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ABSTRACT

Laboratory testing evaluated the impact of a wide range of variables on the formation of
overheating connections in residential duplex receptacles. Two types of receptacle configurations
have been evaluated: 1) those focused on terminal connections and 2) those focused on plug
connections. Testing included 528 receptacle trials, 408 trials with various terminal connections
and 120 trials with various plug connections. Thirteen pre-fabricated wall assemblies of 36
receptacles were placed in 8 compartment fire tests and 5 furnace fire tests. The variables
evaluated in the fire exposure testing included: the receptacle material, materials of the
receptacle faceplate and box, terminal torque, and energized state of the receptacle. A portion of
the receptacles in the fire exposure testing had overheated connections that were created in the
laboratory testing. These receptacles were used to assess whether evidence of overheating would
persist after a fire exposure. All receptacles were documented for damage to the receptacle,
faceplate, and outlet box including any arcing, overheating, and/or melting. The results of
laboratory testing indicate that only the loosest connections tend to form significant overheated
connections irrespective of other variables, such as receptacle materials and installation. Forensic
signatures of overheating have been identified and have been found to persist even after external
fire exposure. In addition, locations of arcing within receptacles as a result of fire exposures were
identified and characterized. The location of arcing is primarily dependent on the duration and
intensity of the fire exposure, as well as the construction and materials of the receptacle, outlet
box, and faceplate. The presence of characteristic indicators of arcing and melting were
analyzed.
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EXECUTIVE SUMMARY

Electrical fire initiation is attributed to a large proportion of structural fires, especially large
fires, in the United States. Hall [2010] reports that from 2003 to 2007, home electrical fires
represented 13% of the total home structure fires, 17% of associated civilian deaths, 11% of
associated civilian injuries, and 21% of associated direct property damage. Of all electrical fires,
41% involved electrical distribution or lighting equipment (i.e., wiring; outlets, receptacles, and
switches; over current protection equipment; meters and meter boxes; lamps, light fixtures, light
bulbs, and signs; cords and plugs; transformers and power supplies). Receptacles, cords, wiring,
and plugs combined represent approximately 14% of all residential electrical fires [Hall, 2010]:

« Outlet or receptacle 5%

» Extension cord 3%

« Branch Circuit Wiring 3%

» Permanently attached power cord or plug 1%
« Unclassified cord or plug 1%

» Detachable power cord or plug 1%

An earlier study [Hall et al., 1983] of 105 residential-occupancy electrical fires showed that
37% of those fires had their origins in receptacles, cords, or plugs. Generally, the statistics
reported do not include the physical mechanism that led to the device malfunction causing a fire.
Most (72%) of reported home structure fires involving electrical failure or malfunction were
reported with few or no details on failure mode. The two leading types of electrical failure or
malfunction were unclassified electrical failure or malfunction (46%) and unspecified short
circuit arc (27%). Therefore, the statistics do not provide a basis for improving fire safety. In
order to use these statistics in a better context, it is important to first determine the required
conditions that are needed for ignition and the subsequent forensic signatures that can be used to
differentiate whether the electrical component was the cause of the fire or a victim of the fire.

There is a limited body of work addressing the mechanisms and conditions that may lead to
electrical fires. The primary physical phenomena that cause electrical fires are overheating and
arcing. Babrauskas [2003] provides a good review of the literature. However, there is a need to
further explore these mechanisms and to establish forensic analytical methods that will provide
improved reliability in making cause determinations in electrical fires.

The two global objectives of this work were to improve the forensic examination of electrical
receptacles and their components and to better understand the potential causes of electrical fires
in receptacles. Three primary areas of interest were explored: the development of overheating
connections in receptacles (i.e., terminals and at the plug/receptacle interface), electrical and
thermal damage to receptacles from fires, and forensic examination of electrically damaged and
fire damaged receptacles.

Two series of tests were used to accomplish the objectives of this research: (1) laboratory
testing of plugs and receptacles and (2) plug and receptacle configurations exposed to two
different types of fires. Large quantities of receptacles were evaluated in each test series in order
to provide adequate data for evaluating the effects of multiple variables as well as providing a
substantial database to establish a quantitative understanding of the accuracy and reliability of
forensic tools.
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This report addresses the impact of a wide range of variables on the formation of overheating
receptacle connections and overheating plug connections. The primary variables of study were
the looseness of the connection (i.e., receptacle terminal torque and plug blade nominal retention
force), receptacle materials, electrical load, and surrounding materials (i.e., installation in an
outlet box with faceplate); only copper wiring was used. These variables were selected to be
representative of a range of conditions expected to be found in the field. Laboratory testing of
receptacle and plug connections consisted of 528 trials of 490 receptacles, with tests lasting up to
511 days.

A number of visual indicators of overheating receptacle connections were observed. These
included oxidation, corrosion, and dezincification of metal components; and discoloration,
melting, dripping, cracking, and charring of plastics. For receptacle screw terminal connections,
it was found that nearly all of the loosest screw terminals (i.e., less than 3 in-1b) developed
visible signs of overheating connections when subjected to loads of 15A. This is in good
agreement with work conducted by Ferrino-McAllister et al. [2006] and Meese and Beausoliel
[1977] who found overheating that developed in connections less than 1 in-lb and % turn loose
(from 2 in-Ib), respectively. When subjected to loads of 3A and 6A, regardless of the looseness
of the connection, none of the receptacle connections developed significant signs of overheating.
Only one receptacle subjected to a 6A current load showed some discoloration at the screw
terminals. This receptacle was installed in a PVC outlet box with a Nylon faceplate, and no
damage was obvious from an external inspection. When subjected to a load of 9A, approximately
half of the receptacles with the loosest screw terminals (i.e., less than 3 in-Ib) developed visible
signs of overheating. At screw terminal torques of 3 in-lb or above, visible signs of overheating
were not observed regardless of the electrical load. Based on this testing, both a very loose
connection (< 3 in-Ib) and a relatively high current load (9A or higher) are required for
overheating to begin at a receptacle screw connection. The receptacle body material was not a
prominent factor in determining whether or not a receptacle would overheat. However, the
receptacle material typically affected the visual signs of overheating as the three types of
receptacles (PVC, polypropylene, and Thermosets) behaved differently when heated.

Only three of the 42 back-wired push-in connected receptacles showed indicators of
overheating, with one ultimately failing (0.02 failures/year). All of these receptacles were
subjected to daily vibrations and were installed with one prior insertion and removal cycle for
each wire. The only back-wired push-in receptacle to fail overheated to the point of flaming
ignition. Despite some negative reputations in the past, likely due to early designs of back wired
connections, the changes to UL486 [1986] affecting the testing of back wired push-in
connections appear to have led to notable improvements of the robustness of this type of
connection. Aged receptacles with back wired push-in connections were not tested in this
research, but prior studies have indicated that early designs of back wired push-in connections
had issues related to overheating [Biss, 1989; Oda, 1978]. Not only were loose connections and
relatively high currents required to develop overheating of back wired push-in connections, but
mechanical vibration of the receptacle was as well.

In addition to receptacle connections with branch circuit wiring, the connections between
plugs and receptacles were systematically studied. The majority of plugs with folded brass blades
and plated brass blades connected to receptacles having reduced nominal retention forces (i.e.,
0.01 and 0.1 kg) showed some signs of overheating. However, the vinyl plugs with solid brass
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blades only showed evidence of serial arcing at the plug-receptacle connection, not overheating.
This was attributed to a variety of possible factors including the blade-wire connection within the
plug, the plug materials, the plug blade materials, and even the receptacle that the plug was
connected to. The plugs with the folded blades and plated blades had crimp-on connections to the
cord wiring with the body of the plug molded around them. The plugs with solid brass blades had
a tight screw connection to the shunted wire and open space within the plug body, which helped
to reduce the heat at the plug blade connections. And while receptacle screw terminal
connections only overheated when loose connections were present, three receptacles having non-
modified plug connections showed signs of overheating. The plugs were taken from cords with
16 ga stranded copper wire rated to 13A. Even with a modest over current of 2A (i.e., a 15A
load), these receptacles still degraded to the point of visible damage to the plug without any
additional thermal insulation or manipulation.

One primary mechanism leading to overheating of receptacle and plug connections was the
formation of copper oxides at terminal connections involving copper wiring. Observations in this
test program indicated that the oxide development in loose terminal connections followed that
described in the literature whereby heat was first generated at a loose connection due to reduced
contact area; then the heated copper wire oxidized; and finally the semi-conductive copper
oxides formed a high resistance connection producing more heat and continuing the cycle. A
second possible mechanism of overheating connections observed in this test program involved
only the PVC receptacles. As the PVC receptacles were thermally degraded due to an
overheating connection, they would release HCI vapors which would condense and form a white
crystalline deposit on the surface of the conductors. The corrosion products may have then
precipitated more heat and continue the heating-corrosion-heating cycle much like the copper
oxides.

Glowing connections were formed on both plug connections and receptacle screw terminal
connections. Two types of glowing were established: glowing connections with a bright orange
glow over the entire screw terminal or plug connection (size = 6.3 mm (0.25 in.)) and glowing
connections with a small area of bright white glow (size of glow spot =~ 1.5 mm (0.06 in.)). Both
types were observed for receptacle connections, while only the overall glow was observed for
plug connections. While the formation of glowing connections was limited to only the loosest
screw connections (i.e., 1 in-1b and less) and plug connections (i.e., 0.1 kg (0.22 Ib) and less),
their development and appearance was rather inconsistent. Some glowing connections lasted for
multiple days. Some would begin glowing, stop, and re-start without any apparent reason. Other
overheating connections which had not glowed previously would transition to glowing
immediately after the current was cycled on. Sometimes, when a connection was glowing and
current was cycled off, the glow would reappear when power was cycled on even up to hours
later. Other times, the glow would disappear for days before re-establishing. Despite their fickle
nature, glowing connections formed at terminal torques of 1 in-lb and less without any manual
intervention. This was contrary to the work published by Ferrino-McAllister et al. [2006], which
stated that manual manipulation of loose connections was required for glowing connections to
develop. The difference between this study and that of Ferrino-McAllister et al. [2006] is time.
The development of glowing in loose receptacle connections requires time; often that time can be
as long as months or years. The measured power dissipation in glowing connections was
between 12 and 47 W. This was consistent with the range of power dissipations measured by a
variety of researchers for copper connections.
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Glowing receptacle connections produced distinct metallurgical evidence including: welded
copper conductors around screw terminals, severed conductors at or near the screw head, and
enlarged screw heads due to severe corrosion. These types of evidence are unique in appearance
compared to melting and arcing events from external fire exposure. Arcing in stranded or solid
copper wiring can sometimes sever one or more conductors involved in the arcing [NFPA 921,
2012]. However, the conductors severed due to the glowing connections were always severed
near the screw terminal (i.e., within 1.3 cm (0.5 in.)) and only the severed conductor itself
showed damage. In no cases of arcing from fire exposure did any of the solid copper wires sever
due to the arcing. Also, all of the arcing observed in solid copper wires from receptacles was
more than 1.3 cm (0.5 in.) away from the screw terminals and involved more than just one
conductor. Temperatures upwards of 1100°C at the bright glow spots on the copper conductors
were measured. These temperatures were greater than the melting point of copper, which caused
the copper conductor to become molten at the point of glowing. Even though the glow spot
temperatures were higher than the melting points of copper and brass, in no cases did the brass
receptacle contacts melt as a result of the glowing connection. This glow spot moved around the
screw head, melting the copper conductor and welding it to and between the screw and screw
terminal. The glow movement produced distinct curved striations in the welded conductor. This
type of melting was unique compared to both arcing and melting from a fire exposure. Korinek
et al. [2013] observed similar evidence for glowing connections between a copper wire and a
receptacle screw. No cases were observed where fire melted copper connections were formed
that were visually similar to the welded conductors produced from glowing connections. As the
glow spot moved along the conductor and around the screw, it would get to the point where the
conductor separated from underneath the screw head. At this point, the conductor would begin to
neck at the glow spot, eventually severing and producing bead-like structures at the screw side
and wire side of the parted copper conductor. Round, irregular, and flat severed conductors were
observed. The severed conductors were visually unique compared to external fire induced arcing
and melting damage. Whereas arc beads are generally smooth and copper colored, the round
severed conductor ends were more of a round cap appearance and were dark grey in color.
Irregular severed conductor ends were not tapered in the fashion that is usually observed for
melted wires. And the flat severed conductor ends were distinct from the flat shaped melted
conductors in that the conductors severed from a hot glow spot did not have the pitted flat
surface that was found for melted wires. The round severed conductor ends were observed to
have a cap of copper oxides atop a flat end; this evidence was also produced in experimentation
by Korinek et al. [2013]. Glowing plug connections did not develop the bright glow spots, but
tended to be an overall glow at the connection. Glowing in these connections did not produce
any distinct metallurgical evidence.

Glowing connections in PVC receptacles sometimes produced what was termed an enlarged
screw head as a result of severe corrosion of the terminal screw. This evidence was distinguishable
by its swollen appearance and reduced size of the screwdriver notches. Cross-sections taken of
the enlarged screw heads revealed that the majority of the surface corrosion was iron oxide.
There was also a distinct thin copper layer at the base of the corrosion separating it from the bulk
metal of the screw. It is unclear what physiochemical interaction caused the formation of the
copper layer. Cross-sections and SEM/EDS chemical mapping were taken for four screws which
were either enlarged screw heads or visually similar to enlarged screw heads (i.e., possible false
positives). The cross-sectioned samples were an enlarged screw head (pre-fire), an enlarged
screw head (post-fire), a screw with melting and corrosion from furnace exposure (Furnace
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Screw X), and a screw with rust deposits. Analysis of the cross-sections and EDS mapping
revealed that the enlarged screw heads were unique compared to the screw with rust deposits.
While the potential false positive samples had visual characteristics similar to the enlarged screw
heads formed as a result of overheating and corrosion, certain indicators clearly set them apart.
In order to differentiate between these screws, comparison of multiple characteristics of the
screw and corrosion (i.e., color, shape, roughness/porosity, oxidation layering, and EDS
mapping) was necessary.

A number of receptacles with evidence of overheating, including welded conductors,
enlarged screw heads, and severed conductors, were placed in a furnace exposure with
temperatures upwards of 1000-1250°C to simulate flashover conditions. The majority of the
evidence of glowing on these receptacles remained after the fire exposure with only some
changes in the color of the evidence. All of the 13 welded conductors persisted and remained
identifiable after the fire exposure. On 9 out of 11 welded conductors with curved striations
present, the curved striations remained and persisted after the fire. Four out of 5 enlarged screw
heads persisted after the fire exposure; the fifth was only partially enlarged prior to the exposure
and it was not clearly evident after the fire exposure that it had been partially enlarged. Only one
of the 23 severed conductor ends (screw side and wire side combined) did not persist after the
fire exposure. This one conductor had signs of melting of the copper wiring. At temperatures
below the melting point of copper (1080°C), the evidence of glowing connections persisted and
remained unique compared to arcing and melting damage. Because the evidence of glowing
connections primarily involves copper, copper oxides, steel, and steel oxides, the evidence will
persist even at temperatures high enough to melt brass components (i.e., 930°C).

While indicative of an issue within the receptacle or plug connection, the visual signs of
overheating (i.e., melting, charring, discoloration, oxidation, and corrosion) did not always lead
to a failure of the receptacle. Even though the majority (~80%) of very loose receptacle (1 in-1b
and less) and plug (nominally 0.1 kg (0.22 Ib) and less) connections subjected to a load of 15A
showed signs of overheating, failure rates for very loose receptacle screw terminal connections
(0.5 failures/year) and for very loose plug connections (0.04 failures/year) were rather low.
Failures were not observed in non-modified plug connections, receptacles with torques of 3 in-Ib
or greater, solid brass blade plugs, folded blade plugs, or receptacles with loads of 6A and less.
Only one failure event occurred for a receptacle subjected to a load of 9A. As was stated
previously, the development of glowing connections took time and so did the receptacle failures.
The range of times to failure for receptacle and plug connections was between 5 and 365 days;
the average was 161 days. There were no trends observed with respect to the time to failure for
variables including screw terminal torque, vibration, duty cycle, nominal plug retention force, or
the failure mode.

The wide range of times to failures is significant with respect to implications for fire
investigations both for the shortest and the longest time to failure. First, the quickest time to
failure (5 days) is a rather short span of time in the expected life of a receptacle, which is
typically on the order of a few decades. This implies that a specific receptacle failure could be
tied to a certain event (i.e., receptacle modification, installation, addition of load, etc.). On the
other hand, the longest time to failure of 365 days is noteworthy in that it suggests that failure
events can be quite removed from the initial installation or modification, especially considering
the receptacle and/or plug may not be in use continuously.
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Multiple receptacle and plug connection failure modes were identified in the laboratory
testing including: shorting of conductors, severed conductors at or near the screw terminal, series
arcing at screw terminals, and flaming ignition. Approximately 19% of all failure events were
flaming ignition failures (14% of receptacle failures; 100% of plug failures). Flaming ignition
events were large enough to potentially ignite a range of proximate materials both in flame size
and duration. Flame sizes up to 61 cm (24 inches) were observed and flaming ignition events
lasted for periods up to about 6 minutes. However, the large flame sizes were only observed for
the first 10% or so of the flaming duration. All of the flaming ignition events self-extinguished.
Due to the additional plastics present, flaming ignition events for receptacles installed in outlet
boxes with faceplates were generally larger in size. The outlet box also contributed to the
likelihood of flaming ignition events. Failure rates for PVC and polypropylene receptacles (with
15A load) installed in outlet boxes with faceplates that led to flaming ignition were much higher
(0.47 failures/year) compared to PVVC and polypropylene receptacles installed in open air (with
15A load) that led to flaming ignition (0.07 failures year).

Evidence of arcing in flaming ignition events was not always present. Only 9 of the 17 flaming
ignition events had parallel arcing evidence and only 3 of these 9 tripped a circuit breaker. While
none of the flaming ignition events led to the complete consumption of the receptacle and/or
outlet box and faceplate, the lack of circuit breakers tripping has significant implications for fire
investigation. It indicates that circuit protection does not necessarily activate for an overheating
receptacle that fails and ignites a flaming fire. Flaming ignition events occurred both with and
without the distinct evidence associated with glowing connections. Some receptacles had welded
conductors, some did not; some receptacles had curved striations on the welded conductors,
some did not; and some of the plug connections had dezincification on the plug blade, some did
not.

A number of categories of thermal damage were created for each type of receptacle, outlet
box, and faceplate in order to discretize the end-state of the thermal damage observed for each
item relative to the maximum exposure temperature. The methodology consisted of first
evaluating the damage category for each component; second, using the maximum measured
exposure temperatures for each component to determine temperature ranges for each damage
category; and third, to evaluate the classification scheme by assessing a particular fire
environment based on estimated temperature ranges for exposed components from their thermal
damage categories. Ideally, the thermal environment would be characterized using the entire
time-temperature and/or time-heat flux history for each receptacle. But, fully characterizing these
temporal parameters in a concise manner proved too complex. A sample receptacle was
evaluated using the methodology developed in this work. The range of temperatures for this
sample did encompass the actual maximum exposure temperature, but the range was also quite
large. Additional analysis of thermal damage to receptacles from a broader range of fire
scenarios would strengthen this methodology for broader applicability. Further development of
this method could provide fire investigators with a practical metric to describe the fire
environment that is also suitable for field use and has a familiar quantifiable meaning.

The thermal damage from fire exposures was consistent in its general behavior; it tended to
be uniform across the exposed face and advanced from the exposed face towards the rear of the
receptacle. With respect to heating, the individual material behaviors observed in the fire
exposure testing were similar to those found in the laboratory testing (i.e., melting, charring,
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cracking, etc.). The progression of damage from the front of the receptacle to the rear of the
receptacle is consistent with observations in the literature [Babrauskas, 2003] and is quite
distinguishable from the localized damage that is due to overheating. This distinction follows
logically from the fact that the damage is a response to the thermal insult (i.e., fire or overheating
connection) and the location of the thermal insult dictates the location of the damage. This type
of visual determination of the damage location is analogous to a heat and flame vector analysis
as discussed in NFPA 921 [2012]. The thermal damage to receptacles, plugs, outlet boxes, and
faceplates due to overheating connections will generally remain distinguishable from damage
due to external fire exposure depending on the extent of the damage. As the thermal damage
from the fire exposure increases, the chances of identifying localized damage from overheating
connections decreases.

Since overheating connections were highly correlated to the screw terminal torque, an effort
was made to evaluate whether a post-fire terminal torque measurement could be used to estimate
the pre-fire terminal torque. There has been no study of this type of forensic examination method
in the literature. In this work, limitations to this process were identified, including softening of
brass due to heat exposure and measurement dependence on the amount of grit, grime, melted
plastic, or char that was on the terminal. Under specific conditions (i.e., terminals without much
debris), measurement of the loosening torque can be useful to rule out overheating by
demonstrating a high torque. However, the reverse is not true; due to the uncertainty in the
measurement and the effects of heating and handling potentially causing connections to loosen,
post-fire loosening torques are not reliable for indicating pre-fire loose connections.

Melting of brass and copper receptacle components due to external fire exposure was only
observed in the furnace fire exposure tests. The maximum exposure temperature in any of the
compartment fire tests in the vicinity of the receptacles was 903°C, which is less than the melting
point of brass (930°C). The melting evidence for receptacles exposed in the furnace was
identified using the naked eye or low powered microscopes. There were no strong trends relating
the receptacle material or faceplate material with whether or not melting occurred for a particular
receptacle.

In general, melted brass and copper receptacle components exhibited similar characteristic
traits. The melting of brass and copper components generally occurred uniformly across the
exposed area of the receptacle. For brass receptacle components, the following were frequently
observed: effects of gravity, thinning of brass components, holes through brass components,
pitting of surface, and round globules. The following were observed for stranded and solid
copper wiring: gradual necking of conductor, surface pitting, effects of gravity, terminal screws
separated from the conductor, and fusing of wire strands. In most occasions, more than one
characteristic was observed for a melted component. With the exception of holes forming in
brass components, the melting characteristics observed in this work are consistent with the
literature [NFPA 921, 2014]. The holes that formed from melting were unique to the brass
internal receptacle contacts. Although these holes are not specifically called out in the literature
with respect to being a characteristic trait of melting, this is mostly due to the fact that the
literature has been primarily focused on arcing and melting in copper wires.

In every case where melting of copper was identified in a receptacle, melting of brass
components was also evident. This result is intuitive because the melting point of brass is
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approximately 150°C below that of copper. As such, in a receptacle with brass components and
copper wiring, the brass should melt before the copper does. Observations of thermal damage to
receptacles from external fire exposures indicate that the damage progresses from the front of the
receptacle to the rear. Because the brass components in a receptacle are typically at the front of
the receptacle with the wiring extending towards the rear, it follows that since the damage
progressed from front to back, the items in the front melted first.

A Scanning Electron Microscope (SEM) was used to document some of the forensic
evidence gathered in the laboratory testing and fire exposure testing. In particular, the SEM was
used to image two damaged break off tabs from PVC receptacles; one from melting and the other
from arcing (brass-steel). A visual examination of these break off tabs showed notches with a
clear line of demarcation between the area of damage and the undamaged area. Distinguishing
between arcing and melting was accomplished in this case using SEM and chemical analyses.
The chemical analysis revealed significant iron on the break off tab having arcing damage, but
very little on the break off tab having melting damage. If the arcing is between two different
metals (i.e., brass and steel), this method of analysis may be used to determine whether transfer
of metal, a typical occurrence during arcing, is identified. Care must be taken when conducting
this type of analysis as alloying or dripping of metals can cause one metal to appear to have been
deposited on another due to arcing [NFPA 921, 2011]. However, in the cases where metals with
higher melting temperatures are deposited on metals with lower melting temperatures, such as
steel onto brass, alloying and dripping may be ruled out.

Arcing evidence in the post-fire examinations for compartment fire and furnace fire tested
receptacles was identifiable using low powered microscopes. The process of identifying arcing
damage consisted of first determining that the damage was not from fire melting and second,
determining which conductors were involved in the arcing. In the compartment fire testing and
furnace fire testing, there were a combined 251 receptacles that were energized. Of these 251
receptacles, 201 receptacles tripped the circuit breakers during the test; all receptacles with
extension cords installed tripped the circuit breaker. Arcing damage associated with parallel
arcing was identified in all but 23 of the receptacles that tripped circuit breakers. For the
receptacles that did trip the circuit breaker but did not have evidence of arcing, there was often
significant melting of copper and/or brass that potentially destroyed arcing damage or the melted
and/or charred remains of the receptacle potentially covered the arcing damage. In all of the 50
energized receptacles that did not trip the circuit breaker, arcing evidence was not found. This
data suggests that fire induced arcing in receptacles will cause circuit breakers to trip, but also
that evidence of arcing may not be able to be identified even if the circuit breaker trips.

Even though the fire induced arcing in this test series always caused circuit breakers to trip,
the literature states that parallel arcing does not always trip circuit breakers [NFPA 921, 2011,
Twibell, 2004; Babrauskas, 2003]. This phenomena was observed through monitoring of several
fire induced arc faults. Twelve receptacles were instrumented with a Hioki power meter to record
the voltage and current associated with arcing events. Ten of the 12 receptacles had an arc fault
that tripped the circuit breaker during the fire exposure test. Three of these 10 receptacles had two
arc faults separated by between 1 and 13 seconds. There were no visual differences between the
arcing damage from only one arc fault or the arcing damage where two arc faults occurred. The
first arc fault, which was typically lower in current than the second arc fault, did not trip the

E-8
This document is a research report submitted to the U.S. Department of Justice. This report has not

been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.



circuit breaker, but in all cases the second arc fault did. This means that fire induced arcing in a
receptacle that does not trip a circuit breaker is a plausible scenario.

There were a number of locations of arcing that were common through all of the fire
exposure tests. The locations of arcing were characterized as a pair of locations: the primary
location (i.e., hot conductor) and the secondary location (i.e., neutral or ground conductor). The
primary arcing locations included the female plug contacts, the break off tab on the female plug
contacts, receptacle wiring (solid) and extension cord wiring (stranded). The secondary arcing
location is a conductor involved in the arcing other than the hot conductor such as part of the
ground system (i.e., steel faceplate, metal outlet box, ground strap, or ground wire) or the neutral
wire. Arcing damage on the steel faceplate was confirmed in 76 out of the 133 energized
receptacles with steel faceplates where arcing damage was identified. Arcing damage on the
outlet box was present in only 8 out of 161 energized receptacles with steel outlet boxes where
arcing damage was identified. When examining a receptacle for signs of fire induced arcing, it is
not enough to only examine the receptacle; the whole installation (i.e., receptacle, wiring, outlet
box, and faceplate) should be examined.

The majority of literature focuses on electrical arcing in copper wiring, both stranded and
solid, with some attention paid to steel (i.e., conduits), and relatively little mention of brass. This
is despite the relatively equal presence of copper, steel, and brass in receptacles and similar
devices. Proposed changes to NFPA 921 [2012] for the upcoming 2014 edition of the guide
include the addition of locally enlarged grain size [Murray and Ajersch, 2009; Lewis and
Templeton, 2008], resolidification waves [Murray and Ajersch, 2009], and high internal porosity
[Buc, 2012; Lewis and Templeton, 2008] as additional characteristic traits of arcing. Enlarged
grain size was not examined because this trait could not be examined using visual methods alone.

Arcing in overheating connections (i.e., non-flaming ignition failure events) and external fire
induced arcing in receptacles were rather similar in size, shape, and location. The size of arcing
damage from overheating connections and fire induced arcing was typically limited to a single
arc location resulting from a single point of contact. However, in some cases of arcing from
flaming ignition events, the damage was extended beyond just one arcing location, with
significant damage to the conductors. Other than by visual indicators, there was no attempt in
this work to distinguish between external fire induced arcing and arcing that could have been the
source of the fire. There has been research into this topic [Man et al., 2011; Anderson, 1996], but
such work has yet to provide a conclusive determination of fire cause vs. fire effect [Babrauskas,
2004].

Distinguishing between arcing and thermal melting damage was based on the presence of
visual indicators of arcing and/or melting in the evidence as listed in the proposed changes to
NFPA 921 [2014], with some additions. A portion of the receptacles from this test program was
evaluated for the presence of the aforementioned characteristic traits of arcing and fire-melting
damage. The purpose of this exercise was to assess which characteristic traits were effective in
assessing potential arcing damage on receptacle components and wiring.

Corresponding damage on the opposing conductor, localized damage with a sharp line of
demarcation, and tooling marks outside of the area of damage were observed on significant
portions of arc damaged conductors and small numbers of conductors with melting damage;
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these characteristics were found to be strong indicators of arcing. This was expected as these
traits are fundamentally tied to the physical attributes of arcing, including very high
temperatures, high temperature gradients, and quick time scales for melting and cooling.
Corresponding damage and a sharp line of demarcation are widely accepted in the literature as
indicators of arcing [NFPA 921, 2012; Babrauskas, 2003; Murray and Ajersch, 2009; Lewis and
Templeton, 2008; Twibell, 2004]. Tooling marks, including copper drawing lines, sharp edges or
stamped letters and numbers, were a parallel method of determining whether localized damage
with a sharp line of demarcation was present.

Resolidification waves and spatter deposits were observed in limited conductors with arcing
damage; however, no fire-melted conductors were observed with resolidification waves and
melting would not be expected to produce such attributes. Therefore, these characteristics were
very distinct from fire melting damage and are considered strong indicators of arcing. Although
internal porosity was not systematically evaluated, a number of conductors with arcing damage
were observed to have significant porosity. Various researchers [Lewis and Templeton, 2008;
Buc, 2012; Levinson, 1977] have shown that arcing and melting can cause porosity to form in
metals, typically creating greater porosity for arcing compared to melting. However, because
there has not been any rigorous study which quantifies the size and percent by volume of voids
in arc beads or melted conductors, the value of this characteristic trait in an arc damage
determination is limited. A round, smooth shape; small beads and divots; and localized round
depressions were observed in limited numbers on arc damaged conductors and similar
characteristic traits were observed in fire-melted conductors. Due to the lack of clear definitions
in the literature, these three characteristic traits were poor indicators of arcing. A small portion of
receptacles with arc damaged conductors also had fire-melting observed in the receptacle.
Typically, this melting was either not close to the arc damage location or was on a metal with a
lower melting temperature.

Limited numbers of fire-melted conductors were found with blisters on the surface, effects of
gravity, gradual necking, pitting, thinning of the conductor or holes formed in the conductor.
These characteristic traits were rarely observed in arc damaged conductors and were fair
indicators that the damage present was due to fire-melting. Some conductors with fire-melting
damage were observed to have characteristic traits of arcing (i.e., localized damage with a sharp
line of demarcation or corresponding damage on the other conductor). A number of instances
were observed where accepted characteristics of arcing were found in melted copper conductors.
These characteristics included a clear line of demarcation between damaged and undamaged
areas and copper drawing lines visible outside of the arc damaged area. In this case, a myopic
examination of the evidence with respect to these characteristics could cause a false indication of
arcing. In cases such as this, other evidence of melting in the receptacle (i.e., in close proximity
to the area in question) would preclude confirmation of arcing. It is easy to see why errors such
as this could be made. Much of the research into characteristics of arcing and melting presents
discussion of one or two characteristics individually [Murray and Ajersch, 2009; Lewis and
Templeton, 2008; Buc, 2012; Hussain, 2012]. As such, this type of research often does not
examine the evidence in its entire context as would be expected in a practical fire investigation.
The myopic examination of individual characteristics of arcing and melting is required for
fundamental research, but it is a potential pitfall that should be considered in a forensic
examination.
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The characteristic traits of arcing and melting are qualitative and most are not well defined in
NFPA 921 [2011], which leads to more subjective evaluations. However, some characteristics
such as porosity have the potential for being quantitative characteristics if further research is
conducted. And though some characteristic traits were strong indicators of either arcing or
melting, an investigator should never rely solely on the presence of one characteristic trait for
arcing vs. fire-melting determination. Using multiple characteristic traits and contextual
information for arcing vs. fire-melting determination provides greater confidence in the
evaluation of damage. In addition, visual examinations were found to be reliable indicators of
both arcing and fire-melting for most conductors. However, there are some cases which would
benefit from more advanced examination techniques including SEM/EDS examinations, X-ray,
CT scanning (X-ray computed tomography), cross-sectioning and polishing, or other
metallurgical methods.

Implications for policy and practice:

The results of this study establish a baseline for post-fire assessment of whether electrical
receptacles may have had an overheating event that lead to an electrical fault. New forensic
signatures have been identified along with techniques for evaluating post-fire evidence to
differentiate between electrical overheat/receptacle fire signatures and damage resulting from an
external fire exposure. Conclusions from this study are being submitted to the NFPA 921
Technical Committee on Fire Investigations for inclusion in the next edition of the document. It
is anticipated that the forensic signatures identified in this work will be utilized by forensic
laboratories in assessing electrical receptacle fires.

Implications for further research:

Due to the small fraction of actual occurrences of overheating events that lead to electrical
faults and the potentially long times required to form such faults, more long term testing would
be useful in providing a larger database. This study did not address various contaminants that
may affect the development of overheating conditions in electrical connections. Consequently,
work addressing a systematic study of potential contaminants would expand the understanding of
conditions that can lead to electrical faults and possible fire events. An expansion of the analysis
of arc locations and overheating signatures to include additional cross-sectioning and polishing,
SEM/EDS analysis, CT scanning (X-ray computed tomography), or other metallurgical
examination techniques would expand the understanding of what specific (non-visual)
characteristics are associated with these pieces of evidence.
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1.0 INTRODUCTION

Electrical fire initiation is attributed to a large proportion of structural fires, especially large
fires, in the United States. Hall [2010] reports that from 2003 to 2007, home electrical fires
represented 13% of the total home structure fires, 17% of associated civilian deaths, 11% of
associated civilian injuries, and 21% of associated direct property damage. Of all electrical fires,
41% involved electrical distribution or lighting equipment (i.e., wiring; outlets, receptacles, and
switches; over current protection equipment; meters and meter boxes; lamps, light fixtures, light
bulbs, and signs; cords and plugs; transformers and power supplies). Receptacles, cords, wiring,
and plugs combined represent approximately 14% of all residential electrical fires [Hall, 2010]:

« Outlet or receptacle 5%

» Extension cord 3%

« Branch Circuit Wiring 3%

» Permanently attached power cord or plug 1%
« Unclassified cord or plug 1%

» Detachable power cord or plug 1%

An earlier study [Hall et al., 1983] of 105 residential-occupancy electrical fires showed that
37% of those fires had their origins in receptacles, cords, or plugs. Generally, the statistics
reported do not include the physical mechanism that led to the device malfunction/causing a fire.
Most (72%) of reported home structure fires involving electrical failure or malfunction were
reported with few or no details on failure mode. The two leading types of electrical failure or
malfunction were unclassified electrical failure or malfunction (46%) and unspecified short
circuit arc (27%). Therefore, the statistics do not provide a basis for improving fire safety. In
order to use these statistics in a better context, it is important to first determine the required
conditions that are needed for ignition and the subsequent forensic signatures that can be used to
differentiate whether the electrical component was the cause of the fire or a victim of the fire.

There is a limited body of work addressing the mechanisms and conditions that may lead to
electrical fires. The primary physical phenomena that cause electrical fires are overheating and
arcing. Babrauskas [2003] provides a good review of the literature. However, there is a need to
further explore these mechanisms and to establish forensic analytical methods that will provide
improved reliability in making cause determinations in electrical fires. Possible conditions that
induce the mechanisms that lead to overheating and arcing conditions are summarized in Table 1-1.

Table 1-1. Summary of Possible Mechanisms That Lead to Overheating and Arcing

Conditions.
Cords Plugs Receptacles
- Mechanical damage — .
. T . . - Contamination leading
- Mechanical - Contamination leading to arcing -
. . ) to arcing
Arcing damage - Excessive electrical loads

- Mechanical damage

- Thermal damage | - Hot plugging - Thermal damage

- Improper insulation

- Loose terminal

connections - Improper crimping - Contamination
Overheating | Over current - Poor blade contact - Loose terminal
. - Loose terminal connections connections
- Lack of air flow
1
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Understanding required conditions that are needed for ignition and the subsequent forensic
fire cause and fire effect signatures will allow the fire investigation community the ability to
properly evaluate fires involving electrical components. The purpose of this research was to
better understand the accuracy and reliability of potential signatures of electrical fires, to provide
a quantitative basis for validating the utility of diagnostic forensic tools, and to characterize the
conditions that lead to overheating and arcing in electrical receptacles which can cause fires.

1.1 Literature Review

A review of the literature relevant to this study has been performed. The subsequent sections
summarize the body of work that has been conducted related to the electrical phenomena of
arcing, arc tracking, overheating connections, and glowing connections. Specifically, the works
summarized herein provide insight and data describing the formation of overheating connections
with aluminum, copper, and other metals in experimental setups and in receptacle connections.
Receptacle connections including screw terminals, back wired push-in terminals, and plug-
receptacle connections; parameters such as screw terminal torque, plug blade retention force, and
current load; and work examining arcing and overheating as ignition sources as well as the
forensic examination of electrical components are discussed.

1.1.1 Codes and Standards

In order to provide the public with an adequate level of safety, certain codes and standards
exist which regulate the design, manufacture, and installation of electrical components in the US
and abroad. Underwriters Laboratory standards UL 498, Standard for Attachment Plugs and
Receptacles and UL 817, Standard for Cord Sets and Power Supply Cords provide construction
and testing requirements which serve as the primary approval method for these electrical devices
in the US. In addition, Federal Specification (Fed. Spec.) W-C-596 is also used for some
receptacles and plugs. NFPA 70, the National Electric Code (NEC) is the basis for regulation of
the installation of electrical systems and components (i.e., switches, receptacles, electrical
distribution wiring, breaker boxes, etc.) for residential, commercial, and industrial buildings and
is used throughout the United States. Some jurisdictions choose to modify the NEC to fit their
specific needs. The aforementioned codes and standards form a minimum set of requirements for
electrical devices and their installation.

Testing in accordance with UL 498 for attachment plugs and receptacles covers a wide range
of performance characteristics including plastic flammability, thermal degradation, temperature
rise, product durability, and electrical insulation. While this standard does ensure a reasonable
level of safety for the majority of receptacles and plugs in use, it would not be practical to
evaluate every eventuality that may occur. However; time, damage, improper installation,
alteration, and other conditions can degrade the level of safety provided. Over the years, as the
use of electrical and electronic devices has become more prevalent, the NEC has increased the
number of electrical receptacles required per linear foot of wall space in new construction. This
number can only be expected to increase in the future as there are no signs of the growth of the
use of electrical and electronic devices slowing.

According to the NEC, all electrical receptacles installed in accordance with the code must
be listed products. According to UL 498, receptacles can either be listed as general grade or
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hospital grade. Hospital grade receptacles, in addition to complying with general use
requirements of UL 498, have additional requirements. These additional requirements, while
increasing the consumer cost of the individual device, provide better grounding, durability,
strength, and assembly integrity. Federal specification (W-C-596) receptacles and plugs have
additional requirements pertaining to markings, construction, performance, and durability
requirements beyond those in UL 498. “Commercial,” “Heavy Duty,” “Spec. Grade,” and other
designations are used by device manufacturers to market some of their product lines. These
designations often mean that the products are more robust and are constructed of better
components such as screw and clamp type terminals. However, these designations are not tied to
any additional safety testing or construction requirements in accordance with their UL 498
listing.

1.1.2 Arcing

An electrical arc is a high-temperature (>5000°C) electric discharge between two conductors
across an air gap or a medium such as char, degraded insulation, or a wet surface [Babrauskas,
2003]. Arcing across an air gap must occur either over a very small gap or using a very high
voltage due to the high dielectric strength of air (3 x 10° V/mm) [Twibell, 2004]. More
information regarding the dependence of arcing on the air gap distance and the breakdown
voltage can be found in Babrauskas [2013].

An arc between two conductors can either be a series arc or a parallel arc. Series arcs occur
in a circuit in series with the load (see Figure 1-1, left). The current through a series arcs is
limited to that of the connected load. But, series arcs will not cause a circuit breaker or fuse to
trip because they, in fact, decrease current draw [Babrauskas, 2003]. This does not apply to arc
fault circuit interrupter (AFCI) devices which are specifically designed to detect series arcing
[Babrauskas, 2003]. Parallel arcing is arcing between the two legs of a circuit; a load does not
need to be present for parallel arcing to occur (see Figure 1-1, right). The current of a parallel arc
is only limited by the resistance of the circuit, which is typically very low. This current is termed
the available short circuit capacity; calculation of this current requires information of the
impedance of each portion of the circuit including the transformers feeding the building. Parallel
arcs, where the available short circuit capacity is larger than the magnetic trip value of the circuit
breaker (see Section 3.3.8), will typically cause circuit breakers and fuses to trip. Where the
available short circuit capacity is not able to trip the circuit breaker, sustained arcing may occur.
Sustained arcing can fuse or melt metal conductors, cause ejection of molten particles, or
pyrolyze and ignite combustible materials. Circuit breakers may not operate in time to prevent
fires associated with parallel arcing [Babrauskas, 2006].

I

Figure 1-1. Schematic of a series arc (left) and a parallel arc (right).
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1.1.2.1 Arc Tracking

When subjected to mechanical damage, moisture, salts, or excessive heat, wire insulation can
break down, causing leakage currents between two conductors previously separated by the
insulation [NFPA 921, 2011]. These leakage currents generate heat, which causes a carbonized
path to form on the insulation between the conductors. This process is called arc tracking. In
time, an arc may occur between the two conductors along the carbonized insulation pathway.
These types of arcs are typically referred to as arcing thorough char. Several test methods,
including UL 746A [2000], ASTM D3638, and IEC 60112 [2003], assess the relative propensity
of insulation materials to arc tracking [Beyler and Gratkowski, 2006]. These test methods usually
use wet tracking methods whereby drops of a saline solution are deposited onto the insulation
between two electrodes at specified intervals of time up to a maximum number of drops. The end
of a test is determined by the operation of a circuit breaker or a maximum measured current flow
through the circuit. Depending on the method, tests can be conducted using AC or DC sources at
a specified voltage or a range of voltages. These test methods produce comparative results and
do not establish the limits on when tracking is possible [Beyler and Gratkowski, 2006].

There are varying opinions in the literature of the prevalence of arc tracking as a fire cause.
Yereance [1995] claims it is a major cause of residential fires, but provides little support. Noto
and Kawamura [1978] were able to create arc tracking with ignition in half of their cases. Beyler
and Gratkowski [2006] have performed studies that showed that arc tracking across damaged
conductors from a low voltage circuit (12-14V) is capable of starting a fire.

1.1.3 Receptacle and Plug Connections

Because electrical receptacles are the primary access point for obtaining electricity in most
settings, a major point of study is the potential for electrical heating and arcing at connections in
receptacles. In a typical residential setting, the most numerous type of circuit is a 120V AC
branch circuit. These circuits are used to power a wide range of devices including computers,
televisions, lighting, electronics, refrigerators, and other appliances. A common type of
receptacle used on the branch circuits are duplex receptacles, i.e., those having two outlets.
Receptacles are made up of non-permanent connections, meaning ones that can be removed,
loosened, or changed without damaging the system. Permanent connections, such as crimps and
soldering provide a connection that must be destroyed during modification [Rabinow, 1978]. For
receptacles, there are connections between the receptacle and fixed branch circuit wiring as well
as between plug prongs/blades and the internal plug terminals. Some studies have been
conducted which examine the mechanisms which lead to both arcing and glowing connections in
receptacles (see Section 1.1.3.1) and plugs (see Section 1.1.3.5). However, few if any of these
explore the conditions that lead to the ignition of electrical components and proximate materials.

1.1.3.1 Overheating Receptacle Connections

A common physical mechanism leading to receptacles fires is the occurrence of an
overheating connection, formed as a result of a loose terminal connection. In a receptacle there
are electrical connections between the plug blades and the receptacle as well as between the
receptacle and branch circuit wiring. Connections between the receptacle and branch circuit
wiring can be various types, including side wired screw terminals, back wired push-in terminals,
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and back wired compression terminals, the latter being less common (see Figure 1-2). All types
of connections have the potential to overheat if installed improperly. In addition, due to the
practice of installing receptacles in series in some installations,a receptacle does not necessarily
have to have a load plugged directly into it in order for there to be current passing through it and
potentially creating an overheating connection.

Figure 1-2. Three types of receptacle terminals (from left to right: side wired screw terminal,
back wired push-in terminal, and back wired compression terminal).

1.1.3.1.1 Aluminum Connections

In the 1950s and 1960s, aluminum wiring was introduced for use in branch circuit wiring for
residential applications due to its lower cost than copper [Rabinow, 1978]. Aluminum wiring had
extensively been used in many industries without major issues up to this point, however, the
wiring connections used in these industries tended to be specifically designed for use with
aluminum wiring [Rabinow, 1978]. On the other hand, the aluminum wiring used in residential
applications was used as a drop-in replacement for copper. This was done without redesigning
the connections that were originally designed for copper wiring [Rabinow, 1978]. Because of its
tendency to creep and loosen in pressure terminals when heated by electrical current, overheating
connections were found to be more prevalent in aluminum (compared to copper) [Rabinow,
1978]. After this problem was recognized, there was an increase in research on aluminum
connections in residential applications in order to understand and mitigate the hazards.

Meese and Beausoliel [1977] performed an exploratory study on overheating connections in
receptacles with aluminum and copper wire and noted various parameters affecting the
temperatures. These parameters included the length of conductor wire in the outlet box, outlet
box material, face plate material, wall insulation, wire-binding screw material, etc. Glowing
connections were obtained in a variety of situations with both severe and minimal mechanical
interactions. Their study noted that wire insulation, PVC outlet boxes, wood paneling and wood
insulation were all susceptible to charring but did not investigate the conditions leading to flames
capable of involving surrounding combustibles. They also found that plugs were susceptible to
ignition. Based on voltage drop measurements, the longest continuous glow in aluminum wiring
in open air occurred for a period of 129 hours; the extended duration testing was only conducted
for one receptacle. The average power dissipation over that period was 20 W, with a peak of 35 W.
In the majority of experiments by Meese and Beausoliel [1977], receptacles were never
energized for more than 9 continuous hours. This relatively short exposure duration does not
account for situations where current flow is continuous.
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Aronstein [1983] studied branch circuits using aluminum wire and identified several
ignitable materials inside an outlet box, such as braided type NM cable sheathing and insulated
twist-on connectors, and ignitable materials outside the junction box, such as wood paneling and
wallpaper. He was able to quantitatively correlate the heat dissipation from overheating
connections that could lead to ignition of furnishings (28 W), receptacle faceplates (30 W), and
wood studs (35-50 W). He also found that molten aluminum could be ejected from outlets to
ignite surrounding combustibles (45-50 W) and that glowing connections could ignite vapor
barriers and attachment plugs and cords, but did not give details on the conditions necessary for
such occurrences. Similar results from a previous study by Aronstein [1977] on aluminum wired
field sample receptacles, reported in Babrauskas [2003], are noted in Table 1-2.

Table 1-2. Power Dissipation in Glowing Aluminum Connections [Aronstein, 1977].

Power dissipated in Results
connection (W)
4 Newspaper over face, slight charring
0.5-35 Charred bedspread
34-57 Wire melted, wallpaper charred
23-46 Insulation melted, cotton towel against face charred
4-9 Insulation melted
14-20 Cotton towel against face ignited (flaming)
12-46 Bedspread against face smoldered then ignited (flaming)
28-32 Bedspread ignited
29 Ignition of wood members after 1 hour

Newbury and Greenwald [1980] simulated loose aluminum wiring connections in duplex
receptacles and an experimental apparatus. The experimental apparatus used by Newbury and
Greenwald consisted of a test wire wrapped around a screw removed from a commercial
receptacle. A current of 15 A was applied to the connection and the screw was loosened until a
glow developed. This apparatus was used to produce specimen used to examine the initial phases
of glow development. The second set of tests examined residential receptacles with screw
connections tightened to 4 in-1b. A current of 40 A was applied and the power was cycled
(20 minutes on, 10 minutes off) until a glow developed. Newbury and Greenwald did not
measure the power dissipation for any of their glowing connections. Examination of cross-
sections of the glowing aluminum connections produced by Newbury and Greenwald revealed
iron-aluminum intermetallic compounds at the interface of the aluminum wire and iron screw.
These compounds were thought to have formed as a result of arcing. The authors stated that the
intermetallic compounds could have a resistivity more than 10 times greater than the pure metals.
Newbury and Greenwald proposed that the intermetallic compounds, rather than aluminum oxide
formation was the primary mechanism for the formation of the glowing connections.

1.1.3.1.2 Copper Connections

Overheating and glowing connections are not unique to aluminum and have been studied in
copper wiring by a variety of authors, including Ferrino-McAllister et al. [2006], Ettling [1982],
Aronstein [1983], Sletbak et al. [1992], Kim et al. [2006], and Korinek et al. [2013]. The primary
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mechanism for the formation of overheating and glowing connections in copper wiring is the
formation of a semi-conductive oxide layer between two conductors.

In all electrical circuits, current flow through a conductor creates heat due to the inherent
resistance of the conductor. This is called ohmic heating. Even when operating at or over a
conductor’s rated ampacity, most heat generated is dissipated into the environment. Ohmic
heating also occurs for current flow through a connection where the heat generated is due to the
contact resistance. When two electrical conductors make firm contact over a large surface area
relative to the cross-sectional area of the conductors, a good connection is formed and ohmic
heating at the connection is minimal. However, loose terminal connections typically result in
reduced contact area between conductors. The passage of current through a loose copper
connection (i.e., a reduced contact area) heats the contact area causing the formation of oxide
layers between the contacts. Copper oxides are semi-conductive materials and as the layer of
oxidation builds between the contacts, a high-resistance connection is formed. This high-
resistance connection will heat up and exacerbate the formation of additional copper oxides.
Eventually the connection can heat to the point of glowing which can persist for minutes, hours,
or days [Meese and Beausoliel, 1977]. The rate of oxide production is based on the density and
type of oxide film that is formed (i.e., porous oxide, nonporous, adherent oxide, and spalling,
non-adherent oxide) and the temperature at which the oxide is formed [Askeland, 1989]. Below
approximately 1100°C, CuO [cupric oxide] is formed and above this temperature Cu,O [cuprous
oxide] is formed. CuO is generally dark black in appearance, while Cu,O is a reddish color; both
are semi-conductive materials.

Sletbak et al. [1992] conducted experiments with pairs of small (cross-sectional area: 1.5 mm?)
vibrating wires which produced glowing connections between the wires. Sletback et al. proposed
that arcing resulting from making and breaking of the connection due to vibration precipitated
the formation of Cu,O on the conductors. As current flow through the oxide layer exceeded
approximately 0.15A, the current became concentrated in a thin glowing filament (~1235°C) at
the surface of the oxide. The glowing filament precipitated more oxidation growth on the
conductors to a point where a solid physical and electrically conducting oxide bridge was formed
between the two conductors. This series of events was termed the “Cu20 breeding process,” the
details of which have been studied by various authors including Kuroyangi et al. [1981], Shea
[2006a], and Kawase [1977]. In particular, Shea [2006a] found that glowing connections could
not be formed in environments of dry nitrogen. Even when there was a glowing connection
already present, when the partial pressure of oxygen dropped below 12 kPa (90 Torr), the
glowing connection could not be restarted or maintained. Shea hypothesized that without enough
oxygen, the production of Cu,O that caused the glowing connection could not be maintained.

Experimental data from glowing connections in copper wiring from Ettling [1982], Aronstein
[1983], Sletbak et al. [1992], and Kim et al. [2006] is presented in Table 1-3. These studies used
different methods to initiate a glowing connection and examined a wide range of currents
(0.5-20 amps) and voltages (120-220 volts, AC). Ettling [1982] created a glowing connection
between copper wires (14 AWG) and a steel nail which ignited pyrolysis vapors from the nail’s
wood substrate. Sletback et al. [1992] and Kim et al. [2006] used small diameter (1.3-1.5 mm)
oscillating wires to obtain glowing connections. In general, the range of power dissipations from
glowing copper connections was similar to glowing in aluminum connections (see Table 1-2).
Meese and Beausoliel [1977] stated that power dissipations from glowing connections could be
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as low as 5 W (at 0.8A) and greater than 35 W (at 15A). However, these authors studied both
copper and aluminum connections and it is unclear which material the range of power
dissipations is for. Regardless, wide ranges of power dissipations from glowing connections were
observed in both copper and aluminum connections at a variety of currents.

Table 1-3. Power Dissipation by Glowing Copper Connections.

Power Current
Dissipation Draw Line Voltage
Source (W) (A) (V)
Ettling [1982] 20 Not Stated 120
Aronstein [1983] 0.5-57 12-15 120
Sletbak et al. [1992] 17 1 220
Kim et al. [2006] 19-31 1.6 220

Korinek et al. [2013] recently studied overheating in poor connections between copper
wiring and nickel plated steel receptacle screws. To produce glowing on short time scales, the
connections between the wire and screw were made by laying the wire on the screw head rather
than having the wire wrapped around the screw. These researchers found that glowing
connections (comprised of copper, iron, and oxygen) would melt and re-solidify in layers
forming a “nugget.” The glowing area was observed to move along the interface of the wire and
screw; necking of the glowing conductor was also observed. These researchers observed a “burn-
open” of the wire which stopped current flow (i.e., severed conductor) at the point of the glowing
liquid copper oxides. A chapter on electrical fires from a fire investigation book [Twibell, 2004]
has also noted that “many overheating connections burn themselves out and break the electrical
circuit without causing the fire.” Though it is unclear whether this particular statement was
substantiated by personal experience or specific research, it mirrors the behavior observed by
Korinek et al. [2013].

A large body of work has studied the corrosion of copper and other metals used in electronics
and electrical components. Glass et al. [2011] exposed electrical receptacles and other electrical
devices to hydrogen sulfide (H,S) and electrically tested them. They found no increase in
electrical resistance, evidence of overheating, or degradation of cross sectional area. It is possible
that other corrosive environments, which have not yet been studied in this context, could lead to
overheating connections.

1.1.3.2 Other Glowing Connections

The glowing discussed in Sections 1.1.3.1.1 and 1.1.3.1.2 was for connections between
aluminum and steel and copper and steel, respectively. Copper and aluminum connections,
primarily due to their tendency to oxidize at moderately elevated temperatures, have been shown
to form glowing connections with a variety of other metals commonly used in electrical devices.
Meese and Beausoliel [1977] obtained sustained glowing (i.e., >5 minutes at 15A) with the
following material combinations:

» Copper wire and steel block;
«  Aluminum wire and steel block;
» Copper wire and aluminum wire;
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« Copper wire and copper wire; and,
e Aluminum wire and aluminum wire.

However, Meese and Beausoliel [1977] were unsuccessful in obtaining glowing connections
between copper wire and brass blocks or between aluminum wire and brass blocks. Ettling
[1982] performed experiments with contact between a copper wire and a zinc plated steel nail in
which a glowing connection did not form. Sletback et al. [1992] was able to form glowing
connections between copper and brass and copper and tin plated brass wires.

1.1.3.3 Screw Terminal Torque

The torque on receptacle screw terminals has been use by some studies as a measurement of
the looseness of receptacle connections. Work by Ferrino-McAllister et al. [2006] explored
glowing connections in copper wire connections in residential receptacles to study the factors
that lead to their formation, such as initial screw torque, screw loosening, current, apparent wire
contact area, contamination, vibrations, and other mechanical disturbances. Ferrino-McAllister
et al. [2006] found temperature changes of approximately 38°C or less with terminal torques
more than 4 in-Ibs and up to approximately 80°C at torques below 1 in-Ib. Tests were conducted
at 12.5A for between 2 and 8 hours. These conditions did not initiate a glowing connection or
rapid oxidation of the conductors. It was found that movement of the loose connection by hand
was required to initiate a glowing connection. The length of wire in contact with the binding
screw head did not have an impact on the temperature of the conductor. Meese and Beausoliel
[1977] conducted tests with screw terminal connections loosened by 1/8 turn from a torque of
2 in-Ib to produce their glowing connections. And a NIST study, using 14 AWG conductors,
showed that minimum heating can occur for a screw torque of 6.2 in-lb [Burns et al., 1978].

Newbury and Greenwald [1980] studied glowing connections in aluminum wired residential
duplex receptacles. These receptacles had connections tightened to 4 in-Ib. A current of 40A was
repeatedly cycled (10 minutes on, 10 minutes off) to induce glowing. Four receptacles were
sampled in the testing by Newbury and Greenwald. Two of the four receptacles developed
glowing connections after 36 cycles, with maximum temperatures of 350°C measured at the
break off tabs. Glowing for these receptacles was sustained for 4 hours before the tests were
terminated. Two other receptacles did not develop glowing connections after 12 and 16 cycles.
The receptacles that did not develop glowing were interrupted prior to glowing in order to
examine the sequence of events leading up to glowing.

The typical torque that is used for field installations of receptacles is not readily apparent and
is dependent on the person performing the installation. UL 498 [2008] use a torque of 9 in-1b for
14 AWG or smaller wires (15A or less) and 14 in-lb for 12 AWG or larger wires (more than 15A)
for their temperature testing. However, this is not an installation requirement. UL 498 also
requires that all screw terminals withstand a maximum tightening torque of 16 in-1b before
thread stripping occurs. The NEC suggests, in an informative annex, that installers of receptacles
use manufacturers recommended torques or in absence of these torques, a minimum value of 15 in-1b
is recommended for connections with 10 AWG and smaller wires. This annex does not form part
of the NEC requirements and is only for general connections, not specifically for receptacles.
Some receptacle manufacturers state that the terminals should be “sufficiently tight” and do not
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specify a torque to be used. Otherwise, there are no specific tightening torque requirements for
the installation of receptacles.

1.1.3.4 Back wired Push-in Connections

The fire hazards of receptacles employing back wired push-in terminals have also been the
subject of much debate in the literature. Earlier studies had shown that these connections are
susceptible to overheating, and many failed the UL 498 [1986] temperature test requirements for
receptacles after as little as one removal and reinstallation of a back-wired conductor [Aronstein,
1993], or even after being exposed to a year of normal cyclic loading using 15A and 20A
currents [Biss, 1989]. Oda [1978] also found that back-wired push-in receptacles were more
likely to ignite proximate materials than side-wired receptacles. These and other studies
prompted changes to the 11™ edition of UL 498 [1986] for testing requirements for back-wired
receptacles, yet there has been no subsequent study to determine any consequent improvements
[Babrauskas, 2003].

As part of the current UL 498 [2008] listing process, receptacles with back wired push-in
connections undergo a battery of temperature testing. Prior to testing, a wire is inserted and
removed three times for each of the back wired push-in connections. A new wire is inserted the
fourth time. Each conductor is then subjected to a 20 Ib pull force perpendicular to the plane of
insertion for a period of 1 minute. After this, the receptacle is installed in a wall mockup with
aluminum heat reflectors installed on the back of the wall before conducting the four part
temperature rise test. The first part of this UL 498 [2008] test consists of a standard temperature
rise test at a current of 15 A, similar to that which is used for side wired screw connections.
Second, a current cycling test is conducted at 22.5 A which consists of 168 four hour cycles with
3-%2 hours with current and %2 hour without current. Third, each conductor attached to the
receptacle is moved through an arc of approximately 90 degrees and returned to the horizontal
position two times. The final part of the temperature testing is a repeat of the standard
temperature rise test similar to that which is used for side wired screw connections. In this test,
the temperature rise must be no more than 30°C above ambient when the device is carrying its
maximum rated current [UL 498, 2008]. The testing regimen for back wired push-in connections
IS quite severe when compared to the testing for side wired screw terminals. The screw terminals
are tested at relatively tight conditions; torques of 9 and 14 in-1b are used for 14 and 12 AWG
conductors, respectively. Also, the screw terminal connections go through one test only and do
not have any manipulation of the conductor or terminal.

1.1.3.5 Overheating Plug Connections

A plug provides an interface between a receptacle and an electrical cord via male blades. The
connection inside the plug, between the blade and the cord, is typically either crimp or screw and
pressure plate type. Ignition mechanisms have been better characterized for plugs than for
receptacles. Several studies have quantitatively examined failure modes for plugs including:
electrical contact and insulation degradation due to heating, mechanical damage, manufacturing
defects, loose contacts, and contamination leading to arc tracking. Ignition in plugs can be
caused when arcing occurs through insulation charred by either heat or arc tracking through
surface contamination. Ashizawa et al. [1997] proposed an ignition mechanism by which heating
due to poor connections or mechanical damage will lead to a breakdown of PVC insulation, one
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of the byproducts of which is CaCl,, with calcium coming from a common PV C filler material.
This hygroscopic compound attracts water to the surface, which leads to severe arc tracking and
ultimately ignition.

Aronstein [1993] concluded that after as little as 100 insertion and removal cycles, male plug
blades could cause deformation of female contacts in some receptacles that would result in poor
grip in the connections. These poor connections led to charring and melting of the receptacle
face, however ignition of nearby materials was not discussed. UL 489 [2008] testing of plug-
receptacle connections requires that the static force necessary to remove a standard plug from a
receptacle is greater than 1.36 kg (3 Ib) and less than 6.80 kg (15 Ib). Hagimoto et al. [2001]
reported that excessive heating due to loose plug connections to receptacles was a problem in
receptacles with low retention forces (< 0.1 kg) and high amperage loads (20 amps). Okamoto et al.
[2003] reduced the retention force between one of a receptacle’s female contacts and plug blade
from 1.5 kg to <0.02 kg which caused an increase in temperature of between 120 and 210°C at
the terminal from a 100 VAC, 20A source. Okamoto et al. [2003] also noted that reducing the
retention force for both plug blades from 1.5 kg to <0.02 kg caused an increase in temperature of
between 190 and 210°C (100 VAC, 20A). However, when the current draw was reduced to 15A,
maximum temperature increases of only 60°C were observed. However, testing was only
conducted for periods up to 25 hours. These retention forces are quite small compared to the
minimum retention force of 1.36 kg (3 Ib) required by UL 498 [2008].

Uchida et al. [1981] studied mechanical failures, but not ignition, of screw-attached wires
due to cyclical plug removal by pulling on the cord and found a wide-disparity between different
plug types. For two different type plugs made from urea formaldehyde, when the conductor
attachment screw was loosened by 180°, one exhibited a 450°C temperature rise inside the plug,
while the other only had a 20°C temperature rise inside the plug. However, when terminal screws
were loosened only 90° these two types of plugs only had between a 10 and 20°C temperature
rise inside the plug. A rubber plug with the screw loosened by 90° failed after 60 hours of testing
at a temperature of 248°C. The load for plug terminal screw tests was 100VAC and 12A. Uchida
et al. [1981] also repeatedly inserted and removed various plugs from a receptacle. These plugs
had between OA and 12A loads. For some conditions, breakage did not occur in 20,000 cycles.
However, if the wire was not properly terminated at the plug, breakage of conductors due to
insertion and removal took approximately half the number of cycles for electrically loaded cords
(~2000 cycles) compared to non-loaded cords (~4000 cycles). The authors attributed this to
arcing occurring at the damaged cord-plug interface.

Shimizu [1984] and Katayama et al. [1981] have studied and quantified electrical cycles-to-
ignition after mechanical failures were induced in plugs due to mechanical stresses which broke
the cord/plug junctions. Loading the cord with a 1 kg weight, Shimizu [1984] bent the cord back
and forth over a +/- 70° arc until all strands broke. For a molded plug, 2000 cycles were required
to break all strands while for two do-it-yourself plugs, one broke after 2000 cycles and the other
250 cycles. Shimizu conducted similar experiments with cords carrying up to a 1000 W load,
bending the cord back and forth by hand at approximately 30 times per minute. No flaming
ignition was seen for PVC plugs and PVC cords. PVC plugs with rubber/cloth or neoprene
insulated cords did attain flaming conditions for up to two minutes. Katayama et al. [1981]
loaded a PVC plug and PVC cord with a 0.5 kg weight and bent the plug over +/- 60° until all
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conductor strands were broken. Various levels of electrical load were applied to the broken cord-
sets and the cords were bent by hand to successfully induce arcing and ignition.

Okamoto et al. [1999] found that the susceptibility of plug insulation materials to arc tracking
was dependent upon the material and the degree of aging. The later study by Okamoto et al.
[2003] showed that, when heated in an oven, the tracking resistance (as measured by the
Comparative Tracking Index [CTI]) of most plug materials decreased as the heating temperature
increased and as the duration of heating increased (see Table 1-4). Although mechanisms for
plug failures have been identified, the ability to discern forensic indicators of actual ignition
sources needs to be studied.

Table 1-4. Comparative Tracking Index (CTI) of PVC That is Thermally Degraded,
Okamoto et al. [2003].

Heating Time Heating Temperature

- 200°C 150°C 100°C

0 hour >600 >600 >600

1 hour 459 >600 >600

3 hours 238 >600 >600

5 hours 113 >600 >600

30 hours - 516 >600
150 hours - 124 >600

1.1.4 Arcing and Overheating Connections as Competent Ignition Sources

In a fire investigation, it is not enough to know whether arcing or an overheating connection
was present, but it must be determined whether or not that electrical event was able to cause a
fire. Arcing and overheating connections have been well recognized in the literature as electrical
hazards, but documentation of their function as competent ignition sources for practical
combustibles and arrangements has been rather limited. A few studies which explore the
conditions leading to ignition from short-circuit arcing used readily ignitable materials such as
wood shavings or cotton balls [Beland, 1984; Hagimoto, 2007], providing a lower bound on the
competency of wiring as an ignition source. Others only consider ignition of materials (e.g., PVC
insulation) contained in the electrical wiring itself [Keski-Rahkonen, 1999]. A study by
Aronstein [1977] describes the wattages dissipated by glowing electrical connections which led
to ignition of certain combustible materials (e.g., wood stud adjacent to junction box, receptacle
cover plates, thermal insulation and vapor barriers). These values are listed in Table 1-2.
However, these tests used electrical receptacles that had overheating connections not created by
the researcher. It was not known what exact conditions led to the overheating connections.
Hagimoto et al. [2001] and Uchida et al. [1981] demonstrated that loose connections (between
90 and 360° loosened) internal to the plug can produce temperatures upward of 400°C at the
connection. Both researchers noted that parts of the plugs and faceplates would melt and char,
but did not explore whether these conditions would lead to ignition of proximate materials such
as cellulosic insulation, wood studs, or plastic receptacle face plates. Twibell [2004] stated that
“many overheating connections burn themselves out and break the electrical circuit without
causing the fire.” The discussion of overheating connections by Twibell [2004] seems to be
substantiated more by personal experience rather than specific research.
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Shea [2006] demonstrated arc tracking and ignition of PVC insulation experimentally by
using bundled NM sheathed wiring wrapped in wall cavity insulation. Babrauskas [2001] noted
that arcing in electrical wiring has been shown to ignite proximate materials by Franklin [1991].
Franklin ignited blankets and paper with parallel arcing/short circuits using a power cord that
was cut with diagonal cutters. The fires ignited from molten copper droplets ejected from the
cord due to the short circuits. Other types of mechanical damage such as hammering a wire has
been shown to cause violent arcing and ignition of wood shavings [Beland, 1984]. Glowing
electrical connections produced by two wires touching a nail were shown to ignite pyrolysis
vapors from the wood that the nail was in [Ettling, 1982].

1.1.5 Forensic Examination of Electrical Components

Often after a fire has occurred, many of the electrical components are burned, charred, or
melted. It is generally difficult to determine whether a damaged electrical component was a
cause of the fire or damaged as a result of a fire, especially if the damage is extensive. NFPA 921
[2011] is the preeminent guide for the investigation of fire and explosion incidents. This guide
contains a scientific-based methodology used for the determination of fire and explosion incident
origin, cause, responsibility, and prevention. Chapter 8 of NFPA 921 [2011] is concerned with
electricity as it relates to fire; from lightning damage to arcing and overheating connections. At
the time of this report, there are proposals for the 2014 edition of NFPA 921 which are aimed at
improving the discussion of arc beads and melting of conductors by fire. This is a significant step
in providing fire investigators with state of the art research regarding this topic. The majority of
this discussion, however, is focused on arcing and melting of copper conductors. At present,
there is only one section in NFPA 921 [2011] regarding overheating connections. This is a basic
discussion in which the causes, indicators, and physical evidence from overheating are presented:

8.10.4* Overheating Connections. Connection points are the most likely place for overheating
to occur on a circuit. The most likely cause of the overheating will be a loose connection or the
presence of resistive oxides at the point of connection. Metals at an overheating connection will be
more severely oxidized than similar metals with equivalent exposure to the fire. For example, an
overheated connection on a duplex receptacle will be more severely damaged than the other
connections on that receptacle. The conductor and terminal parts may have pitted surfaces or may
have sustained a loss of mass where poor contact has been made. This loss of mass can appear as
missing metal or tapering of the conductor. These effects are more likely to survive the fire when
copper conductors are connected to steel terminals. Where brass or aluminum are involved at the
connection, the metals are more likely to be melted than pitted. This melting can occur either from
resistance heating or from the fire. Pitting also can be caused by alloying. (See 8.10.6.3.)
Overheating at a connection can result in the thermal damage and charring of materials adjacent
to the connection. Heat can be transferred along conductors attached to the overheated
connection, resulting in charring or loss of the conductor’s insulation. The charring or loss of
plastic insulation may allow arcing to occur. Such arc damage may survive the fire.

The annex of NFPA 921 [2011] does contain a reference to some early work by Ettling [1982],
but no additional explanatory material or photographs are presented.

Some attempt has been made by Babrauskas [2003] and others to identify differences
between receptacles which exhibited overheating connections (i.e., potential ignition sources)
and those that were damaged due to fire. He observed that damage from a fire decreases
progressively from the exposed face to the back of the receptacle and is not concentrated near
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terminal screw connections, while damage from an overheating connection exhibits a radial
pattern of damage spreading from the overheated terminal. The same observations could be
extrapolated for plugs (i.e., localized damage appears in the vicinity of overheating plug-
receptacle connections). Beland and Saucier [1986] observed that pitting and other evidence that
may point to electrical activity at a connection were produced in fires with non-energized
receptacles. There has not been any rigorous experimental study of forensic signatures of
overheating connections with respect to thermal damage to the receptacle.

Some attention has been given to the examination of oxide development in overheating
electrical connections using scanning electron microscopes (SEM) by Kim et al. [2006]. Kim et al.
[2006] examined the cross-section and surface of an oxide bridge formed between two oscillating
conductors. They found that the surface had a composition of 84.02% Cu, 12.28% O, and 3.70% C,
and its cross section had a composition of 87.94% Cu and 12.06% O. This implied that
carbonization and oxidation occurred on the outside of the oxidized area and only oxidation on
the inside of the oxidized area. However, it is not clear whether these values were averages over
the surfaces or point measurements and whether there was any variation of these values over the
surfaces. The use of this method to determine if an overheating connection existed prior to any
fire exposure has not been explored. Twibell [2004] reported that in the later stages of glowing
connections, the contacts may partially melt or become separated by a short distance. These
observations appear to be founded in personal experience and no specific research was cited by
this author. In addition, Twibell [2004] does not discuss the visual or other forensic
characteristics of the melted or separated contacts.

Arc mapping is a technique that is sometimes used to determine or narrow down the area of
origin of a fire. This methodology is explained in NFPA 921 [2011], West and Reiter [2005], and
Churchward and Cox [2010]. Arc mapping relies on determining the locations of any arcing (i.e.,
arc beads) in electrical circuitry (e.g., branch circuit wiring, appliance cords, and extension
cords). The methodology requires that the investigator be able to differentiate between arcs,
melting, and mechanical damage to wiring and cords. This is a difficult task as these types of
damage are often confused and easily misinterpreted. Arc mapping for individual appliances has
also been used to aid in fire origin and cause determination [Shanley, 2008]. In addition, the
presence of arcing is often used as an indication that the particular conductor was energized at
the time of the fire. This may have implications for determining whether or not certain items
could have been the cause of a fire. Both arcing and melting of conductors arise from thermal
events. The underlying reasoning behind why there should be any differences between an arc site
and damage from melting are the differences in temperature and time between these two types of
events. Individual arcs last for times on the order of 1 second or less whereas melting from fire
usually occurs over much longer times (i.e., minutes or longer). Also, arc temperatures are much
higher (> 5000°C) and have steep temperature gradients compared to fire temperatures (~1100—
1300°C max).

The majority of research into the evidence produced by arcing has been focused on arcing in
stranded and solid copper conductors. Arcing events can produce damage on copper conductors
having round beads, notches, or severed conductors [NFPA 921, 2011]. Stranded conductors
may have some or all of the strands severed or fused together. Arcing through char can produce
several points of arcing or severing of small segments of wire. NFPA 921 [2011] suggests that
arc beads exhibit a clear demarcation between the bead and the adjacent undamaged wire and
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that a projection of porous copper may exist at the arcing location. However, NFPA 921 [2011]
does not attempt to differentiate between arcing that caused a fire or was caused by the fire. The
characteristics of melting in copper conductors are also discussed in detail in NFPA 921 [2011]:
fire melting of copper wiring can produce thinning, tapering, and blistering of the conductor;
globules may form on melted copper conductors, but these globules may show effects of gravity
(i.e., dripping); and melting of copper wiring from fire may also obliterate the copper drawing
lines, formed as a result of the manufacturing process, outside of the damaged area.

The proposed changes to NFPA 921 [2012] for the upcoming 2014 edition of the guide,
which are yet to be accepted at the time of this report, attempt to reinforce the current description
of arcing evidence with the findings from recent research [NFPA 921, 2012]. Some
characteristics of arcing damage that are proposed for inclusion are: re-solidification waves,
locally enlarged grain size, and high internal porosity. Re-solidification waves were discussed by
Murray and Ajersch [2009] who proposed that the waves arise as a result of the rapid re-
solidification of the metals involved in the arcing which had been rapidly vaporized to a plasma
state by the arc. The rapid re-solidification was attributed to the large temperature gradient
between the metal plasma and the solid, un-melted metal. Re-solidification waves appeared as
concentric rings emanating from the arc location and were observed on both steel and copper.

Murray and Ajersch [2009] also observed changes in the grain size of the base metals at the
point of arcing. This was observed for arcing in aluminum and copper wiring. For copper, the
grains affected by the arcing showed an oriented and linear shape. For arcing between aluminum
and steel, the grains were larger in the interaction area between the two metals. Lewis and
Templeton [2008] found a region of non-directional grain growth in the vicinity of the arc
location for all of their 51 cases of arcing. They referenced the grain size of the base metal (#6—+#7
based on ASTM E112) but did not measure the grain size near the arcing. None of the research
regarding grain size in damage to conductors from melting or arcing has yet to characterize the
grains in any quantitative manner with respect to grain size distribution or location of the grains.

Lewis and Templeton [2008] observed significant levels of porosity in arc beads and
concluded that this characteristic was a definitive feature of arced copper conductors. In arc
damage, the authors observed various sizes and shapes of pores and a line of demarcation
between the areas having pores and those not having pores. Buc [2012] also states that internal
irregular porosity and an internal line of demarcation are key indicators of arcing damage.
However, Levinson [1977] observed substantial porosity in both non-arc melted and arc melted
copper as long as the molten material was in contact with carbonaceous reducing agents and
solidification occurred rapidly. None of the research regarding porosity in damage to conductors
from melting or arcing has yet to characterize the porosity in any quantitative manner with
respect to pore size distribution, pore quantity, or location of the pores. Both porosity and grain
size characteristics are rather qualitative and dependent on the person conducting the
examination. Therefore these characteristics should not be used as the sole criteria in judging
whether a piece of evidence is from arcing or melting.

Many attempts have been made to characterize the metallurgical changes that take place
during arcing and as a result of fire. Babrauskas [2004] provides a review of some proposed
methods for evaluating beads that occur on wires as a result of arcing. Some of these methods
include surface and metallurgical examination of the bead using scanning electron microscopes
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(SEM), Raman spectroscopy, and auger electron spectroscopy (AES) techniques. Overall, his
assessment is that these methods are unable to provide conclusive determination of whether the
bead is indicative of the cause of the fire or was a victim of the fire. His criticism is based in part
on claims that the methods have been based on extremely small number of experiments and that
the work has not been independently validated. Even though authors continue to search for a
defining characteristic of arcing that will aid in the determination of fire cause versus fire effect,
there has been no successful method developed.

Recent work by Man et al. [2011] has attempted to use SEM, AES, and Energy-dispersive
X-ray Spectroscopy (EDS) to determine whether an arc occurred in a normal atmosphere or a
fire atmosphere. The work showed that for arc beads in copper wiring that occurred due to a fire,
on average the surface and subsurface concentrations of oxygen and carbon were approximately
two to three times higher than for arcing occurring in air. The authors did mention that the
insulation was adhered to the arc melted copper after the fire exposure. However, it was unclear
whether any surface cleaning of the arc beads was performed after the fire. Also, it does not
appear that the arc beads from arcing in air were subjected to subsequent fire as would be
expected of an arc that was the fire cause. A similar method was proposed by Anderson [1996].
The presence of oxygen and carbon in the arc bead was predicated on the belief that some of the
surrounding atmosphere would be absorbed in the molten metal during the arcing process and
that for arcing in a fire environment this would primarily be CO,, CO, etc. However, as
Babrauskas [2004] pointed out, this methodology does not take into account that even for arcing
not in a fire environment; wires are typically insulated with some plastic, usually PVC, which
may be vaporized regardless of whether the arcing was a cause or victim of the fire. At present,
there are no metallurgical examination methods which can conclusively determine whether an
arc bead was the cause of a fire or created as a result of fire exposure.

A study by Carey and Daeid [2007] conducted experimental research with electrical wiring
installed in test compartments and exposed to fire. The non-metallic sheathed cabling used in this
testing was installed at the ceiling of the test compartment. This cabling was either supported by
pairs of screws or wood blocks. This location of the wiring within the compartment and the
support methods are highly irregular. Carey and Daeid [2007] classified nine types of arcing
damage for energized wiring based on the physical appearance of the arc beads, but did not note
any evidence of conductors melting. These researchers also claimed to be able to differentiate
between arcing damage occurring because of a short and damage from arcing through char. Their
substantiation for this claim was based on an observation that arcing through char occurred more
when the wiring was supported by wood block rather than metal screws which could short the
wiring. Carey and Daeid [2007] did not discuss fire induced melting, pitting, or other wire
damage which could have occurred during testing.

1.1.6 Aged Receptacles

Since the modern duplex outlet was developed in the early twentieth century, there have been
relatively few major changes to its design and construction. In the mid 1920’s, receptacles were
required by electrical codes to be polarized. The design change called for a wide neutral prong
on one side so that a plug could only be inserted in one orientation. This design change was
made in order to reduce electrocution hazards. Until the early 1960°s grounding receptacles,
were not required in most construction [Dini, 2009]. According to the U.S. Census Bureau
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[2008], only 30% of existing households were constructed prior to 1960, making grounding
receptacles the most used type of residential receptacle. Over the years, the materials and
manufacturing methods of receptacles have gone through a number of changes. In the past
20-30 years, there has been a shift from the use of Thermosets, such as Bakelite and urea
formaldehyde, in receptacles to plastics such as PVC, Nylon, and polypropylene. In addition,
ultrasonic welding techniques have made the production of receptacles easier and cheaper. The
internal contacts and screw terminals have also changed, from predominately flat-head screws in
years past to Phillips head screws over the last few decades.

The age of a device can affect a variety of parameters including the materials it is constructed
of, any prior damage or deterioration, looseness of connections, or other improper installation.
Dini [2008] found using the UL 498 temperature rise test that for receptacles gathered from
houses dating back to before the 1930s, 88% had a temperature rise of over 20°C, but after
tightening of screw terminals and cleaning of blade contacts (through multiple insertions), only
14% had a temperature rise of over 20°C. This would suggest that the installation conditions
(screw tightness) and some surface contamination were the primary cause for temperature rise
and not the age related deterioration of the device. Dini [2008] did not publish the maximum
temperature rise measured for the devices.

1.2 Motivation for Testing

While there has been some research providing insight into the formation of overheating
connections in receptacles [Ferrino-McAllister et al., 2006; Oda, 1978; Okamoto et al., 2003;
Meese and Beausoliel, 1977], that research has lacked the characteristics necessary to form a
complete picture of the hazards associated with loose connections and the forensic analysis of
receptacle connections. The aforementioned research limited the duration of receptacle testing to
hours or days. This limitation caused the natural (i.e., without human interference) development
of electrical failures, a process that can take up to months or years, to be overlooked. The
quantity of receptacles tested in most research programs was limited to tens of receptacles. These
limited data sets are inadequate to develop a quantitative basis for the probability of different
failure modes or for the potential of an overheating/glowing connection to become a competent
ignition source. Some research has been conducted which examined the mechanisms leading to
oxide growth and formation of glowing connections for wires [Ettling, 1982; Sletback et al.,
1992; Kim et al., 2006; Korinek et al., 2013]. However, this work did not take into account the
interaction between the heated connection and potential receptacle materials and wire insulation.
Studies by Aronstein [1977 and 1983] characterized the ignitability of some common materials
by overheating connections. However, these connections were predominately in receptacles with
aluminum wiring. With all of the research into overheating connections in receptacles, the lack
of information in NFPA 921 [2011] regarding the topic is surprising. Additional research is
necessary to provide a statistically significant data set for and comprehensive analysis of the
progression in a receptacle from a loose connection to a competent ignition source.

A common task of the fire investigator is to determine whether the metallic components
exhibit signs of electrical activity (i.e., arcing) or whether the damage is due to fire attack
(i.e., melting). The majority of research related to arcing has been conducted with copper wiring.
Some work has been conducted with brass and aluminum; however, there has been no systematic
study of characteristics of arcing in receptacles or plugs either from fire exposure or due to
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overheating connections. The recent proposals regarding changes to the arcing characteristics
presented in NFPA 921 [2011] are a step in the right direction in terms of moving towards
characteristics with a sound scientific basis. However, these characteristics are very qualitative
and still generally geared towards arcing in copper wiring. Additional research into arcing in
receptacles and plugs is necessary to provide a scientific basis for arcing in components other
than copper wiring.

Perhaps the most critical and most difficult aspect of fire investigation involving electrical
devices is determining whether the evidence at hand is the cause of the fire or a result of the fire.
This topic has been especially investigated for arc beads on electrical wiring without any widely
accepted theories. However, this specific type of analysis has not been investigated for
overheating and glowing connections in plugs or receptacles. Only anecdotal work [Babrauskas,
2003] has postulated a method of visual analysis for differentiating between receptacles damaged
by overheating connections and those damaged by fire attack. However, this analysis is only
valid if a good portion of the receptacle is intact; the likelihood of this limits its applicability.
Some research has been conducted with respect to the oxide development and glow development
in wires, but there is no research which has examined the metallurgical evidence left by
overheating and glowing connections in receptacles. While many have focused on examination
of arc beads and wiring, the lack of published research on forensic examination of receptacle
connections necessitates some exploration of this topic in detail.

1.3 Objectives

The two global objectives of this work were to improve the forensic examination of electrical
receptacles and their components and to better understand the potential causes of electrical fires
in receptacles. Three primary areas of interest were explored: the development of overheating
connections in receptacles (i.e., terminals and at the plug/receptacle interface), electrical and
thermal damage to receptacles from fires, and forensic examination of electrically damaged and
fire damaged receptacles.

Specifically, this work evaluated the conditions associated with the development of
overheating and ignition of a receptacle and the subsequent forensic signatures that can be used
to differentiate whether the electrical component was a potential cause of a fire or a victim of a
fire. The metallic components from receptacles exhibiting different failure modes as well as
receptacles damaged from fire were examined using state of the art techniques to establish the
physical and chemical characteristics of the evidence.

1.4  Experimental Approach

Two series of tests were used to accomplish the objectives of this research: (1) laboratory
testing of plugs and receptacles and (2) plug and receptacle configurations exposed to two
different types of fires. Large quantities of receptacles were evaluated in each test series in order
to provide adequate data for evaluating the effects of multiple variables as well as providing a
substantial database to establish a quantitative understanding of the accuracy and reliability of
forensic tools. The two test series systematically studied a wide range of variables. These
variables included the type of electrical device, device materials, device grade/design, device
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manufacturer, device age, fire parameters; and installation, use, and abuse conditions. Table 1-5
lists the number of tests for each series and the number of receptacles evaluated.

The laboratory testing was designed to expose various receptacle configurations to operating
conditions resembling a wide range of what can be found in residential and commercial
applications in order to determine the conditions necessary to cause overheating and glowing
connections that lead to failures. The testing allowed for overheating connections to develop
naturally over extended periods of time such that the failures encountered would be
representative of what could happen in real scenarios. Testing was conducted for periods up to
511 days.

Table 1-5. Summary of Test Series.

Test Series Number | Receptacles Total Number of
of Tests Per Test Receptacles Tested
Laboratory Testing 7 51-78 490
_ Compgrtment 8 36 288
Fire Fire
Exposures | Intermediate
Scale Furnace > 36 180

The two types of fire exposures included various single-room compartment fires and a set of
intermediate scale furnace fires. The fire exposure testing of receptacles had two purposes. Both
the compartment and furnace exposures were used to assess the impact of certain variables
relative to thermal damage and electrical arcing in receptacles. The furnace fire exposures were
also used to determine whether evidence of parameters required for ignition (determined in
laboratory tests) would persist after different levels of fire exposure. Some of the devices which
produced glowing connections in the laboratory testing were subsequently exposed to the
intermediate scale furnace exposures. The inclusion of these devices along with undamaged
energized and non-energized devices provided comparative fire evidence which was evaluated
for forensic indicators to differentiate between cause and victim of the fire. Compared to the
compartment fires, the use of the intermediate scale furnace had additional benefits. The
temperature of intermediate scale furnace was able to be controlled and the receptacles were able
to be exposed to much higher temperatures (i.e., above the melting point of some of the metal
components) than were reached in the compartment fires.

1.4.1 Experimental Variables

Table 1-6 provides a simplified overview of the test variables evaluated for the laboratory
testing of receptacle and plug connections and the fire exposure testing. Complete summaries of
all of the receptacles tested and their variables are presented in Appendix G (Laboratory Testing)
and Appendix H (Fire Exposure Testing). The goal of variable selection was to assure that the
work performed was as relevant and practical as possible so that fire investigators could
immediately use the findings of this program to improve their determination of fire cause and to
have a technical basis for their opinions and the analysis techniques being employed. Therefore,
the aim was that the variables selected were not just reflective of components and conditions
existing in the field, but also those that are more highly correlated to fire incidents. The variables
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were selected to provide bounding limits to be able to distinguish when certain conditions or
components can be used as evidence for when ignition is possible and, just as importantly, when

it is not possible.

Table 1-6. Summary of Test Variables.

Variable

Laboratory Testing

Fire Exposure Testing

Wiring Method

Back Wire Push-in
Side Wired (Screw)

Side Wired (Screw)

Screw Terminal

%, Turn Loose
1 in-Ib (0.113 N-m)
3 in-Ib (0.339 N-m)

Y4 Turn Loose
1in-1b (0.113 N-m)
3 in-1b (0.339 N-m)

High Startup Current

Torque 5 !n-lb (0.565 N-m) 7 in-Ib (0.791 N-m)
7 in-1b (0.791 N-m) 12 in-Ib (1.35 N-m)
15 in-1b (1.69 N-m) '
Nominal Plug Non-Modified (0.6-2.5 kg B
Connection [1.3-5.51b]) Non-Modified (0.6-2.5 kg
Retention Eorce 0.1 kg (0.22 Ib) [1.3-5.51b])
0.01 kg (0.022 Ib)
Number of Back 0 cycles
Wire Removal and 1 cycle N/A
Insertions 2 cycles
Plug Type Various materials, C(_)nfigurations, & [Various materials, C(_)nfigurations, &
styles (see Section 1.4.2.4) styles (see Section 1.4.2.4)
PVC PVC
Receptacle Material Polypropylene Polypropylene
Thermosets Thermosets
. None — Open Air PVC
Outlet Box Material PVC Galvanized Steel
Faceplate None — Open Air Painted Steel
Material Nylon Nylon
Vibration
Use Conditions Cyclic Loading N/A

Electrical State

Energized w/ Load
(15A, 6A, 3A)

Non-Energized
Energized

Energized w/ Load (6 to 7A)

1.4.2 Key Test Variables

1.4.2.1 Screw Terminal Torque

The initial laboratory testing consisted of systematically varying screw terminal connections
from just below the maximum torque tested in UL 498 [2008] (i.e., 16 in-Ib tightening torque
test) to progressively looser connections to determine the limit of what ultimately can lead to
overheating and ignition. Prior testing had indicated that heating at receptacle contacts can occur
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with torques greater than 6 in-Ib [Burns et al., 1978], and less than 1 in-Ib [Ferrino-McAllister et al.,
2006; Meese and Beausoliel, 1977]. Receptacles with screw terminals tightened to 15, 7, 5, 3,
and 1 in-1b as well as ones with ¥4 turn loose configurations were evaluated in the laboratory
testing. The % turn loose configuration was an attempt at creating a very loose connection that
could be systematically reproduced since the torque equipment could not accurately be used to
set torque at a small fraction of 1 in-1b. This configuration was created by first tightening the
terminal to 5 in-1b in order to remove any bends in the wire and then loosening the connection by
Yaturn (i.e., 90°).

Receptacles used in the fire exposure testing were tightened to 12, 7, 3, and 1 in-1b as well as
the ¥4 turn loose configuration. The purpose of terminal torque in the fire exposure tests was
twofold: first, to evaluate the impact of torque on potential for arcing to occur and second, to
determine whether a meaningful post-fire torque measurement could be made.

1.4.2.2 Receptacle Material

This research was aimed at conducting tests with components that are representative of what
is most typically found in residences within the United States. Receptacles and plugs, although
adhering to certain production and testing standards, can vary widely between different
manufacturers in terms of materials, construction, and manufacturing methods. There is little
market data which gives insight into which receptacle and plug manufacturers dominate the
market. Four of the largest manufacturers of receptacles and other wiring devices in the U.S.
over past decades are Pass & Seymour (owned by Legrand), Hubbell, Cooper Wiring Devices,
and Leviton. All of these companies have, for decades, produced a wide variety of electrical
devices, varying in color, grade, style, and arrangement. Some discussion with electrical
contractors and industry representatives revealed that the brands of receptacles that are bought by
electrical contractors depend on a variety of factors, including the electrical distributor used
(some only carry certain brands), geographical region, pricing of receptacles, the type of project
(e.g., residential or commercial), and the size of the project (e.g., single receptacle replacement
or new house construction).

The two basic components of receptacles and plugs are the insulators and conductors. The
insulators (i.e., wire insulation and receptacle/plug bodies) are usually plastics such as Nylon,
polyvinylchloride (PVC), polypropylene, and thermosets (e.g., phenolics, urea formaldehyde).
The conductors (i.e., screws, wires, plug blades, and receptacle internal plug contacts) are
typically metals such as steel, brass, and copper and are sometimes plated with other metals such
as zinc, brass, or nickel. Plastics are generally one of two types, either thermoplastic or
thermosetting. Both types of plastics are combustible to some extent. Normally, when
thermoplastics are heated, they will melt and drip [Hirschler, 2008]. On the other hand, as
thermosetting plastics are heated, they tend to crack, char, and become brittle. Nylon, PVC, and
polypropylene are all thermoplastic materials, but PVVC tends to behave both as a thermoplastic
and a thermosetting plastic when exposed to elevated temperatures. When heated, PVC materials
will often sag and deform before charring rather than becoming liquid and dripping. Over the
past few decades, there has been a shift away from using thermosetting plastics in receptacle and
plug construction due to increased cost efficiency in the manufacturing process associated with
using thermoplastics. The modern processes of injection molding and ultrasonic welding of
receptacles streamline the manufacturing of components made of thermoplastics.
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The majority of receptacles selected for use in laboratory testing and fire exposure testing
were standard grade, new receptacles. These were chosen because they are the most common
grade of receptacles found in residential applications. Two thermoplastic receptacles, one PVC
and one polypropylene, as well as a variety of aged (thermosets) receptacles were selected for
testing. The specific thermoplastic receptacles selected were the Pass & Seymour model 3232-1
and 3232-W, constructed of PVC, and the Leviton 5320-W, constructed of polypropylene. These
two receptacles are shown in Figure 1-3 and Figure 1-4, respectively. The -1 and -W in the model
numbers designate the color of the receptacle: -1 for ivory and -W for white. Due to limited
quantities of certain colors, both white and ivory Pass & Seymour receptacles were purchased.

Pass & Seymour 3232-W or 3232-1
Part Material

g [Hukteoninal Plated Steel
Screws

2 Neutral Terminal Plated Steel
Screws
Internal Plug S

3 Contacts Brass
Receptacle Body — "

4 Fioiit PVC (white)
Receptacle Body — ;

5 Back PVC (grey)

6 | Grounding Strap | Zinc Plated Steel

Leviton 5320-W

Part Material
j, | Tamat] Plated Steel
Screws
’ Neutral Terminal Plated Steel
Screws
Internal Plug -
g Contacts Byass
¥ Receptacle Body — | Polypropylene,
Front Isotactic (white)
3 Receptacle Body — | Polypropylene,
© | Back Isotactic (black)

6 | Grounding Strap | Zinc Plated Steel

Figure 1-4. Schematic of new polypropylene receptacle materials and construction.
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In order to test receptacles that are relevant for both existing construction as well as new
construction, a variety of aged receptacles were purchased for testing. The manufacturers of the
aged receptacles were not chosen in a systematic way; aged receptacles were purchased from
local vendors of used construction materials. The vendors would periodically receive receptacles
from houses, apartment buildings, or commercial buildings that had been torn down or had their
electrical systems refurbished. All receptacles were collected from vendors located in the
Baltimore, MD and Washington, DC metro areas. However, the location of the buildings from
which the receptacles came was not known to the authors. The aged receptacle manufacturers
procured were: Leviton, Slater, General Electric (GE), H&H, Pass & Seymour, Circle F,
Hubbell, Paulding, Arrow, Bryant, National Tool & Mfg. Co. (NTM). Of these manufacturers,
only Leviton, Pass & Seymour, Slater — absorbed by Pass & Seymour, Hubbell, Arrow (now
Arrow Hart — a subsidiary of Cooper Wiring Devices), and Bryant (a subsidiary of Hubbell)
continue to manufacture receptacles. The aged receptacles purchased were a variety of types
(e.g., polarized or grounded), grades (e.g., standard or heavy duty), ages, and had a variety of
previous use and abuse (e.g., paint, cracks, scratches, and other damage).

These receptacles were separated into five categories based on their approximate age. The
approximate age range was determined by the authors based on the materials used,
manufacturers, markings, configuration, and construction of the receptacles. It was estimated that
the receptacles were between 10 and 60 years old. Table 1-7 lists the categories and
corresponding date ranges of the aged receptacles. Some of the Category A and B receptacles
were non-grounding type receptacles, meaning they did not have the slot for a grounding pin.
The rest of the aged receptacles were grounding type receptacles. Some of the aged receptacles
had brass terminal screws and some had steel terminal screws. Screw material was dependent on
the specific model.

Table 1-7. Aged Receptacle Categories.

Approximate Date of
Manufacture
1940’s-1950’s
1950°s—1960’s

1970’s
Late 1970’s—Early 1980’s
Late 1980°s—1990’s

Category

mo|O|w| >

1.4.2.3 Outlet Box and Faceplate Materials

All of the receptacles exposed to fire were installed in an outlet box with a faceplate to
represent a typical installation. Only a small portion of the laboratory tested receptacles were
installed in outlet boxes with faceplates. The use of outlet boxes and faceplates in the two test
series served different purposes. For the fire exposure testing, receptacles were installed in outlet
boxes and with faceplates because this method was practical for receptacle installation in a
mockup wall and because it is typical of receptacle installation in the field. In the laboratory
testing, the purpose of installing receptacles in outlet boxes and with faceplates was to determine
the effect of the material contribution to overheating and any subsequent ignition. The majority
of receptacles in the laboratory testing were tested without outlet boxes and faceplates because of
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the increased fire load from these materials. The lack of outlet boxes and faceplates allowed the
overheating connections developing in receptacles and plugs to be closely observed without
having to remove the faceplate.

In the fire exposure tests, both plastic and metal were used for outlet boxes and faceplates.
The use of different materials aimed to address the impact of the materials on electrical damage
and thermal damage to the receptacles. For example, arcing can occur when energized
conductors come into contact with properly grounded metal components. This cannot occur with
the plastic outlet boxes and faceplates. Also, the plastic outlet boxes and faceplates will melt and
deform when heated in a fire, while the metal components (i.e., steel) will not. This may cause
different thermal damage to those items and potentially affect the thermal damage to the
receptacle. Only plastic outlet boxes and faceplates were used in laboratory testing. The plastic
faceplates used were Leviton model PJ9-W faceplates made of white Nylon. The plastic outlet
boxes were Carlon model B118A (18 cubic inch) and B114RB (20 cubic inch) outlet boxes
constructed of blue PVC. Both boxes are marketed as being UL classified for use in 2-hour fire
walls. The B118A boxes were for new-construction and had two nails for attachment to wood
studs. These boxes were used for the fire exposure testing. The B114RB boxes were for old work
and had four holes which were used for mounting in the laboratory testing. The metal faceplates
used were Mullberry model 79701 constructed of steel and finished with almond color paint. The
steel outlet boxes were Steel City model A257-25R, nominally 13.5 cubic inch outlet boxes
constructed of galvanized steel. The steel city boxes were for new-construction and had two nails
for attachment to wood studs.

1.4.2.4 Plug Type

Plugs are unique compared to receptacles in that they come in two types: those attached to
some kind of cord and do-it-yourself plugs that are manufactured for the user to attach to a cord.
Both types of plugs can come in a variety of styles, shapes, materials, blade configurations, and
blade materials. The plugs used in this test series were systematically selected to examine the
effects of plug blade material and configuration on the development of overheating connections.
However, the different plug blades and configurations selected were only available on a limited
number of plugs. This led to more variation in the style, shape, blade configuration, and plug
materials than was originally intended. Three different plugs were selected for testing: plugs with
solid brass blades, plugs with folded brass blades, and plugs with nickel plated brass blades
(solid). Do-it yourself plugs manufactured by Leviton (Model 48646) were selected for their
solid brass blades. These plugs were constructed of vinyl. Plugs with folded brass blades (2-prong)
and nickel plated brass blades (2-prong and 3-prong) were from generic, UL listed extension
cords manufactured in the Philippines for distribution by Home Depot. Due to limited
availability of extension cords with the nickel plated brass blades, three varieties of plugs with
nickel plated blades were used: black 3-prong, white 3-prong, and white 2-prong. Photographs
showing the different types of plugs can be seen in Figure 1-5 and Figure 1-6. The specific
material used for the construction of the extension cord plugs and wiring was not known.
However, according to NEC article 400, Stranded Parallel Thermoplastic (SPT) cords such as
those purchased (i.e., SPT-2) are constructed entirely of thermoplastic materials [NFPA 70,
2011]. The most common thermoplastic used for SPT-2 cords is PVC.
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Figure 1-6. Plated plug blades: 2-prong (left) ‘and 3-prong (right).
1.4.3 Receptacle Serial Number

Each receptacle used in the laboratory testing and fire exposure testing was given a unique
serial number used for identification and data reporting. Each serial number consisted of a
combination of 1 or 3 letters and 3 numbers. The new receptacles began with either PSE (PVC)
or LEV (polypropylene). The aged receptacles began with the letter of their category (e.g., A, B,
C, D, or E) based on Table 1-7. The three numbers completing the serial number were assigned
sequentially beginning with 001 as the receptacles were identified. For example, new
polypropylene receptacles were identified as LEV001, LEV002, etc. Refer to Appendices G and
H for the specific test variables associated with laboratory tested receptacles and fire exposure
receptacles, respectively.

2.0 LABORATORY TESTING OF RECEPTACLES
2.1  Experimental Design

The purpose of the laboratory receptacle testing was to evaluate the potential for residential
duplex receptacle and plug connections to form high resistance connections (i.e., overheating or
glowing). Seven test racks of up to 78 receptacles per rack were constructed. Testing was
conducted in the Hughes Associates, Inc. (HAI) laboratory in Baltimore, Maryland. A summary
of the laboratory test racks is shown in Table 2-1, with details for each rack presented in Appendix A.
A total of 528 test trials were conducted on 490 receptacles. A portion of the receptacles from
Test Rack 1 were modified during the test period such that two trials were conducted for the
same receptacles. Test racks were located in two different rooms, with racks 1 and 2 in one room
and racks 3 to 7 in the second room. Tests were run for up to 511 days.
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Table 2-1. Summary of Laboratory Test Racks.

High
Test # of Devices Current | Startup Power | Wiring Aged
Rack | Devices Tested (amps) | Current? | Vibration | Cycling | Method | Receptacles
Yes BW,
1 68 Receptacles 15 No No (Partial) SW No
Receptacles, Yes
2 52 Plugs 15 No No (Partial) SW No
3 58 Receptacles 15 No Yes No BW, No
SW
4 78 Receptacles 15 No No Yes SW No
BW,
5 78 Receptacles | 3,6, &9 No No Yes SW No
6 78 Receptacles 15 No No Yes SW Yes
7 78 Plugs 15 Yes No Yes SW No

Note: BW — Back Wire Push-in, SW — Side Wired

2.1.1 Test Rack Construction

Seven test racks, having between 52 and 78 receptacles each, were constructed for the
laboratory testing. Receptacles were mounted in a vertical orientation, spaced 10 cm (4 in.) apart
horizontally with the grounding pins at the bottom of each outlet. The receptacles were mounted
with approximately 5 cm (2 in.) of separation vertically. The test racks were constructed of steel
angle iron and bar stock welded together. Each test rack had up to eight 1.2 m (4 ft) wide
horizontal steel mounting bars and two 2.5 cm (1 in.) angle iron vertical support and leg pieces.
The top and bottom horizontal steel mounting bars were 2.5 cm (1 in.) wide and the other
horizontal mounting bars were 5 cm (2 in.) wide. The horizontal mounting bars had holes drilled
such that the manufacturer provided receptacle mounting screws could be used to secure and
ground the receptacles to the test rack. In some test racks, ten receptacles were installed in PVC
outlet boxes with nylon faceplates. The outlet boxes were attached to the test rack along the top
row. A separate wire was used to ground these receptacles. The test racks were placed either on a
sheet of 1.2 cm (0.5 in.) thick gypsum wall board, placed on top of a wooden table or they were
placed on the concrete floor. A photograph of a typical test rack can be seen in Figure 2-1.
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Figure 2-1. Photograph of typical test rack construction.

Receptacles were mounted in the test racks and wired using one of two methods: one for
receptacle terminal connections and one for receptacle and plug connections. Romex SIMpull
non-metallic sheathed (NM) 3-conductor cable was used to wire the receptacles. This cable had a
multi-part construction which consisted of a PVVC outer jacket, and paper inner wrap. The hot
and neutral conductors were insulated with PVVC and have a thin nylon sheath, while the ground
wire was bare. Each of the conductors in the NM cable was solid 14 AWG copper. For assessing
receptacle terminal connections, the receptacles were wired using a feed through method such
that the applied current was passed through both the hot and neutral terminals of every
receptacle. Each receptacle was wired with two lengths of approximately 25.4 cm (10 in.) of NM
cable. One length was connected, using wire nuts, to the NM cable from the upstream receptacle
and the other length was connected, using wire nuts, to the NM cable from the downstream
receptacle. A schematic of this wiring method is shown in Figure 2-2.
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Figure 2-2. Test wiring schematic (receptacle connections).
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For assessing receptacles and plug connections, a hot-neutral shunted plug was plugged in to
the top outlet. Shunted plugs were created in one of two ways. For the plugs from extension
cords, a length of approximately 20 cm (8 in.) of wire was left attached to the plug. The wire was
stripped approximately 2 cm (0.75 in.) and the hot and neutral conductors were twisted and
soldered together. Either a wire nut or electrical tape was placed on the soldered conductors as
insulation. The do-it yourself plugs had two screw terminals for the attachment of wiring. A
short length (approximately 2.5 cm (1 in.)) of 12 AWG wire was placed between these terminals
and the screws tightened to manufacturer specified tightness. The receptacles were then wired in
series using only the hot conductor to ensure that the applied load flowed through both plug
blades as well as the hot and neutral terminals of each receptacle. Each receptacle was wired
with two lengths of approximately 25.4 cm (10 in.) of single 14 AWG conductor. One length
was connected, using wire nuts, to the 14 AWG wire from the upstream receptacle. And the
other length was connected, using wire nuts, to the 14 AWG wire from the downstream
receptacle. The screw terminals for receptacles with plugs were tightened to the manufacturer’s
specified tightness. A separate neutral wire, not connected to the receptacles, bypassed the
receptacles with plugs. A schematic of this wiring method is shown in Figure 2-3. While the
wiring method for plug connections is not suitable for installing receptacles in actual practice, it
is the only practical way to draw current through large numbers of receptacle and plug
connections. Both of these methods were experimentally convenient from the standpoint that an
electrical load could be applied to large numbers of receptacles using a single load.

2.1.1.1 Vibration

Receptacles are typically installed in outlet boxes attached to the structure of a building.
Intermittent or continuous movement of a building or the individual receptacle can come from
many sources. Vibrations and movement can come from earthquakes, outside construction,
weather, natural expansion/contraction, or appliances containing motors. Sources in the literature
[Ferrino-McAllister et al., 2006; Ettling, 1982; Shea, 2006] have shown that repetitive
manipulation of loose copper connections can lead to the formation of overheating connections
quicker than natural development. Therefore, a portion of the laboratory tested receptacles were
vibrated to evaluate whether vibration would exacerbate the potential for forming overheating or
glowing connections. Plugs were not vibrated because the low nominal retention forces would
cause power to cut out as the connection would make and break.

Vibration of one test rack, laboratory Test Rack 3, was accomplished using a vibration motor
(Precision Microdrives Model 345-800 45 mm) located approximately at the center of the bottom
row of the test rack as shown in Figure 2-4. This vibration motor was capable of providing a
maximum vibration amplitude of up to 12G at 77Hz (G is the magnitude of acceleration
produced by gravity) (see Figure 2-5). A DC power supply (Elenco Precision model XP-581)
was used to power the vibration motor. For the majority of the test, the power supply provided 17
VDC to the vibration motor, producing vibration amplitude of approximately 6.5G at 40Hz based
on the motor’s curve. Because the test rack was only secured at the floor, movement of the test
rack in a horizontal plane parallel to the floor was not prohibited.
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Figure 2-3. Test wiring schematic (Receptacle/Plug Connections).
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Figure 2-4. Photograph of Test Rack 3 and vibration motor (circled in red).
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Figure 2-5. Vibration motor performance from manufacturer's datasheet; x-axis in Volts.
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2.1.2 Receptacle Installation
2.1.2.1 Screw Terminal Tightening

Screw terminals were tightened using a CDI model 151SP adjustable cam-over type torque
screw driver. The CDI torque screw driver would allow the terminal screws to be tightened to a
preset torque without over tightening. The cam-over type torque screw driver was set using a
calibrated Cedar model DID-4 digital torque screw driver (35 in-Ib max; +/- 0.5% F.S.). A hex bit
was used to connect the shafts of the two torque screw drivers. The Cedar was held stationary
while the CDI was rotated slowly and smoothly in a clockwise direction. The preset torque for
the CDI was the maximum measured value displayed by the Cedar torque screw driver. The CDI
torque screw driver was increased and decreased by tightening or loosening its set-screw. The
process of checking and adjusting the CDI was repeated until the appropriate torque was
reached. To tighten the screw terminals, the CDI torque screw driver was firmly placed in the
screw head slot perpendicular to the plane of the screw head. The CDI was then slowly and
smoothly rotated in a clockwise direction until a clicking sound was heard. The clicking sound
indicated the cam slipped and that the preset threshold torque had been reached. In the case of
the “% Turn Loose” configuration, the screw terminals were tightened to a torque of 5 in-1b and
then rotated a ¥ turn (i.e., 90°) in the counter-clockwise direction. All four screw connections on
a receptacle were tightened to the same torque. Receptacles with modified plug connections had
screw terminals torqued to 15 in-Ib.

2.1.2.2 Back Wired Push-in Connections

Back wired push-in receptacle connections rely on the spring force of the internal plug
contact to retain the conductor in the receptacle (see Figure 1-2, center). This spring force can be
reduced over time by the insertion of a conductor that is larger than intended or by repeated
insertion and removal of a conductor [Aronstein, 1993].

Selection of the method for loosening back wired push-in connections was based on what
was deemed to be a reasonable level of abuse to the connection. To evaluate back wired push-in
connections for the laboratory tested receptacles, each conductor was inserted with 0, 1, or 2
removal and re-insertion cycles (i.e., one, two, and three total insertions, respectively). In this
work, the wire connecting the receptacle to the circuit was the same wire that all insertions were
conducted with. It should be noted that for these test series, the abuse of the back wired push-in
connections is less severe than what is imposed for UL 498 [2008], while for side wired screw
connections, the conditions are more severe than what is tested for UL 498 [2008]. The
conditions imposed were intended to cover a range of plausible scenarios and not necessarily
extreme cases of abuse.

Push-in connections were exercised in the following manner. First, the stripped wire was
fully inserted into the hole at the back of the receptacle. If additional removal and re-insertion
cycles were required, the wire was removed using a small screwdriver, which was inserted into a
slot on the back of the receptacle, to depress the release tab. The wire was then fully re-inserted
into the hole at the back of the receptacle. This process was repeated as necessary. All four push-
in connections on a receptacle were exercised with the same number of removal and re-insertion
cycles.
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2.1.2.3 Nominal Plug Connection Retention Force

A practical method for measuring the looseness of the connection between a plug blade and a
receptacle internal plug contact is to measure the amount of force it takes to remove the plug
blade from the receptacle. This is called the retention force. Studies by Japanese researchers
[Hagimoto et al., 2001; Okamoto et al., 2003] have indicated that a reduction of a single plug
blade retention force to below 0.1 kg (0.22 Ib) can cause overheating. In order to evaluate the
potential for overheating connections to develop at the plug and receptacle connection, the
retention forces of selected receptacle connections were manually altered using various
thicknesses of brass strips of known thickness. Only one plug/receptacle connection (i.e., one of
the hot connections) was modified in each receptacle tested. During the preliminary
investigation, both the hot and neutral connections were modified and plugs had a tendency to
fall out of the receptacle. In laboratory testing, single blade nominal retention forces of 0.01 kg
(0.02 Ib) and 0.1 kg (0.22 Ib) were evaluated as well as receptacles without modification to the
retention force. The non-modified retention forces were between 1.5 kg (3.3 Ib) and 3.2 kg (7.05 Ib).
Nominal retention force was measured on individual terminals using a Shimpo model FGV-100x
force gauge and a standard solid plug blade.

Plug connections were loosened by repeatedly inserting brass strips into the top-hot
receptacle connection. The brass strips ranged in thickness from 1.62 mm (0.064 in.) to 2.38 mm
(0.093 in.). The strips were manually manipulated inside of the outlet until the desired nominal
retention force was reached. The nominal retention force of the top-hot connection was measured
periodically using the Shimpo force gauge with a single plug blade. The plug blade was a brass
plated blade approximately 0.52 mm (0.06 in.) thick. The receptacle was held in a vertical
orientation and the force gauge was manually inserted and removed from the receptacle in a
slow, smooth motion. The nominal retention force of the connection was the maximum force
measured by the force gauge. There was some variability in the nominal retention force based on
how quickly the movement was performed or how straight the pull force was. In addition, the
plug blade used to measure the nominal retention force was not the specific plug that was used in
the testing of the receptacles. This plug blade was nominally the same dimensions as the plug
blades used in testing.

2.1.3 Electrical Power and Load

The electrical power for the laboratory test racks was provided by two dedicated circuit
breaker panels; one was for Test Racks 1 and 2; the second was for Test Racks 3 through 7. Each
circuit breaker panel was outfitted with a 200A main circuit breaker and individual 20A circuit
breakers for each circuit. Each test rack was connected to a separate 20A circuit breaker. The
20A circuit breakers were used for 15A rated wiring and receptacles to allow for moderate
overcurrents (i.e., >15A) to be used for prolonged periods of time. A length of 14 AWG, two
conductor wire, either Romex NM cable or armored cable, ran from the circuit breaker panel to
the test rack. For Test Racks 3 through 7, a switch was installed in the test rack in order to
control the electricity to each test rack. For Test Racks 1 and 2, the electricity was controlled by
the individual circuit breakers. The laboratory test power was nominally 120 VAC at 60 Hz.

The electrical load for the test racks was provided by up to 18 tungsten-filament light bulbs,
ranging in power from 25 W to 300 W. The light bulbs were arranged in a load bank (see Figure 2-6);
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a separate load bank was used for each test rack. The loading circuit consisted of up to 18 light
sockets connected in parallel. Up to four switches and one dimmer switch controlled the flow of
electricity to groups of light bulbs. This allowed the total current draw to be varied from 0 to 20A.
The electrical load was plugged into the “loaded receptacle” placed at one end of the daisy chain
of receptacles (see Figure 2-1, Figure 2-2, and Figure 2-3). The loaded receptacles were 20A
rated, heavy duty Leviton receptacles wired with the screw connections tightened to
manufacturer’s specifications. A section of the neutral wire from the load bank to the loaded
receptacle was routed outside of the load bank enclosure to facilitate current measurement (see
Figure 2-6).

Figure 2-6. Photograph of light bulb load bank. Note: neutral wire circled.

The electrical load on the laboratory tested receptacles was varied in a number of ways.
Different electrical loads (i.e., currents) were applied, power was cycled at regular intervals, and
a high startup current load was used for limited cases. Nominal current loads of 3, 6, and 15A
were selected to evaluate the receptacles. These are within the range of currents that have been
found to produce glowing connections. Glowing connections have been established in copper
connections with currents as low as 1A [Sletbak, 1992] and up to 15A [Aronstein, 1983]. Current
loads of 3, 6 and 9A were applied to a limited number of receptacles to determine the lower limit
of when an overheating connection in a receptacle can develop. The 15A current load was the
most common load that was used for the laboratory testing. This current was selected because it
represented a maximum normal load that would be expected in a branch circuit. Typical 120V
branch circuits are usually protected by 15A or 20A circuit breakers and most 120V duplex
receptacles are either 15A or 20A rated. Also, at 15A it was anticipated that the relatively high
current load would increase the likelihood of overheating events.

Initially, receptacles were subjected to a continuous current draw which was only turned off
when a receptacle needed to be removed from the circuit because of some overheating or arcing
event. The impact of cyclical loading on the formation of overheating and glowing connections
was studied by Newbury and Greenwald [1980] and Meese and Beausoliel [1977]. But, the
decision to cycle each circuit’s power at regular intervals stemmed from observations made
during initial testing. It was observed that arcing at the screw terminals would occur for certain
receptacles as the power to the circuit was turned on. This generated the question of whether or
not the cycling of power had an effect on the formation of overheating connections. The majority
of subsequent receptacles had the power cycled off for 1 hour every weekday morning. This is a
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duty cycle of 97% (i.e., 5 hours off out of every week). While this may seem high, there are
many devices including appliances, lighting, and computers which draw current 24 hours a day.
The 1 hour off period was selected because it provided ample time for the conductors to cool to
near ambient conditions. Towards the end of the laboratory test series, the receptacles were left
energized for 24 hours each day. A detailed chronology of each test is presented in Appendix A.

Circuit protection is usually in the form of fuses and various types of circuit breakers. These
devices are rated for a certain current; above this current they will trip, cutting power to the
circuit. However, there is a lag time associated with the tripping mechanisms. This means that if
a load in a circuit is much higher than the rating of the circuit protection but is sufficiently brief
(on the order of a few cycles), the circuit will not trip. Typically, when an electrical device
containing a motor (e.g., refrigerator, A/C unit, or power tools) is first energized, the rotor is not
moving and there is a transient startup current that is several times higher than the normal
current. This high startup current comes from the high torque required for the motor to begin
moving. For 120V appliances, such as the ones listed previously, the startup current can be as
high as 40-50A on a circuit protected by a 15 or 20A circuit breaker. This plausible scenario was
explored for a portion of the receptacles tested in order to assess whether the high startup current
applied to a circuit would yield a higher probability of an electrical event. This type of load has
not been evaluated by other researchers. A Ridgid Model CM14500, 14 inch chop saw was used
to provide the high startup current. The chop saw in addition to the normal load provided a peak
current of nominally 32 amps which lasted for approximately 1 second.

2.1.4 Instrumentation

Only receptacles in Test Racks 1 and 2 were instrumented during testing. For the majority of
receptacles in these test racks, temperature at one terminal and voltage drop across the hot
terminals was measured. For all receptacles in these test racks, temperatures were measured
using 30 gauge type K thermocouples with the beads placed on one of the hot terminals. For side
wired connections, thermocouples were placed with the bead under the terminal screw head
where the wire met the screw (see Figure 2-7, left). For back wired push-in connections, the
thermocouple was placed with the bead on the section of exposed conductor protruding from the
receptacle (see Figure 2-7, center). For the loose plug connection receptacles, thermocouples
were placed with the bead at the base of the hot plug blade (see Figure 2-7, right). For all setups,
the thermocouples were bonded in place using Omega OB-600 high temperature, electrically
conductive cement.

The voltage drop across the hot terminals was calculated for a portion of the receptacles in
Test Racks 1 and 2. VVoltage leads were connected in parallel with the hot conductors upstream
and downstream of the receptacle using wire nuts (see Figure 2-2 and Figure 2-3). VVoltage drop
across the receptacle terminals was calculated by subtracting the approximate voltage drop
across the wiring from the measured voltage drop of the wiring and terminals (i.e., between the
upstream voltage lead and the downstream voltage lead; see Figure 2-2 and Figure 2-3). The
approximate voltage drop for 20 inches of 14 AWG wire at a current of 15 A is 0.064 V. The line
voltage (i.e., between hot and ground) for Test Racks 1 and 2 was also measured. Current for
each test rack was measured using an Eaton model EACP1420120SP (range: 0-20A, +/- 0.05A)
clamp-on current transducer placed around the neutral conductor running from the load bank to
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the loaded receptacle. The current draw for Test Racks 3 through 7 was periodically monitored
using a Commercial Electric model MS2002 handheld clamp-on ammeter.

Ambient temperat