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ABSTRACT
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Title: An analysis of current interruption upon the behavior of light

bulb filament during initial aircraft impact in support of aircraft
accident investigations
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Degree: Master of Aeronautical Science
Year: 1997

The purpose of analyzing annunciator panels, warning, and indicator lamps
is to determine the state (“on” or “off”) of each light bulb immediately before the
impact. Determination of the state of lamps may help investigators determine the
probable cause of the accident. The information gained from the lamp’s
filaments may be used to infer the aircraft’'s operational parameters prior to
impact and to a qualitative appreciation of the severity of the accident. It is
generally agreed that upon impact the filament of an unlit bulb will fracture
without deformation and the filament of a lit bulb will display plastic deformation
(Ellis, 1984).

The main purpose of this study was to investigate the effects of current
disruption as a result of initial impact forces upon light bulb filament behavior.
One hundred and twenty commercially available T-1 five volt and T-1 twenty-
eight volt aircraft light bulbs were subjected to inertial impact deceleration forces
up to and including 90 times the force of gravity to investigate the effects of
current disruption during the impact sequence. The age of the light bulbs ranged

of from 50 to 1,600 hours. An air-cannon was used to accelerate the lamps along

\



its horizontal barrel with impact occurring at a hydro-brake located 13 feet from
the beginning of the barrel. The hydro-brake produced an inertial deceleration
which neither broke the glass envelope nor destroyed the filament. Severance of
power was accomplished through the use of a microswitch and a solid state
relay.

It was hypothesized that there would be a noticeable combination of ductile
and brittle deformation characteristics in the filaments as the result of these
deceleration forces. The filament analysis of the #6839 lamps displayed brittle
fractures along with a combination of plastic deformations. The #6839 double
helix filament displayed stretching, uncoiling, entanglement, and general
deformation of its secondary coil with localized areas of stretching and general
deformation of its primary coil. The #718 lamps exhibited plastic deformation
characteristics typical of a filament at its brittle or “off’ state. The #718 lamps
that were aged 1,600 hours displayed plastic deformations typical of a lamp that
was illuminated or “on” prior to impact. The filaments exhibited coil stretching
and general deformation.

The effects of aging had a important influence upon the behavior of the
filaments in both lamp types. The on-set rate of notching depending upon the
rated life of the lamp, the filament size, and rated current. Lamps with high rated
life rates and low current requirements experienced a slower on-set of notching.

Transient indications of the #6839 lamp included a combination of
stretching, local, resonance, slight, uncoiling, and general deformations

accompanied by brittle fractures. The transient indications of the #718 lamps,
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aged 200 hours and older, included slight, local, stretching, and general
deformations. Aging effects have a major influence upon the deformation
behavior of the filament. The lamp’s rated life, operating voltage, and filament
diameter control the degree and onset of the notching effect which affects the
deformation behavior.

Based on the results and conclusions obtained from this research, the
following recommendations are suggested: (a) the development damage
boundary curves for the T-1 series of lamps, (b) the investigation of resonance
deformation in the T-1 lamp, and (c) additional testing of the T-1 lamp to better

understand the relationship between the onset of notching and the lamp’s rated

life.
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GLOSSARY OF TERMS

Angstrom - A unit of length, used especially in expressing the length of light
waves, equal to one ten-thousandth of a micron, or one hundred-millionth of a
centimeter (1x10° cm)

Black body - If, for all values of the wave length of the incident radiant energy, all
of the energy is absorbed by the body is called a black body.

Brittle Fracture - Occurs when the material is pulled apart vary rapidly and does
not have time to stretch, e.g., tenths of milliseconds. A brittle fracture can be
identified by sharp, cleaved edges on the fractured surfaces. A reliable
indication that the was “off” at the time of impact.

Boiling point - The temperature at which the vapor pressure of a specified liquid
equals the atmospheric pressure.

Candle - 1/60 of the intensity of 1 cm? of a blackbody radiator at the temperature
of solidification of platinum (2045 K)).

Coefficient of thermal expansion - the ratio of the change of length per unit
length (linear) or change of volume per unit volume (volumninal) to change of
temperature.

Density - The concentration of material measured by the mass per unit volume,
dimensions g/cm®.

Dopants - An impurity introduced into a semiconductor material to modify the
electrical characteristics of the silcon.

Ductile fracture - Occurs when the material is pulled apart slowly over a long
period of time, e.g., tens of milliseconds. Fractured surfaces display a “cup -
cone” appearance, a decreased diameter resulting from “the necking down
effect”, and a rough, fibrous textured surface. A reliable indication that the lamp
was “on” at the time of impact.

Electrical resistively - the electrical resistance offered by a material to the flow of
current.

General deformation - A distortion characterized by an over-all stretching of the
filament, which may be present both “on” and “off” lamps.

Incandescence - Emission of light due to high temperature of the emitting
material.
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Local deformation - A distortion characterized by stretching that occurs in
isolated sections of a filament. Local deformation is generally associated with
hot (“on”) filaments but may occur in cold (“off’) filaments, in a severe impact that
establishes resonance frequencies in the support posts.

Luminous flux - A uniform point source of one candle intensity thus emits 4n
lumens.

Luminous intensity - The mean spherical candlepower or the average
candlepower measured in all directions and is equal to the total luminous flux in
lumens divided by 4~x.

Lux - A photometric unit of illuminance or illumination equal to one lumen/m?

Major deformation - The general shape of the filament is distorted characterized
by stretching, deformed and some possible uncoiling.

Melted fracture - Occurs only in current carrying filaments and are the result of
burn-out, over voltage or short circuiting. Melted fractures are a reliable
indication that the lamp was “on” prior to impact.

Micron - The name for a unit of length equal to 10° meter. The symbol ‘4’ is to
be used solely as an abbreviation for the prefix ‘micro-, standing for the
multiplication by 1x10° Thus the length previous designated as 1 micron, is
designated 1 um.

Modulus of elasticity - The stress required to produce a unit of strain, which may
be a change of length (Young’s modulus) or a change of volume(Bulk modulus).

Melting point - The temperature at which pure metal changes from solid to liquid.
The temperature at which liquid and solid are at equilibrium.

Primary coil - The first winding of the tungsten wire filament, also called ‘ a
single coiled filament.’

Resonance - The phenomenon of amplification of a free wave or oscillation of a
system by a forced wave or oscillation of exactly equal periods.

Resonance and entanglement deformation - The oscillation created by short
duration, high shock impacts, may cause the filament to make contact with itself
resulting in short circuiting and possible burn-out. A deformation that strongly
indicates the lamp was illuminated at the time of impact.

Secondary coil - The winding of a primary coil filament, also called a ‘coiled coil
or a double helix filament.’
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Slight deformation - The filament distortion characterized by the openings of a
few coils near the support posts. The over-all shape of the filament remains
intact.

Stretching - The deformation characterized by coil separations causing filament
expansion.

Specific heat - The quantity of heat flow under steady conditions through a unit
area per unit temperature.

Thermal conductivity - The rate of heat flow under steady conditions through a
unit area per unit temperature gradient.

Torr - Provisional international standard term to replace the English term
millimeter of mercury and its abbreviation mm of Hg or 1/760 of a standard
atmosphere.

Vapor pressure - The pressure exerted when a solid or liquid is in equilibrium
with its own vapor. The vapor pressure is a function of the substance and the
temperature.

Uncoiling - A filament deformation characterized by the unwinding of the coil,
returning the filament to its linear tungsten wire.

Young's Modulus - The slope of the initial, usually the straight line portion of the
stress-strain curve, E (psi).
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INTRODUCTION

Determining the probable cause of an accident involving today's complex
aircraft poses an increasingly difficult task for aircraft accident investigators. The
investigator must use a wide variety of skills, knowledge, processes, and
experience to locate clues that ultimately determine the probable cause. The
wreckage of the aircraft contains many clues to assist investigators in their
investigation. Within the wreckage are the instruments, engine(s), systems, and
airframe components. Installed within the airframe and instruments are various
light bulbs serving a multitude of purposes.

Warning and caution light bulbs recovered from an aircraft accident site can
provide useful information as to the status of the various systems at the time of
impact. " For many years the analysis of damaged light bulbs is a tool that can
be used to infer the status of various systems at the moment of impact; this has
been especially valuable for systems associated with failure warning lights."
(Canadian Aviation Safety Board (CASB, 1985, p. xiii). The status of a particular
system warning light just prior to impact can reveal the system's integrity. When
correlated with a detailed failure analysis of the entire aircraft, the potential for
continued flight with that system inoperative may be determined. The state of
aircraft light bulbs prior to impact can often reveal the status of electrical,
mechanical, and hydraulic systems in the post-crash environment. The light
bulbs will often survive the deceleration forces and maintain the sterile

environment within its glass envelope. It is generally agreed that upon impact



the filament of an unlit bulb will fracture without deformation and the filament of
a lit bulb will display plastic deformation (Ellis, 1984). However, in a study
conducted by the National Aerospace Lab of Amsterdam relatively new light
bulbs and sub-miniature bulbs did not display this idealized behavior (Bonnee,
Kolkman, 1989).

STATEMENT OF THE PROBLEM

During the time period from 1991 to 1995 commercial jet operations
worldwide experienced a total of 59 fatal accidents with 17 accidents classified
as controlled flight into terrain (CFIT). CFIT accidents account for 28.8% of all
the accidents which occurred during this time period. (Statistical Summary of
Commercial Jet Aircraft Accidents, Boeing Commercial Airplane Group,1995).
(See Appendix H). CFIT accidents may occur during any flight profile. The flight
profile as defined by The Boeing Commercial Airplane Group include: (a)
takeoff, (b) initial climb, (c) climb, (d) cruise, (e) descent, (f) initial approach, (g)
final approach, and (h) landing. In a typical CFIT accident, the aircraft lands
short of the runway or fails to achieve flight and is forced to abort the takeoff
and lands outside airport property. In any case the aircraft is slow, low, and
generally impacts the terrain multiple times at shallow angles leaving the
majority of the aircraft intact, barring post crash fires.

The high percentage of CFIT accidents require an understanding of the
dynamics a light bulb filament will exhibit during this scenario. Past studies
have investigated the high speed, high angle, high G, and short impact duration

scenario. The purpose of this study was to investigate the behavior of the T-1



five volt and the T-1 twenty-eight volt lamps when the initial deceleration force
causes a severance of electrical power. The effects of a long duration impact
(tens of milliseconds) scenario upon light bulb filaments has not been
investigated. However, field investigators are encountering this impact scenario
more frequently due to the high number of controlled flight into terrain
accidents.

Past studies have oriented the longitudinal axis of the lamp perpendicular
to the direction of the deceleration force. This orientation was chosen for
maximum filament deformation. In this study, the deceleration force was
directed along the lamp’s longitudinal axis. The lamp’s longitudinal orientation
is more consistent with the majority of the bulbs found in aircraft.

Review of Related Literature

Since 1910, tungsten has been used as the material for light bulb filaments
(Mullendore, 1984). Microchip manufacturing technologies have led the way in
the manufacture of smaller and smaller light bulbs to accommodate the
minimization of avionics equipment. With this new technology, there has been
an ever increasing use of smaller light bulbs for varied applications. Aviation
light bulbs are used in a wide variety of system illumination needs. The basic
categories which light bulbs are employed fall into seven functional areas:
Area lllumination
Local lllumination
Emergency lllumination
Position Reporting (beacon)

Sense Indication
Warning

O hWN =



7. System Status

There are many different types of light bulbs used in today's aircraft, but the
most common bulb, as reported by aircraft light bulb wholesalers, is the #327
twenty-eight volt system. Many of the newer commercial aircraft use the five volt
sub-miniature lamps in their cockpits. These bulbs are primarily used in
annunciator and warning panels. Other applications of the 5 volt lamps are as
internal illumination of backup instruments, such as artificial horizons, airspeed,
attitude, altitude indicators, floor and emergency evacuation lighting. (See

Appendix G for aircraft usage of incandescent lamps).

History of tungsten

Tungsten in Swedish means “heavy stone”. The chemical symbol for
tungsten, W, is derived from its German name, Wolfram. In 1779, Peter Woulfe
examined the mineral now known as wolframite and concluded it contained a
new substance. In 1781, a chemist named Scheele found that a new acid could
be produced from tungsten (tungstic acid). In 1783, the de Elhuyar brothers
discovered the same acid in wolframite that was obtained by Scheele from
tungsten. Later that year, the de Elhuyar brothers succeeded in obtaining a new
metal through the reduction of this acid. Tungsten obtained commercial
importance as an additive to steels in the 19" century. In the 20" century,
metallic tungsten found a use as filaments in incandescent lamps and for

welding electrodes (Hammond, 1981; Mullendore, 1984).



Concentrations of tungsten

The natural reserves of tungsten are estimated to be between 1 and 1.3
parts per million. Tungsten ranks as the 18" most abundant metal. The only
four commercially tungsten bearing minerals are wolframite, (Fe ,Mn) WO,;
scheelite, CaWQ,, huebnerite, MN\WOQ,; and ferberite, FeWQ,. All four minerals
are found as an element of igneous rocks. Important deposits occur in
California, Colorado, South Korea, Bolivia, the former USSR, Portugal, and
China. China is reported to have 53% of the world's resource with Canada
having 10%, and the remaining 37% is accounted for by all of the other
countries. Figure 1 shows the location and quantities of the world’s reserves of
tungsten producing minerals in millions of pounds. Individual countries’
tungsten reserves are shown as divisions of the total geographical regions

(Hammond, 1981; Mullendore, 1984).
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Figure 1. Tungsten concentrations in millions of pounds and by geographical
regions.

(Mullendore, 1984)

Properties of tungsten
Tungsten appears in Group VIb of the periodic table. Table 1 displays

tungsten’s physical properties.

Table 1

Physical Properties of Tungsten

Atomic symbol W

Atomic number 74

Atomic weight 183.85
Melting point 3410°C + 20°
Boiling point 5660°C
Recrystallization temperature | 1165°C + 20°
Density 19.3 Mg/m®
Resistance @ 27°C 5.7uQ-cm
Vapor pressure @ 2100°C 8x10° mmH
Stiffness modulus @ 20°C 60 x 10° psi




The mechanical properties of tungsten include the highest tensile strength

of any metal at temperatures above 1,650° C, a high melting point, and a low

vapor pressure. At room temperature tensile strength can vary from 250,000 to

600,000 pounds per square inch (psi), depending on the diameter of the wire.

Table 2 demonstrates the relationship between tensile strength and elevated

temperature.

Table 2

Tensile Strength versus Temperature

Temperature °C

Tensile strength

Temperature °C

Tensile strength

(psi) (psi)
21 430,000 599 240,000
199 350,000 999 100,000
399 320,000 1999 20,000

Figures 2-10 compare the physical properties of tungsten against 23 other

elements’ from the periodic table. The elements are Silver (Ag), Gold (Au),

Cobalt (Co), Chromium (Cr), Copper (Cu), Iron (Fe), Hafnium (Hf), Iridium (Ir),

Manganese (Mn), Molybdenum (Mo), Niobium (Nb), Osmium (Os), Palladium

(Pd), Rhenium (Re), Rhodium (Rh), ruthenium (Ru), Platinum (Pt), Technetium

(Tc), Tantalum (Ta), Titanium (Ti), Vanadium (V), and Zirconium (Zr). The

physical properties being compared are density, melting point, boiling point,

specific heat, coefficient of thermal expansion, thermal conductivity, modulus of

elasticity, temperature for vapor pressure, and resistivity.
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Figure 3. Melting point comparison of selective periodic elements.

(Mullendore, 1984)
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Tungsten metal has a high corrosion resistance in its natural state and is
barely affected by most mineral acids. At ambient temperatures, tungsten is a
steel-gray to white in color. However, the metal will oxidize rapidly at elevated
temperatures when exposed to the air.

Tungsten and its alloys are used extensively as filaments for incandescent
electric lamps. Pure tungsten can be cut with a hacksaw, forged, spun, drawn,
or extruded. One characteristic of tungsten that must be considered is its
brittleness at room temperature. Tungsten undergoes a ductile-brittle transition
when exposed to elevated temperatures. Ductile to brittle temperatures range

from 230 to 510° C. If ductility is required at room temperature, the tungsten
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must be in the highly wrought condition. As tungsten is worked its ductile to
brittle transition temperature is lowered.

Tungsten filaments are susceptible to phenomenon known as “notching”
when operating under either direct (dc) and alternating current (ac). Lamps
operating on direct current produce a greater notching effect than lamps
operating on ac current. Present theory suggest that the unidirectional magnetic
fields cause tungsten ions to migrate to preferred crystal planes. This
electromigration causes the smooth round surface of the filament to develop
jagged, saw-tooth irregularities. This deformation imposes a variation of cross-
sectional areas which weaken the filament. The notching results in mechanical
weak spots and hot spots of high resistance. The filament will eventually break
because it is too weak to withstand any shock, or will burn out due to the high
resistance exceeding the melting temperature located around the hot spots.
Figures 11-13 illustrate the effects of notching (Galler, Glover, & Kusko,

1994;Heasile, Poole, & Vemij, 1985; Hammond, 1981).



Figure 11. Filament aged 144 hours at 28 volts DC. 1000 X magnification.
(Canadian Aviation Safety Board, 1985)

Figure 12. Filament aged 210 hours at 28 volts DC. 1000 X magnification
(Canadian Aviation Safety Board, 1985)
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Figure 13. Severe notching across the filament aged 506 hours at 28 volts DC.
2,500 X magnification.

(Canadian Aviation Safety Board, 1985)

Tungsten metal is a highly dense metal as compared to the other metals of
the periodic table. Due to its high density, it is used in many applications where
large quantities of mass are required in limited spaces or a limited amount of
material is available. Tungsten has one of the lowest specific heat value, only
Osmium, Iridium, Platinum, and Gold possesses a lower value. The low specific
heat combined with a high thermal conductivity contributes to a rapid cool down
from high temperatures. Tungsten's low coefficient of thermal expansion makes
it ideal for glass to metal or ceramics seals at high temperature applications. A
high modulus of elasticity allows tungsten to be used where rigidity is required.
Tungsten has a low electrical resistivity. Although tungsten is used in electrical
applications, its low resistivity is of no particular advantage. Tungsten power

costs about 15 dollars a pound (Hammond, 1981; Mullendore, 1984).
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Applications of tungsten

Tungsten is consumed in four basic forms: (a) tungsten carbide, (b) as an
alloy additive, (c) pure metallic tungsten, and (d) tungsten chemicals. Tungsten
carbide is used in the production of cutting tools, mining and drilling tools,
forming and drawing dies, bearings, and other wear resistance applications.
The tungsten carbide is added to the alloy to improve the hardness of the
material, thus improving the durability of the material. Tungsten carbide
accounts for 65% of the tungsten consumed.

Sixteen percent of the world’s tungsten is used as an alloy additive to steel
and other metal alloys. Tungsten additive, when combined with the steel,
refines the grain size and structure, improving the high temperature properties
of the alloy. The fine grain size of the alloy improves the toughness and
provides a more durable cutting edge.

Metallic tungsten accounts for 16% of the tungsten consumed. There are
relatively few tungsten alloys because any alloy will have a lower melting point
and a higher vapor pressure which detracts from the main reason for using
tungsten. Another reason there are few alloys is that pure tungsten is difficult to
work or machine, which limits the alloy’s usefulness. The most common
tungsten alloys are the heavy alloys. Heavy alloys contain 90% to 98%
tungsten with the remaining component being nickel and iron or nickel and
copper. These alloys are used in applications where high density is a
requirement but in a machineable form. Density accounts for the largest usage

of tungsten in the form of the heavy alloys. It is used for kinetic energy
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penetrators, for counter weight in aircraft applications, for gyroscope rotors, for

flywheel rims, and in governors (Mullendore, 1984).

ilament manufacturing

The most common use of tungsten is as a filament in incandescent lamps.
Tungsten’s high melting point (3,140° C) and tensile strength at elevated
temperatures (above 1,650° C) account for its use in this capacity. Tungsten
filaments are generally manufactured by a powder metallurgy process. The
tungsten is delivered to the lamp factory as a fine fibrous wire. At the lamp
factory, the wire is drawn to a diameter between 0.0002 and 0.005 inches. As
the wire is drawn to smaller diameters, it becomes more ductile at room
temperature and the temperature required for recrystallization increases. At
these smaller diameters, the ductile to brittle transition temperature can vary
from 230 to 510° C, depending on the impurities left behind during its
manufacturing. Originally, pure tungsten was used for the filaments, however, at
temperatures over 2,000° C filament creep became a limiting factor in the life of
the lamp. Tungsten wires would recrystallize at a temperature of approximately
1,600° C for a structure with grain sizes on the order of the wire’s diameter. In
this orientation, the grain boundary would slide distorting the filament resulting
in a short operational life.

Through a combination of invention and accidents, it was found that the
addition of dopants resulted in better high temperature strength characteristics.

Current dopants processes add 2,000 parts per million (ppm) potassium and
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1,000 ppm aluminum and silicon to a slurried blue oxide, which is then dried
and reduced to metal powder. The dopants that are not mechanically absorbed
serve no purpose and are washed away with hydrofluoric acid. After the
hydrofluoric acid bath, 100 ppm potassium, 50 ppm aluminum, and 250 ppm
silicon remain. During sintering, most of the aluminum and silicon are
evaporated, leaving the ingot with 60 to 70 ppm potassium, 10 ppm aluminum,
and 1 ppm silicon. As the ingot is rolled, swaged, and drawn into fine a wire, the
dopants are stretched out into long stringers. The tungsten wire is coiled
around a molybdenum mandrel, which is later dissolved away by acid in a later
process.

In a technique known as flashing, the filament is heated above its
recrystallization temperature. The recrystallization temperature is the
temperature which provides sufficient energy to allow the filament to experience
molecular rearrangement, which occurs during two basic processes. First, at an
elevated temperature, i.e., above the recrystallization temperature, crystal
growth occurs, altering the microstructure of the filament from fine grains to
coarse grains, composed of fewer and larger crystals. These new crystals can
grow to encompass several turns of the filament. Second, the crystals’
resistance to recrystallization conforming to any curved surface during
molecular rearrangement results in the development of notching in repetitive
patterns. These repetitive patterns over several coils are considered to be the
result of notching development on one large crystal of several coils length.

During the flashing process the wire is heated, the potassium, having a high
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vapor pressure, will form long rows of tiny bubbles of about 50 angstroms in
diameter. These bubbles will act to restrain the grain boundary movement,
especially in the direction perpendicular to the wire’s axis. As a result, full
recrystallization is delayed until a temperature of about 1,000 to 2,000° C,
depending on the surface condition and impurity content left behind during its
processing.

At this transition temperature the grain boundaries brake away from their
pining points and propagate down the wire forming long interlocking grains.
This new structure is very creep resistant and permits a reasonable lamp life at
temperatures as high as 3,200° C. Flashing improves the sag resistance
characteristics by increasing the Young's modulus of the tungsten. Proper heat
treatment prevents abnormal coil shorting and premature breakage. However,
improper heat treatment can produce a weaker filament than a filament with a
fine grain microstructure (Canadian Aviation Safety Board, 1985; Heaslip,

Poole, & Vermij, 1985; Mullendore, 1984).

Lamp construction

The basic materials used in manufacturing today’s sub-miniature lamps are
soft lime glass, tungsten, molybdenum, and dumet. Lime glass is used as the
lamp’s envelope for two reasons. The glass possesses a low coefficient of
thermal expansion which allows the glass to withstand temperatures up to
370°C. The second reason is that lime glass is easy to manufacture and form

into the envelope of the bulb. Most of today's aircraft light bulbs are constructed
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with a small tungsten coiled filament that is nearly impossible to see without the
aid of a 10X magnification instrument. The filament is generally suspended
between two molybdenum support posts. The voltage and the power
requirements dictate the dimensions of the filament. Higher voltage lamps have
longer filaments. The filament of a #718 five volt lamp has an uncoiled length of
2.1 inches, whereas the #6839 twenty-eight volt lamp has an uncoiled filament
length of 5.5 inches. Due to the limited area inside the envelope, the filaments
are coiled and mounted into various shapes. Depending on the filament’'s
length, a double coiled, (also known as a doubled helix or coiled coil filament)
may be required to reduce the filament's size to fit inside the envelope. Double
helix filaments use one or two support posts, depending on the shape of the
filament for structural bracing and maximum reliability. Figure 14 illustrates the

two filament structures used in sub-miniature lamps.

Coiked Filameant Coublke Heli: Filement

Figure 14. Examples of filament structures used in T-1 lamps.
(Galler, Allison, & Mercaldi, 1990)
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Figure 15 shows the typical filament construction shapes.

S-6 C-6 C_2 R c-2v C-2F
CC-6 CC-2v CC-2F

Figure 15. Typical filament construction.
(Oshino lamp catalog & technical reference manual, 1997)

The filament is connected to dumet contacts posts near the base of the
bulb, which provides the electrical current to illuminate the filament. Dumet is a
copper-clad, nickel-iron alloy with a thermal expansion coefficient closely
matching the glass envelope. The close match creates a hermetic seal that
reduces the possibility of envelope contamination. Maintaining the vacuum seal
is critical to the overall reliability of the lamp and to guarantee long life and
mean spherical candelas (MSCd) stability. The sub-miniature lamp generally
uses a glass bead seal instead of hand or butt seals. The bead seal is superior
in preventing air leaks into the sterile environment of the envelope. Figure 16
illustrates the manufacturing processes used to construct a sub miniature

flanged based lamp.
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Figure 16. Components of the beaded-sealed lamp and construction.
(Oshino lamp catalog & technical reference manual, 1997)

An incandescent lamp changes electrical energy into radiant energy. The

tungsten filament is heated to a temperature to produce visible light. Tungsten

filaments cannot operate in an oxygen atmosphere because the filament will

oxidize in an oxygen atmosphere which will destroy the filament instantly upon

application of electrical power. The filament needs to operate either in a

vacuum or in an inert gas atmosphere inside a glass envelope. The vacuum or

gas atmosphere acts as an insulator and holds the heat at the filament. The

length of filament between the contact posts and the support post or posts is

called the free hanging portion. The deformation behavior of these free hanging

segments are the focus of filament analysis.
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The typical aircraft light bulb is composed of eight basic components that
are identified as: (a) the base, (b) the tungsten filament, (c) the glass envelope,
(d) the support posts, (e) the contact posts, (f) the mounting lugs or bead, (g)
the external contacts, and (h) the insulator. Figure 17 shows the locations of six
of the eight basic components of a sub-miniature lamp; not shown are the

external contacts and insulator.

i

Figure 17 Basic components of a #6839 sub-miniature lamp
(Provided by the Canadian Aviation Safety Board)

During the construction of the lamp and glass envelope evacuation
process, a small amount of water is still present inside the lamp. This water will
cause the filament to gradually evaporate and become thinner. This
evaporation of the filament by the remaining water is known as the “water
cycle.” The water evaporates and the molecules contact the hot filament and

disassociate into oxygen and hydrogen atoms. The free oxygen combines with
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the hot tungsten atoms to form tungsten oxide and metallic tungsten that
evaporates and attaches to the inside surfaces of the glass envelope. Due to
the equilibrium reaction, a certain amount of free oxygen is released, which
recombines with the free hydrogen to form water again. The newly formed water
molecules return to the filament to continue the water cycle process. The water
acts as a catalyst in the process of removing tungsten atoms from the filament
and depositing them on the envelope surface causing a silvery coating of
tungsten to accumulate. Over time, the silvery coating deposits will become
thick enough to interfere with light transmission and can be observed with the
naked eye. The reduction of the lamp’s life due to the gradual evaporation of

the tungsten is estimated using the 12™ power equation as illustrated by

Equation 1.
, . ( RatedVoltage J“
- —_— = 1
Life RatedL:feo( AppliedVoltags (1)
Lamp data

Sub-miniature lamps fall into the “T” category designation. The letter “T"
indicates that the envelope has straight sides, and the number after the letter
indicates the diameter of the envelope of the lamp in eighths of an inch. The
#718 lamp is classified as a T-1 lamp which indicates a straight sided envelope
with a diameter of 0.125 inches or 3.17mm. Figure 18 shows the dimensions of
a sub-midget flanged T-1 lamp. Both the #718 and the #6839 lamps are

classified as T-1 lamps.
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Figure 18. The dimensions of sub-midget flanged T-1 lamp.
(Oshino lamp catalog & technical reference manual, 1997)
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Table 3 lists general rating and characteristics of some of the most common

lamp used in the aerospace industry.

Table 3
Lamp data chart
Trade | Amperes | Volts | MSCd | Lamp | Base | Filament Life
# type type Theoretical
hours
718 115 5.0 A5 T-1 SMF C-2R 40,000
680 .06 5.0 .03 T WT C-2R 200,000
| 683 .06 5.0 .05 T1 | WT C-2R 100,000 |
682 .06 5.0 .03 T-1 SMF C-2R 200,000
685 .06 5.0 .05 T-1 SMF C-2R 100,000
6839 .024 28 | .15 T-1 SMF CC-2F 16,000
327 .04 | 28 .34 T-1% | MF C-2F 4,000
330 .08 14 50 | T1% MF C-2F 1,500
387 .04 28 .30 T-1% MF C-2F 7,000
Legend
Bases Filament Structure
SMF Sub-Midget Flange C-2R Single Coiled
MF Midget Flange C-2F Single Coiled
WT Wire Terminals CC-2F Coiled-coil with 2 Supports Posts
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Lamp design characteristics

Automotive Tail Light

"m E'; sl ‘4 lr" Biizet s !liu 'i” et

S s ‘4t ep
Figure 19. Size comparison of an assortment of light bulbs.
(Canadian Aviation Safety Board, 1985)

The basic characteristics of a lamp are its operating voltage, current,
intensity, and life. An investigator can derive the lamp’s efficiency, wattage, and
Kelvin temperature from these basic characteristics. A change in any one of
these characteristics will result in a change in at least one of the other
characteristics. As a result of the operating temperature, approximately 1,650°
C, certain properties of the filament change, the resistance in the filament can
increase by a factor of 10, and the tensile strength can decrease by a factor of
20, thus increasing the ductility of the filament. Lamps will have a design rating
based on their operational voltages. The lamps may be operated at higher or
lower voltages if the other effects resulting from the voltage variation can be

tolerated.
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With the equations given below, an investigator can gain an understanding
of the operating parameters which may be useful in predicting the behavior of
the lamp under certain abnormal conditions occurring during an accident
sequence. Small changes in operating voltage can affect the filament
temperature and lamp life. The relationship between rated life and actual life
under abnormal test conditions is generally expressed by Equation 1:

12
ufe:wufe.[m) 0
Aoplied \btage

This relationship demonstrates the importance of identifying any possible
alterations in the operating voltage which may have occurred during the life of
the lamp or as part of the accident.

Lamp light output is measured in mean spherical candle power (MSCP)
Equation 2 illustrates the relationship between rated mean spherical candle
power and true mean spherical candle power under abnormal voltage

conditions and is expressed as .

35
Applied Voltage)
MSCP=Rated MSCP o

SCP=Ra [ Rated Voltage 2)

An increase in applied voltage causes an increase in the load current of the
lamp. The increased load current also causes an increase in the resistance at
elevated temperatures. The resulting relationship between the current at

abnormal applied voltages is expressed by Equation 3:

Applied Voitage)*>°
(3)

Current —Rated Current
'( Rated Voitage
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Amperage

Amperage is the amount of current flowing through a filament when
operated at a given voltage. The current is determined by the resistance of the
tungsten; a higher amperage lamp requires a larger diameter tungsten wire and
will have a lower resistance. Lower current lamps employ a smaller diameter

filament but will possess a higher resistance.

Incandescence times

The Canadian Aviation Safety Board conducted tests to determine the time
required for the T-1% #327 and #313 lamps to reach incandescence. The test
were performed in response to the question “Can the lamp reach full
illumination during the impact sequence, and exhibit hot characteristics
indicating the light was on prior to impact, when in fact, it was “off’ during the
flight leading up to the emergency and accident?” (Canadian Aviation Safety
Board, 1985; p. 69) When illumination times are longer than times of peak G
forces, the chances of misleading “on” indications are remote. If illumination
times are shorter than the duration of peak impact forces, then the possibility of
misleading "on” indications increases. An aircraft impacting the ground at
relatively high speeds and steep angles experience short duration impact forces
and the possibility of misleading indications decrease. However, if the aircraft's
airspeed is slow and flight attitude creates shallow angles with the terrain, the
chances of illumination increase. If the same aircraft strikes an obstacle causing

damage to a system, one or more warning indicators could be triggered,
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increasing the possibility of “on” characteristic deformations. Without
knowledge of the aircraft's pre-impact conditions, an investigator could draw the
wrong conclusion as to the state of the lamps and the status of the aircraft's
systems (Canadian Aviation Safety Board, 1985; Heaslip, Vermij, & Poole,
1983).

When the lamp is energized, there is an inrush of current because of the
low resistance associated with the cold filament. The inrush current will be 8-12
times the rated current and the “rise time,” or the time required for the current to
stabilize is approximately 30-100 milliseconds. The Canadian Aviation safety
Board determined that the #327 lamp required approximately 48 milliseconds to
become fully energized and the same amount of time to cool down. The #313
lamp has a rise time of 48 milliseconds and a cool down of 98 milliseconds. The
inrush current can be calculated by measuring the cold resistance of the lamp
then dividing it by the lamp’s rated voltage. By applying a voltage which keeps
the filament energized at a level below the energy level of incandescence,
(below 727° C) the inrush current can be reduced. The applied voltage will
reduce the inrush current time by 50% (Oshino lamp catalog & technical
reference manual, 1997).

The Lamptronix Company provided the illumination and cool down times for
the T-1 lamps used in this study. Both lamps require 48 to 50 milliseconds to
reach complete illumination and cool down states. The cool down time depends
on color temperature and not lamp voltage. Figure 20 demonstrate the rate of

cool down of the T-1 lamp.
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T-1 Lamp Cool Down Curve

Degree Kelvin
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Figure 20. Cool down time curve for the T-1 lamps.
(Provided by Lamptronix Co., Ltd.)

Past research

The analysis of post-crash light bulbs is probably the least understood
technique of accident investigation. The actual dynamics of the filament during
the accident sequence has had very little scientific or experimental study to
explain and instruct an investigator on what clues a filament might reveal. The
ability of an investigator to interpret the filament after it has been subjected to
deceleration forces is not an exact science. Investigators have to rely upon their
intuitive sense of what the filament's deformation is indicating. There is a limited
amount of literature to guide an investigator through the filament analysis. The
Royal Canadian Air Force tested the filament theory in 1966, but, unfortunately,
the literature is unavailable today. The Transportation Safety Board of Canada,
formerly Canadian Aviation Safety Board, published the only guide for light bulb

analysis this researcher could find. The document is entitied A Guide to Light
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Bulb Analysis in Support of Aircraft Accident Investigation and was published in

1985.

The Aviation Safety Engineering Branch of the Canadian Aviation Safety
Board conducted the only comprehensive research of post-crash aircraft light
bulb analysis. The CASB published the results in a report entitled Light Bulb

Filament Impact Study in 1985. The International Society of Air Safety

Investigators (ISASI) published a mid-term report of the Canadian study

Advances in the Analysis of Aircraft Crash Impacted Light Bulbs in 1983. The

study considered bulb type, voltage, and bulb orientation. The ISASI (1983)

report stated:
Bulb orientation is another parameter that needs to be considered. There
may be varying effects on the filament, depending on whether G loading
is down the axis of the bulb or is transverse to the bulb axis. The effects
from transverse loading in the plane of the support posts and filament as
compared to the effects of G loading, which is applied perpendicular to
the plane, may differ. However, orientation is a less important variable
because in most high G loading accidents, multiple impacts and
deformation of the light bulb support structure will occur, which will result
in varying loading orientations on the bulb during the accident, rather
than a single fixed orientation (International Society of Air Safety
Investigators, 1983, p. 45-46).

The Canadian Aviation Safety Board subjected three-hundred #327 light

bulbs to decelerations up to and including 4,000g's or 160,000 ft/sec for a
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duration of 0.7 milliseconds. The CASB (1985) study decelerated the bulbs in a
longitudinal orientation, as if the bulbs were located in an over-head panel and
the deceleration forces were directed along the aircraft's longitudinal axis. This
orientation is not consistent with the orientation found in aircraft instrument
panels. The orientation of the lamps normally found in an aircraft would produce
deceleration forces in the longitudinal axis of the lamps. As if the base of the
bulb was directed towards the nose of the aircraft. The deformation in the CASB
study was observed to be in the direction towards the glass envelope as
opposed to the base of the bulb, as observed in actual accident bulbs. The
deformation observed during the Canadian study is valid when the light bulbs
are orientated in the direction perpendicular to flight. However, the extent of
deformation and the G levels to produce such deformation is not consistent with
the actual aircraft accident bulbs. The Canadian research chose a lateral
orientation of the bulbs to ensure maximum filament deformation.

Field investigation

The purpose of analyzing annunciator panels, warning, and indicator lamps
is to determine the state (“on” or “off”) of each light bulb immediately before the
impact. Determination of the state of lamps may help investigators determine
the probable cause of the accident. The information gained from the lamp’s
filaments may be used to infer the aircraft’'s operational parameters prior to
impact and to a qualitative appreciation of the severity of the accident.

While the technique and concept are relatively simple, reliable

interpretation of the physical evidence can be very complex. The dynamics of
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each accident is unique: the type, age, voltage, and relative orientation of each
lamp has some effect on the behavior of the filament. When an investigator
feels the need to perform a light bulb analysis, a three stage approach is
recommended. First, an on-site inspection and documentation noting the
function, location, orientation, and general condition of each lamp before its
removal from the wreckage. Once the lamps are removed from the wreckage, a
preliminary inspection of the filament, with a minimum of a 10X magnifying
glass, should be performed to note the general condition and any filament
deformation that may be present. Next, the lamps need a microscopic
examination by a regional laboratory to determine the nature and scope of
deformation. The third stage is an examination of the lamps by a specialized
laboratory equipped with a electron scanning microscope (ESM) and
metallurgic analysis capabilities.

The results of the examination should be compared with other evidence
from the accident. A lighting specialist from the lamp, panel, or avionics
manufacturer should be consulted if the light bulb evidence conflicts with the
other evidence or if the light bulb analysis results become of critical importance
to the determination of the probable cause and recommendations (Canadian

Aviation Safety Board, 1988; Galler, Glover, & Kusko, 1994).

Filament deformation factors

The various factors an investigator must take into account when analyzing

aircraft light bulbs include the nature and severity of the accident sequence,
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type and manufacturing, orientation of the lamp relative to the flight path, and
impact direction, applied voltage prior to impact, degree and causes of aging,
and filament oxidation. Filament deformations are classified into three basic
categories: (a) burnout, (b) hot or cold filament stretch, and (c) hot or cold
filament fractures.

The nature and severity of the accident sequence are the primary
mechanisms governing the filament's behavior. in a crash, the kinetic energy of
the aircraft is reduced to zero by converting the energy into G forces of several
milliseconds to several seconds. The deceleration forces can reach peaks of
several hundred to several thousands Gs. The behavior of the filament is partly
governed by the lamp’s G threshold. Each type of lamp: T-1, T-1%, T-1% has
an on and "off’ G level threshold. When deceleration forces exceeded the
filament’s threshold, deformation is expected to occur. The thresholds depend
on the size of the lamp and its state at the time of impact. A cold lamp’s G
threshold will be greater than a hot lamp’s G threshold. Figure 21 shows the
thresholds for several types of lamps (Canadian Aviation Safety Board, 1985;

Heaslip, Poole, & Vermij, 1985).
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Figure 21. G thresholds for the #313, #327, and #6839 lamps.
(Galler, Glover, & Kusko, 1994)

As the diameter of the lamp become smaller, the G tevel thresholds becomes
greater. A T-1 lamp, cold, can withstand approximately 800 g's as compared to
500 g's for a T-1% lamp.

One of the simplest accident scenarios to analyze is a single severe impact
in a single direction. The direction of the filament deformation is in the same
direction as the deceleration force. Depending on the severity of the impact,
and knowledge of the lamp’s G level thresholds, a correlation could be inferred
as to the age and possibly the state of the bulb through the use of a damage
boundary curves. Figure 22 is an example of a damage boundary curve

generated for the #327 T-1% lamp.
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Figure 22. Damage boundary curve for a #327 T-1% lamp.
(Canadian Aviation Safety Board, 1985)

However, a single severe impact accident is a rare event unless the aircraft
impacts the terrain in a vertical or near vertical attitude. This attitude usually
results in complete destruction of the aircraft leaving an investigator with little to
no wreckage and thus little physical evidence. A more realistic accident
scenario will incorporate multiple impacts of varying G levels, directions, and
duration causing the filament to deform or fracture in several areas and
directions with no one deformation direction or magnitude more prominent than
another. The individual components, such as the instrument and landing gear,
can and will, experience different G levels. The internal G levels are generally

grater than the G level associated with the aircraft's center of gravity. The
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kinematic equations used to analyze the aircraft's G level yields the average G
level the aircraft experiences at its center of gravity. The internal G forces are
more likely to cause filament deformation than the calculated ground impact G
force (Canadian Aviation Safety Board, 1985).

The type and manufacture of the lamp will effect the type of filament
deformation. Aircraft lamp construction falls into one of three general
categories:

1. a single coiled filament with one or two support posts

2. asingle coiled filament with no support posts

3. adouble coiled filament (i.e., double helix or coil-coiled filament) with

one or two support posts.

Examples of the filament construction and lamp types are illustrated in
Figures 14 and 15 and by Table 3. Depending upon the intended applications,
lamps vary in voltage, base type, and diameter. Differences in design,
manufacturing process, and lamp configuration can produce impact damage
that differs in certain details, but the fundamental principles of filament analysis
may be applied with discretion (Galler, Glover, & Kusko, 1995).

The orientation of the light bulb in the aircraft has a profound influence on
the behavior of the filament. The orientation will effect the vibratory motion of
the support posts, particularly with resonance damage. Support post
deformation can be observed by a field investigator with a 10X magnifying
glass. Deformation of the support posts is a strong indication that posts

experienced resonant frequencies. The degree of deformation is an indication
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of the severity of the impact force, but not an indicator of whether the lamp was
on prior to the impact. During the accident sequence and resulting resonant
frequencies, small particles of glass from the support post mounting bead will
brake "off” and become lodged somewhere inside the envelope. If the filament
is illuminated the glass particles may become fused to either the sides of the
envelope or to the filament. The fused glass particles can be observed
microscopically and indicates that the lamp was on prior to impact (Canadian
Aviation Safety Board, 1985).

During the impact sequence, the short-duration inertia forces excite the
support posts and start them vibrating. The vibration can stretch the filament in
the area near the support posts or if the vibration is strong enough, it can
fracture the filament anywhere along its length. The effect on the filament
depends on the severity of the vibration and the state of the filament.
Resonance forces on a cold filament may cause no damage at all, fracture of
the filament near the support posts, or produce multiple fractures along the
entire length of the filament, also known as global deformation, if the force is
severe enough. When the filament is hot, the resonance may cause mild
stretching or uncoiling near the support posts, global deformation, severe
stretching, uncoiling and entanglement of the filament, or ductile fractures
(Canadian Aviation Safety Board, 1985; Galler, Glover, Kusko, 1994).

Operating voltage and temperature affect the lamp’s operating life and must
be considered by an investigator when examining filaments. The filament's

behavior under inertial forces are significantly different with and without the
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current applied. When the current is applied, the filament is operating at
temperatures around 1,650° C which causes the filament to be relatively ductile;
without current the filament is relatively brittle. Due to the ductility, the filament
may experience global deformation. The brittle filament may display signs of
filament fracturing or breakage but not display signs of global deformation. The
behavior of a brittle-ductile filament forms the basis of filament analysis.

The presence of filament deformation is the most important factor in light
bulb analysis. At the instant a filament undergoes a sudden change in velocity,
the momentum of the filament itself generates a reaction force acting against
the contact and support posts. If the acceleration force is large enough, and the
filament is illuminated, the most likely result is permanent deformation of the
filament. Filament deformation can be described as (a) slight, (b) major or
global, (c) local, (d) general, (e) deformation, and (f) resonance entanglement.

Slight deformation appears as small separations or openings of a few
filament coils near the support posts. The general shape of the filament remains
intact. A filament displaying slight deformation appears stretched, deformed,
and uncoiled in isolated areas. Figure 23 shows a lamp that is displaying slight

deformation.
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Figure 23. Slight deformation of a #718 lamp, aged 200 hours.

Major deformation includes resonant frequencies causing filament
entanglement and short circuits. During high G, short duration impacts, violent
vibrations may establish a resonance in either the support posts, flament, or
both. The resonance deformation indicators are a combination of general,
slight, local deformations, accompanied by burn-outs and filament rewelding or
melted balls of tungsten at the ends of the fractures. Major, resonant
deformation are reliable indications that the lamp was “on” prior to an impact.
Figures 24 and 25 show examples of filament burn-out and rewelding. Note the
rounded edges of the rewelded filament and the jagged edges of the filament

that burned-out.
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Figure 24. An example of a rewelded filament.
(Canadian Aviation Safety Board, 1985)

L]

Figure 25. An example of a severe notching burn through.
(Canadian Aviation Safety Board, 1985)
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Local deformation of the filament is defined as the presents of coil
stretching and uncoiling in concentrated areas as a result of an impact. In a
severe impact scenario, local deformation may occur in a cold filament due to
resonance in either the contact or support posts. Local deformation can be
easily misinterpreted. If local deformation is suspected, and is of importance to
the investigation, then the lamp should to be examined by a lighting expert or
metallurgist under a scanning electron microscope for positive determination of
the state of the lamp.

The last type of deformation, general deformation, displays an overall
stretching of the filament with the turns of the filament remaining tightly coiled.
General deformation may be observed in lamps “on” or “off” prior to the impact.
Lamps that display general deformation require further examination by an
expert to determine the state of the lamp prior to impact. As with lamps
displaying local deformation, general deformation may not divulge any useful
information. As with local deformation, general deformation requires
examination by a lighting expert or metallurgist under a scanning electron
microscope for positive determination of the state of the lamp (Canadian
Aviation Safety Board, 1985; Galler, Glover, and Kusko, 1994).

It is important to distinguish between an impact induced hot failure, a burn-
out failure due to old age, and a burn-out failure due to over voltage. The
filament burn-out can be observed by microscopic examination and provides
supporting evidence to the state of a lamp prior to an impact. A burned-out

filament usually, but not always, is a strong indication that the lamp was on at
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the time of impact. The filament can burn-out as a result of larger voltages
being applied to the bulb than the lamp is rated for, the reduction of the
filament's diameter due to a combination of notching and water cycle effects,
and short circuiting of the filament due to contact with itself or other parts of the
lamp (Galler, Glover, & Kusko, 1995).

The aircraft’s electrical system may suffer damage from an initial impact
causing a surge of electrical current exceeding the lamp’s voltage rating and
resulting in a rapid burn-out. A filament which experiences excessively high
voltages usually fractures at, or near, one or both contact posts. The fractured
surfaces are characterized by spherical balling of melted tungsten at one or
both contact posts. The burn-outs at the contact posts do not necessarily occur
simultaneously, but may occur milliseconds apart. The non-simultaneous
fracture may be due to the behavior of the coiled filament's inductive reaction to
the sudden voltage change, which, by virtue of its geometry, is capable of
storing energy in magnetic fields created by the current flowing within the coils.
The stored energy is released as a result of the circuit being broken. The
release of this energy produces temperatures beyond the melting point of
tungsten which creates the balling characteristic (Canadian Aviation Safety
Board, 1985).

Filaments which experience high voltage burn-out may also exhibit a
widening of the filament, similar to an impact induced hot fracture. The burn-out
due to over voltage generally displays local or slight filament deformation.

Filaments exhibiting indications of high voltage burn-outs may indicate possible
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failure of the aircraft's electrical system prior to the impact. The absence of
tungsten balling is an indication the filament fracture was brittle in nature and
that the lamp was “off” prior to the impact (Canadian Aviation Safety Board,
1985; Heaslip, Vermij, & Poole, 1983).

A burn-out at normal operating voltages may result from local overheating
due to severe aging effects. Aging effects reduce the diameter of a filament.
Filaments which burn-out because of aging effects typically display
characteristics similar to burn-outs caused by over voltage. An aged filament
burn-out exhibits balling and irregular shapes at the fracture points. However,
an aged filament, under microscopic examination, will reveal the saw tooth
characteristics of notching. Molten tungsten balling at the fractured points and
notching are strong indications the lamp was on prior to the impact (Galler,
Glover, & Kusko, 1995; Heaslip, Vermij, & Poole, 1983).

In most investigations, shorting out of the filament is a likely scenario. A
filament burn-out can occur from severe resonance vibrations in the filament
and support posts causing contact between filament segments. During the
impact, a hot filament may become entangled in itself, causing the remainder of
the filament to receive an excessive current load that melts the tungsten wire
while it is still subjected to inertial forces. The resulting short circuit causes the
filament coils to stretch, neck down, break in a ductile manner and burn-out.
Impact induced hot failures will display fracture characteristics similar to burn-
out failures due to over voltage, but the filament will also exhibit major

deformation consistent with high G impacts. Burn-outs resulting from short
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circuiting is a strong indication of a hot lamp prior to impact. It is important that
an investigator rule out over-voltage and aging effects before drawing any
conclusions about the state of the lamp. Many of the failure characteristics are
similar, which could lead an investigator to a wrong conclusion. Before any
conclusion is made on the state of lamps, it is recommended all lamps be
examined under a scanning electron microscope by a lighting expert or
metallurgist to verify the geometry of the fractured ends (Canadian Aviation
Safety Board, 1988; Galler, Glover, & Kusko, 1994).

The age of a lamp can affect the type and severity of the deformation as
well as the G threshold of the filament. An aged lamp cannot withstand the
same amount of G loading as a relatively new lamp. New lamps arrive from the
manufacturer already aged approximately 16 to 50 hours to remove any slack in
the filament caused during manufacturing. Previously discussed were the aging
effects of dc notching and the water cycle. Depending on the aircraft's electrical
system, lamps can experience alternate current (ac) notching. Notching due to
ac current occurs in areas adjacent to the support and contact posts where
thermal gradients exist. Notching, both ac and dc, does not occur in the coils
directly in contact with the support and contact posts due to heat sinks created
by the posts. Heat sinks are areas within a material, where for some external
reason, temperature gradients are formed. The gradients prevent the
temperature immediately around the support and contact posts from reaching
the recrystallization temperature. The part of a filament directly in contact with

the posts experiences a lower temperature than the rest of the filament. The



46

major difference between ac and dc notching is that ac notching will occur in
small areas, while dc notching will occur along the entire length of the filament
(Canadian Aviation Safety Board, 1985; Galler, Allison, & Mercaldi,1990;
Heaslip, Vermij, & Poole, 1983).

Figures 26 through 31 show the aging effects a #718 lamp sustained during

accelerated aging. Note the vertical lines in the first three figures. The vertical
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