASIC. As written, the program runs on an Osborne 1 microcaompu-
ter with an Epson MX-80 printer,

This dialect of BASIC is similar to that used on TR53-80 and
compatable microcomputers, and also similar to Microsoft’ s BASIC-
86, which 15 available for the 1BM-FC and compatable microcompu—
ters.




HOO FEM ~==- ALL SLIF B
&10 A%, 1)=2%EL
HZO A, S =EM ‘

A0 AL, 7)) =BULKAD

ot
'l'

10, A5, %) =1
820 Btk bl
530 BHTO 1000

HA0 BLE, 3 =2RELF

H80 AL 6)=EMP

HAHD Bls, 7) sBULKFADF

665 IF EFLAG=4 THEN A€, 1)=EM+EL: Avy, )= EM-EL)} /IALC ) : A1, S5ieEL: Al
1. 7)=RULYAD

L70 BOTO 1000

700 REM ===+ SLIP AT COMDUCTOR

710 ALS,S)=1: AS, A=)

720 Atd, 11=ZRELKIBLE "2-ALL 2)

730 Alh, 3 =20ELPX (0L D-BLEL )

740 Bih, S5 =EME(HLC 2-ALCD)

750 Ath,bH) EMPRCLC 2-B.C°2)

ZEHO0 AlE, 7)) =B KEDR (BLE 2-ALC D) vBULEFEDPR (CLC T 2-BLE S

7H% 1IF FFLAG=Y THEN A(L, 1D=FM+EL: AL, ‘)n—tFH~kL):(ALF“£’i AL, 9 =ELs Al
Lo 71 =BLLEXD

770 BOTO 1000

BOO REM —~ - STICE AT CONDUCTOR, SLIP a7 JACKET

BlLO A5, 5=

20 A4, D =00ELF

B30 Ath, &) =EMP

BA40 Als, 7)) =BULEPYDP

H4% 1F EFLAG=& THEN A(D, 1)=EM+EL s A2, )=~ (EM-EL) /(BLLC 2): A(2,3)=02 A2
S =0y A2,5 =EL: ACZ, 7)=BULKXD

H50 GOTD 1000

1000 KEM

1110 N=4

1120 GOSUBE 10000

1130 A=A, 7)1 BB=A(D, 7)) DEL=Dy SMI=EM: SMI-ElL: SMI=BULEs EI=A(%5,7)
1140 LFPRINT munotlsxs LFRINT

1150 LPRINT * Y INNER" CDUTER"

1160 LPRINT 'v-m.ms".s‘ew

1170 LPRINT "FOISS50M", GMU, GHILIF

1480 LPFRINT "DEL".D,DF, " "L LAERS (EFT_AL)

1182 LFRINT "EZ",A(8,7),6(b6,7)

1182 LFRINT A", AtL 7)) A3, 7)

1184 LPRINT “BRY A2, 7Y A4, )

1490 LPRINT: LERINT * R"," SIGR"," SIGTH".* SIBZ"." F"," GIGED" "
DISPL"

1200 P=AlLLC: GOSUR S000

1230 Re(AlLCHBLL) 72 GOSUR 5000

1220 Fepl £ GOSUB 5000 »
12350 AA=ATS, 7))t BP=AL4,7): DEL=DFt SMI=FMP: SM2=ELFP: SMI=BIKF: El=n(b,7
3

1240 ReplCr GOSUB 5000

1250 Re, S8 (BLCHCLEY  GOSUE S000 :

A=1312
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10 BEM ==~ SHE TN

S0 REM

%6 REM ~=w-e CALCULATE STRESSES

40 wEM IN TWO-LAYER CABLE INSULATITON
50 KEM DUE T SHREINKAGE

H0 DEF FNATS ([ ) =CHR$ (Z7) +"="+CHR$ (T+31 ) +CHES (3
100 DIM AlL,. 7)) NFTL (&)

110 DEFINT I-N

115 LABS (00 ="ND SLIF": LABS(1)="ALL SLIP": LAB®(2)="SLIF AT CONDUCTOR":
LABES (I ="STICK AT CONDUCTOR, SLIFP 4T JACYET": LABS(4)="aALL SLIF -~ CONDUC
[OR STRESS=0": LABRS (S ="6L1F AT COLDUCTNR = S1GRA)=0": LOBS (4H)=LABS (5)+
"o GIGR(B) =0O"

L20 N=&

122 D==1"'sy E=1': GNU=,3: GNUF=,L73

123 FOR DPF=-1.8 TO ~-1.8

124 FOR EP=.5 1D 2.05% STEF .1}

12% FOR EFLAG=CG TOD &

120 FOR I=1 TDO N

135 NFTL(1)=0

140 FOR J=1 T0 N+

150 ft],J)r=0

160 NEXT

170 NEZLY

17 NFILT=0

190 ALE=. 1195

190 BLC=,18%9

200 CLC=,24

210 Al1, 1)=ALC

220 Al1.2)y=1/ALC

230 A2, 1)r=BLLC

240 A2,2)=1/BLC

250 A(2,3)=-BLC

260 A2, 8)=-1/BLLC

270 PRINT: PRINT "INNEF MATEFRIAL FROFERTIES"

280 REM INFUT "YOUNGS"3¥

290 REM INPUT "POTSSO0ON" 3 GNL

J0C BULK=E/ (3% (1-2%6NL) )

210 SHEAR=E/ (2' X (1+GNLD )

A20 EM=BULEK+4XSHEAR /3

S30 EL=BULK-2X8HEAR/ 3

Z40 PRINT: PRINT "OUTER MATERIAL PROFERTIES"

S50 REM INPUT “"YOUNGS"EF

S36H0 REM INPUT "POISSON" 3 GNIUIF

S70 BULKP=EF/ (3! X(1 -2XGNUF)})

380 SHEARFP=EF/ (2¥ (1 +GNUP )

290 EMP=BULEF+4¥SHEARF /3

00 CLFP=BULEF-2X5HEARF /2

402 GOSUBR 2000

410 FRINT: FOR J=0 TO &: FRINT Jdz". . ."iLAB®{(J): NEXT
420 REM INFUT EFLAG

430 ON EFLAG+1 GOTO 500,600, 700, HO0, 00, 700, 800
00 REM =r=sm~ NO SLIF
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1260 R=CLLC: GOSLE 5000

200 REM GOTO 120

1510 HEXT: “EXT: NEXT
2000 REM PRINT: INFPUT "DEL":D: INPLIT "DELF"3DF
2010 A3, 1) =EM+EL

2020 A3, 2) =~ (EM~EL) /7 (BLC™2)

20000 AL, D =-(EMP+ELF)
f 2080 A3, 8)= (EMP-ELP) /(BLC 2)

20%0 A(3.5) =EL

2060 A, &) =-ELF

2070 A3, 7)=BULKID-BULKFYDP

2080 A4, 7)) =EMP+ELP

2090 ACA, 4) =~ (EMP=ELF) /(2LE"2)

2100 A4, 6)=ELF

2110 A4, 7)) =BULVPYDF

2120 RE TURN

HOO0 REM —=—— CALLULATE STRESSES

5010 SIGR= (5M1+5M2) $AA~ (5M1-5M2) XBE /R /R-GMIXDEL +SM2KE 2
S5020 BIGT=(SM1+5M2) #A4+ (SM1 ~EM2) ¥BR/KR/H-SMIXDEL +SM2%E 2
. SO0 SIGZ=245M2KAC—-SMIADEL +5M1 XEZ

e e e

I SO3N P=—(SIGR+SIGZ+SIGT) /32 SIGED=SOR(1.S% ((SIGR+F) "2+ (SIGZ+F) "2+ (S5IGT+F
) o2}
S040 LFPRINT USING "#8, HEsEs "1R.SIGR.3IGT,S1IG7,F,.SIGER, ARXR+BB/R
HOS0 RETURN

10000 FOR K=1 TO N
10002 IF K=1 THEN FOR T=1 T0O N: GOSUE 11000: NEXT !
10010 00S=1/AK k)

10020 AK, K)=1

10030 FOR J=K+1 TO N+1

10040 AK, D) =00SKA (K, D)

10050 NEXT J

- 100%% IF K=N THEN 10120

] 10060 FOR I= K+1 TO N

| 10070 §=AC1,K)

g 10080 AT, K)=0

10090 FOR J=K+1 TO N+1

10100 AT, D =A(1,J)-SXA, )

10110 NEXT J

10112 GOSUR 11000

10115 NEXT 1

10120 NEXT ¥

10190 FOR K=2 TO N

. 10200 I=N+1-K

- 10210 FOR J=I+1 TO N

e 10220 AT N+ =ATTIN+1) ~ACT,J) ¥ACT N+1)
10230 NEXT J

10240 NEXT kK

102%0 RETURN

11000 REM —==—=== pun matrix on screen
11020 WIDTH 255

11030 IF I>31 THEN 11140

11035 IF I>1 THEN 11050




11040

11042
11050
11088
11040
11070
11080
11090
11100
11110
11120
11130
11140
11150
11160
11170
11180

NFEIL tIP)Y=NFIL (IF)+1:

FOR IP=1 TO N: FOR JP=1 TO N: IF A(IP.JF)<>20 THEN
NFILT=NF TLLT+1

NEXT: NEYXT: PRINT CHR$(Z2/)+"="+LHRE (T9)4CHR® (720 ¢ "0Orig ="3iNFILLTs
FRINT FNAT$(I) 3

NFILI=0

FOR JF=1 TO N

IF ACLJP)=0 THEN PRINT ",":i2
NEXT JP

IF NFILJSNFIL(I) THENM NFILT=NFILT-NFIL{I}+NFILJ: NFIL(I)=NFILJ
PRINT " “gNFIL(T)3CHRE(27)+"="+CHR$ (41 +CHRE(72) ;" Total ="sNFILT:
IF MFILTMSNFILT THEN NFILTM=NFILT

FRINT CHR&(27)+"="+CHRE (47) +CHR® {77 3 "Max
RE TURN

NF {LJ=0

FOR JF=1 TO N

IF AL JF)< >0 THEN NFILI=NFILJI+]1

NEXT

GOTH 11090

FRINT CHR$(26) ¢

ELSE PRINT “X"3:2 NFILJ=NFILJ+1

="eNFILTM;
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