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INTRODUCT ION

Aluminum branch circuit conductor was first marketed
in the United States and Canada in the mid-1960's, The
general line of wiring devices (receptacles, switches,
& etec.) which had been developed for copper conductor
was used with the aluminum conductor. Field experience
in both countries soon showed that many types of branch
circuit connections wwhich performed well with copper
tended to overheat when used with aluminum conductor.

By the mid-1970's, aluminum branch circuit conductor
had been banned in many juristictions, and had been the
subject of industry and governmental investigations as
well as product liability actions. A major question that
had to be answered was whether overheating connections
constituted a fire harard. After all, it was argued, the
overheating connections are inside junction boxes, and
wouldn't that proteet against fire? On the basis of the
field experienee and laboratory testing, the answer is no.

The incidence of connection overheating imvolving
aluminum wiring is very high relative to the number of
homes that are aluminum wired, In addition, aluminum
wired connections, unlike copper wired connections, have
a tendency to fail within normal rated curremt in a
manner which has been called "thermal runaway". That is,
the amount of heat generated and the temperatures
developed at the failing connections ean progressively
increase to very high levels,

In addition to heat and high temperature, oxygen and
flammable materials must be present for #gnition
and spread of a fire to oceur., Oxygen, of course, is
present in the surrounding air. Flammable materials are
also present in the vicinity, both inside and outside
of the junction boxes in which the overheatimg
connections are installed,

Thus the general conditions for fire exist. -
Laboratory testing has been conducted te determine
the range of specific conditions under which fire may
cccur, and to gain understanding of the mechanisms of
ignition and spread. The tests have demonstrated a
variety of mechanisms, many of which are not generally
known to fire investigators.
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To determine with any degree of certainty the
extent to which fires are attributable to overheating
aluminum wired connections, fire investigators must be
equipped with detailed information on the mechanisms
of ignition and spread. Without such specialized
information, assignment of the cause of a fire may
be erroneous, or the cause may be classified as
"unknown'',

This report provides information on the presently
known mechanisms by which fire can occur from
overheating aluminum wired branch circuit connections.
It is intended to provide information essential for
accurate fire investigation and for those concerned
with developing fire safety and prevention actions,
advice, and standards.

Note: For information regarding corrective measures to reduce
the hazard associated with aluminum wiring, contact the
U.S. Consumer Product Safety Commission (Washington,
DC 20207) or see Reference #5 (page 39).
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II. FIRE HAZARD, FIRE IGNITION, AND FIRE SPREAD

This report is concerned with the ignition and
spread of fire in the vicinity of an electrical junction box
in a normal home, commercial or office environment,
Definitions of fire hazard, fire ignition, and fire
spread as used in this report are as follows.

A fire hazard exists when there is the possibility of
ignitTon of an unexpected fire due to a source of heat
and/or high temperature being close to materials which
can ignite, The fire hazard may or may not lead to
ignition of a fire; it is a matter of abnormal risk.

Fire ignition is the start of combustion, either
smoldering or Ilaming. The smoldering fire is considered
to be ignited when glowing embers first appear. This is
the combustion of solid material involving the release
of heat but without flame. Flame is the combustion of
gasses which, in the type of situation considered in this
report, are driven off from solid or melted materials
due to heating.

Fire spread is the sequence of events after initial
ignition by which the fire can grow to involve the
structure and furnishings.

Fire hazard and fire spread both involve the concept
of probability. Under seemingly identical conditions, a
fire may ignite and spread in one case, while in another
no ignition occurs or the ignited fire dies out without
spreading. The probability of ignition and spread can
change drastically with small changes in the temperature,
amount of heat generated by the failing connection, time
of exposure to high temperature and heat, moisture content
and ignition temperatures of the flammable materials, and
a large number of other factors.

To illustrate the concept of probability with respect
to fire, consider the ordinaxy match. Matches do not always
light on first attempt. There is a high probability of
ignition, however. Once 1lit, the fireon the match may or
may not be readily spread to other materials. For instance,
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an attempt made to ignite an ordinary piece of
construction lumber with a match flame will generally

- but not always - result in failure, The probability
is low. Similarly, the probability of fire from

1lit cigarettes cast randomly about a room is alsco low.
We recognize clearly, however, that such actions

taking place unnoticed in a home would be a significant
threat to life and property.

The ignition and spread of fire due to overheating
aluminum wired connections is also subject to probabilities,
as are virtually all other recognized hazards. That all
aluminum wired connections do not overheat, and that of
those that do only a fraetion will cause fire, is no
reason to treat the risk lightly. The risk is excessive
by modern norms of electrical safety.

Figure 1 demonstrates the point., The phota is of an
electric baseboard heater. Connections are made in the Jjunetion
boxas‘built into each end of the heater. When aluminum branch
circuit conductor is connected to the stranded copper wires
of the heater using twist-on connectors, there iz a high
probability of the connection eventually overheating. The
overheating of the connection degrades the econductor insulation
which e¢an result in a short circuit. ’

Because the junction box has ventilation slots and other
openings, a considerable amount of material may be ejected when
a short circuit occurs, as the photograph shows. The ejected
material includes droplets of molten aluminum. Fire will occur
only if a partiele of high enough heat content, at a high
enough temperature, comes to rest for a long enough time on
a sufficiently flammable material. The ejected material has
been measured to reach as fara several feet horizontally and
two feet vertically from the junction box.

The hazard depicted here is subject to the probability
of the connections overheating, the probability that a -
short ?ircuit will occur as a result, and the probability
of ignition from one or more of the hot particles.
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Hot Material Ejected From Junction Box of
Electric Baseboard Heater as a Result of

Short circuit., The Junction Box Does Not
Safely Contain The Hot Material, Which Includes
Drops of Molten Metal. (Circuit Protected

By 15 Amp Time-Delay Fuse.)
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I11. THE FLAMMABLE MATERIALS

A. Flammable Materials Inside The Electrical Junction Box

Contrary to commonly held belief, many materials intended
for use inside the junction box are flammable., Some samples
and brands of the following items are found to be easily
ignited and capable of sustaining a flame,

1. Braided eable sheath (NM branch circuit cable).

2, Paper strip material within N cable, in both
braided and extruded plastic sheath. (See Fig. 2,p8)

. Cord material within NM cable.

. Anti-oxidant compounds.

3
4
5. Some insulators from twist-on connectors.
6, Wooden outlet and switch cover plates.

7

. -Untreated cardboard insulating barriers.

Other materials ignite and burn less readily, and are
normally considered "self extinguishing". That is, if the
heat source is removed, the material will not burn with
enough heat generation to support its continuing combustion.
The fire (flaming or smoldering) will eventually extinguish
after the heat source is removed., In an electrical junction
box, however, the heat source (overheating aluminum wired
connection, for instance) is not removed after igmnition
occurs, and the self-extinguishing materials will continue
to burn and add their heat to that of the overheating
connection. Additionally, readily ignited materials, ifems
one through six above, may also be involved and add their
heat of combustion in support of the combustion of the
more resistant materials.

Some of the common "self-extinguishing" items in a -
junction box which can ignite and burn in the wvicinity of
a heat source (an overheating aluminum wired connection)
are:

8. Electrical insulating tape.
9, Conductor insulation,

10, Plastiec cable sheath.
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-11. Plastics used for non-metallic boxes,
twist-on connector insulators, switch
and outlet parts and cover plates. (See Fig.2, p. 8)

12, Treated cardboard material used as
insulation in some electrical devices,

In short, except for metal and ceramic parts, virtually
all of the materials in the junction box can ignite (smoldering
or flaming fire) and contribute to the spread of fire
provided that there is sufficient heat generated by the
overheating connection.

In addition to the materials which are designed to be
used as part of é6r-inside of the junction box enclosure
there are often other flammable materials present.

Some of those which are flammable and often found inside
the junction box are:

13. Wallpaper (often found to be touching the
connection screws on outlets).

14, Wall panel material.
15, Wood chips and splinters.

16, Paper price tags on outlets, boxes,
& ete. purchased from retail sources.

17. Dust,

It is important to note that there can be large
differences in flammability of seemingly identical items.
Some cable sheath materials ignite and burn readily, others
do not. The same is true of many of the other items
mentioned above,

B. Flammable Materials Outside The Junction Box -

There are three ways that the flammable materials
normally found in the wiecinity of an electrical junction
box can be involved in the ignition and spread of fire.
These are:

- Heat generated by the failed connection(s) inside the
box can be sufficient to ignite materials adjacent to

the box or cover plate.
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A. (above) Short lengths of paper strip material from Iinside NM cable
sheath (left) are often exposed at the cable ends in junction and
receptacle boxes. The paper is readily flammable (right),

B. Thermosetting plastic materials (coverplate
and receptacle body at left, connector insulator,
above) can ignite into a smoldering fire in the
vicinity of an overheating connection. Combus~
tion is occurring at the boundary between the
unburned material and the residual ash, as in-
dicated by arrows, and will extinguish at some
distance from the overheating connection unless
spread to a more flammable material.

FIGURE 2 - Examples of Flammable Materials Within and Part of

Electrical Box Installation.
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- Hot material ejected from the box ("sparks", droplets
of molten steel or aluminum) can ignite materials
in the vieinity of the box within the distance that
the ejected material can reach.

- Fire ignited inside the box may spread via the
flammable materials in the vicinity.

Some of the flammable materials in the vicinity of the
junction box are part of the building structure itself,
These include:

1. Wall panel.

2. Vapor barrier. ({See Fig. 3, p. 10)

3. Wooden frame members. (See Fig. 3, p. 10)
4, Wall sheathing and siding.

5. Some insulation (thermal).

6. Electrical cable.

7. Wooden doors (in open position, against receptacle face),
Additionally, within a wall there is often flammable
debris left from the time of initial construction or later

modifications., Such materials are:

8. Wood shavings, chips, and splinters.

9, Paper, cord, and jacket scraps from
electrical cable,

The furnishings, decorations, and various household goods
also include many flammable items which may be in the
vieinity of or in contact with electrical outlets and
switches, Such materials include:

10, Electrical plugs and copds.
11, Furniture, upholstery materials,
12, -:Bédding (mattress, covers, bedspread).

13, Drapes, curtains, wall hangings. towels (See Fig, 3)
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A. Wooden framing stud and insulation vapor barrier are two
of the flammable materials inside the wall in the vicinity of
electrical boxes. In this case, heat generation of about 50 watts
at the terminals of the receptacle caused ignition of the adjacent
stud even though the receptacle is housed in a metal box.

B, Fabric materials are often found to be adjacent to receptacle
faces in homes. Here, a towel was hanging such as to cover the

receptacle. The char mark on the towel, at right, was over the
overheating receptacle, at left.

FIGURE 3 - Examples of flammable materials normally found in the vicinity

of electrical box installations,
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Accessories (waste baskets, lampshades, & ete).
Toys.

Wrapping materials and containers (paper bags,
gift wrappings, cardboard boxes, food
packages) ,

Clothing, towels.

Newspapers, magazines, books,

Liguids (solvents, paints, oils).

Wallpaper.

Posters, calenders,

Carpet.

Trash.

Stored material (Wood, paper goods, & ete.).

The materials listed above exist in an almost endless
number of combinations and arrangements near the potential
source of heat. Whether or not a fire ignites and spreads
in a particular case depends on the details of the particular
arrangement, the materials, and, perhaps most important of
all, on the behavior of the overheating connection(s) as the
sourceeof heat and/or high temperature,
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THE SOURCE OF HEAT -- BEHAVIOR OF OVERHEATING ALUMINUM

WIRED CONNECTIONS

A, Types of Aluminum Wired Connections Which are Failure-Prone

Conductor terminations used in branch circuits were
developed over the years for use with copper. Connection
overheating with copper is rare, such that im - -
literature on fire investigation it is generally not
mentioned as a possible cause, Other electrical causes, such
as short circuits, arcing, and overcurrent effects, are
discussed at length, however,l-

When used with aluminum conducteor, most types of branch
cireuit connections have shown a high probability of
hazardous overheating, so much so that it must be seriously
considered, along with the other electrical causes, in fire
investigation. Some examples are shown in Figure 4, (page 13)

Because it is the most common type of terminal used
in branch eircuit wiring, most attention has been focused on
the binding head screw connections. Other types ol connections
are also present in every electrical system, and these
td6 are prone to overheat when used with aluminum conductor,
The term "aluminum conductor"” as used here includes all
approved and listed aluminum branch circuit conductor
except those which are plated or c¢lad with other metals.

The various types of connections known to be prone to
overheat when used with aluminum conductor are:

1, Back wired devices (receptacles, switches),
push-in type.

2, Twist-on connectors (“¥Wize Nuts''*).

3. Setscrew connections, where the setscrew bears
directly on the conductor.

4, Binding head screw terminals, where the conductor
is looped under the Screw head.

5., Back wired devices, pressure plate type.
6. Setscrew connections, pressure plate type.

7. Crimp connections, and some types of compression
connections.,

#¥Note: The term "Wire Nut", although commonly used, is
a registered trademark of a particular brand.
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A. Overheating at the binding-head screw terminals of this aluminum-
wired receptacle was severe enough to burn the receptacle body and
disintegrate the wire insulation, (Field Sample)

B. This twist-on connector, although (CSA & UL) rated for aluminum,
overheated in less than one year at 13% duty cycle and 90% of (15A)
circuit rating. The overheating has started to deteriorate the wire insu-
lation, leaving bare wire exposed (arrow). This connection is a basic
two-wire splice with solid #12 aluminum wire. (Laboratory specimen)

FIGURE 4 - EXAMPLES OF OVERHEATING ALUMINUM-WIRED

CONNECTIONS
(Fig. 4 continued next page)

13
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C. Aluminum-wired twist-on connectors can reach extremely high tem-
peratures while operating within rated current. In this example, a
section of the connector spring (arrow) has become red-hot,

D. Overheating of this aluminum-wired "special service" twist-on
connector has resulted in disintegration of the wire insulation and a
cracked connector insulating shell. Tests have shown that the "special
service" connectors are failure-prone even though they have been rated
for aluminum using a new (CSA) standard involving a "heat cycle" test, 6

E. In this field sample (a twist-on connector involving mixed aluminum
and copper conductors), failure of the connector insulating shell occurred
before there was any deterioration of the wire insulation. A short circuit
occurred between the connector spring and an adjacent conductor.

FIGURE 4 - Continued
(Fig. 4 continued next page)
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F. Most types of crimp connectors ( 2 examples above) have high pro-
bability of failure when used with aluminum wire. The insulating connector
sleeve sometimes erupts into flame on an overheating connection. (Most

of these types of connectors are not rated for use with aluminum wire but
are nevertheless widely marketed as suitable for all electrical applications.)

G. The overheating problems with aluminum conductor:-terminations are
not restricted to the smaller solid wires. These main lug terminations
on a residential breaker panel were overheating to the point of deterior-
ating the conductor insulation. There were no electrical symptoms, and
the condition was found by chance during a renovation. Massive short
circuits can occur from insulation deterioration of this type, as there is
generally no protection on the line side of the main breaker other than
the utility's pole-transformer fuse. ( photo courtesy of T. D. Copeland,
Fire Protection Associates, Inc., Nashville, TN,)

FIGURE 4 - Concluded
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Note that there are a large number of brands and
types within each connector category, and they are not
all equal with respect to the probability of overheating.
The probability of overheating is also influenced by
the aluminum conductor, which can be highly wvariable
in it= behavior from brand to brand and from batch to
bateh according to differences in composSition and
processing, Most combinations of connections and aluminum
conductor tested have been shown to exhibit the tendency
toward failure, however, and the resulting
overheating is the basis of the fire hazard associated
with branch circuit aluminum wiring.

B. Amount of Heat Generated at Normal Currents

In most laboratory testing of aluminum wired
connections, tests are performed at higher than rated
current, and a "failure" is considered to occur when
a connection reaches a prescribed temperature limit.
In actual installations, such as homes, overheating
connections remain in their circuits and continue to
function to the extent that common electrical loads
can operate normally. Failing connections in actual
service can go undetected for long periods of time,
until the consequences of failure become severe enough
to attract attention. This is a fire hazard.

Tests have been run to determine the amount of heat
that can be generated by failing aluminum wired
connections at normal electrical current loads,., The
amount of heat is determined by measuring the voltage
drop across the connection and multiplying this by
the current, The amount of heat calculated by this
method is expressed in watts, which is the standard
unit of electrical heating. Thus a connection which
is generating 40 watts of heat, due to its excessive
resistance, can be compared to a 40 watt lamp, which
gives off heat at the same rate,.

The tests have shown that individual binding head
serew or twist-on connections can generate as much as
50 watts of heat at currents 12 amps and under, Push-in
backwired terminals have been observed to generate
as much as 35 watts each, The maximum heat generation
of other types of aluminum wire connections have not
been investigated, but in general the more massive the
¢onnection.the higher the amount of heat which can be
generated before limiting temperatures are reached.
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There are generally several connections in a
junction box, and more than one can overheat. Simultaneous
overheating of several connections in a junction box
leads to heat generation inside the box which is the sum
of the heat generated by the individual overheating
connections. Thus, heat generation levels of 90 to 100
watts are observed in measurements on receptacles with
two and more of the connections overheating, and higher
levels are possible, However, as will be discussed in
Section V, sustained heating at these levels in a junction
box is already more than enough to initiate fire in
most installations.

High current levels are not required to obtain high
heat generation. The current in the circuit which can
cause hazmardous connection overheating can be as little
as one amp. Heating of 10 watts on a single terminal has
been observed on a circuit passing 0.8 amp (about the
current drawn by a single 100 watt lamp). Among the highest
heat generation levels observed on a binding head screw
type receptacle was one in excess of 90 watts at 4.3 amps,?

C. Temperatures Developad

The heat generated by overheating branch cdircuit
connections results in increased temperature of materials
both inside and outside of the electrical junction hox.
Studies have been made to determine how high the temperature
can get at various heat generation levels and how quickly
the temperatures rise after curreﬁﬁsgfarts flowing
through the failing connections.. =**7? The key
findings have been as follows:

1. The temperatures in and around the
junction box increase quickly relative
to the on-time of many common electrical .
loads., The chart below illustrates the t
temperature rise due to a single overheating
binding head screw terminal gencrating
22 watts.

17
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TIME -~ MINUTES

OVERHEATING BINDING HEAD SCREW
CENHEETION: TEMPERATURE vs TIME
AT 22 WATTS HEAT GENERATION

2, At low levels of heat generation, temperatures
on the aluminum conductor adjacent to the
overheating connection exceed the ratings
of the conductor insulation. At 5 watts and

= higher (heat generation at the connection)
most insulation materials used on the
conductor start to deteriorate, (See Fig. 2}

3. At 10 watts and higher, a bindimg head screw
terminal will reach a temperature of about
200 C, thus coming within the range of the
ignition temperature of flammable materials
with which it may be in contact (see Section
IIT A).

4., At 20 watts and higher, temperatures on points
outside the junction box start to come within
the range of the ignition point of flammable
mater%als which may be in contact (see Section
III B)Y.

5, At about 50 watts, for a binding head screw
terminal or a twist-on connector, the
melting point of the aluminum conductor is
reached., This results in a maximum heat
generation at a single owerheating terminal,
since when the bulk melting of the conductor
ogcurs either a low resistance connection is
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reestablished or the melting conductor
opens the circuit., (In either case,
molten metal may be ejected.)
6. The temperatures inside and outside the
Junection box are related to the amount
of heat generated by the failing connection(s).
The higher the heat generation lewvel, the
higher the temperatures, :As an illustration
of this, the following chart provides data
for aluminum wired binding head screw
receptacleswith one terminal overheating.
TEMPERATURE, DEG. C, AT INDICATED
MEASUREMENT HEAT GENERATION RATE
POINT 12 W 24 W 35 W 42 W
a) Overheating Screw 243 C 415 C 475 C 540 C
Terminal
h) Side of Metal Box 62 a0 155 192
Adjacent to Over-
heating Terminal
¢) Faceplate Screw 68 115 162 188
TABLE A, TEMPERATURES (Deg. C) AFTER 1 HOUR
AT INDICATED HEAT GENERATION. ALUMINUM
WIRED RECEPTACLES WITH SINGLE TERMINAL
OVERHEATING,
The temperatures listed in Table A are presented
to serve as an indication of the range encountered.
The temperatures are influenced by the details
of the local environment (type of box, type of

faceplate, use of thermal insulation in wall, ete,).
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D, Voltage Drop of Overheating Connections

The current in a branch circuit is determined
primarily by the load, which can be lamps, heaters,
motors (fans, refrigerator, &<etc.), or other commonly
used items, At a given current, electrical resistance of
a failing connection at that point in time determines
the yoltage drop and also the heat generated at the
connection, The heat generation at the connection is
c¢aleulated as the current multiplied by the woltage
drop, and this relationship may also be used to
determine the voltage drop which must be present to
produce a given amount of heating. That is:

Heat Generation (watts)
V¥oltage Drop =

Current (amps)

Using this relationship, and knowing the loads on
a particular circuit, one can test whether or not
sufficient heat could be developed at a falling
connection to create a fire hazard without affecting
normal operation of the electrical load(s). For example,
for a lead that normally draws 12 amps, 60 watts of
heat can be developed at the connections of a receptacle
with a drop of 5 volts. This means that the woltage at
the load is reduced by 5 volts from what would normally
be present if the connection had not failed, Most branch
circuit loads (lamps, heaters, motors, & etc.) will work
properly over a range of voltage, so that a drop of
5 volts, for instance from 118 to 113 volts at the load,
would not result in any obvious malfunction. Yet the
60 watts of heat generated at the failing comnections in
a junction box is known to be more than sufficient to
ignite fire in most circumstances.

At lower current, down to less than 1 amp, hazardous
connection heating levels (see Section V) can be sustained
under seemingly normal operation of many circuit loads,

No generalizations are possible, and careful analysis
must be done to correlate the possible ignition mechanisms
in a particular case with the characteristies of the
known circuit loads and the observations, if any, of load
behavior.

A key finding of the studies of voltage drop of overheating
aluminum wired connections is that there is seldom any
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electrical symptom which would be observed by a building's
occupants, The percentage of cases in which overheating
aluminum wired connections produce warning signs such as
completely open circuit conditions or "flickering lights™
is quite low, less than 1% for most types of connections
but somewhat higher for push-in backwired devices.

E. Behavior With Respect to Time

The failure and consequent overheating of aluminum
wired branch circuit connections takes place over periods
of time measured in months and years in normal service.

A large number of variables of materials, installation
practice, usage factors, and environment cause large
variations in the failure rates and failure behavior.
Once overheating starts in a particular connection, its
future behavior is unpredictable. Some of the behavior
patterns which have been observed in long term cyeclic
testing at 12 amps include:

1. Stable operation at low heat generation
rates for periods as long as several years.

2, Stable operation at high heat generation
levels for periocds as long as several months,

3, Progressive increases in the amount of heat
generated, to very high levels, over a period
ranging from days to months.

4, Sudden decreases in the heat generation level,
sometimes to seemingly normal connection
operation at essentially zero heating,

5. Sudden or gradual resumption of heating
after periods of cool operation,

6., Sudden open circuit conditions, Resumption
of conduction, usually at high heating levels
can occur from open circuit condition in an
unpredictable manner,

The connections tested in this study (receptacles and
twist-on connectors) are mounted in open air. Were they to
have been in junction boxes in walls, the heating levels
ohserved in many cases would have led to fire unless the
overheating had been detected at an early stage and
corrective action taken.

21
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V. FIRE IGNITION AND SPREAD

Considering the high heat generation rates and high
temperatures which can be developed by failing aluminum
wired branch circuit connections, together with the large
variety of flammable materials close by, it is logical to
conclude that fire can result in many situations.

Laboratory tests (see Section V]I) have demonstrated a
number of different fire ignition and spread mechanisms
from this cause, Due to the large variety of materials in
different physical relationships which may be present
in buildings, not all conbinations can be tested.
Nevertheless, the laboratory evidence spans a range which
encompasses most situations. Investigators can determine
whether the particular circumstances of a fire fit any of
the known ignition mechanisms or their logical variations.
If so, detailed analysis of materials, circuits, circuit
loads, and connections should be undertaken to assess the
relative probability of ignition due to overheating connecx’
tiong compared to other possible causes.

A compilation of relevant ignition and spread
mechanisms follows.

A, Fire Due to Direct Heating Effects

In and around an electrical junction box,msterials
of various degrees of flammability are in close proximity
to the connections. Ignition of fire in these materials
can occur in various ways due to heat generated at a
connection. Some of the ignition and spread mechanisms
are:

1. Ignition of cover plate. Coverplates for common

electrical receptacles are as close as 1/8"

to the binding head screw terminal assemblies
(including the breakoff tab) of the receptacles.
Coverplates of most thermosetting plastics have
been shown to ignite when the heat generation
exceeds 30 watts at the binding head screw
terminal, The higher the heat generation and
the longer the time of heating, the

more certain the ignition,

The coverplate material burns in a smoldering
manner, S8tarting from a point on the inside face.
the burning area expands slowly, breaking through
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to the front face of the coverplate at a spot
which then enlarges..In normal light, the
smoldering area appears as a gray ash. When
viewed in the dark, it is apparent from the
red hot material that combustion is occuring
at the border between the ash and the as yet
unconsumed coverplate material.

Once the coverplaté-is ignited, it will
continue to burn (smolder) until the material
in the wvicinity of the overheating connection
is completely consumed. If the overheating of
the connection stops (because the current load
turns off, for instance) the smoldering com-
bustion of the coverplafecwill extinguish
after a short time. Spread of the fire
to other materials may occur, however, prior to
self extinguishing of the coverplate material.

There are three ways by which the fire can
spread from the burning coverplate. These are:

a. Spread of fire to flammable materials
touching or close to the coverplate,-such as
hedding, drapes, and furniture,.

b. Spread of fire to flammable wall panel
or wallpaper when the expanding smoldering
area reaches an outer edge of the
coverplate which is normally in contact
with or very close to the wall, (See Fig. 5)

¢. Spread of fire when the smoldering
coverplate falls off the receptacle.
This happens when the coverplate
material at the holding screw cracks
from the heat and stress or is consumed
by the expanding smoldering fire. The
fallen coverplate can ignite materials
such as carpeting before it :
"self extinguishes".

2, Ignition of Materials Adjacent to Receptacle Face

Not all coverplates ignite. Metal ones
obviously do not. Thermoplastic coverplates may
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A. Beginning of Test.
B.. Charring of Receptacle Face.

C. Ignition of Coverplate; Smoldering
Fire.

D. Smoldering Fire Has Spread to the -
Wallboard and Stud.

E. First Flame Erupts (2 hr after start)

1112 1

FIGURE 5 - Fire Ignition and Spread Due to 40 w Heat Generation

at Receptacle Terminals (right side). Lab Test,
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melt away from an overheating connection.
Materials adjacent to the coverplate, such

as bedding, drapes, and furniture, can ignite
from the heat and high temperature even without
prior ignition of the coverplate. This has been
demonstrated to occur at heat generation rates
of 28 watts and above for a receptacle with an
overheating binding head screw connection.

As with other ignition mechanisms, the higher
the heating rate (and therefore the temperatures),
and the longer it is maintained, the greater

is the certainty of ignition.

Ignition of Wood Stud or Framing

Junction boxes are most often mounted
directly to wooden wall studs or other wooden
framing members. An overheating binding head
screw connection may be as close as 3/32" to
the side of the box adjacent to the wood stud.

While the junction box affords some protection,
it has been shown in laboratory tests that at
35 watts heat generation at a binding head screw
terminal the wood stud can ignite. With a metal
box, the fire starts as smoldering of the wood
adjacent to the box. The smoldering consumes the
wood slowly and a charred cavity develops. (Fig.3A,
Depending on the type of wood, the moisture
content, air access, and other variables, the
fire may extinguish when the smoldering has
consumed the wood in the immediate vicinity
of the overheating terminal. Altermately, and
especially at heat generation rates of 50
watts and more, the smoldering will break into
a flaming fire when the smoiderdng area enlarges
sufficiently to reach an air supply. This may
occur at the front of the wall when the fhire:buras
through the wall panel or, in the case of gypsum
board ('"sheetrock') or plaster, the stud has
burned through to the adjacent wall space, on the
side of the stud opposite the junction box.

25
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With a plastic junction box, the box
material can ignite, just as was described
for plastic coverplates. The smoldering fire
will spread to the wooden stud and“or the wall
panel, A thermoplastic box.can melt or distort
so that the stud is exposed directly to the
overheating terminal, with resulting ignition,

Laboratory tests have demonstrated that at
50 watts heat generationm (5 volt drop at a.:
connection under 10 amp load, for instance),
ignition of the wood stud is almost certain
to occur if the heating is sustained for a
sufficient period of time. The minimum time
for ignition so far ohserved is approximately
25 minutes at 50 watts, and the time is greatly
influenced by moisture content of the wood and
other variables. Higher heat generation rates
can shorten the time to ignitilon.

While the discussion so far has centered on
binding head screw terminals, it must be noted
that the ignition may-calse be due to overheating
of other types of connections in the junction box,
or by the combined effect of two or more connections
overheating. Twist-on connectors have been shown
to have a high probability of overheating when used
with aluminum conductor, and heat generation levels
up to 50 watts have been measured on indixzdual
connectors. Also note that "junction boxes" includes
those in baseboard heaters and built-in lighting
in addition to those housing receptacles.

Ignition of Vapor Barrier or Other Flammable

Material in Wall Space

Vapor barrior materials are often easily
ignited. Even aluminum or aluminized vapor
barrier materials may have layers of adhesive, paper,
or tar material which burn readily. Vapor barriers
are usually installed in exterior walls and are
often in contact with the junction boxes.

Just as the =ooden stud ean ignite due to
overheating connections inside the junction box,
vapor barrier materials, and other flammable
materials often found in the wall space close to
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and in contact with the junction box can
also ignite, These materials are listed

in Sectiom III B, items 1 through &, 8, and
9.

5., Ignition of Plugged-in Attachments

Laboratory tests have demonstrated that
ignition of the insulating material on
electrical attachment plugs can occur when
plugged into receptacles with overheating
connections. Small transformers, such as those
commonly found as "AC Adapters", battery
chargers, and telephone transformers, may
also ignite from the heat of failing connections
on the receptacle into which they are plugged.

6. Ignition of Materials Inside the Junction Box

As noted in Section III A, there are a large
number of different flammable materials inside
the electrical junction boxes,., Some are readily
ignited in a flaming fire, while others will
smolder in the proximity of a heat source (the
overheating connection), In either case, a
substantial amount of additional heat is
generated inside the box which can accelerate
the ignition of materials outside the box.

Additionally, when flame erupts inside the
pbox, it is likely to come out of many of
the openings in and around the box. Materials
several inches away from the box can be ignited,
gither inside the wall or in the room space.

Flaming inside the box is often a short lived
event, because of the limited amount of fuel inside
the box that will burn in this manner, and also
because of air starvation. It is a very significant
event, however, because of the large amount of
heat gencrated and the very high temperatures.

Once a flame starts, the spread of the fire can
be very rapid.
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B. Ignition Due to Deterioration of the FElectrical InsSulation

One of the first effects of connection overheating
is the deterioration of the insulation en the attached
conductor. Some insulations soften and flow when heated,
while others harden, crack, and fall off in pieces. Some
deteriorate at relatively low temperature,

Whenever the insulation deteriorates, there is the
possibility of short circuits, The short circuits can
occur between the line and neutral conductors or between
the 1ine conductor and a ground path.

Unlike the case of ignition from the direct heating
of failing terminals, ignition due to short circuits is
a well known mechanlsm which is discussed in warious
sources, Therefore, only brief discussion will be
provided in this report.

Insulations for branch circuit aluminum conductor
have temperature ratings as low as 60 deg, C, Hoftening
and other deteriorating effects start at somewhat above
100 €. At 175 C or above, almost all branch cirecuit
conductor insulations suffer deterioration which can be
hazardous. The temperatures at which serious insulation
deterioration occurs are reached on the conductors near
connections generating as little as 3 watts of heat, The
higher the heat generatlion at the connection, the longer
the section of deteriorated insulation on the conductor(s).

Some of the points worthy of special discussion with
respect to ignition due to insulation deterioration are:

1, Circuit Protection Device

The type of circuit protection device and
rating have a great influence on the fire ignition
potential of a short circuit event. Generally, the
slower the reaction time of the dewice and the
higher the current rating, the more likely it is
that a short circuit can ignite a fire, since there
will be more energy in the arc.

For instance, tests using a standard 15 amp
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household fuse show that little or no arcing

occurs due to a short of #12 aluminum conductor

to the side of a metal box. The same test with

a conductor-to-conductor short yieids a significant
amount of molten aluminum "sparks". Using #10 wire and
circuit breskers, the are can develop enough

heat to burn through the steel box at the point of
arcing, directing a shower of molten metal into

the wall space and into the room.

A GFCI in a properly grounded circuit will
trip and limit the arar due to any short to
ground, but will not protect against short
circuits between the line and neutral conductors.

2., Long Term Hazard

Once the insulation is deteriorated, the
damage is done, and a potential hazard exists.
A short cirecuit can occur at any time thereafter,
even when no current is flowing in the circuit.
S8light vibrations or thermal expansion and
contraction effects can trigger a short circuit
when the insulation has deteriorated to a marginal
condition, This c¢an occur months or years after
the connection overheating occurs, at any time
of day or night.

3. Melting of Aluminum Conductor Due to Short Circuit

When a short eircuit occurs with aluminum
conductor, the conductor may melt in the arc,
opening the circuit faster than the circuit
protection device, This is possible with slow
acting fuses and circuit breakers. Therefore,
a blown fuse or tripped breaker cannoil be
counted upon to be an indication of a short
circuit when branch circuit sizes of aluminum
conductor are involved.
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Hot Metal "Sparks"

When a short circuit occurs with a significant
arc, hot metal particles, including molten aluminum
droplets, are sprayed inside the junction hox.

Some escape from the junetion box even when the

arc does not burn through the box wall. Since the
junction boxes used for switches, receptacles, and
on appliances or heaters are pgenerally not totally
sealed, there are many openings through which the
hot metal "sparks" can escape into the wall or

room space. Thus ignition can occur in the box,

in the wall space, or in the room. (Figures 1 and 6)

"Sparks" have been observed to come out
through the blade slots of receptacles and through
gaps between the coverplate and the receptacle or
wall, These gaps may he enlarged due to warping
or distortion, in the case of plastic coverplates,
Also, the coverplate may have fallen off completely
due to cracking or burning at the screwhole.

Probability of Short Circuit

Just as with other ignition mechanisms, .
the short circuit is an event which may or may
not happen depending on the random circumstances
of a particular situation. Sometimes a short
circuit occurs early in the course of an
overheating connection failure, howeverr it is
more often observed in laboratory tests that
the electrical circuit is funetional until after
fire erupts from ignition mechanisms other than
short circuit arcing.

Arcing Across Insulators

Short circuits are not the only causes of
arcing known. Carbonization of the insulating
plastics of receptacles and other devices due
to the overheating terminals can result in
current flow and arcing from the hot to the
neutral side or to ground.
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FIGURE 6 - Hot Particles ("sparks'), Including Molten Metal Droplets,
Are Not All Contained in the Box When a Short Circuit

Occurs Due to Insulation Failure.
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