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FLASHOVER FAILURES FROM WET-WIRE
ARCING AND TRACKING

BACKGROUND

Electrical wires in Naval aircraft are exposed to the severe environment
of aircraft carriers and tropical island bases. The environment provides a
source of surface contamination of salt spray and fog. The combination of
the builaup of salt and exposure to moisture due to mist, fog, or
congensation during high numiaity conaitions coula leaa to the development
of large leakage ci rents and surface discharges across the surfaces of some

types of wire insulation. Tnese will first appear as scintillating arcs

across the surface of the insulation of tnese wires in a tightly bouna
bunale wherever there is xposed conoguctor in a load-car ing wire in the
bundle, ang in the same vicinity the buniie is touching = -atal ground
plane. It might also occur between bare conguctors of opposite polarity
within a bundle. The tracking and surface flashover of these discharges can
cause carbonization or other deterioration of the organic insulation
materials in the view of the fact that the continuous arcing emissions will
produce localizea surface temperatures cn the orager of IUUUOC\1). At

these high temperatures carbonization will occur below the arc paths on the
surfaces of r ‘ghly phenylatea polymeric n.:terials such as aromatic epoxies,

phenolics, and especially those with the para-phenylene group in the polymer

chain. Thus, these materials contain molecular structures similar to
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graphite ang have a high carbon-to-nydrogen ratio. Kaptcn* 15 a polyimige
film which has this characteristic structure. Under standardized tests for
tracking ang erosion by the aust and fog metnoa (Z), the inclined-plane
methoa (3), ana the grop method (4), materials of this type have relatively

short life (5,6).

Initially, carbonization occurs at rather small localizea spots where
arcs temporarily dwell at these dry bands, ana the carbon track phenomena
may appear in short, isolated spots. Eventually these initial spots or
short stretches of carbonization will extend stepwise by arcing from these
ends to agjacent saltwater films and grow i1nto a continuous network across
surfaces until briaging between exposed conaguctors occurs, ana a highly
conauctive carbon pa‘h is formea that does not depend upon the wetting to
sustain the current flow. From then on ti : Joule heating or a violent
flashover could procuce the type of fires or camaged wire bundles which have
been reported in recent years in aircraft wired with Kapton insulated wires.
Flashover failure can also occur with other insulation materials of the
polyaromatic type that carbonize by the wet-arcing and tracking mechanism.
The Experimental Procedure section of this report gescribes the progressive
action ang flashover breakdown observed on Kapton wire bundl2s, ana the
results of experiments on PEEK* (polyetheretherketone) anc ETFt (copolymer
of ethylene and tetrafluorcethylene) insulated wires are gescribed in the
section titlea "Uther wWires Studieg". The results were in agreement with

the material differences aiscussed in the next paragraph.

*Registered tracgemark of £. I. du Pont ce Nemours & Co., Inc.
*Registered trademark of Imperial Chemical ingustries
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The voltage level of aircraft electrical systems 1s sufficient to cause
carbon tracking on susceptible materials, but in recent years essentially
non-carbonizing resin formulations have been developea from aliphatic resins
and fillers which do not “track" under outaoor conditions (7). The aegree
of resistance to tracking of a material depends on its chemical nature and
the manner in which it breaks down when subjected to the very high
temperatures of the small surface arcs. Thus, the gegracation of a
polyaromatic material produces much free carbon which can form conoucting
tracks. un the other hand the gegradation products of ethylenic-type
polymers (polyethylene, polytetrafluorethylene) are gaseous, anc the

materials do not track (8).

The problems of flashover failure are magnifiea for MIL-W-8138]1 wires
pecause the Kapton insulation on these wires develops radial cracks when it
underyoes hyarolytic degracat.on, which occurs at a relatively nhigh rate in
high moisture environments. This geterioration process will occur in
several types of polyimice insulation of aircraft hook-up wire , and it has
been observea in service frequently ¢nough to become a major subject of
concern for the safety ana maintenance engineers of Naval aircraft centers
(9). It also has peen aemonstratea in laboratory experiments on MiL-w=-81381
wires insulatea with kapton, a polyimige material.(10). The aeterioration
mechanism has been found to be a chain scission reaction that materializes
as embrittlement ana fraying of the polyimide in both the top-coating and
the tape wrapping of the wire insulation. when the wires are unger stress,
SuCh as occurs at the sharp bends near connections which are common in
airframe wiring practices, the radial cracks propagate compietely through
tne insulation material to the conauctor. The bare conouctor 1s then

exposea to the previously describCl moist, salty environment, and when the
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circuit 1s energizea, wet surface arcing gevelops across the electrolyte
film connecting the interfaces of agjacent wires in the bunale, completing
the circuit tc grouna or another bare wire. The Joule heating proouced by
this arcing current pegins to deteriorate the insulation surface and also
produces localized dry bands at which arcing is more reaally repeated when
the surface wetting reoccurs. Thus, each time the aircraft gescends from
the extreme cold of a high-altituae mission into the high numigity on the
carrier deck, the condensation on contaminated wires repeats the cycle ana

surface aging continues until failure strikes.



EXPERIMENTAL PRUCEJUKE

A seven-wire bundle was used in this l2poratory simulation experiment
because of its simple symmetry (six of the wires encircle the inner one).

The insulation on one of the outer wires was radially cut to simulate the

cracking proaucea by hyarolytic gegradation. The bunale was secured on both

sides of the crack with heat-shrinkable tubing. The damaged wire was
positionea on the outer ring so that it was on top when the bundle was
draped over a 1.25 cm diameter aluminum roa. This roa was laying on an
aluminum plate. Each wire in the bundle hag about 1 ¢m of insulation
strippea from one end so they coula each be clipped to wires leading from
the circuit breaker box in which each was in series with a Klixon* 5-amp
Circuit breaker (Series 7274-11) leading from the bus bar on the positive
side of the power line. Thus, each wire in the bundle was at a 120 volt
potential with respect to the aluminum rod clipped to the ground side of the
circuit. This assembly was then positioned under a pipet from which a

one-percent solution of sodium chlorige in water was dropped direct.y onto

————

the crackea segment of tne damaged wire at a constant rate of approximately

ten arops per minute. The drop rate was controllec by a very slow=-acting
peristaltic pump equipped with a flow rate controller. A photograph of this

system, taken after the flashover failure occurred, is shown in Figure 1.

*Registerea tragemark of Texas Instruments, Inc.



The experiment was applied to over Sixty bungle: of Kapton wire,
representing tnree aifferent manufacturers. OSome variations in the drop
rate ano the bunale configuration were also appliea. The results of the
experiments gemonstrated that the time to achieve the flashover failure
would occur within a time span of several minutes to about one hour,
depending on the tightness of the bundle ana other variations of the
assembly. They also gemonstratea that the flashover failure due to the

arcing ang tracking initialed Dy one damaged wire will also destroy some or

all of the other wires in the bunale, as i1s evigent in the close up photo of

the bundle shown in Figure 2, as it appeared after the flashover. The
circuit breaker of each of these broken wires trippea at the flashover, so
it can be seen which ones were severed by the intense heat of the flash.
Thus, if this phenonena occurs in service, then control of more than one

essential electrical compenent could be 1. st.

The ammeter shown in Figure 1 proviced an indication of the approaching
failure as the experiment progressed. OUuring the initial tracking ana
arcing ot the crackea wire, the current surges generally remained below 0.5
amps. As the tracking and arcing became more continuous ana severe, a more
constant current ranging between 0.5 ana 1.5 amps was aetectea. At this
point the spikes in the current exceeded 5 amps and caused the circuit
breakers to blow. This occurea #1th an instantaneous, blazing flashover in
which the conauctor of the damaged wire melted ana splattered, causing the

melting ang burning of some of the acjacent wires in the bundle at the same

instant.



In orger to 11lustrate this sequence moure completely a videotape was
prepared that shows each of the above steps, from the preparation of the
bunale to the after effects of tnhe flashover. Two ot the frames were
photographed from this film in ordger tc capture the fast moving action.
Figure 3 shows the arcing which occurs as 1t becomes more severe (6 min,

! sec from the start), ana Figure 4 snows the intense flash, with streaks of
molten copper and aluminum coming out of the burning area (6 min, 41 sec.).
A photo of the remains is shown in Figure 2, wnere the wire surfaces are
covered with char, and the tips of the conductors "nd the aluminum roa show

evidence of melting and cratering from the blast of the flashover.



AUUITIUNAL wink STUDIES

The same experimental procedure was applied to three other types of
insulated wire that nave been proposed as replacement for the MIL-W-8138]
type in future aircraft wiring assemblies. These were as follows: ETFE
(ethylene tetrafluoroethylene) commercially available as TEFZEL
(MIL-W-22759/16), Crosslinked ETFE (MIL-W-22759/34) and Poly-ether-
ether-ketone, PEEK (not a MIL-Spec wire at present). The results of these
experiments on the experimental wire bunales are aisplayed together in
Figure 5. Both the Tefzel ana the X-linked Tefzel wires reacted about the
same to the deteriorating process of the salt water/voltage potential of the
experiment. However, flashover did not occur because there was no
carbonization builaup resulting from the arcing ana tracking. Although
arcing aiag occur, it was much less ntense than that gescribea above for
Kapton wires, and the current pulses were too small to be observed on the
ammeter scale. After several hours 1t was noticed that the conductor of the
intentionally barea wire on top of the bunale had corrodea in two aue to the
acid formation from the electrolytic reacticn of the salt water. A
grayish-green deposit was collecting on the adjacent wires, but it oid not
contribute to the arcing and tracking. As discussea in the Introduction the
Tefzel is a polymer of the type that decomposes into gaseous products under

high temperatures so it was not expected to carbonize to form a conductive,

flashover path.

The P:=iK i1nsulatea wires were te tea in bunales Hv the same procedure.

These also exhibited intense arcing ana tracking very quickly with flashover

*Registered trademark of €. [. du Pont ge Nemours & Co., Inc.
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taking place in the range of one to ten minutes. This was expected to occur
since the polymer chain is also one that is highly aromatic which forms

carbon when pyrolyzeaq.



UISCUSSIUN

There have been a number of research studies reportea that provige
getailea evigence of tne prcauction of conductive carbon formations when
polymers containing the para-phenylene structure in the polymer chain are
pyrolyzea at nign temperatures. An extensive study of Kapton pyrolysis
products formed at various temperatures showed that at temperatures above
650°C the structural form changed from tnat of amorphous carbon to
mixtures containing increasing amounts of the regular oragered graphitic
structure in which the hexagonal rings of bonged carbon form a continuous,
highly conductive network (11,12). Carbon fibers commercially preparea from
similar starting polymers also show similar graphitic, highly conductive
structures. The Ka“ton polymer chain has a repeating unit in which the

para-phenylene group is present, as shown in the following atomic structure:

1
-n:g i:n@-o-@-

Poly-ether-ether-ketone (PtEK) is also of the para-phenylene class of

polymers, having a repeating unit as follows:

OO~

we have been unable to fina reported studies of its pyrolysis proaucts
or of tracking tests in current literature, (.t from the similarity of 1tls
chain structure and the results of our flashover experiments on PLEK
insulated wires it 1s evicent that i1t, t o, forms a highly conauctive
carbonized product at the pyrolyzing temperatures reached in the arcs

observed 1n these experiments.

10



hNational ang international testing committees have rerngnized the need
to determine the nature of the tracks formed and the time required to
develop them on flat polymeric surfaces uncder standardized conditions. The
results are usually reporteg as the “relative tracking index" (KTI), which
then provides a significant classification orcer, influencing the selection
of materials for applications in electrical equipment operating in severe
environments. Ratings of Kapton film (500H) show that it is very good for
dry arc resistance, with a RT] of 181-183 (by ASTM-495) (13), where 60 and
over is acceptable; whereas, when tested under stanaard wet conditions it
has a CTI (Comparative Tracking Index) of 140 (by IEC-112) (4), where 175

is the acceptable minimum (14).

Since there i1s no previously publishea test procedure for determining .
relative tracking classification for wire and cable, it must be assumea that
these insulating materials woula compare to some degree as having ratings
similar to those obtained by the flat f.Im test results. The time to
flashover failure in our experiments variea from a few minutes to over an
hour for bundles of wire from the same spool, depending on many variable
factors of the experiment. Therefore, it coes not seem possible at this
stage of our program to rate the Kapton wires from different manufacturers
with respect to the time for flashover to occur as an index of their
susceptibility to the flashover failure mechanism. However, it would be a
distinctive service to the aircraft electrical systems engineers for a wire
test standardization group (such as ASTM 009.16) to undertake the

development of a proceaure for this purpose.
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FUTUKE STUDIES

The fracturea wire bundles observed in this laboratory test appear very
swmilar to the gescriptions given of damagea bunales found in real aircraft.
Some mechanics ang maintenance inspectors in the Navy ana Air Force after
seelng tne videctape of this experiment have 2sked for a continuation of
the study. The planned continuation will investigate effects of other

variables. Some of those suggested are as follows:

Uther conductive solutions:
-lower concentrations of NaCl.
-various concentrations of MIL-C-43616 cleaning compounds.

-5ea water solutions.

Cycles of above.

Cycles of above with arying and fog or hign humioitly exposure steps.

Uther circuit variations to measure the time for the conductor to

eroge-in-two if the insulation does not carbonize.

Aged wire insulation insteag of newly-prepared seven-wire bunales.

Larger bunales
-mixed wire types in bunales.
-bundles carrying aifferent voltages, e.g.:
-28 volts dc.
-coax cables.

-twisted pair shieldea cables.

12



Uamage the wire by abrasion against a sharp eage
-pefore the test.

-guring the test.

Develop pre-failu-e getection instrumentation for use as a preventative

maintenance method.

In acaition to these experimental studies a plannea research program
will stuay the chemical mechanisms of the degracation under operational
stresses in orger to dev:lop a sensitive chemical method for measuring
remaining life. It »i1l also develop the methodology for applying
multi-factor stress aging in order to predict operating life in the total

environment of Nav.] aviation service congitions such as temperature,

humidity, mechanical stresses (bending, flexing, vibrating) and electrical

stresses.
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