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ABSTRACT OF THESIS

EVALUATION OF MOISTURE BARRIERS FOR FIRE FIGHTING TURNOUT
GEAR
ASSESSMENT OF PRODUCT FAILURE AND TEST METHOD DEVELOPMENT
PREDICTING FAILURE MODES
“The purposeofthis study was to investigate the failures seen in the moisture:
barrier
offire fighting turmout gear. Moisture barriers taken from garments in field were
evaluated to establish a baseline for comparison. Moisture barriers were exposed as part
ofa three-piece ensemble and as a single layer moisture barrier to instrumental light
exposure in a Carbon Arc Fade-ometer and natural sunlight exposure according to
AATCC and ASTM test methods. After exposure, moisture barriers were visually
examined using stereo and compound microscopes. A performance measurement was
conducted on the exposed moisture barriers using a modified NFPA Hydrostatic Water
Penetration Resistance Test. Resultsofthe instrumental and natural sunlight exposures
were compared to the failed garments from the field
“The results showed that moisture barriers were degraded by ultraviolet ight and
replicated someofthe results seen in the feld to predict failures. Based on the results of
this study, suggestions were made for future research for developing test method for
predicting moisture barrier failures.
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Chapter One
Introduction
Flames are raging, temperatures are as high as 1000° F, smoke is so thick flames
‘can only be scen as an orange glow, and the fire fighter must try and locate the seatofthe
fire to apply water for extinguishing the fire. This typeof extreme condition gives risc to
the need for protective clothing for fire fighters. Since they never know what to expect
until they arrive on the scene, their clothing must protect them no matter how severe the.
conditions. The protective gear used by fire fighters consistsofdifferent items that aid
in their protection, including helmets, gloves, boots, and tumout gear consisting ofa coat
and pant or coveralls. Fire is not the only extreme condition faced by fir fighters and
their gear. Fire fighters work year-round, therefore they are exposed to heat, cold, and
other weather conditions. However, fir fighters don’t have seasonal gear. Protective
clothing worn by fire fighters keeps them warm, prevents them from getting wet and
provides them minimum protection from bumsby flame, scald burns, and injuries from
sharp and falling objects.
“The National Fire Protection Association (NFPA) reported that 87,500 fire
fighters were injured in 1999. OF those injuries 4,865 were bum related; 4,420 were due
to thermal stress, which includes heat exhaustion and frostbite; and the other 78,215 were
‘smoke inhalation, other respiratory distress, eye irritation, wounds, fractures, heart attack
or stroke, muscular pain and others. These fire fighter injuries reflecta 1.1% increase:
over 1998. The increase in injuries couldbe a resultof many factors, such as the fire
fighter not being awareofthe dangerous temperatures, prolonged and direct exposure to
heat and flames and the limitationsof their tumoutgear (Kater and Badger, 2000).
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In 1975 the National Fire Protection Association developed the first editionofthe
NFPA 1971 standard for fire fighting protective clothing. The NFPA publishes
consensus standards for certification, inspecting, testing, labeling, and design
requirements. These standards also specify some requirements for flame and heat
resistance, water absorption resistance, tear and tensile strength. The requirements set
forth in the NEPA 1971 standard must be met or exceeded by fire protective clothing
‘manufacturers and by fire departments, which add equipment or clothing to the ensemble.
Although the NFPA process has designed these standards for the industry,
protective clothing will not meet the requirementsofthese standards for the lifetime of
the fire fighter gear. Wear and tearofprotective gear occurs when exposed to the
different elementsoffire fighting and normal everyday wear, including washing. Since
the protective propertiesoftumout gear cannot be maintained forever, it is important
to
know when one’s gear is no longer offering sufficient protection and must be replaced.
Justification
!

‘Bum injuries, which occur during fire fighting activities, stem from several

factors: thermal exposure; movement and actionsoffire fighters while performing their
duties; physiological functions which regulate the building up ofheat in the body; and the
performanceofthe protective clothing ensemble (Lawson, 1996). To help prevent bum
injuries, tumoutgearhas gone from canvas and rubber to high techfibersand
‘microporous materials, such as aramids and polybenzimidazole (PBI), and
polytetraflourethylene (PTFE), which are not only flame-resistant, but also more
comfortable. With new bench top and thermal mannequin tests, researchers are able to
evaluate the materials and the entire protective clothing ensemble under conditions
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similar to those which fire fighters face. However, limited procedures are available
to
evaluate protective clothing materials in use. Because of limited evaluative procedures,
litle is known about what occurs within the protective gear when exposed to fire fighting
environments. Researchers are continually evaluating issues such as moisture transfer
and durability in tumout gear as well as heat stress. With more knowledgeof what
‘occurs within protective gear, current test methods can be improved and new tests can be
developed (Torvi, etal, 1999).
A recent problem experienced by the protective clothing industry was the
degradationof Breathe-Tex®, a typeofmoisture barrier used in fire fighting protective.
clothing. The problem was recognized by the industry as manufacturersoftumout gear
had garments returned from the field that had reportedly failed. The three-layer system
was cut and examined to assess the conditionofthe moisture barriers. The degradation
was reportedly apparent within the polyurethane film layer, which was changing color
andlor experiencing cracks, flaking or peelingof the film from the substrate. The
degradationof Breathe-Tex® was widespread but the cause was not as obvious, because:
ofthe pattemof damage seen in garments from the field, that is, garments showed severe
damage in areas where light and abrasion were thought to have contributed to the
breakdownofthe film. Tn contrast, damage was also apparent in garments that were
‘primarily in storage or had experienced limited actual use but were inside the fire station.
For example, pantsofthe tumout gear had severe damage in the upper sections but
virtually none in the insideof legs where no light exposure occurred.
“The ramificationof this problem is that failure of the moisture barrier layer of
tumout gear may cause scalding or bum injuries to fire fighters to occur. Failures in the
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‘moisture barrier prevent the gear from keeping the wearer dry; increasing the potential
for scalding, burn injuries, hazardous liquids, andexposureto blood bore pathogens. In
some cases where bum injuries have occurred, there may be no signofdamage to the
tumout gear (Lawson, 1996). Since the moisture barrier is hidden and protected by the
thermal barrier, failures are difficult to detect and fire fighters cannot determine ifany
degradation due to laundering, high heat exposure, abrasion or light exposure has
occurred. Once the degradation begins, the tumout gear may no longer meet National
Fire Protection Association (NFPA) minimum performance requirements.
Currently, NFPA Standards specify minimum requirements for the performance
ofonly new protective clothing. How well tumout gear performs after extended use is
unknown. The only study conducted on used protective clothing is thatof Vogelpohl
which found used garments, which had been in use for a majority of 1-5 years, failed
flame-resistance and water-resistance requirements (1996).
Obviously, further researchofused clothing would aid in clearly understanding
the moisture transfer in fire fighter protective clothing. Thus far most research conducted
on fire fighter protective clothing has exposed the garment directly to the ire. One
research area often overlooked in the past is in injuries (such as scalding or bun injuries),
which occur outside the fire (Lawson, 1996). Project FIRES reported more firc fighters.
are killed and injured as a resultofphysical stress than burs. One reason for thi is that
‘moisture (sweat) and metabolic heat become trapped within the garment, causing heat
stress (Fomell, 1992). Forel also reported that higher thermal protective performance
(TPP) ratings caused the fire fighters to sweat more and the extra insulation holds the
body's heat inside the garment.
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More significantly, Torvi et al conclude that additional research would assist in
determining the lifetimeofturnout gear as well a aid in the evaluationof tumout gear
‘materials (1999). Research shows laundering, high heat and ultraviolet radiation affects
tumout gear materials. Test methods and more rigorous preconditioning added in 1997 to
NFPA 1971 standards test the durability of tumout gear materials including the moisture
barrier. Torvi ct al also state a need to agree upon the importanceofthe factors affecting
the durability of tumout gear and design test methods to aid in the evaluationof tumout
gearin use (1999).
Purpose
‘Thus, the purpose of this research was to investigate the failures seen in the
‘moisture barrierofthe turnout gear, as noted by the protective clothing industry. The
resultsofthis investigation will determine the cause of the failures and lead to
development of future tests that will determine whether these failures will occur in other
moisture barriers. Specifically, the development ofa test method that will predict the
failure ofthe moisture barrier will allow the moisture barrier to be replaced before the.
fire fighter is at high riskforexperiencing heat stress, bum injuries, or hazardous liquids.
Objectives
Specifically, the objectivesofths study arc:
1. To determine the cause of failure in the protective clothings moisture
barrier layer.
2. To develop a test method to replicate the failures for future testing.
Research Questions
1. Is the failure in moisture barriers caused by ultraviolet light cxposure?
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2. Ts the moisture barriers breakdown affected by abrasion?
3. Can the damage in thefieldbe replicated in order to develop a test method
that will predict failures?
Limitations
‘The number
ofmaterials available for physical testing limited this research. The
useoflimited materials will decrease the number of samples that can be evaluated for
testing purposes. Furthermore, the resultsofthis study may not be related to all moisture:
barriers used in fire fighting tumout gear, but only to those evaluated.
Definitions
Fire Fighter: “One who is employed by a fire department to fight fires” (Webster's
Dictionary, 1994, p. 480).
Moisture Barrier: “The portionof the ensemble designed to prevent the transfer of
liquids” (NFPA 1971, 1997, p. 9).
Neoprene: “A synthetic rubber produced by polymerizationofchloroprene and marked
by its durability and resistance especiallyto oil” (Webster's Dictionary, 1994, p. 790).
NEPA 1971: NationalFire Protection Association standard on Protective Ensemble for
Structural Fire Fighting * specifies the minimum design, performance, certification
requirements, and test methods for protective ensembles that include protective coats,
protective trousers, protective coveralls, helmets, gloves, footwear, and interface
‘components designed to provide a minimum levelof protection for fire fighters against
adverse environmental effects during structural fire fighting operations and certain other
emergency operations” (NFPA 1971, 1997, p. 6).
Outer Shell: * The outermost layerofthe composite with the exceptionoftrim,
hardware, reinforcing material, and wristlet material” (NFPA 1971, 1997, p. 8)
PTEE: A microporous membrane with 9 billion pores per square inch. Each pore is
approximately 0.2 micron in size and prevents penetration of liquids becauseofthe low
surface energyof the PTFE membrane. Evaporated sweat will diffuse through the pores
of the membrane carrying body heat with it (Gohike, D.J., 1980).
Protective Clothing/Protective Ensemble: “Multiple elementsofclothing and equipment
designed to provide a degree of protection for fire fighters from adverse exposuresto the
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inherent risksof structural fire fighting operations and certain other emergency
operations” (NFPA 1971, 1997, p. 7).
ProtectiveCoat/TumoutCoat: * A protective garment; an clementofthe protective
ensemble designedto provide minimum protection to upper torso and arms, excluding the:
hands and head” (NFPA 1971, 1997, p.7)
Structural
FireFightin: “The activitiesofrescu, fire suppression, and property
conservation in buildings, enclosed structures, vehicles, marine vessels, or like properties
that are involved in a fire or emergency situation” (NFPA 1971,1997, p. 10).
‘Thermal Barrier/Liner: “The portionofprotective ensemble element composites that is
designed to provide thermal protection” (NFPA 1971, 1997, p. 10).
Flexing: “To bend repeatedly” (Webster's Dictionary, 1994, p. 487).
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Chapter Two
Review of Related Literature
‘Turnout gear designedtoprotect fir fighters has many design components. Each
component must meet its own setofprotection requirements as well as some composite
requirements. The following literature will discuss the fire fighting environment, the fire
fighter in the fire environment, the National Fire Protection Association, protective
clothing for fire fighters, and the moisture barrierof turnout gear.
Fire Fighting Environment
Fire fighting can be a very dangerous occupation. Potentially, a fire fighter can
come in contact with many different hazards that require protection, but the most
common hazards are thoseofdircet flame contact and extreme temperatures. When
coming in contact with direct flame and extreme temperatures, there are three
classificationsoffire conditions which fire fighters could possibly face: routine, ordinary,
and emergency. Routine fire conditions range in temperature from 68°F to 122° F.
‘These typesoffires usually are small, consistingof small objects. An ordinary fire
condition ranges from 140° F to an approximate 575° F. The conditionsofan ordinary
fire are considered more serious than a routine fir. In an ordinary fire condition, the fire
fighter may need more protection than his/her protective clothing can provide. When
exposed to temperaturesof575°
F the fire fighter can only withstand short durations of
exposure. A structural fire is typically an ordinary fire condition, which includes those:
fires or emergency rescues where a structure is involved, such as a building, car, home,
etc. (Stull etal, 1996). An emergency condition is where the fire fighter comes in direct
‘contact with the fire a flash or post flashover condition. These conditions could put the
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firefighterat riskofbeing exposed to temperatures above 1000° F. An example of an
emergency fire conditionis a flashover. Flashovers occur when the entire room or
structure is engulfed in flames.
Other hazards fire fighters may come in contact with include: steam exposure,
blood bore pathogens, hazardous chemical exposure, electri shock, and physical
hazards such as sharp edges, bursting pipes, and contaminants (Stull et al, 1996). These
hazards can be present in many different situations and can differ from situation to
situation. Not only are fire fighters exposed to different work environments, they also
have requirementsof strenuous manual labor such as climbing, carrying heavy loads, and
‘moving quickly.
Fire Fighter in the Fire Environment
The fire fighter in the fire environment is in a very dangerous situation. He or she
could easily be faced with an emergency situation where injuries such as bums or heat
stress can occur. Often injuries occur because fire fighters may already be overheated
and sweating beforeentering the fire scene. The turmout gear’s thermal barrier absorbs
sweat and water, which changes the Thermal Protective Performance (TPP). Lawson
states that most burns are moisture and compression related, which together accelerate
heat transfer (1996).
First-degree burns occur at skin temperaturesofabout 118°F and second-degree
bums occur at temperatures ofabout 131°F. Exposure to higher temperatures will cause:
the skin temperature to rise to acritical point where heat losses can no longer be.
‘maintained and more serious bums occur. (Lawson,1996). Another common injury
factor is that tumout gear provides
a delay in heat transfer, and the fire fighter may move
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in toocloseto the thermal zone without realizing the dangerous temperature. Lawson
notes, “Once a fire fighters protective clothing has been heated and the skin temperature
has risen to dangerous levels, it is unlikely thata fire fighter can immediately remove the
protective clothing and start the cooling process to prevent additional injury” (1996, p.
68).
National Fire Protection Association
‘The National Fire Protective Association (NFPA) was founded in 1896 by a group.
ofindividuals working to improve sprinkler systems. From this beginning the
organization has grown to regulate and maintain all aspectsoffire safety. Currently they
regulate more than 300 standards relating to fire safety (NFPA, 2000).
National Fire Protection Association as an Organization
‘The purpose ofNFPA is to promote the science and improve methods of fire
protection and prevention. NFPA’s mission, to decrease the problems with fire for all
living things,i realized by setting codes and standards, conducting rescarch and
providing education. NFPA is comprised ofapproximately 6000 volunteers from various
professions in industry who serve on more than 200 technical committees within NFPA,
each with a particular focus. The committee members work continuously throughout the
year to set and improve standards. NFPA does not have the power to enforce the
standards they set. Because government has adopted manyof NFPA's standards,
however these standards have become law. Therefore, goverment has the only power to
enforce NFPA’s standards. Some of the government organizations, which have adopted
many NFPA standards are the Occupational Safety and Health Administration, Veterans
Administration, and the Department ofHealth and Human Services (NFPA, 2000).

u
National Fire Protective Association 1971 Standards
‘The first NFPA 1971 Standard was set in 1975 under the title Protective Clothing
for Structural Fire Fighting (NFPA, 1975 Edition). Since 1975 the standardhasbeen
updated every thre to five years. The latest editionofthe NFPA 1971 Standard was
published in the year 2000. The NFPA 1971 standard sets minimum requirements for
elementsofthe protective clothing ensemble including coats, trousers, one-piece suits,
helmets, gloves, hoods, and footwear. The requirements include the design, performance,
testing, and certificationoffirefighters” gear. Usually the standards are updated every
five years, but in 2000 it was revised to add the Total Heat Loss Test, tougher
preconditioningpriorto testing, and atest for thermal conductionofcompressed areas
such as knees and shoulders. Current tests used to evaluate tumout gear include the
‘Thermal Protective Performance (TPP), Flame and Oven tests, Conductive Compressive
Heat Resistance (CCHR) test, Shower Testing, Strength tests, Total Heat Loss (THL)
test, Liquid Chemical Resistance test for moisture barriers including water and a Viral
Penetration Resistance test for moisture barriers and sealed seams (Lion Apparel, 2000).
Fire Fighters’ Protective Clothing
Fire fighters” protective clothing has progressed significantly over the last
century. Fire fighter tumoutgearhas been an issue since the carly 1900's when fire
fighters wore canvas overcoats and thigh high rubber boots as a modeof protection. Asa
result
ofthe research in thermal protective clothing supported by the military in the
1940's, fire fighter protective clothing went from canvas and rubber to synthetic and
plastic materials. Since the introductionof these materials, many improvements have.
been made to today’s tumout gear (Veghte, 1991). Protective clothing used by fire

n
fighters is designed to provide “limited” protection from flames, moisture and heat.
Protective clothing is not designed to protect the wearer from temperatures above S75° F,
even at 575°F it’s protects for only short duration exposures. Protective clothing should
protect the fire fighter from the different typesoffires discussed previously and allow the
firefighterto perform the dutiesoffighting fires with some comfort and protection.
Protective clothing also protects the fire fighter from chemical and biological
contaminants and from minor cuts and abrasions (Lawson, 1996).
The Protective Clothing Ensemblefor Fire Fighters
There are 6 elements included in the fire fighters protective ensemble. These are
a helmet, a hood, turnout coat and pants, gloves, footwear, plus breathing apparatus.
Eachofthese items has different functions, which aid in the protectionof the fire fighter
(SAFER, 1994). The helmet is used to protect the face and ears from physical and
thermal hazards. The helmet is composed of an outer-shell, an impact cap, suspension
system, trim, a face shicld,achinstrap, and car covers (SAFER, 1994). The second item
ofthe protective ensemble is the hood. The hood protects the fire fighter’s cars, neck,
and face from exposure to extreme heat. The hood is designed to protect the head and
neck area not protected by the helmet (SAFER, 1994) or the coat. The turnout coat is the
third item and provides “limited thermal and physical protection to the upper torso and
ams (excluding hands and head)” (SAFER, 1994). The NFPA (1971) requires that there
be three layers in the tumout coat - the outer shell, moisture barrier, and thermal barrier.
Other items included in the designof the coat are reflective trim, closure systems, and
wristlets (SAFER, 1994). The tumout pants are designed to provide the lower torso and
legs with “limited thermal and physical protection” (SAFER, 1994, p. 16). The
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componentsofthe pants are the same as the coat, consistingofthe same three layers,
reflective trim and closure systems (excluding wristlets) (SAFER, 1994). Stull etal
(1996) describe the ensembleoffirefighters” protective clothing as being either a coat
and pant ensemble or asingle coverall.Thecollar and wristltsofthe coat protect those
interface areas not enclosed by the coat. Both the coat and pant ensemble or coverall are
designed for quick and casy entry. The reflective trim allows for visibility (Stull et al,
1996). Gloves provide “limited thermal and physical protection” (SAFER, 1994, p.16),
to hands and wrists. Gloves also protect from blood bome pathogens, andsomefire
‘ground liquid chemicals. The gloves are made with an outer shell, a moisture barrier, and
a thermal liner (SAFER, 1994). The footwear is the seventh itemofprotective clothing
for the fire fighter. Footwear provides “limited thermal and physical protection to the
wearer's feet and ankles” (SAFER, 1994, p. 18). The footwear consistsofan outer shell,
asteel shank, a thermal liner, and steel toes (SAFER, 1994).
Layersofthe Turnout Gear
‘There are many different materials used in today's firefighters’ protective
clothing, However, the primary criterion is that all the materials used must be flame
resistant. The most common fibers used in the materialof tumout gear are aramids
(Nomex®, Kevlar®), and PBI. These fibersare often blended together in a textile for the
purposeofenhancing performance characteristics and/or creating different weights
depending on the end user's environment. The first layerofprotection in the tumout gear
is called the outer shell. The outer shell provides protection against flame and heat, wear
and abrasion (Fomell, 1992). It resists ignition for short periodsofdirect flame contact
(Lawson, 1996).
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‘The materials typically used in the outer shell are products madeofaramid fibers
or PBL. One outer shell material, made from meta- aramid fiber, is Nomex®. Nomex®
is used as an outer shell material because itis flexible, sturdy, lightweight, and protects
from heat and flame. The most common outer shells ofNomex® available are 7.5
ounces per square yard and 6 ouncespersquare yard. Some fabrics used in the outer
shell maybe constructed with a woven rip-stop weave, which prevents the continuation of
arip or tear (Fornell, 1992). Another outer shell material is PBI. PBI is blended with
Kevlar® fibers, which are from para-aramid fiber. Kevlar® is use in the outer shell for
its strength, flexibility, and high heat/flame resistance. PBI also is woven with a rip-stop
‘weave and is available in 7.5 ounces per square yardor 6 ounces per square yard. Others
‘combine the characteristics ofboth Nomex® and Kevlar® fibers (Fomell, 1992). The
blends are typically Kevlar® rich comprising 60%ofthe fiber weight.
“The moisture barrier is typically the middle layer, which is madeof a urcthane,
PTFE or Neoprene coated textile or laminate consisting ofa film, adhesive and substrate
ofhigh heat resistant fibers (Stull et al, 1996). The moisture barrier is used to prevent
water from soaking through the entire garment. The moisture barrier seams are sealed
with seam tape then theentirebarrier is sewn to the thermal barrier, the third layer of
protection forming
a liner system that provides insulation.
The thermal barrier insulates the fire fighter during high heat loads. The
insulating qualityofthe thermal barrier is dependant on air spaces within the fabric and
the heat transfer properties in materials used to make up the thermal barrier (Lawson,
1996). ‘The thermal barrier is constructedofan insulating material, which retards heat
flow through the garment and is typically madeof a nonwoven textile of Nomex®
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Kevlar® blend (Lawson, 1996). The nonwoven structure is quilted to a lightweight
woven fabric that is also flame resistant (Stull et a, 1996).
Moisture Barrier
Some moisture barriers prevent liquid and impermeable vapor from reaching the
skin while others prevent liquid from reaching the skin but allow the transfer of
permeable vapor (Lawson, 1996). Torvi et al (1999) report that moisture transfer has a
significant effect on the heat transfer through these garments, and hence, the garment’s
comfort performance. A breathable moisture barrier helps reduce heat stress and the
possibility of steam burs (Torvi etal, 1999).
Materials used in the Moisture Barrier
‘Water can interact with various fibers in different ways. It can be absorbed,
adsorbed, wicked, or repelled. To provide protection from wetting,a film or coating may
be added to the fabric. These films or coatings may be composedofmany different
treatments, all of which help prevent water from passing through to the wearer, while
allowing the body to breathe (vapor from evaporation escape). According to Fomell
(1992), there are two typesofmoisture barriers-- impermeable and expanded membrane.
polytetraflouroethylene (PTFE) liner. The impermeable barrier is coated with a fircretardant neoprene on either poly-cotton or Nomex rip-stop fabrics. Gore-Tex® and
Tetratex® are two typesofexpanded membrane PTFE liners (Fomell, 1992). The
‘moisture barrier consistsof two parts, a film or coating which is applied to a substrate
that is either woven or nonwoven. The film can be either semi-permeable or
impermeable. There are many different breathable moisture barriers such as
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CROSSTECH®, Vapro™, Breathe-Tex™, and ComfortZone® (WER, 1999),
AquaTech™, Stedair® 82 ete.
Moisture Barrier Systems
A moisture barrier system is how the film is constructed to allow moisture vapor
to flow through the garment. The three basic film systems used in moisture barriers
include microporous, monolithic, and bi-component. The microporous systems have
minute micro size openings or pores throughout the polymeric membrane, which allow
moisture vapor to pass through. The fabric can be either hydrophilic or hydrophobic
(Gore, 1998). The second type of moisture barrier fabric is the monolithic. The fabric
‘consists ofa thin coating with no passages for truc air or moisture to penetrate. The
monolithic fabric can be either neoprene coated, particulate filled, or polyurethanc-based
coated (Gore, 1998). The third fabric is the bi-component. Gore (1998, p. 1) defines the
bi-component as “that which truly combines the performance attributesofthe
microporous and monolithic technologies.”
Lawson (1990) recognizes the three basic systems as polymer membranes used in
breathable textiles as microporous films and coatings, hydrophilic films and coatings, and
‘combined microporous and hydrophilic layers. Microporous membranes allow vapor to
‘pass through the permanent, vapor-permeable pore structure. Hydrophilic membranes
carry vapor through the garment by a molecular mechanism, which is a process of
absorption, diffusion, and desorption.
‘There are three different applications used in hydrophilic polyurethane moisture
barriers according to Lomax (1990). The first is a nonporous coating on abase fabric
The coatingcan be either a ane- or two- component polyurethane, which is applied to the
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base fabric by a normal direct, or a transfer coating process. When this process is used for
‘microporous coatings, the coating appears white due to the refracted light through the
porous surface. The second type is a solid polyurethane layer used on microporous
polyurethane and PTFE membranes. Solid polyurethane layers are used to seal the
surface pores and reduce chancesof contamination from various substances such as soap
and salt residues, particulates air-bome dirt, and surfactants, which could affect the
breathability or waterproofnessofthe film or coating (Mooney, 1985). The third
applicationof hydrophilic polyurethane is the useofadhesives to laminate the breathable
membrane to a base fabric. This process reduces the loss of breathability, which occurs
during laminating. ‘The majorityof hydrophilic polymers are not suitable for use as a
permanent, flexible fabric. They are too sensitive to liquid, ether dissolving or not
withstanding normal use (Loma, 1990).
Microporous membranes are manufactured by stretching the product. The
stretching process creates micro-cavities in the film or coating. PTFE and polyolefins are
examples of microporous membranes (B.F. Goodrich, n.d.). Monolithic membranes are
‘manufactured by casting
a film onto a fabric by lamination. Becauseofthis technique
there are no holes. Monolithic membranesare waterproof, whereas microporous
membranes only resist liquid. Surfactants used on microporous membranes may cause
the structure to leak, whereas monolithic membranes are unaffected by surfactants.
Microporous membranes have a low level ofpressure at which water can enter the
structure. A monolithic membrane requires high pressure to allow water to enter the
structure (B.F. Goodrich, nd).
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According to Krishman, (1993), breathable coatings possess good moisture vapor
transmission, tape scalability, wet and dry abrasion resistance, durability to multiple
washings and dry cleanings, good low temperature flexibility, and good hydrostatic
resistance. Microporous systems possess good moisture vapor transfor, lack adhesion
and abrasion resistance, and have poor dry cleaning properties. Hydrophilic systems
have a lower moisture vapor transfer, good adhesion, tape scalability and abrasion
resistance (Krishman, 1993)
Aldan Industries (n.d.) categorized the moisture barriers systems sold today into
three groups: microporous polyurethane; cast coated, crosslinked hydrophilic
polyurethane; and stretched Teflon® with hydrophilic coating. The microporous
polyurethane allows water vapor to pass through while preventing water from entering.
‘The cast coated, crosslinked hydrophilic polyurethane allows water vaporto pass through
by diffusion. The stretched Teflon® with hydrophilic coating allows water vapor to pass
through by microporous film. The stretched Teflon® also contains a hydrophilic layer.
Moisture and Heat Transfer in Turnout Gear
Protective clothing for fire fighters decreases heat and moisture flow from the fire
scene to the wearer; it also decreases heat and moisture flow from the wearer to the fire
scene. This prevents the wearer from quickly losing body heat, which causes a isc in
body core temperature. According to Lawson (1996, p. 6), “The body may become heat
stressed which activates the sweating process in an attempt 10 restore a normal body
temperature.” Because protective clothing does not allow the flowofliquid, limited
caoling occurs and sweat from the body cannot evaporate casily. When the thermal
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barrier absorbs sweat, it could decrease the barrier’s insulating properties (Lawson,
1996).
When sweating, a fire fighter is in dangerofsteam and scald burns at
temperatures as low as 212°F (Veghte, 1987). When temperatures rise within the
‘garment, the moisture from sweat and leaking becomes trapped inside the gear and heated
to temperatures that may cause serious buns, Moisture collected on the outer shell will
evaporate and cause cooling which carries heat away from the clothing. Moisture trapped
in the thermal barrier may decrease the TPP of the garment. TPP measures the amount of
protection from heat transfer through protective clothing layers in conditions close to
those ofa flashover situation. According to Fomell, “TPP is used to quantitatively
evaluate fabrics for thermal protection” (1992, p. 106). ~ In 1985 Project FIRES, a
program started by NASA to attempt to address the problemof heat stress, discovered
thermal protection alone should not be the only concern. Because higher TPP ratings
cause more sweating and heat is held inside the garment, it i important to note that TPP
tests are performed dry and water transfers heat more quickly (Lawson, 1996).
Conductive heat transfer occurs when water is 190°F 21 times faster than in air at
temperatures as high as 200°F (Bennet, et al, 1974). Water in a garment will produce
higher heat transfer (inward) rates, so the rate may be affected by an increase in the
moisture evaporation rate. The turmout gear is more conductive to heat when water or
other fluids are trapped in interstices or voids. In extreme instances where water is at
high temperatures, safetyof the wearer becomes an issue.
Hot water vapor and steam are also safety issues for the wearer when
temperatures are extreme. As condensationof steam reaches skinof cooler temperatures,
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burns will occur. For water to evaporate, heat must be present. The releaseof heat
causes steam to be transformed to a liquid condensation. When the body is exposed to
heat in “un-withstand able” rates, sweating and heat exhaustion could occur. Once the
burst of instant heat reaches the body, burns may also occur. Skin can be damaged from
heat at approximately 111°F; therefore the moisture barrier must protect the fire fighter
from these conditions (Watkins, 1995).
Further, “moisture barriers that allow the flowofmoisture vapor have a body core:
temperature approximately 1.8° F less” than a moisture barrier that docs not allow the
flow of moisture vapor (Lawson, 1996, p. 7). Research by Huck (1987) shows that a
change in body core temperatureof1.8 Fcan be critical. Veghte (1988) claims that
body core temperature of fire fighters can commonly
be as high as 101° F. Huck (1987),
however, notes that at a body core temperature of 102°, the body begins to lose:
efficiency and medical problems begin to occur. Long periods ofexposure to high
temperatures will cause a ise in skin temperature when heat loss, which protects the skin,
is no longer maintained and burs occur. Blood flow, thermal radiationofthe skin's
surface, and heat loss from sweat affects the skin's heat loss (Lawson, 1996). According
to Veghte (1987, p. 316), “Fire fighters become susceptible to steam or scald burns, once.
sweating begins”. Although some moisture barriers will allow the transfer of water
vapor, they do not allow the flow of liquid.
Burns and scalding occur when temperatures within the protective clothing are
below boiling point (212° F) and moisture is present from sweat and areas where leaking
‘may ocur (Lawson, 1996). Lawson suggests that the reduction and control ofmoisture
inside protective clothing reduces fire fighter bum injuries (1999). Stull demonstrates
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that moisture’s effect on the performance of fabric depends on the location and amount of
‘moisture (n.d). The moisture barrier keeps the thermal barrier dry from outside sourced
liquids. When the thermal barrier becomes wet from sweating and/or leaking, the
insulative value is reduced and its weight is increased. The moisture barrier also prevents
air from penctrating to the thermal barrier, which can reduce the insulative value.
(Veghte,1991). Lawson concludes that improvements should be made on the reduction
and controlofmoisture inside the protectiveclothing (Lawson, 1996).
Rossi and Zimmerli, Zimmerli and Weder, and Makinen, limariner, Griefahn, and
Kinemund have studied moisture transfer in turnout gear. Rossi and Zimmerli examined
‘moisture’s influence on heat transfer in the turmout gear ensemble and the influenceof the
‘moisturebarrier (1996). Fourteen tumout gear ensembles were exposed to a simulated
humid environment and radiant, convective, and contact heat. Rossi and Zimmerli found
breathable barriers provide more protection than impermeable coated materials when
exposed to radiant or convective heat and water is present. Zimmerli and Weder
developed
a device, which replicates a sweating torso to measure thermal protection and
comfortof tumout gear for fire fighters (1997). The sweatingtorso stimulates the heat
and sweat produced by humans and can be exposed to a fire fighter's environment to
predict the physical environmentoffire fighters. Makinen et al. (1996) measured
‘physiological stressof turnout gear with and without a microporous membrane moisture
barrier, This study found thermal stress in both ensembles. Makinen et al also found
more sweat in the underclothing, and higher physical exertion and thermal discomfort in
the garment with the membrane (1996). Rossi and Zimmerli’s (1996) study on fire
fighters’ clothing reported that exposure to radiant heat caused a decrease in water vapor
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permeability. Fabrics with a lighter outer-shell showed a greater decrease in water vapor
‘permeability than those with aheavier outer-shell.
“Torvi et al note that moisture transfer is difficult to describe due to the various
conditions fire fightersface (1999). Moisture transfer affects heat transfer in the garment
and ts performance. Torvi etal also indicate more research would aid in understanding
the moisture transfer in turout gear. Further, improvements needed in test methods
would aid in the evaluationofthe amount of protection offered in tumout gear, with
emphasis on the moisture transfer that occurs during fire fighting tasks. Specifically,
Torvi et al state the need for development of techniques, which apply to moisture in the
garment and replicate actual sage (1999).
Durability and Useful LifetimeofTurnout Gear
There are many factors which affect the lifetime oftumout gear such as film and
fiber type weight and typeofweaveof the fabric, frequencyofuse, number and types of
repairs, cleaning procedures used, improper storage to light, types ofwork performed by
the wearer, and exposures (0 extreme heat, soot, bearing hazardous materials, and
ultraviolet radiation (Torvi et al, 1999).
According to Torvi et al, little research has been conducted into the performance
of used turnout gear (1999). However, itis known that turnout gear doesn’t last forever,
One aspectof tumout gear fire fighters and researchers have not been able to determine is
the useful lifetime of the gear.Ifarip or hole appears in the outer shell or failure is seen
anywhere on the outer portionof the gear, the fire fighter can assume it is time to repair
or replace his or her gear. The fire fighter can only determine the lifetime of the gear
with an evaluationofthe outer shell and thermal liner, looking for holes or wear areas.
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Manufacturers cannot predict the expected lifetimeofthe garments when exposed to
ultraviolet radiation, heat exposure, or different cleaning and storage procedures, and
usages (Torvi, et al, 1999).
Ultraviolet Radiation and Heat Flux. Several researchers have studied the effects
of ultraviolet radiation on protective clothing. Day, etal exposed fabrics used in turnout
gear0 a xenon arc Weather-Omter and heated oven (1988). Fabrics were examined
before and after exposure. The researchers concluded exposure to light and heat reduced
the strengthof the fabric. Light and heat did not affect flame resistant or TPP properties
ofthe fabrics. Rossi and Zimmerli examined effectsofhigh heat fluxes on turmout gear
fabrics (1996). Their study showed that the moisture barrie, the most important
component of tumout gear, began to degrade as a result of heat exposure.
Abrasion. Vogelpohl conducted research on 20 garments that had been used for
one or more years in fire fighting or raining programs (1996). Vogelpohl evaluated TPP,
flame resistance, wear resistance, tear resistance, abrasion resistance, water resistance,
tensile and seam strength, ultraviolet degradation, zipper operation resistance, and
retroreflectivity. “The results were compared with tasks and lengthof time the garments
had been used. Vogelpohl’s (1996) study found a decrease in water resistance in all the
‘moisture barriers over time. The microporous membraneofthe moisture barrir loses its
protective properties with wear and abrasion. ‘The wear and abrasion takes place when
the three layers abrade each other during the movementofthe wearer (Gore, 1996).
Failures in the moisture barrier can lead to heat stress for the fire fighters (Slater, 1996).
Vogelpohl (1996) suggests that failure resultsofmoisture barriers found in waterresistant tests, water permeability, high range resistance, and penetration resistance to
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synthetic blood, may be related to abrasion. She (1996) also recommended that more indepth tests be done on the different moisture barrier fabrics seen in today’s protective
clothing tumout gear.
Cleaning. Researchers Loftin and Makinen have studied the cffectsof laundering
‘on materials used in turnout gear. Loftin (1992) conducted numerous industrial
Taunderings on tumout gear materials and compared flammability, TPP, abrasion
resistance, and strength tests. Makinen evaluated the effectsof laundering and wear on
fabrics used in tumoutgear (1992). He found wear and laundering were more significant
than laundering alone, Makinen suggests when testing the effects of laundering on
tumout gear, fabric wearshouldbe included in testing.
Summary
Over the past several years a great dealof research has been done to improve fire
fighters” protective clothing. However, ltl research has been conducted on used
protective garments. Torvi et al (1999) conclude that more research is needed to examine
the factors that affectprotective clothing in use. Research is continuing in the protective
clothing industry for new developments and improvements for protection and comfort,
but additional research would assess the longevityoffire fighters” clothing, particularly
in relation to protecting the body from heat, stress steam burns, and hazardous liquid
penetration.
Moisture transfer has a significant effect on heat transfer through the protective.
ensemble. Veghte (1987) and Slater (1996) both show that the moisture barrier plays a
‘major role in protecting the fire fighter from scald burns and heat stress. An investigation
ofthe failures seen in the moisture barrier will lead to the development of fture testing
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methods for moisture barriers and will allow for improvements in the protective ensemble:
0 protect the fire fighter. An investigationofthe failures also will allow for future tests
10 be conducted on moisture barriers to predict degrading in the moisture barrier.
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Chapter Three
Methodology
‘The purposeofthis research was to investigate the failures seen in the moisture
‘barrierofthe turnout gear, as noted by the protective clothing industry. This chapter first
describes the research design and the methodology that will be used in this study.
Second, the sample selection and preparationprocess willbediscussed. The third section
will describe the instruments and measurements. Finally, a descriptionofprocedures and
data analysis will be discussed.
Research Design
A quantitative research design was used throughout this study to allow for the
collection of data in a numerical form. The method used was a quasi-experimental
design. Moisture barrier samples were chosen and tested without randomizationofthe
samples. The fabric samples were placed in controlled environments and evaluated.
Multiple replicationsofeach condition were evaluated and compared to a control sample.
Evaluation of Failed Garments in the Field
A preliminary investigation of failure observed in the field was conducted. Five
fire fighting turnout pants, where failure was suspected, were examined. Breathe-Tex®
the moisture barrierof the garments were separated from the thermal liner for
assessment. The evaluation of the pants consistedof a visual examinationof the moisture:
barrier using stereo and compound microscopes.
Sample
‘The product under investigation is one componentof the turnout coat ensemble,
the moisture barrier. In this study, nine different moisture barriers were used, which
represent those moisture barriers found on the market or in use today. The moisture:
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barrier fabrics are: NeoGuard™, AquaTech™, ComfortZone™, CROSSTECH® on E-89.
‘Type 2C, CROSSTECH® on Pajama Check, Breathe-Tex®, RT 7100 PTFE Type 3A,
2000 Stedair® 2000 and Stedair® 82. The following table describes the different
‘moisture barriers used in the study:
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‘Table 3.1: Description ofMoisture Barrier Samples
Type of Filmor |
ADandN
Three-piece| Urethane Film
Ensemble
PTFEFilm |
E
PTFE Film
F
Gand Y
(Breathe- | Urethane Film
Tex®)
Urethane Film,
H
Neoprene Coating|
1
Urethane Film
J
Urethane Film
K
PTFE Film
L
Urethane Film
™
0,Pand W
Three-piece | PTFEFilm |
Ensemble
Qand R

Type of

Fabric
or ight | Thickness
EsFabric

E89

178

120

Pajama Check
E89

a1
37

2
30

E89

37

30

E89
guy
©Polyester!
E89
E89
Vilene
Vilene

49
12.1
43
50
38
a1

30
20
30
30
30
30

Pajama Check

185

110

Three-piece| Urethane Film
Ensemble
Sand T
Three-piece | PTFE Film
Ensemble
UandV
Three-piece | Urethane Film
Ensemble

E89

1.7

110

Vilene

17

110

Vilene

17

110

x
Three-picce | PTFE Film
Ensemble

Vilene

17.7

110
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Treatments and Procedures
Sample Preparation
‘The specimens were divided into three groups and preconditioned according
to
NEPA 1971 2000 Edition. Group 1 consistedof two unwashed three-picce ensembles
Sample A and C. Group 2 consistedof two pre-washed three-piece ensembles Samples B
and D and N-X. Group 3 consistedofnine different pre-washed, heat exposed, single
‘moisture barriers Samples E-M and Y. The three-piece ensembles used in Groups 1 and
2 were constructed of the same components found in today’s fire fighter tumout gear.
Groups 1 and 2 were exposed and evaluated to allow for two replicationsofeach group
and Group 3 was exposed and evaluated to allow for four replicationsofeach single:
‘moisture barrier. All specimens were cut into 6 1/2" x 9 1/2" rectangles. The size of the
specimens was dictated by the dimensions of the 6 1/2" x 9 1/2" sample holder used for
exposure treatment.
GroupI. Unwashed/Three-Piece Ensemble. The first grouping consistedoftwo
samples. These two samples were used to construct the protective ensemble as worn by.
the fire fighter. A 6 1/2"x 9 1/2" Aralite® thermal liner test piece was the first layer.
“The thermal liner was placed with the face clothofthe fabric facing upward. The second
layer was the Breathe-Tex® moisture barrier. ‘The moisture barrier was placed directly
under the Aralite® liner, with the film sideof the moisture barrier facing up toward
insulative batting. The third layer was a 6 1/2" x 9 1/2" PBI outer shell. The outer shell
was placed over the moisture barrier.
Group
2. Pre-Washed/Three-Piece Ensemble. The second group consisted of
two samples. These two samples were preconditioned according to the NFPA 1971

30
‘Standard on Protective Ensemble for Structural Fire Fighting, 2000 Edition 6-1.2,
standard. Samples were subjected to five cycles per American Associationof Textile
Chemist and Colorist (AATCC) 135, using Machine Cycle 1, Wash Temperature V
(60: 3°C [140 + 5°F]) and Drying Procedure Ai: Tumble Cotton sturdy. A 1.82Kg 0.1
Kg (4.0 1b £02 1b) load was used, without a laundry bag. Two moisture barriers were
stitched together with film or the coating side facing each other prior to treatment. This
protected the film or coating from direct exposure to cleaning procedures or burrs. This
‘was done for all samples being used. Following preconditioning, Group 2 was also used
toconstruct the protective ensemble
as wom by the fire fighter. A 6 1/2"x 9 1/2"
Aralite® thermal liner test piece was the first layer. The thermal liner was placed with
the faceof the fabric facing upward. The second layer was the moisture barriers, which
were selected from Table 3.1. The moisture barrier was placed directly under the
Aalite® liner, with the film side of the moisture barrier facing the battingof the thermal
liner. The third layer was a 6 1/2" x 9 1/2" PBI outer shell. The outer shell was placed
over the moisture barrier.
Group3. Pre-Washed/Heat Exposed/Single Moisture Barriers. The remaining
nine samples were single moisture barriers, which are described in Table 3.1. Each
‘moisture barrier was preconditioned following NFPA. 1971 Standard on Protective
Ensemble for Structural Fire Fighting, 2000 Edition 6-1.2. Samples were subjected to
five cycles per AATCC 135, using Machine Cycle 1, Wash Temperatute V (60: 3°C
(140 + 5°F)) and Drying Procedure Ai: Tumble Cotton sturdy. A 1.82 Kg
+ 0.1 Kg (4.0
1b 0.2 1b) load was used, withouta laundry bag. Specimens were exposed to the NFPA
1971 Standard on Protective Ensemble for Structural Fire Fighting, 2000 Edition 6-1.5
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Convective Heat Conditioning Procedure for Helmets, Gloves, Footwear, Moisture:
Barriers, Moisture Barrier Seams, Labels and Trim. The oven test temperature was
stabilized at 140°C +6/-0°C (285°F +10/-0°F) and the test exposure time was 10 minutes,
+15/-0 seconds. Two moisture barriers were stitched together with the film or coating
sides facing cach other prior to treatment, This protected the film or coating from direct
exposure to cleaning procedures or burrs in washer/dryer and oven testing. This was
done for all samples being used. The procedure was repeated and the samples were cut
into 6 1/2" x 9 1/2" rectangles. The following table summarizes the pretreatment
conditions ofthe specimens.
Table 3.2: Pretreatment Conditions
1
2

AmdC
|BandD,N-X

Unwashed
Pre-washed and dried

0
5

Exposure Treatment
All samples were exposed to an ultraviolet light source. Groups 1,2, and 3 were
exposed to a Carbon Are Fade-o-meter, whereas only Groups 2 and 3 were exposed to
natural sunlight exposure.
Instrumental, Carbon Arc Fade-o-meter.The Carbon Arc Fade-o-meter was used
according to AATCC Test Method 16-1998, Option A. This test method allowed for
determining the effects of ultraviolet light on the moisture barriers. The Enclosed
Carbon Arc transmits 275 to 370 nanometersof wavelengths. Thirty-six samples were
exposed, in 20-hour increments, to the Enclosed Carbon Arc at ambient temperatures.
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“The specimen holders placed inthe Fade-o-meter were 6 1/2" X 9 112°. The folowing
table summarizes the conditions to which cach sample was exposed to the Carbon Arc
Fade-ometer.
“Table 3.3: Summary for Carbon Arc Fade-omeler Exposure Conditions
Fabric Exposed {0
Tabric Directly Exposed fo
Carbon Arc Fade-ometer
Light Source
Unwashed three-picce ensemble
AndC | including outer shel, moisture barrier
Thermal Barrier
and thermal barrier
Pre-washed thice-picce ensemble
BandD | including outer shel, moisture barrier
Outer Shell
and thermal barrier
EH
)
and | Prewashed single moisture barrier | 11m idesource
facing the light
a
L

1

Pre-washed single moisture barrier | COUN sidesource
fcing the light

Sunlight. A natural sunlight laboratory, Q-Panel Laboratory, located in
Homestead, Florida was used to expose samples. Two hundred fifty two samples were
exposed to natural sunlight for fourteen weeks, according to ASTM G7 test method.
Prewashed thrce-picce ensembles from Group 2 ware exposed to sunlight as well as
single moisture barriers from Group 3. Each week one sampleof each typeofmoisture
barriers was removed and returned tothe UniversityofKentucky Textile Testing
Laboratory for evaluation. Moisture barrier types and codes are described in Table 3.4.
Temperature and relative humidity was recorded throughout each dayofexposure. The
otal number
ofdays cach sample was exposed was also recorded. Table 3.4 summarizes
the conditions to which each sample was exposed during the natural sunlight treatment.
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Table 3.4: Summary for Natural Sunlight Exposure Conditions
Fabric Exposed to
Fabric Directly Exposed to
Natural Sunlight
Light Source
B,P,R,T,| Pre-washed three-piece ensemble
V,W, and| including outer shell, moisture barrier
Thermal Barrier
x
‘and thermal barrier
N,0,0,8, |, Prevashed three-piece ensemble
> and0» UQS| including outer shell, moisture barrier
Outer Shell
‘and thermal barrier
EF,G,L,
deme
Mandy | Prevashed single
moisture barrier

Film sidene
facing the light

Flexing Treatment
A pilot test device was used to develop a procedure to flex the samples. The
device allowed for consistent flexingofall specimens except for twoofthe three-piece.
ensembles. In the initial pre-testingofthe samples, flexing was not used as a treatment.
Due to the lengthoftime required to degrade the specimens, flexing was added to
accelerate the processofdegradation. Twoof the three-piece ensembles, one from Group
1 and one from Group 2 were not flexed to allow for comparisonofthe flexed and unflexed specimens. This was done to determine whether flexing affects the degradation of
the moisture barrier. The flexing procedure was chosen because the fire fighter is flexing
the fabrics while the tumout gear is in use. The flexing procedure closely resembles the
bending at the knee and elbow areasof the tumout gear. The pilot test device utilized the
AATCC Wrinkle Tester. The pilot test motorizes the AATCC Wrinkle Tester to allow.
for synchronization and stabilized flexing for all specimens being flexed. The flexing
device was designed to hold the sample size compatible with the instruments used for
ultraviolet light exposure. The rod in the centerofthe device is attached to the motor.
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‘When the motor is in operation the rod is moving in an up and down motion, creating the
flexing. Two specimens are clamped to the center rod at one time, allowing for
accelerated testing. While flexing the three-piece ensembles, the outer shells were facing
the center rod and the thermal liner was on the outer side ofthe flexing device. While
flexing the single moisture barriers, the substrate sideofthe barrier was facing the center
rod. To allow for two specimens to be flexed together, athree-piece ensemble was flexed
with a single moisture barrier or alone, and two or one single moisture barriers were
flexed together. While two specimens were being flexed together, an overlapofthe two
‘was necessary. The samples were flexed for § minutes (approximately 300 flexes) prior
ofultraviolet light exposure. An illustrationof the flexing
to cach 20-hour increment
device can be seen in the following Figure 3.1.
Figure 3.1: Pilot Flexing Device

Performance Measurement
Following treatment procedures, all samples were evaluated for microscopic
appearance and water penetration resistance to assess the visual appearance and
performanceofthe moisture barrier.
Microscopic. Microscopic evaluations were conducted on all specimens prior to
exposure to assess the qualityofthe moisture bariers before exposure. Microscopic
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evaluations were performed following each 20-hour incrementof instrumental exposure.
Two types ofmicroscopic evaluations were conducted. First, a stereo evaluation was
conducted using a Zeiss Stereo Microscope where magnification ranged from 7X-35X.
“This enabled the magnificationofsurface appearance. The second evaluation was.
conducted on a Zeiss Compound Microscope where magnification was 100X, which
enabled the researcher to take a closer look at apparent flaws or degradation.
Hydrostatic Water Penetration Resistance Test. To determine product failure a
‘Water Penctration Resistance test was used. The test measures the water pressure.
required to penetrate through a fabric in pounds per square inch (psi). The Water
Penetration Resistance test was conducted using a WL. Gore and Associates, Inc.
Hydrostatic Water Penetration Resistance Tester. The test used a modification ofNFPA
1971, 1997 Edition 6-27. 4.2 Procedure
B; at 0.07 Kg/em? [1 psi] for five minutes in
accordance with Method 5516, “Water Resistance to Cloth: Water Permeability,
Hydrostatic Pressure Method,”ofFederal Test Method Standard, 191A, Textile Testing
Methods. ‘The Carbon Arc Fade-ometer samples were exposed to 2 psi for 2 minutes,
whereas, the natural sunlight samples were only exposed for 30 seconds at 2 psi. This
modification was decided to vary the time constraintsof testing. Only single layer
moisture barriers were tested, including the moisture barriers in the three-piece
ensembles. When testing the water penetration resistanceofthe three-piece ensembles,
the moisture barriers were removed from the ensemble 10 be tested and retumed to the
ensemble for exposure to the ultraviolet light. Specimens were placed on the Hydrostatic
Tester with the film or coating side fice down. The samples were tested prior to
ultraviolet light exposure at 2 psi for2 minutes. This modificationofthe Hydrostatic:
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‘Water Penetration Resistance Test required higher psi in a shorter periodof time than the
NFPA procedure. This allowed for the samples to be tested at a faster pace. Specimens.
were tested following each 20-hour incrementof instrumental exposure and after each
weekofnatural sunlight exposure. Oncea specimen failed the Hydrostatic Water
Penetration Resistance Test, it was removed from the sample holder and replaced with an
unexposed specimen to allow for replication. Specimens were tested aftr the first initial
flexing as well as after exposure to direct sunlight.
Method of Data Analysis
‘The data from each individualtest were examined, evaluated, and recorded after
exposure treatments. The data were analyzed using statistical measures and a statistical
Software package. Descriptive statistics were used for comparisonofreplications within
samples. A General Linear Model was conducted to test within the samples and a
Mauchly’s Test of Sphericity to test for significant differences. The results from the
different exposures were compared to allow for the development ofa test method that
utilizes the best light source. The results were reviewed to determine how well they
‘answer the research questionsofthis study.

.
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Chapter Four
Results and Discussion
‘This study was conducted to investigate the failure scen in the moisture barriers of
fire fighter’s tumout gear, as noted by the protective clothing industry. Nine different
‘moisture barriers were exposed 10 artificial light and natural sunlight. The effect
of ight
on the moisture barriers was evaluated visually using stereo and compound microscopes
and for performance by testing for water penetration using the Hydrostatic Water
Penetration Resistance Test
Prior to physical testing, the moisture barriers were examined visually to assess
their quality and initial appearance. Moisture barrierswerealso tested for water
penetration resistance. To ensure accuracy of testing, only samples which passed the
initial water penetration resistance test were used.
“Three treatmentsofmoisture barriers included exposure to instrumental light in
the Carbon Arc Fade-ometer and to natural sunlight and also involved flexing the
‘moisture barriers to simulate flexing and surface abrasion. Microscopic evaluations and
Hydrostatic Water Penetration Resistance Tests were performed to assess degradation
and failure.
“This chapter will discuss the resultsofthe evaluations. The statistical analysis of
the data also will be discussed in this chapter. The analysisof the data was used to
determine if ultraviolet light exposure and abrasion had a significant effect on the failure
of the moisture barrier and whether the test can be replicated to predict future failures.
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Examination of Failed Garments from the Field
In the preliminary investigation of the moisture barrier problem, hundreds of
garments from the field were inspected. The garments had been in use from 1-5 years in
arange of environments including the hot humid conditionsof New Orleans or Florida to
the cold and windsofChicago. Ofthese garments, 5 were selected by the researcher to
‘conducta closer examination. The garments were selected because they represented the
type ofdegradation seen in the field, with a history of 1-3 years of use. ~ All garments
contained Breathe-Tex® moisture barrier. The moisture barriers ofthe garments were
examined visually and microscopically. The moisture barrier's film wasoriginallygray
in color but in the field garments the moisture barrier film became a blue/green color.
“The moisture barriers also demonstrated severe cracking and flaking
ofthe film. When
viewed under the compound microscope, lighter areas showed thinning of the film or a
complete loss of film. The most severe film damage was represented by color change,
cracking, and flaking in areas where the thermal liner was exposed to light and/or the
areas most susceptible to abrasionduringcontinued use, For example, the moisture
barrier showed evidenceofsevere degradation in the seat and waist areasof the pants.
“This may be due to the habitsofuse, storage and cleaning; for example when the fire
Fighter's turnout gear is not in use the pant is pulled down over the boots, which exposes
the scat and waistof the thermal barrier to the light source. The moisture barriers in the
Tower pant sections that were not exposed in storage had not experienced the color
change and damage that was apparent in the exposed sectionsofthat same garment.
‘The preliminary examination of field garments appeared to show a direct
correlation to light as a contributing factor in the degradationofthe moisture barrier. For
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instance, the pants showed no degradation inthelower legsofthe pants but severe

degradation inthe top,especiallythe sections typically drapedoverthe boots during.
‘storage between uses.

Lightdegradationappeared to be
a majorfactorinthe damage seenin the
‘moisture barriers. Some damage was seen in garments due to exposure to limited

outdoor sunlight, butevenmore damage was apparent from exposure to indoor artificial
lightorfiltered sunlight during storage. The resultofthe preliminary examination of
product failure led to the selectionoftwolight exposure treatments, instrumental
ultraviolet and natural sunlight. Figure 4.1 illustrates the damage seen in the moisture
‘barrier.

Figure 4.1: Degradation Observed in Failed Garments from the Field
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Exposure to Instrumental Light — Carbon Arc Fade-ometer
Initially,sampleswereexposed to an Atlas CarbonArc Fade-ometer. The Fade‘ometer is an artificial lightsourcethat uses ignitedcarbonrods to transmit lightinthe

275-370nanometerrange and approximates ultraviolet light,inrangesfrom 250 to 400

nanometers. Thisphaseoftestingwasconducted to determine
ifwavelengthsof

|
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ultraviolet light contributed to or caused degradationof the moisture barrier, The
samples were exposed in 20-hour increments at ambient conditions. After 20 hours of
exposure to the Fade-ometer, the samples were subjected to a Hydrostatic Water
Penetration Resistance Test, with water pressure set at 2 psi for2 minutes exposure, to
determine whether they leaked. Ifthey passed the test, samples were exposed for another
20 hours. All samples were exposed in 20-hour increments until failure occurred during
the Hydrostatic Water Penetration Resistance Test. Once failure occurred, th failed
‘sample was pulled from the chamber and replaced with another replicationof the sample.
Exposuredata was reported as the numberof hoursof Carbon Are exposure required
before failing the Hydrostatic Water Penetration Resistance Test. Visual observations
were recorded before and afler exposure using stereo and compound microscopic
evaluations.
Phase I
The first phaseof testing began with samples from Groups 1 and 2, which were
preconditioned, cut to fit 6 %" X 9 % specimen holders, mounted, and placed into the
chamber. Using this sizeof specimen holder allows for nine samples to be exposed to the
Fade-ometer at one time. Tn the first phaseoftesting, eight samplesofthree-piece.
ensembles were exposed to the Carbon Arc Fade-ometer. Fourofthe three-piece
ensembles were from Group 1, which included the outer shell, a Breathe-Tex® moisture:
barrier, and thermal liner that had not been preconditioned. Four additional samples were.
from Group 2 which included the outer shell, a moisture barrier, and thermal liner that
had been preconditioned. The thermal liner was facing the light sourceofthe Fadeometer in both Groups 1 and 2. Because only eight threc-picce ensemble samples were
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exposed in this phase,a ninth specimen holder was available. ‘This ninth specimen holder
was filled with two samplesofsingle-moisture barriers that had not been preconditioned.
“The single-moisture barriers were cut into 4 3/4" X 9 1/2" samples and were stitched
horizontally to form a 6 %" X 9 %" sample. The single-moisture barrier sample was
placed in the Fade-ometer with the filmof the barriers facing the light source. The
moisture barriers chosen for ths phaseoftesting were Samples G-Breathe-Tex® and H,
both urethane films on an E-89 substrate. The results for Group 1,2 and 3 are listed in
Table 4.1,42,4.3, and 4.4.
Table 4.1: Phase 1 - Five Hundred Hoursof Carbon Arc Fade-ometer Exposure for
Group 1
Microscopic Evaluations
Hours of | Hydrostatic
Stereo Microscope
‘Compound
Exposure| Water
TX-35X
Microscopel00X
st
Small cell Tike, yellow and
Initial
dark gray, some light pink
Evaluation| P55 | Orayvithsmoothsurice| Topo Yobier in some
areas, small craters
Same as above
Pass | Same as initial appearance.
20-400
420
Pass
Light blue
Same as above
440-500 | Pass
Same as above
Same as above
“Examined in 20-hour increments.
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Table 4.2: Phase 1 ~ Five Hundred Hoursof Carbon Are Fade-ometer Exposure for
Group2
Microscopic Evaluations
Exposure
TX35X
Microscopel00X.
est
Small cell like, yellow and
Initial
Pass | Gray with crevices givinga | dark gray, some light pink
Evaluation
slight wrinkled appearance| areas, lighter in some
arcas, small craters
20400
Pass | Same as initial appearance
Same as above
20
Pass
Light blue
Same as above
440
Pass
Light bluer
Same as above
460-500 | Pass
Same as above
Same as above
*Examined in 20-hour increments
Samples from Groups 1 and 2 produced very similar visual results which was a
change in color, as all eight samples changed from gray to a light blue. This color change
was ot as severe as the color changes seen in the field but was similar to that observed in
the field. Noneof the samples from Groups 1 and 2 failed the Hydrostatic Water
Penetration Resistance Test during the 500 hours
ofexposure in Phase 1. Although
microscopic craters were apparent during the initial evaluationofthe moisture barrier, the
craters did not cause failure.
‘Table 4.3: Phase 1- Five Hundred Hours of Carbon Arc Fade-ometer Exposure for Single
Moisture Barier-G-Breathe-Tex®
Hours of

Sterco Microscope.

Hours of
Exposure

Stereo Microscope.
7X-35X

Initial
Evaluation
20
40
60
80

et
pass
*
Pass
Pass
Pass
Failed

Compound
Microscopel00X
Small cell Tike, yellow and
| OF with crevices giving.a| dark gray, some light pink
wrinkled appearance
areas, lighter in some
areas, some small craters
Lighter gray
Same as above
Lightening ofthe gray
Same as above
Light blue
Same as above
Same as above
Same as above

a
Table 4.4: Phase 1 ~Five Hundred Hoursof Carbon Arc Fade-ometer Exposure for
Single Moisture Barrie-H
Hours of | Hydrostatic [Stereo Microscope
Compound
Exposure | Water
7X-35X
Microscopel00X
Ch
Tellowslight
orange, gs,
Initial
Yellow/White area that
g
took lke forming craters | £741 erates, lighter
Evaluation| P|
20
Puss
Light Yellow
Same as above
a
Pass
More yellowing
Same as above
6
Pass
Darker in color
Same as above
800000 | Pass
Same as above
Same as above
120
Pass
Same as above
Forming cracks
Same as above
above
Sunea
1402000| Pass
20
Pass
Same as above
Orangelslight pink
240
Pass
Same as above
More cracking
260360| Pass
Same as above
Same as above
380
Pass
Dark brown
Same as above
Same as above
Same as above
400420*| Failed
“Examined in 20-hour increments.
Afer five hundred hoursofexposure to light in the Carbon Are Fade-ometer, the
only samples that filed the Hydrostatic Water Penetration Resistance Test were single
moisture barriers, Samples G-Breathe-Tex® and H. Sample G-Breathe-Tex® filed after
80 hoursofexposure, SampleH did not fil unil 420 hoursofexposure. However, its
important 0 note that these single-moisture barriers were directly exposed to the Carbon
Arc Fade-ometer.
After 60 hours ofexposure Sample G appeared visually similar to those changes
seen in the moisture barrierofthe thre-picce ensembles, that i the color changed from
gray to light blue, but the moisture barrier in the three-picco ensemble did not fil the
water penetration resistance test. The visual changes that occurred in Sample H showed a
progeession from a yellow/white colorto a moderate brown. The results ofthe singlemoisture barrier samples demonstrate that direct exposure o ultraviolet light causes
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degradation of the film to occur more rapidly than exposing the moisture barrier as a
three-piece ensemble,
Phase 2
In Phase 1 ofthis study, afte five hundred hoursof exposure to light in the
Carbon Arc Fade-ometer, the only failures that occurred in the moisture barriers were
those in a single layer. Therefore, due to available space in the instrument and exposure.
time to failure, a decision was made to replace all three-piece ensembles except two, one
from Group 1 and one from Group 2, with single layer moisture barrier samples. Seven
spaces in the Fade-ometer were filled with preconditioned single-moisture barriers
identified as Group 3. This included moisture barriers FE to M.
Flexing as a pretreatment condition was conducted on Group 3 samples to
simulate actual useofthe garment and to determine whether flexing would accelerate
failure by comparing the results of those samples to the un-flexed three-piece ensembles.
However, flexing was nota pretreatment to the three-piece ensembles.
All samples were evaluated for failure after each 20-hour incrementofexposure.
both visually and by using the Hydrostatic Water Penetration Resistance Test, Ifsamples
passed the test, that is water did not penetrate through the moisture barrier, they were
‘exposed another 20 hours. This process continued after every 20 hours ofexposure.
Once failure occurred, the samples were pulled and the numberof hoursofexposure to
failure was recorded. This process was repeated until four replications ofa single‘moisture barrier were exposed, the hoursofexposure for the samples were averaged and
standard deviation calculated. After all single moisture barriers were replicated four
times and specimen holders became available in the chamber, one sample from Group |
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and another sample from Group 2 were added to the Carbon Arc Fade-ometer to observe
a second replication within these groups. The results will be discussed according to
groups of moisture barrier samples
Group
1. One sample, A, from Phase 1 was continued in Phase 2. This threepiece ensemble sample had been exposed to light for 500 hours without failing the
Hydrostatic Water Penetration Resistance Test. Sample C, a three-piece ensemble was
added, but this sample was subjected (0 a flexing pretreatment prior to each 20-hour
incrementofexposure. The moisture barrier layer,ofthe three-piece ensemble, was
evaluated for water penetration resistance using a Hydrostatic Water Penetration
Resistance Test. The numberof hoursof exposure required (0 produce failureof the
Hydrostatic Water Penetration Resistance Test are lsted in Table 4.5.
‘The moisture barriersofsample C failed the Hydrostatic Water Penetration at
1040 and 1300+ hoursofexposure, which was much longer than a single moisture
barrier. The moisture barriers of the three-piece ensembles required longer exposure time
due to the protectionof the film afforded by the thermal liner. Due to the length of time.
required to produce a leakage failure in the three-piece ensemble and the limitation of
only nine specimen holders in the Carbon Are Fade-ometer, only one replicationofcach
three-piece ensemble was tested.
‘Table 4.5: Phase 2 SummaryofExposure Time to Failure for Group |
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Visually the moisture barriersofSamples A and C, showed a gradual change in
color, however, it took several hundred hours before an obvious color change was
detected. After five hundred hoursofexposure, both samples from Group 1 changed to a
light blue color from their original gray. As the exposure time increased and the moisture
barrier approached failure the samples changed from a blue/green color to dark blue. The
gradual change in color was the only change that occurred in the moisture barriersofthe
three-piece ensemble and there were no other signs to allowforapredictionofthe failure
such as cracks or craters. The microscopic evaluations
ofGroup 1 can be found in
Appendix A, Tables 1 and 3.
‘When comparing moisture barrier samples from Group 1 to the garments from the
field failures, the color changes in the moisture barrier were not the same, that is samples
from Group 1 changed from gray to a shadeofdark blue. The color change observed in
the field was a shade ofblue/green. However, Group I samples were not preconditioned,
‘which simulates the cleaningoftumout gear conducted by fire fighters.
‘The gradual color change of the moisture barrier was due to the protection
provided by the thermal liner. However, color change and degradation to the face cloth
fabric portionofthe quilted thermal liner were detected very early in the exposure. The
thermal liners in both the flexed and un-washed three-piece ensembles” produced similar
results in that degradation was extreme in both samples.
Group
2. Washing and drying, as per NFPA 1971 requirements, were used to
precondition all samples in Group 2. For this exposure the moisture barriers were
Breathe-Tex®. Sample B,a three-piece ensemble, had been exposed 500 hours in the
Carbon Arc Fade-ometer during Phase 1. A second sample, D was added to determine
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‘whether flexing would play a role in the degradationofthe moisture barrier. The flexing
treatment was conducted prior to each 20-hour incrementofexposure to the Carbon Arc
Fade-ometer and samples were tested after the treatment for leakage using the
Hydrostatic Water Penetration Resistance Test. The number ofhours ofexposure before
failure was determined by the number of hoursof exposure required for a sample to fail
the Hydrostatic Water Penetration Resistance Test, The results for exposure time for
Group 2 are listed in Table 4.6.
Table 4.6: Phase 2 Summary of Exposure Time to Failure for Group 2
|
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Deviation

‘The exposureofsamples from Group 2 failed on an average of 1130 hours of
exposure. Sample D failed 180 hours sooner than Sample B. The only difference
between Sample B and D was the flexing treatment. Visually, moisture barriers of
‘Samples B and D showed very similar changes. The flexed three-piece ensembles began
to show signsof wear, such as wrinkle marks to the moisture barrier and shredding ofthe
thermal liner, which did not affect the moisture barrier’s performance. The thermal liner
face clothofthese samples changed in color from a dark blue to a brown. The substrates
ofall three-piece ensembles showed a slight color change.
‘Samples in Group 2 were previously exposed for 500 hours and only slight color
changes were apparent, A summaryof the microscopic evaluation before 500 hours can
be found in Table 4.2. After S00 hoursofexposure until failure, Group 2 samples
demonstrated shade changes as being theonlysignificant visual change. Both samples
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changed to a lighter gray or a shadeof green and continued to darken until failure
occurred. No other change was detected in the samples before failure occurred. A
‘summaryofthe microscopic evaluations of these samples can be found in Appendix A,
Tables 2 and 4.
‘The samples from Group 2 produced similar results to those garments examined
from field failures. Group 2 samples, ater exposure failure, were a shadeofblue/green,
‘which wassimilar to the color observed in the field garments. The cracking and flaking
of the moisture barrier film was not observed in these samples, but failure did occur.
Group
3. This group consistedof samples E-M, which were preconditioned
single-moisture barriers. Preconditioned samples were washed and dried and exposed to
heat according to NFPA 1971 requirements. The samples were also subjected to the
flexing treatment prior to each 20-hour incrementof Fade-ometer exposure. Samples
were evaluated visually and for water penetration after each 20-hour increment of
exposure. Failed samples were removed and replaced with a new sample to allow the
testingof another replication. Four replications ofeach moisture barrier were evaluated,
and an average time for exposure calculated. The average and standard deviations for
Group 3 are listed in Table 4.7.

©
Table 4.7: Phase 2 Summaryof Exposure Time to Failure for Group 3
Number of Hours of Exposure Before Failure
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Overalla single moisture barriers required a range of 20-240 hoursofexposure
‘before failing the Hydrostatic Water Penetration Resistance Test. The timeto failure was
‘much shorter in the exposed single moisture barriers. The moisture barriers from this

group required 200 hoursof exposure before failure but the only single-moisture barrier
sample which exceeded 200 hoursof exposure before failure, was Sample H.
‘When viewed microscopically, changes in appearance were seen in all single

‘moisture barriers before they failed the water penetration test. The changes were
different for each single moisture barrier exposed in that some samples showed

significant changes while others showed only slight changes.
Sample E— A PTE film on a pajama check substrate was exposed for an
average of 190 hours before failure occurred. When specimens were evaluated visually,
the colorofSample E became lighter and continued to lighten until the color began to
change to yellow at 140 hoursofexposure. Under the compound microscope, fibers from
the substrate could be seen through the film afer 120 hoursofexposure. The results of
Carbon Arc Exposure for Sample E are listed in Appendix B, Table 17.
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Sample F~ A PTFE film on an E-89 substrate, was exposed to the carbon arc for
an average of 185 hours before failure occurred. Visually, the color changed to a darker
yellow or progressed from a tan to a brown in color from the original white film. As the
color of the sample darkened, the area where the Hydrostatic Water Penetration
Resistance Testing was lighter than the sample. When examined under the compound
microscope, fibers from the substrate could be seen through the film. ~The results of
Carbon Arc Exposure for Sample F are listed in Appendix B, Table 18.
Sample G-Breathe-Tex® Oneofthe most consistent samples for failure to
exposure time was Sample G, which was a urethane film on an E-89 substrate. Each
replicationof Sample G failed at 100 hoursofexposure and therefore, the average
exposure time was 100 hours. The film portionofreplications 1, 2, and 3ofSample G
progressively changed from agray to alight blue before tuning white. Replication 4
went from a darkergrayto a lighter gray with a yellow cast. When viewed under the
compound microscope, cracks were obvious between 80 and 100 hoursofexposure. The
resultsof Carbon Arc Exposure for Sample G are fisted in Appendix B, Table 19.
Sample H~ Sample H, a urethane film on an E-89 substrate, required the longest
periodofexposure to reach failureof ll the samples, that is an average of 210 hours.
Like Sample G, the filmof Sample H cracked before failure in all fourofthe replications.
Visualcolorchanges showed that the samples progressively lightened except for
Replication 2, which appeared darker in color in the exposedarcaonly. The results of
Carbon Arc Exposure for Sample H are listed in Appendix B, Table 20.
SampleI- Was constructed ofa neoprene coating on a polyester and cotton
substrate. This moisture barrier sample was exposed an average of 140 hours before
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failing the Hydrostatic Water Penetration Resistance Test. Visually, Sample I was very
different from the other moisture barrier samples. Insteadofgetting lighter or turning
‘yellow, the color of Sample I changed from white to a very dark brown. Cracks could be
seen in all replications after 40 hours ofexposure, but failure did not occur in this sample
until between 100 and 180 hours of exposure were completed. The cracking
progressively worsened before failure occurred. Also, the sample became very brittle to
touch and produced ascorched smell for all replications after 20 hours of exposure,
‘Wrinkled marks were apparent afer flexing and the samples were lighter in color in the
areaofthe hydrostatic test, The resultsof Carbon Arc Exposure for Sample I are listed in
Appendix B, Table 21.
Sample
J~Sample J, a urethane film on an E-89 substrate, required oneof the
Towest numbers ofhoursof exposure before failure occurred, with an average exposure
time of 35.0 hours. The color ofall replications of Sample J progressed from a yellow to
a dark yellow and cracks or other visual changes were seen under the compound
microscope. The resultsof Carbon Arc Exposure for SampleJ are listed in Appendix B,
Table 22.
Sample K ~ A urethane film on an E-89 substrate was not only oneofthe most
consistent in replicating the number ofexposure times before failure, but also required
the lowest exposure times. Sample K failedat20hoursofexposure in all four
replications. Sample K, like Sample J, changed color from a light yellow to a dark
yellow. The resultsof Carbon Are Exposure for Sample K are listed in Appendix B,
Table 23,
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Sample L ~ A PTFE film on a Vilene substrate, took an average of 85 hours of
exposure before failure occurred. Visually, the film in all four replicationsofthis sample:
consistently changed colors going from a white to a pink. A small crater appeared on the
filmofReplication 1after40 hoursofexposure. However, failureofthis replication did
not occur until after 100 hoursof exposure. ‘The resultsof Carbon Arc Exposure for
Sample L are listed in Appendix B, Table 24.
Sample M~ This sample was a urethane film on a Vilene substrate, which failed
after an average of 155 hoursof exposure. Visually, Sample M tumed from yellow/white
10a dark yellow or tan. Also, craterswerevisible for replications 1 and 2after40 hours
ofexposure. The results ofCarbon Are Exposure for Sample M are listed in Appendix B,
Table 25.
To summarize the resultsofGroups 1, 2, and 3 of Phase 2, those moisture barriers.
‘samples that demonstrated very litle change in color also required more hours of
exposure before failure. Those that showed similar changes during cach replication also
required similar hoursofexposure before failure within the replication. The samples that
experienced significant changes within the first 40 hoursof exposure failed sooner than
those that went through a slow progressionofcolor change or surface integrity.
As was apparent from the high standard deviations, the variability between
exposure times to failure was large for some samples. Samples were only evaluated in
20-hour increments; therefore when a sample reached failure it was reported as failing at
that 20-hour increment. Due to the 20 hour time span between cach assessment, it could
ot be determinedifthe failure occurred in the fist several hours of the 20 hour exposure
rat the endofthe 20 hour exposure.Ifsamples could have been evaluated every hour,
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the averages and standard deviations would have been different, possibly providing a
lower standard deviation. The averages and standard deviations for Group 3 samples are
listed in Table 4.7.
‘When comparing the moisture barriers from field garmentsto Group 3of Carbon
Arc exposure only Sample G moisture barriers were examined, because it was the only
Breathe-Tex® sample included in Group 3. After exposure Sample G changed colors
from a gray to a white before failing the Hydrostatic Water Penetration Resistance Test,
Even though color change occurred it was not the same blue/green seen in field failure.
However, this sample was exposed as a single-moisture barrier and not as a three-piece.
ensemble. Crackingofthe film in Sample G moisture barrier was apparent after
exposure to the Carbon Arc Fade-ometer. The cracks were similar to the crackingofthe
film in field failures. Other samples in Group 3 were not evaluated as field garments, but
all samples in Group 3 did demonstrate color change and failure to the Hydrostatic Water
Penetration Resistance Test.
Natural Sunlight Exposure
Phase 3
Phase 3 testing was conducted to determine if natural sunlight exposure affected
the degradation of the moisture barrier and to enable a comparison between the results
from natural sunlight to an artificial ultraviolet light, .¢., the Carbon Arc Fade-ometer.
“This phaseoftesting involved exposing 252 moisture barriers to natural sunlight at a QPanel Lab facility in Florida. For purposesofreporting and discussing the results,
‘moisture barriers were grouped using the same sample identification as those exposed to
instrumental light in the Carbon are. Group 2 samples were three-piece ensembles,
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‘which were preconditioned prior to exposure according to NFPA 1971 Standard 6-1.2
(2000 Edition) but flexing was not pretreatment for the moisture barriers. Halfofthe
‘samples from Group 2 were exposed with the thermal liner facing the light source while.
the otherhalfexposed the outer shell to the natural sunlight. Group 3 samples were
single-moisture barriers that were also preconditioned according to NFPA 1971 Standard
6-1.2 (2000 Edition) but also were not flexed. During exposure to natural sunlight, the
film side of the moisture barrier was face up to provide the greatest opportunity for
exposure to sunlight. Fourteen specimens per moisture barrier typewerereplicated for
cach sample in Groups2 and 3. Each week, one specimen from each typeofmoisture
barrier was pulled and its performance was evaluated for water penetration using the
Hydrostatic Water Penetration Resistance Test and visually using the stereo and
compound microscopes.
Becauseofthe costof exposure and the time required for shipping, samples could
not be retumed for further exposureifthey passed the water penetration test. Hence,
there were no duplicate replications of the single layer moisture barrier types in the
‘natural sunlight exposure. However, when the first failure occurred in a sample, the
failure continued in the following weeksofexposure for the same moisture barrier and
the data was reported as the number ofweeksofsunlight exposure required before failure
occurred. The results for natural sunlight exposure time for Groups 2 and 3 are listed in
Table 4.8 and Table 4.9.
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Table4.8: Group 2 Results for 14 WeeksofNatural Sunlight Exposure
[Sample
~~ T FourteenWeeksofExposureResults |
3
1
Did not fail
Did not fail.
~
oo
Did not fail.
=»
Did not fail
not fail
Did
|
oe
7
Did not fail
ss
1
Did not fail
Did not fail
‘Did not fail
Did not fail
x

Did not fail

Group 2. Allof the moisture barriers included in this group of three-picce
ensembles passed the Hydrostatic Water Penetration Resistance Test during the entire.
fourteen-week periodof sunlight exposure. After 14 weeksofexposure to natural
sunlight the changes in the moisture barriers were visual changes. Even the visual
changes only involved a change in color and therewereno apparent structural changes to
anyof the moisture barriers from this group. A discussionof the results will be
presented by individual sample or by grouping those moisture barrier samples with the.
same composition but differing in their orientation during exposure.
Sample Band N ~ These samples were three-picce ensemble samples, with
Breathe-Tex® a urethane film on an E-89 substrate moisture barrier. They were exposed
with the thermal liner facing the light source for Sample B and the outer shell facing the.
light source for Sample N. The frst noticeable change in these samples was a color
change, from a yellow and dark gray to adarkred and a progression to a blue/gray and
then to blue as it was exposed from 1 to § weeksof sunlight. This blue color darkened
‘and brightened through the remaining weeksofexposure. The results of Natural Sunlight
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Exposure for Sample B are listed in Appendix A, Table § and Sample
N in Appendix A,

:

Table 6.
Samples 0, Pand W —These three samples are composed of PTFE films on
‘pajama check substrates. Color changesofthese samples, which were originally white,
were viewed as brown which progressively darkened during Weeks 11 through 13. No
additional changes occurred in the remaining weeksofexposure. The results of Natural
Sunlight Exposure for Sample O are listed in Appendix A, Table 7, Sample P in
Appendix A, Table 8, and Sample W in Appendix A, Table 15.
Samples Q and R ~ Both samples were a urethane film on E-89 substrates, with
Sample Q'souter shell facing the light source and Sample R’s thermal liner facing the

light source. The change in bothofthese moisture barriers was a visual change in color
from a white film to a yellow which darkened with additional exposure and was bright
yellow at the end of 10 weeks. The results of Natural Sunlight Exposure for Sample Q
are listed in Appendix A, Table 9, and SampleR in Appendix A, Table 10.

Samples S and T~ Samples S and T, were both PTFE films on a Vilene substrate.
During exposure Sample had the outer shell facing the light source and Sample T had
the thermal liner facing the light source. Whether the shell or the thermal liner was:

facing the light, the only change in the moisture barrier was a visual one from a white to a
light pink after eight weeksofexposure, which progressed to a light brown shade after
the ninth week. The resultsofNatural Sunlight Exposure for Sample S are listed in
Appendix A, Table 11 and Sample T in Appendix A, Table 12.
SampleUand V — These samples, urethane filmsofVilene substrates, were of the

‘same fabric composition, except that during exposure Sample U's outer shell faced the
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light source, and Sample Vs thermal liner was facing the light source. After fourteen
weeksofexposure, the results were the same for both samples, but the changes
progressed faster for Sample V than Sample U. Originally, both samples were a
‘yellowish white in color that changed to a moderate brown by the fourteenth week of
exposure. After the first weekofexposure these samples became brittle and chalky. No
other changes were seen for both samples. The resultsof Natural Sunlight Exposure for
Sample Uare listed in Appendix A, Table 13 and Sample
V in Appendix A, Table 14.
SampleX~This sample was very similar
to Samples S and T, in that it was a
PTEE film on a Vilene substrate, however the sample composite was constructed using a
different type of thermal liner called Glide™Pure. Although the thermal liner was
different, the end results were similar to those observed for Samples § and T. The color
ofthe sample progressively changed from a white film to medium brown film by Week
13. There were no other apparent changesinthis sample. The results ofNatural Sunlight
Exposure for Sample X are listed in Appendix A, Table 16.
In comparing the resultsofnatural sunlight exposure to the moisture barriers
‘within the failures from the field,only Samples B and N wereof the same type. All other
samples in Group 2 of natural sunlight exposure were constructedofdifferent moisture
barriers than the field garments. Although Samples B and N did not fal the water
‘penetration test after fourteen weeks ofexposure, they did show similar visual results as
the moisture barriersofthe failed garments from the field. The same color change
occurred and the appearanceofcraters was obvious.
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Table 4.9: Group 3 Results for 14 WeeksofNatural Sunlight Exposure
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Group3. Samples in Group 3 moisture barriers were constructedofdifferent
components. Group 3 samples that had been exposed to instrumental light exposure in
the Carbon-Arc were also exposed to natural sunlight, these are Samples E, F, G, L and
M. Sample Y was added to the natural sunlight exposure but was not included in the
instrumental light treatment
Sample E~ Which was a PTFE film on a pajama check substrate, did not fail the
‘water penetration test during theentiretreatment to sunlight exposure. However, the
appearance changed, as the color ofthe film changed from an orange/yellow to a bright
yellow with a slight orange cast, which progressively darkened to a brown before the test
‘was terminated after fourteen weeks. The resultsof Natural Sunlight Exposure for
Sample E are listed in Appendix B, Table 26.
Sample F~ A PTFE film on an E-89 substrate had a specimen fail the Hydrostatic
‘Water Penctration Test after five weeks
ofexposure. But, thefailurewas not replicated
during the remaining fourteen weeksof sunlight exposure. A reason for the failureof the
one specimen was not determined, however the moisture barrier could have had a thin or
flawedarea which caused the failure. Otherwise, the changes in Sample F were very
similar to thoseof Sample E. Sample F, a white film with the substrate visible through
the film. The colorofthe film changed to a light yellow with a dark orange substrate

5
after four weeks, and with continuous exposure the substrate tumed brown.
Delamination, separationofthe film from the substrate, was apparentafer ten weeks of
exposure, which could indicate that sunlight exposure had degraded the adhesive used to
laminate the film to the substrate. The resultsofNatural Sunlight Exposure for Sample F
are listed in Appendix B, Table 27.
Sample G-Breathe-Tex® This sample, a urethane film on an E-89 substrate, was
the second moisture barrier to fail the water penetration test during the natural sunlight
treatment. Failure occurred aftr the third week and continued throughout the remaining
weeksof exposure. Visually, significant changes began to occur after the first week of
exposure, in that the sample changed from a gray to a yellow. This color changed
progressed after each weekofexposure until the sample was dark yellow after being
exposed for fourteen consecutive weeks. After threc weeksof sunlight exposure, Sample
G's film showed cracking and the grainy appearance initially viewed in this sample was
darkened and became more visible. Cracking increased and flaking awayofthe film
began as the film became very brittle. The results of Natural Sunlight Exposure for
Sample G are listed in Appendix B, Table 28.
Sample L,~ A PTFE film on a Vilene substrate failed the water penetration test
after twelve weeksofexposure to the natural sunlight environment. Visual changes in
the color were apparent after the first weekof exposure, as it changed from yellow toa
Tight brown color. After four weeksofexposure the color changed to pink and, with
additional exposure, to a medium brown, which became apparent after eleven weeks of
exposure. The resultsofNatural Sunlight Exposure for Sample Lare listed in Appendix
B, Table 29.
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Sample M~ Sample M, a urethane film on a Vilene substrate, failed after six
weeksofexposure
to natural sunlight and continued to fail in all remaining weeks except
for Week 8. The visual changes to Sample Mwere a gradual progression from adull
shade of yellow to abright yellow and the appearanceofcracks and craters. This sample
changed from a shiny film to a brittle and chalky film after exposure. Afler eleven weeks
of exposure the cracks in the film increased and the color changed to an orange. The
resultsof Natural Sunlight Exposure for Sample M are listed in Appendix B, Table 30.
Sample ¥~ Sample Y is very similar to Sample G, being a urethane film on an E89 substrate, although Sample G was initially gray and Sample Y was white. Sample Y
failed after two weeksof exposure and Sample G failed after three weeks
ofexposure.
After one weekofexposure, Sample Y's color changed from white to yellow with a dark
grainy texture, when viewed under the microscope. After two weeks of exposure, the
sample had become a darker yellow in appearance and cracking was apparent under the
compound microscope. In the remaining weeksof exposure, more cracking and flaking
ofthe film was apparent. The resultsofNatural Sunlight Exposure for Sample
Y arc:
listed in Appendix B, Table 31.
‘When comparing the resultsofnatural sunlight exposure to the moisture barriers
that have experienced failures in the field, someof the moisture barriers did allow water
penciration and experienced change in color and/or cracking and flakingofthe films
during the 14 weeksof exposure
to natural sunlight. However, not allof the moisture:
barriers failed the Hydrostatic Water Penctration even afler 14 weeksofnatural sunlight
exposure. For example, noneofsamples from Group 2 failed during the entire 14 weeks
ofexposure. But the only moisture barrier samples that wereofthe same construction as
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the moisture barriers that failed in the field were Samples B and N. Although these two
samples did not fail the water penetration test afer fourteen weeksofexposure, they did
show the same color change as the moisture barriersof the garments from the field.
In Group 3 moisture barriers, the only moisture barrier type that duplicated
Breathe-Tex®, the moisture barrier that had failed in the field, were Samples G and Y..
‘When subjected to sunlight exposure, the two samples exhibited a change in color but the
colors were not the same as the moisture barriers evaluated from the field garments. The
original gray colorofboth samples changed to yellow, which progressively darkened
with continuous exposure. In contrast, both G and Y experienced severe cracking and
flakingof the film prior to failure, which was similar to the degradation observed in
‘garments from the field. Other moisture barrier samples from Group 3 also showed
cracking and flakingof the films prior to failing the water penetration test. Since failure
occurred to these other moisture barriers exposed to natural sunlight, failure would also
occur in the field
Hydrostatic Water Penetration Resistance Test
Hydrostatic Water Penetration Resistance Test was used as a performance
measure to test the resistanceof the moisture barriers to water penetration. The test was
initially used to prescreen the moisture barriers prior to exposure in the Carbon Arc Fade‘ometr and the sample was discardedifit failed the test, During the process of
prescreening the specimens for the instrumental light treatment only two such failures
occurred. Therefore, the assessment for water penetration was applied randomly to 20%
of the moisture barriers used in the natural sunlight treatment
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‘After 20-hour increments of instrumental light exposure with and without flexing
of the samples, the Hydrostatic Test was the performance measure that determined
‘whether the product failed and was removed from the study or passed and the exposure
continued. The presentation and discussionof the results will be according to the type of
treatment applied to the moisture barriers.
Carbon Are Fade-ometer Exposure
Groups 1 and 2. Breathe-Tex® moisture barriers assembled as part ofa threepiece ensemble, exposed through the thermal liner to the Carbon Arc Fade-ometer, did
not fal the Hydrostatic Water Penetration Resistance Test until after 1000 hours of
exposure. Although craters andor thinningofthe film were apparent during the initial
microscopic evaluationof samples this did not cause leakage to occur as Sample A did
not fail until 1040 hoursofexposure and Sample B's failure occurred after 1220 hours of
exposure. Sample C had not failed whenthe treatment stopped at 1300 hoursofexposure
and sample D failed after 1040 hoursofexposure. . The Hydrostatic Water Penetration
Resistance Test results and microscopic evaluations for Carbon Arc exposure for Group
1, Samples A,B,C, and D are listed in Appendix A, Tables 1,2, and 3.
Group3. Samples were exposed to the lightsourceas single layer moisture
barriers. The performance results of the Water Penetration Resistance Test exhibited
‘much greater variability from sample to sample. In the initial evaluationofthese
samples, craters were observed, as well as large thinned arcas on the film, which allowed
light to pass through.Thedifference in the moisture barriersexposedas a single layer
was that some samples had cracks or areas of film delamination from the substrate after
exposure (0 the Carbon Arc Fade-ometer. The resultsof the Hydrostatic Water
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Penetration Resistance Test to Carbon Arc exposure for Group 3 are presented in Figure
4.1 and detailed descriptionsofthe results are presented in Appendix B.
Figure 4.2 Hydrostatic Water Penetration Resistance Test Results for Carbon Arc
Exposure - Group 3
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In the initial evaluationof Samples E and F, craters were apparent in the film
Iayer, but the samples passed the Hydrostatic Water Penetration Resistance Test and
leakage did not ocur until more than 185 hoursofexposure. Craters were also observed
during the initial screening of Sample G, H, 1 but the craters did not result in failure. At
the timeof failure all replications for Sample G, H, and I showed crackingofthe film
sideofthe moisture barrier. The appearance ofcracking did not always predict filure,
for example in some samples cracking appeared but additional exposure time was needed
before the sample failed the water penetration test. One could assume that cracks were
beginning to form but they were not deep enough to allow water to penetrate the film. As
exposure continued, the cracks became longer and deeper and/or more cracking occurred.
Samples J, K, L and M moisture barriers generally did not show the presence of
craters during the initial visual evaluations, except for one replication of Sample Lin
which one small crater was present. Moisture barrier M developed some craters after 40
hours of exposure. Samples J, K, L and M did not exhibit the presenceofcracking of
the films at the time of failure to the Hydrostatic Water penetration test.
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Natural Sunlight Exposure
Group2. Consistedof moisture barriers exposed to natural sunlight as part ofa
three-piece ensemble, All samples in this group passedthe Hydrostatic Water
Penetration test throughout the entire lengthofthe exposure. However, the observations
ofcraters were comparableto the samples exposed to instrumental light. In Samples B
and N, Breathe-Tex® moisture barriers, craters were apparent during the initial

evaluation and in Samples O, P and W craters were observed but did not contribute to
leakageofthe moisture barriers.

Samples Q, R,S, U, V and X moisture barriers were all samples in which craters
were not visible during the initial screening nor throughout the fourteen weeks of
exposure. Sample
T did show craters after Weeks 8 and 9 but failure did not occur.

Group3. Tn the initial evaluationofSample E, craters were apparent in the film
layer but the samples passed the Hydrostatic Water Penetration Resistance Test and
leakage did not occur throughout the natural sunlight exposure. Craters were also
observed during the initial screeningof Sample G and Y, which are both Breathe-Tex®,

but the craters did not result in failure. After the first weekofexposure, crackingof the
film sideof the moisture barriers was obvious. For both samples, cracking was apparent
before failure occurred but additional sunlight exposure was needed before the sample:
failed the water penetration test. One could assume that cracks were beginning to form
but the crack was not deep enough to allow water to penetrate through the film. As
exposure continued the cracks became longer and deeper and/or more cracking occurred.

Initially moisture barrier Samples F andL did not show the presenceofcraters,
however the film layer of these samples delaminated after ten weeksof sunlight
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exposure. When delamination first occurred both samples passed the Hydrostatic Water
Penetration Test, which indicates that the delaminated film remained in tact for two.
weeks because Sample L did fal the water penetration test after 12 weeksofexposure.
‘Sample M moisture barrier did not exhibit the presenceofcraters during the
initial visual evaluations, however cracking of the film layer was apparent aftr four
weeksofsunlight exposure. The same cracking trend observed in Samples G and Y also
oceurred in Sample M. When cracking first occurred the sample passed the Hydrostatic
Water Penetration Test, but failure did occur after additional weeksofexposure.
In summary, craters and crevices which were apparent in the initial visual
examination and/or continued throughout the treatments, did not predict potential failure
of the Hydrostatic Water Penetration Resistance Test, Craters are tiny thinned spots of
the film where light passes through and crevices are thinned sectionsofthe film that
allow linesoflight or larger areas in which light passes through the film during
‘microscopic examinations. In contrast, cracking and/or delaminationofthe film were
both visual indicators that leakage would occur after the treatmentoflight exposure. Tn
some samples cracking and delamination were apparent and leakage did not occur but as
the degradation increased the moisture barriers always failed the Water Penetration Test.
Comparison of Instrumental Light and Natural Sunlight to Ficld Failures
Ofthe hundredsofgarments where failure was seen in the field, five were
selected to conducta closer examination, to establish a baseline for comparison to
instrumental and natural sunlight exposures. The S garments were selectedbecause of
their representationof the typeofdegradation seen in the field. The colorof the moisture:
barriers in all § garments had changed from agray 10 a blue/green color. The film layer
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had also degraded as there was evidenceofsevere cracking and flakingofthe film and
sectionsofthe film were missing and these moisture barriers obviously failed the
Hydrostatic Water Penetration Resistance Test.
After instrumental exposure to the Carbon Arc Fade-ometer, moisture barriers
from the three-piece ensembles in Group 1 did experience a change in color with a
progression from gray to dark blue. The color change was not thesameas seen in the
field, however these samples were not preconditioned. Preconditioned samples could
more closely simulate washing and wearoffield garments.
After exposure to the Carbon Arc Fade-ometer, moisture barriers from the threepiece ensembles in Group 2, showed similar visual changes to the Breathe-Tex®
‘moisture barriers examined in the field. The color of these moisture barriers were
originally gray but changed to a blue/green, which was very comparable to the color
observed in the garments from the field. In both Groups 1 and 2, cracking and flaking,
‘which was observed in the field garments, was not apparent, however leakage failure did
occur in all but one sample from Group 1
‘After natural sunlight exposure, even though none ofthe moisture barriers
exposed as a three-piece ensemble in Group 2 failed the water penetration resistance test,
similar visual changes were apparent for all samples. The color change and craters were
apparent. Only two of the moisture barrier samples in the group were Breathe-Tex®, the
moisture barriers found in the failures in field.
Group 3 moisture barrier samples did show visual changes and failed the
Hydrostatic Water Penetration Resistance Test after exposure to instrumental light in the
Carbon Arc Fade-ometer. Even though only one sample from this group wasofthe same.
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type of moisture barrier as the typeofmoisture barrier in the field garments, the other
samples showed similar visual changes and failed the water penetration resistance test
‘The color change in Group 3 moisture barriers was not the same change in color observed
in garments from the field, however cracking was apparent after exposure, which was the
same typeof degradation seen in field garments.
‘When exposed to natural sunlight, Group 3 moisture barriers also produced visual
changes that were similar to the moisture barriers examined from field failures. The
changes were primarily in color, cracks or delaminationof the moisture barrier’s film or
coating. Tn contrast to the instrumental light exposure, not all moisture barriers exposed
to natural sunlight failed the water penetration resistance test even though there were
obvious changes in the product. However, only two samples in Group 3 moisture barriers
were the same typeof moisturebarrieras those observed in the failed garments from the
field. These twosamplesdid not show the same change in color but cracking and flaking
of the film was apparent before they failed the Hydrostatic Water Penetration Resistance:
Test. One could assume that failure would occur after further exposure based on the
similarities in the changesof appearance.
Research Questions
To answer the research questions developed for this study, the results were:
‘compared and statistical analysisofthe data was conducted. Resultsof the two light
‘exposures andflexingwere compared to determine whether failure in the moisture barrier
‘was caused by ultraviolet light exposure. Acomparisonofthe flexed and un-flexed
samples was conducted to determineiffailure in the moisture barrier was affected by
abrasion. Finally, statistical analysisofthe data was conducted to determine ifdamage
to
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the moisture barrier could be replicated to develop a test method that would predict
failure.
Research Question # 1. Is thefuilure in moisture barriers caused by ultraviolet light
exposure?
Instrumental and natural sunlight exposures were used in this study to enable the
researcher to determineifthe degradationof the moisture barrier layer ofthe fire fighters
tumout gear was caused by ultraviolet light. The exposure to instrumental light was
conducted in the Carbon Are Fade-ometer, which transmits light in the 275-370
nanometer range and ultraviolet ight, which is 250-400 nanometers. The light source of
the Carbon Arc Fade-ometer transmits light in the mid rangeofultraviolet light when
‘compared to natural sunlight, which enables the instrument to accelerate the exposure of
a sample. Since instrumental exposures may not duplicate natural sunlight, the moisture
barriers were also exposed to natural sunlight. This treatment not only enabled
‘comparison to the instrumental light sources but also exposed the samples to an
environment which is similar to that in the field.
‘When evaluating the results from the Carbon Arc Fade-ometer exposure, all
single moisture barriers failed the Hydrostatic Water Penetration Resistance Test, but the
lengthof exposure time to achieve failure varied with the typeofmoisture barrier. The
‘moisture barriers exposed through the thermal liner as part ofa three-piece ensemble in
the Carbon Are also failed the Hydrostatic Water Penetration Resistance Test. In
‘comparing the resultsofexposing single moisture barriers and the moisture barriers as a
three picce ensemble in the Carbon Arc Fade-ometer, single moisture barriers failed
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sooner becauseofdirect exposure whereas the three-piece ensembles wer protected by
other layers that filtered out muchofthe light
‘The results of natural sunlight also showed that failures in the single moisture
barriers occurred much sooner than the moisture barriers protected by the three-piece
ensemble. As with instrumental light exposure the exact color changes were not
duplicated buta change in color was evident and moisture barriers that failed produced
cracking and/or delaminationofthe film.
‘The multivariate statistical test used to analyze the resulting data from the
instrumental and natural sunlight exposure did not show significant results. However,
when visually compared to the product failures of field garments the results were very
similar. Also, when evaluated for water penetration, samples that failed from
instrumental exposureexhibitedsimilar results to reported failures in the field. In the
preliminary investigationofthe field moisture barriers, failures were more prominent
‘when the thermal linerhad been exposed to ultraviolet light. These areas were a greenish
blue with cracking and flaking. In instrumental exposure where the thermal liner was
exposedto the light source, the same color change was seen before fiilure occurred.
Therefore, the failure seen in the field has been replicated by using instrumental
ultraviolet light and the failure may be attributed to filtered ultraviolet light.
Studies conducted by Day et a, concluded that exposure to light reduced the
strengthof protective clothing fabrics (1988). The thermal linerofthe flexed three-piece:
ensemble was completely degraded following exposure and the single moisture barriers
exposed to instrumental and natural sunlight showed degradationofthe film, which
caused failure to oceur.
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Research Question # 2. Is the moisture barriers breakdown affected by abrasion?
Abrasion is the rubbing ofone object against another. The rubbing may cause
wear tooccur to the abraded object's surface. Examplesofwear from abrasion is scen as
thinned areas, broken fibers, pilling, holes, cracking, weight loss and many other types of
degradation. The single moisture barriers used in the Carbon Arc exposure were flexed,
‘which simulates a formofedge and surface abrasion.
‘The moisture barriers exposed as a three-piece ensemble included one sample in
Group 1, Phase2. flexed prior to exposure to the Carbon Arc Fade-ometer. In Group 2,
Phase 2 exposure to instrumental light included one flexed moisture barrier sample and
one that was not. The resultsofthis moisture barrier showed that the flexed sample:
failed 80 hours sooner than the un-flexed sample. Therefore,a decision was made to
include flexing as a pretreatment for all moisture barriers in the Carbon Are Fade-ometer
treatment. Hence, a comparisonofflexed and unflexed samples did not apply to the
moisture barriers in Group 3, Phase 2 because allsampleswere flexed as an initial
pretreatment and prior to each 20- hour incrementofexposure.
Vogelpoht’s study of used tumout gear found that failure to water penetration
could be related to abrasion (1996). Mekinen suggested when testing the effects of
laundering, wear to materials should also be included (1992). The resultsof this study
did not show significant difference in the results when comparing flexed and un-flexed
‘moisture barrier samples. However, results
ofabrasion tests conducted by Vogelpohl and
Makinen indicate that abrasion may contribute and can be a cause of failure and material
wear to occur.
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Research Question #3. Can the damage be replicated in order to develop a test method
that willpredictfailure?
A problem had been reported with the moisture barrier layer of fire fighter’s
tumout gear. Five problem garments were evaluated to assess their appearance and
performance. Visually the degradation in the moisture barriers of field garments was
seen as a definite change in color from an original gray to a greenish-blue with the film
Iayerofthe moisture barrier experiencing severe cracking and flaking. Tn multiple
locations the film was thinning or was completely missing from the substrate. The water
penetration resistance test was not conducted due to the flaking and loss of film observed
ofthe moisture barriers, which would obviously cause failure to oceur.
‘When comparing the moisture barriers of failed field garments to the instrumental
exposure using the Carbon Arc Fade-ometer, not all samples exhibited similar changes.
For example, the moisture barriersofthree-piece ensembles that were not preconditioned
showed visual color changes from the original gray to dark blue. Moisture barriers of
three-piece ensembles that were preconditioned showed similar color changes to those of
the failed field garments, in that the original gray color appeared bluc/green after
exposure. Cracking and flakingof the moisture barrier filmsof three-picce ensembles
was not apparent, however failure in the Hydrostatic Water Penetration Resistance Test
did oceur in all samples except one.The single-moisture barriers exposed to the Carbon
Arc Fade-ometer were of a different composition. Although not al samples were the
same as the filed field garments, leakage failure did occur in samples. The intial colors
and some of the color changes were not the same as the garments in the field but cracking
was apparent in some single moisture barriers. One single-moisture barrier sample, of

7
the same composition, as the field composition did not show similar color changes,
however cracking was apparent before leakage failure.
In comparing the field failures to the results of the samples exposed to natural
sunlight, degradation was also replicated. Noneofthe samples from Group 2 failed after
fourteen weeks of exposure but visual changes similar to those observed in the field
‘garments were scen. Two samples from Group 2 were of the same composition as those
failed garments in the field. Although failure and cracking did not occur afler fourteen
weeksof exposure, the color change was similar to those observed in the field garments.
Not all samples from Group 3 failed the Hydrostatic Water Penetration Resistance Test,
but other formsofdegradation, which was observed in the field garments, were:
replicated.
“The degradation assessed in the field garments was replicated in all exposed
three-piece ensembles. Failure only occurred in the Carbon Arc exposed samples but the
same color changes were seen in both sunlight exposure and field garments. The
degradation seen in the single moisture barriers, which were directly exposed to
ultraviolet light occurred after fewer hoursof exposure than in the three-piece ensembles.
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Chapter Five
‘Summary and Conclusions
“The purposeofthis research was to investigate the failures seen in the moisture:
barrier of fire fighters turnout gear. In field use, the moisture barrier layerof turnout
gear was degrading and no longer providing protection from water and hazardous liquids.
penetration. The specific objectives of the study were to determine the cause of failure
and to develop a test method that replicates the failure for testing ofall moisture barrier
materials.
In an attempt to solve this problem, garments, which had failed in the field, were
examined. The moisture barriers had changed color from an original gray to ablue/green
color and severe cracking and flaking ofthe film was apparent. Cracking and flaking or
complete lossofthe film layer
ofthe moisture barrier films were so severe that it was.
obvious that the product would not pass a water penetration resistance test.
The research designed to address this problem included subjecting multiple
replicationsofnine different typesof moisture barriers to two exposures. Treatments one
and two included exposure to artificial and natural sunlight. The effectoflight on the
‘moisture barriers was evaluated visually using stereo and compound microscopes and for
performance by testing for water penetration using the Hydrostatic Water Penetration
Resistance Test. The third treatment involved flexing the moisture barrier to simulate:
flexing and surface abrasion.
“The first objectiveofthe study was to determine a causeof failure in the moisture.
barrier ofthe fire fighter’s protective clothing. Results of the study found that afler
instrumental exposure to the Carbon Arc Fade-ometer, moisture barriers from the three-
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piece ensembles did experience a change in color. The samples that had not been
preconditioned exhibited a change in color from gray to dark blue, which was not the
same color change as seen in the field, however, moisture barriers that were
preconditioned showed similar visual changes to those garments in the field after
exposure to the Carbon Arc Fade-ometer. The colorof these moisture barriers was
originally gray but changed to a blue/green, which was very comparable to the color
observed in the garments from the field. The cracking and flaking, which was observed
in the field garments, was not apparent. However, all but one sample failed the
Hydrostatic Water Penetration Resistance Test. ‘The results ofa fourteen weeks
exposure to natural sunlight showed that even though noneof the moisture barriers
exposed as partof a three-piece ensemble failed the water penetration resistance test,
visual changes similarofthose failures in the field, were apparent for all samples.
‘When moisture barriers were exposedassingle layers to both instrumental and
natural sunlight, the results were much closer to replicating the damage that had occurred
inthe field. All moisture barrier samples exposed to instrumental light in the Carbon Arc:
Fade-ometer failed the Hydrostatic Water Penetration Resistance Test after exposure and
exhibited visual changes that were very similar to the failures in the field. The color
changed in all moisture barriers and in some moisture barriers cracking and/or
delaminationof the film or coating was apparent, which was the same type of
degradation as seen in field garments.
‘When exposed to natural sunlight, single moisture barriers also produced visual
changes that were similar to the moisture barriers examined from field failures. The
changes were primarily color and cracks or delamination of the moisture barrier’s films
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or coatings. In contrast to the instrumental light exposure, not all moisture barriers
exposed to natural sunlight failed the water penetration resistance test, even though there
‘were obvious changes occurring in the product, However, the samples that were the
same type of moisturebarrieras the garments from the field, failures, showed the same
change in color and crackingofthe film. Flakingofthe film was also apparent before
they failed the Hydrostatic Water Penetration Resistance Test,
Therefore, the researcher concludes that ultraviolet light did contribute
to failure
of the moisture barrier of fire fighter’s tumout gear. In the preliminary investigation of
the moisture barrier failures from the field, areas where failure was more prominent were
sections in which the thermal barrier was exposed to ultraviolet light. The moisture:
barriers from these arcaswere a bluc/green color that were originally gray and the film
showed severe cracking or flaking. In this study, when the three-piece ensemble was
positioned with the thermal liner exposed to the light source, in both instrumental and
natural sunlight the same color change in the moisture barrier was seen before failure
occurred.
When the single moisture barriers were exposed to instrumental and natural
sunlight, the visual changes did include color change but the same change from gray to
blue/green was not always apparent. Cracking and/or flakingof the film portionof the
‘moisture barrier was apparent and all but one sample failed the Hydrostatic Water
Penetration Resistance Test. Therefore, the failure seen in the field has been replicated
by using instrumental ultraviolet light and natural sunlight and the failureof the moisture
barrier was attributed to filtered ultraviolet light.
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“The second objectiveofthe study was to develop a test method to replicate the
failure for future testing. The research findings identified some of the parameters that
should be included in a test method that can be used to evaluate moisture barriers during
product development and/or products in use.
Initial examinationofthe moisture barriers from garments that had failed in the
field showed a definite change in color from an original gray to a blue/green and the film
layerofthe moisture barrier experienced severe cracking and flaking. A performance
assessment using the Hydrostatic Water Penetration Resistance Test was not conducted
due to theflakingand loss offilm observed in these moisture barriers. The results of tis
study showed that moisture barriers exposed as a single layer to the instrumental
exposure using the Carbon Arc Fade-ometer exhibited similar changes. The moisture.
barriersofthe same type as the products from the field failure experience similar color
changes. Cracking and flakingofthe moisture barrier films was also apparent before the.
product failed the Hydrostatic Water Penetration Resistance Test. Although not all
‘moisture barrier samples were the sameas the failed field garments, leakage failures also
occurred when these samples were exposed to the Carbon Arc Fade-ometer. Visual color
changes were not the same as the garments in the field but cracking and/or delamination
were apparent in some single moisture barriers.
Exposure to natural sunlight also enabled the researcher to replicate field failures.
Even though not all samples failed the Hydrostatic Water Penctration Resistance Test,
otter formsofdegradation were observed in the moisture barriers afler exposure to
natural sunlight. The moisture barriers that wereof the same type as those from the
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failed garments in the field showed a different color change but cracking and flaking of
the film was apparent and they failed the Hydrostatic Water Penetration Resistance Test.
In conclusion, the parameters that should be included in the test method to predict
failures ofthe moisture barrier are preconditioningof the sample, exposure to an
ultraviolet light source as a single layer and an abrasion pretreatment. The test method
should include at least a visual assessmentofcolor and microscopic examination as well
asa performance test for penetration.
‘This conclusion is based on the resultsofthis study in which all moisture barrier
samples that were subjected to the NFPA 1971 Standard 6-1.2 (2000 Edition)
pretreatment failed the water penetration resistance test afler exposure to both
instrumental and natural light. A test method should include exposure to lightas a
treatment for the moisture barriers. This is based on the resultsof this study in which
both instrumental and natural sunlight were able to reproduce the typeof failures scen in
the field. Light exposure testing is both time-consuming and expensive to conduct.
Therefore, the researcher suggests that single layer moisture barriers should be used for
testing, at least in the developmentofanew product. This conclusion was supported by
the findings, which showed that failure occurred much sooner when the moisture barrier
was exposed as a single layer.
‘The parameteroflight source merits further investigation before a test method can
be developed. The resultsofthis investigation showed that both instrumental and natural
sunlight produced visual results similar to those seen in failed garments from the field.
“The time required to test a sample would be a major consideration. For example, the
evaluationof the moisture barrier that was the same type as those failing in the field took
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1000+ hours of instrumental exposure filtered by the thermal liner compared to more than
fourteen weeks of natural sunlight. Therefore instrumental exposure should be used for
its ability to produce the same results as the failed garments in the field at an accelerated
exposure as compared to natural sunlight.
A test method should expose the moisture barrier as a single layer. Although the
same color changes observed in failed garments from the field were seen in the threepiece ensembles, the severe cracking and flakingofthe film was not apparent at these
timesofexposure.If the exposure would have continued beyond failing the Hydrostatic
‘Water Penetration Resistance Test the cracking may have occurred. In comparison, the
single moisture barriers did not show the same color changes but cracking and flaking of
the films was apparent before leakage failure occurred with Tess exposure time. Also, the
‘number
ofhoursof exposure required before filure occurred in the three-piece ensemble
samples was extensive. A test method that used the three-piece ensemble in the
exposure, the time o reach failure would not only take several hundred hours but would
also be expensive to conduct and replicate. Becauseofthe lengthoftime and the cost of
testing using the three-piece ensemble, the researcher again recommends the test method
specify exposing the single moisture barricr
“The resultsofthis study produced inconclusive results for its investigation of
abrasion by flexing as a pretreatment. The areasofextensive damage in the field
‘garments were areas in which abrasion could be a contributing factor, especially in the:
pants used in the initial evaluationofgarments from the field. Hence, the conclusion
based on this study is that further investigationofthe roleofabrasion and light is needed.
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The test method should include some typeof pretreatment and/or post treatment that
included textile-to-textile surface abrasion.
In the development
ofa test method, assessment parameters must include both
visual and performance evaluations. The findingsofthis study strongly support the value
ofvisual assessment throughout the treatments and exposures. Initially visual evaluations
assessed the color as well as established the overall appearanceof the film or coating’s
surface structure used in moisture barrier construction. Incremental visual assessments
‘were somewhat predictive ofperformance. In some moisture barriers the appearance of
cracks was in direct correlation to performance testing that is cracks were always present
when some types of moisture barriers failed the Hydrostatic Water Penctration Resistance
Test.
‘Test method assessment should include a measureof performance and the
Hydrostatic Water Penetration Resistance Test was an effective evaluation tool. The
water penetration resistance test was a performance measurement used to assess leakage
failure. This test is a NFPA requirement and the researcher concludes that it should be
used as one measureof performance in the test method. The Hydrostatic Water
Penetration Resistance Test or some other type of liquid penetration resistance testing
should be used in the test method. This typeofperformance measurement will identify
when failure has occurred and will allow for apredictionof failure in the field.
Limitations
One limitationofthis study was the lackofreplications in the natural sunlight
exposure. Due to cost and time, only one replication per moisture barrier sample was.
evaluated for any given week. Another limitationofthe natural sunlight treatment was
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the ability to return samples to natural sunlight exposureifthe sample passed the
Hydrostatic Water Penetration Resistance Test. Also there were no failures scen in the
three-piece ensembles due to the lengthoftimeofexposure.
In this study flexing was conducted on all single moisture barriers exposed to
instrumental ultraviolet light, which did not allow fora comparisonofun-flexed single
moisture barriers. The only comparison between flexed and un-flexed samples were in
the three-piece ensembles which were not enough to draw any conclusions as to whether
flexing affected the degradation of the moisture barrier.
Another limitation to this study was the numberofreplications for the three-piece
ensembles in the instrumental exposures. Only one replication of cach three-picce
ensemble was obtainable due to the time ofexposure before failure. Although there was
one preconditioned and one un-preconditioned three-picce ensemble that failed, there was
no replication ofa single sample. Therefore, the findings of this study are only

:

representative of that sample.
“This study was also limited to the numberoftumout gear materials available for
testing. The moisture barriers selected for this study may not represent all moisture
barriers seen in today’s fie fighting tumout gear.
Recommendations for Future Research
“The recommendations for future researcharebased on the results of this study
and could provide additional information for developing guidelines for a standard test
method that could be used by NFPA Technical Committees for the assessment of
moisture barriers.
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Hydrostatic Water Penetration Resistance Testfor2 minutes at 2psi: Did
exposing the samples to the Hydrostatic Water Penetration Resistance Test for two
minutes, at 2 psi, provide an accurate assessment for water permeability? To predict
‘moisture barrier failure the NFPA 1971 standards specify testing for five minutes at 1 psi
of pressure. Iti recommended that future researchers use the NFPA conditions and
evaluate the Hydrostatic Water Penetration Resistance Test for five minutes at 1 psi.
NFPA 1971, 2000 Edition also requires the moisture barrier to resist viral and some
liquid chemical challenges. A test method should include the resistance
to viral and
chemical liquids because they may be more challenging than water. For instance, during
this study shallow cracks were apparent before the moisture barrier failed the water
leakage test, but it is not known if it would have passed the viral penetration challenge.
Orientationofthe Test Sample during Exposure to Light Source: The researcher
recommends exposureof the single layer moisture barrier, however changing the
orientationof the three-piece ensemble during exposure to the light source could be an
area that merits further investigation. Samples in this study were exposed as three-picce
ensembles and single layer moisture barriers. The three-piece ensembles were exposed
with the thermal liner facing the light source of instrumental light exposure and in both
directions during natural sunlight exposure. The orientation ofthe sample was selected
because garments from the field showed that failuresof the moisture barrier occurred in
areas where the thermal liner was predominately exposed 10 a light source during storage
in the fire station, suchaswhen the pant s rolled down around the boots. Obviously the
‘moisture barrier is never exposed to direct light but in this study the film sideof the
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‘moisture barrier was directly exposed. In the field,if ight reaches the single moisture
barrier it must pass through the outer shell or thermal liner.
Orientationofthe Sample during Hydrostatic Water Penetration Resistance
Testing: In thisstudy, samples were evaluated with the film sideof the moisture barrier
facing down during the Hydrostatic Water Penetration Resistance Test. This required
‘water to first pass through the film before penetrating the substrate. The current NFPA
1971 standards require the film side to be facing up on the water penetration resistance
test, which allows water to flow through the substrate and simulating the garment as
worn, simulating the orientationof the moisture barrier as it is worn in the field. Its
recommended that future researchers use the NFPA requirements for the Hydrostatic
‘Water Penetration Resistance NFPA 1971, 2000 Edition.
Extensive AnalysisofMoisture Barrier Degradation: Further investigation of the
degradationof the moisture barrier should be conducted. The researcher recommends,
for example, that a chemical analysisofthe polymers used in the film and the substrate
be conducted, in addition to visual and water penetration assessments.
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APPENDIX A
Table 1: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Are
Exposure - Sample A
Hours of | Tydrostatic | Sterco Microscope | Compound Microscope
Exposure _| Water Test
7X35X
100%
Small cel like, yellow
Initial
\
and dark gray, some light
Evaluation
Puss
hid
pink areas, lighter in some
areas, small raters
500+

520
s40
“0
0

Pass

Lightblue
in exposed

Pass
Same as shove
Pass
Lig Shin sagusad
pas
Darker blue in exposed
area
pass | Darkerblucin exposed
area

0 | pee | Deke

a0

«
‘

Pass

Same as above

Same as above
Same as above
_—
Same as hove

|g

Same as above
Light blue
Darker blue in exposed| Blue/green with red
640
Pass
area
splotches or spots
660
Pass
Same as above
Same as above
680
Pass
Darker blue
Same as above
700-740 | Pass
Same as above
Same as above
760
Pass
Darker blue
Same as above,
780-800| Pass
Same as above
Same as above
820
Pass
Same as above
Bluc tint
840
Pass
Same as shove
Same as above
blue with red
Brightsplotches
Same as sbove
Pass
360
880-1000| Pass
Same as above
Same as above
blue tint
Darker
Darker blue
Pass
1020
1040
Failed
Lighter blue
Same as above
5-350 was tested every 20-hours. Onlya ight change in color was seen. Resulls can
be seen in Table 4.1
*Samples were evaluated every 20-hours. No change was seen at each 20-hour
increment.
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‘Table 2: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Are
Exposure- Sample B
Tours of| Hydrostatic| Stereo Microscope | Compound Microscope
Exposure| Water Test
7X-35K
100X
Small cell like, yellow and
Initial
dark gray, some light pink
Evaluation| 7%
Gray
areas, lighter in some arcas,
small craters
s00%
Pass | Light gray in exposed area
Same as above
520
Pass
Sane as above
Same as above
Very
Light
bluc
in
.
si0
Pass
re
Lighter in exposed area
560
580
00620 |
640

60-7004|
720
740
760
780-800|
820
840
860-880|

Pass | Lightorblucin exposed
Lighter in exposed arcs,
Pass | light pink in hydrostatic
estarca
Pass
Same as above

Same as above
Same as above
Same as above

Pass | Pink shading
in exposed

Dark spots

Pass
Same as above
Same as above
Pass
Darker blue
Sam as above
Puss
Same as above
Same as above
Darker
blue
with
pink
Pass|
Samo as above
Pass
Same as above
Same as above
Pass
Same as above
Lighter grayblue tint
Pass
Same as above
Light blue tint
Pass
Same as above
Same as above
)
| Light Yellow and bluclgreen
900
Pass | Blue/greenshading
with light pink| So i oi splotches and
dark spots
920
Pass
Light blue/green
Light green tint
940- |
§
pass
Same as above
Same as above.
Darker blue with pink
1020
Pass | shading in Hydrostatic
Darker blue tnt
Testarea
Yellowgreen
tnt with red
frsen fod
Darker blue color
Pass
1040
5-480 was testod overy 20-hours. Onlya ight change in color was seen. Resulls can
be scen in Table 4.2
**Samples were evaluated every 20-hours. No change was seen at each 20-hour
increment.
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“Table 2: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - SampleB (continued)
Tiours of | Hydrostatic| Stereo Microscope| Compound Microscope
Exposure| Water Test
7X-35X
100X
Bluclgreen Tint
Same as above
Pass
1060
Green Yellow Tint
Light Green
Pass
1080
1100
Pass
Same as above
Same as above
Darker Green
1120
Pass
pho with Gray
Green Tint
Light Green Tint
Same as above
Pass
1140
1160nit|
pass
Same as above
Same as above
1220
Failed
Darker Green
Darker Green
tint with durk
0-480 was tested very 20-hour. Orly a ight change in color was seen. Resulis can
be seen in Table 4.2
**Samples were evaluated every 20-hours. No change was seen a cach 20-hour
increment
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‘Table 3: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample C
Hours of | Hydrostatic
Stereo Microscope
Compound
Exposure | Water Test
7X-35X
Microscope 100X
Small cel Tike, yellow
and dark gray,by some
Initial
Evaluation
Pass
Gray
light pink areas, lighter
in some areas, small
craters
500+
Pass
Light blue in exposed area.
Same as above
520
Pass | Canseco Wrinkle Marks from| go
Flexing
tint with
sotches
Dark Blue in; exposed area LightedGreen
Pass
540
560-580"
Pass
Same as above
Same as above
tint with
600
Pass | Darker Bluoin exposed area Bluc/green
|pSLL
Blue tint with
620
Pass
Same as above
hen Red
640
Pass | Darker Blue in exposed area| Same as above
660
Pass
Same as above
Same as above
Dark
tint with
680
Pass
Same as above
RedBlue
splotches
700
Pass
Same as above
Same as above
Darker
Blue tint with
[a
Sameas above
Pass
720
740-860"
Pass
Same as above
Same as above
Dark
blue, Red
880
Pass
Same as above
ltches
900-920%
Pass
Same as above
Same as above
940
Pass
Same as above
Blue/green tint
960-980
Pass
Same as above
Same as above
1000
Pass
Same as above
Dark Spots
1020-1220| Pass
Same as above
Same as above
*0-480 was tested every 20-hours. Only a light change in color was seen. Results can
be seen in Table 4.1
**Samples were evaluated every 20-hours. No change was seen at cach 20-hour
increment.

“Table 4: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample D
Exposure| Water Test
7X-35X
100X
Small ell like, yellow and
Initial
dark gray, some light pink
Evaluation| 1%
Gray
arcas, lighter in some areas,
small craters
s00+
Pass | Lightblue in exposed area
Same as above
520
Pass
Same as above
Same as above
540
Pass | Light gray in exposed area
Same as above
560
Pass
Same as above
Same as above
Pass

in exposed | jor gray and pink areas
Lighter gray

EN.

Sameer |PCTS
otit

580

600-620%%|
640
660
680
700
740
60
780
300
820
840
860
880
900
920
940
960
980
1000ori]

Pass
Same as above
Pass | Light blue in exposed area
Pass
Same as above
Pass
Same as above
Pass
Same as above

Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
”aed

Same as above
Same as above
Same as above
Light
yellow green tint
oon
Same as above

ge vp,| Moreofabiue int
Sameasabove | Bluc/Yellow tint dark spots
Same as above
Same as above
Same as above
Light blue/green tint
Same as above
Same as above
Same as above
Light green tint
Same as above
Same as above
Light bluclgreen
Same as above
Samo as above
Same as above
Same as above
Light green - yellow tint
Same as above
Same as above
Same as hove
Lighter blue int
Darker blue
Same as above
Same as above
Same as above

*0-480 was tested every 20-hours. Only a light change in color was seen. Results can

be seenin Table 4.2
**Samples were evaluated every 20-hours. No change was seen at ach 20-hour
increment.
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‘Table 5: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample B
Txposure | Hydrostatic | Stereo Microscope
Compound
Week
Water Test
7X-35X
Microscope 100X.
Small cell ike, yellow
"
and dark gray, some.
©Joy
valuation

Pass

Gray

Week 1

Pass

Same as above

Week 2

Pass

Week 3-4
Week §
Week 6
Week 7
Week §
Week 9
Week 10
Week 11
Week 12
Week 13
Week 14.

Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass

light pink areas, lighter
in some areas, small

craters
Dark red

Grayish/Blue in color | Light red splotches

Same as above
Same as above
Bright blue in color
Blue tint
Same as above
Dark blue tint
Same as above
Greenish blue tint
Same as above
Blue tint
Same as above
Same as above
Blue in color
Same as above
Sameasabove | Dirk andbrightbluc
Same as above
Greenishblue tint
‘Same as above
Dark blue tint
Same as above
Same as above
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Table6: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample N
Txposure| Hydrostatic | Stereo Microscope | Compound Microscope
Week | Water Test
7X-35X
100%
Small cal like, yellow and
Initial
dark gray, some ight pink
Evaluation
Pass
Gray
arcas, lighter in some
areas, small craters
Week1
Puss
Same as above
Dark red
Week 2

Week 3
Week 4
Week §
Week 6-8|
Week 9
Week 10
Week 11
Week 12
Week 13
Week14|

Pass

Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass.
Puss

Same as above

Same as above
Same as above
Light blue in color
Same as above
Same as above
Same as above
Blue with
red splotches,
ited
ple
Same as above
Brightpron
blu with red
Same as above

Yellow/gray tint

Bluishiyellow tint
Bluishgay tint
Blue tint
Same as above
Dark blue tint
Same as above
Same as above
Same as above
Same as above
Same as above

“Table 7: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample O
Txposure| Hydrostatic | Stereo Microscope | Compound Microscope
Week | Water Test
7X-35K
100X
Tnital
Pass
White, substrates |Orangdlycllow, Tighter
Evaluation
visible through film
areas, craters
‘Week 1
Puss
Same as above
Dull yellow
Week 2
Pass
Light gray ncolor | Yellow with white areas
Week 3
Pass
Light brown
Same as above
Weekd-5| Pass
Samo as above
Samo as above
Week 6
Pass
Samcasabove | Yellow vithLight lighter
Week7-12|
Pass
Same as above
Same as above
Week 13
Pass
Moderatelybrown in
Same as above
Week 14
Pass
Same as above
Same as above

0
“Table 8: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample P
Week
Tnital
Evaluation
Week 1
Week 2
Week 3
Weekd-5

Water Test
J.
Pass
Puss
Puss
Pass

7X-35X
Microscope 100X
White, substrate s |Orangeyellow, Fighter
visible through film
areas, caters
Same as above
Dull yellow
Light gray incolor | Sameas above
Yellow
with bright
Light brown
lowwithbi
Same as above
Same as above
Week 6
Pass
Same as above
Yellow
lighterwitsareasLight
Week 7
Pass
Same as above
Yellowareas
with lighter
Week 8-11
Pass
Same as above
Same as above
Week 12
Puss | Darkerbrownincolor| Same as bove
Week 13-14 | Pass | Sameasabove |
Sameasabove

Table 9: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample Q
Tydrostatic| Stereo Microscope
Compound
Water Test
7X-35X
Microscope 100X
i)
White, wrinkled, | Web-like patter of
pial
Pass | substrate can be seen | fibers allowing light to
through film
pass through
Week 1-9
Pass
Same as above
Same as above
Week 10
Pass
Same as above
Bright yellow
| Week 11-14
Pass
Same as above
Same as above
‘Table 10: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample R
Week
itil
a
Week 1-9
Week 10
Week 11- 14.

Water Test
Pass
Pass
Pass
Pass

7X-35X
Microscope 100X
Wht, wrinkled, |Web-ike pattem of
substrate can be seen| fibers allowing light
through film
to pass through
Same as above
Same as above
Same as above
Dark Yellow
Same as above
Same as above
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Table 11: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample S
Hydrostatic| Stereo Microscope | Compound Microscope
Water Test
7X-35X
100X
Initial
Puss
White, fibers seen |Web-like patternof fibers,
Evaluation
under film
light areas
Week 1-9 | Pass
Same as above
Sam as above
Week 10
Pass
Light Brown
Dark Yellow
Week 11-14| Pass
Same as above
Same as above
Table 12: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample
T
Week | Water Test
7X35
100X
Tnitial
pass | VS, Tver seen under| Web-like pater of fibers,
Evaluation
film
light areas
Week1-7 | Pass
Same as above
Same as above
Week 8
Pass | Light Pink with craters
Samo as above
Week 9
Pass
Same as above
Same as above
Week 10
Pass
Light brown
Same as above
Week 11-14| Pass
Same as above
Sameasabove
|
‘Table 13: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample U
Week | Water Test
Initial
ots
Evaluation
Week 1-4| Pass
Week 5
Pass
Week 6-8 | Pass
Week 9
Pass
Week 10-13| Pass
Week 14
Pass

7X-35X
Yellowiwhite very.
wrinkled film
Same as above
Light brown
Same as above
Light yellow
Samcasabove |
Moderately Brown |

100X
Grainy, bright yellow,
lighter areas
Same as above
Same as above
Same as above
Same as above
Sameas above
Same as above.

2
‘Table 14: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample V
Hydrostatic| Stereo Microscope | Compound Microscope
Water Test
7X35X
100X
Initial
pass
Vellow/white very
‘Grainy, bright yellow,
Evaluation
wrinkled film
lighter arcas
Week 1
Pass
Same as above
Same as above
Week 2
Pass
Light brown
Same as above
Week 3-6
Pass
Same as above
Same as above
Week 7
Pass
Darker brown
Same as above
Week 8-9
Pass
Same as above
Same as above
Week 10
Pass
Light yellow
Same as above
Week 11
Pass
Moderately Brown
Same as above
Week 12-14| Pass
Same as above
Same as above
‘Table 15: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure- Sample W
Exposure | Hydrostatic |

Week | Water Test
Initial
Pass
Evaluation
Week 1
Pass
Week 2
Pass
Week 3-5
Pass
Week 6
Pass
Week 7-8
Pass
Week 9
Pass
Week 10
Pass
Week 11
Pass
Week 12
Pass
Week 13
Pass
| Week 12-14| Pass

Stereo Microscope

TX35K
‘White, substrate is
visible through film
Same as above
Light gray
Same as above
Light brown
Same as above
Same as above
Same as above
Darker brown
Same as above
Moderately Brown
Same as above

100X
‘Orangelyellow, lighter
areas, craters
Same as above
Same as above
Same as above
Same as above
Same as above
Yellow with lighter areas
Same as above
Same as above
Same as above
Same as above
Same as above |

.
Table 16: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample X
Week
Initial
Evaluation
‘Week 1

Water Test
ras
Pass.

TIX-35X
‘White, fibers seen under
film
Same as above

Week 3

Pass

Light brown

Same as above

Week 4-12
Week 13
‘Week 14

Pass
Pass.
Pass.

Same as above
Moderately brown
Same as above

Same as above
Same as above
Same as above

Week 2

Pass

Light gray

100X
‘Web-like pattern of
fibers, light arcas
Sameas above

Same as above
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APPENDIX B
“Table 17: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Are
Exposure - Sample E
Hours of |Hydrostatic | Sterco Microscope

‘Compound

Replication| py posure| Water Test

TX35X

Microscope 100X

Initial

pass

‘White, substrate is

Ls

»

Pus

aren

begin to see fibers

Evaluation

2
2

2
2
2
2
2
2

visible through film
fhisen
Whiter with ight
2
Pass | yellow shadingin | Same as above
exposed area
“©
Pass
Whiterinexposed | ame as above
60-1400 | Pass
Sameasabove | Same as above
Whiterin | Besin
toseofibers
160
Pass
Hydrostatic Test | nr Ho
pin
like
White
and dodark
150
Pass
Saneasabove | Vien
200 | Failed
Sameas above | Same as above
Initial;
White,
substrate is Orangelyellow,
Pass
”:
areas,
Evaluation
visible through film lighter
hrre
Whiter in exposed | Dark yallow,
wo
60-100%
120
140
160
150
”

Pass
Sumeasabove | Dorkwhite
yellow
areaswith
Pass
Sameassbove | Same as above
Fibers are
Pass
Sameasabove|one
Pass | Strtingtoyellow| Sameasabove
Pass
Lightyellow | Same as above
Failed
Same as shove |_ Same as above
"
| Orangefyellow,
craters
Whiter in exposed | Dark yellow can
2
20
Pass
area
barely see fibers
3
40600
Pass
Same as above
White areas
3
50
Pass
Same as above | More white areas
3
100120°| Pass
| Sameassbove | Sameassbove
“Samples were evaluated overy 20-hours. No change was seen a cach 20-hour
increment,

op

| mm| OE
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“Table 17: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample E (continued)
Exposure| Water Test
7X35X_ | Microscope 100X
More whit areas
3
140
Pass
PF
3
160200*| Failed
Sameas above | Same as above
;
; substrates | Orangelyellow,
nitial
White,
Or
4
Evaluation | P|
visible through film | TENET
areas,
craters
Dark yellow with
4
20
Pass | Whiterin exposed|
reas, begin
wea
to see fibers
4
0800
Pass
Sameasabove | Same as above
4
100
Pass
Samoas above | More white areas
Lighter yellow,
4
120
Pass
Sumeasabove | begin tosee more
fibers
4
140-160| Pass
Sameasabove | Same as above
Areas that look
4
150
Failed
Sameasabove | like forming
oracks
Samples were cvaluated every 20-hour. No change was seen af cach 20-hour
increment.
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“Table 18: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample F
.
Stereo
Compound

Jowror
|
drwstac|
yon,
|
erspe
posure
7X-35X
100X

;
Web-like pattern
Initial
ers
Pass | White,
substratewrinkled,
can be |7%
Evaluation
allowing
light to
seen through film pass through
20
Pass
Tan colorin
exposed
area 1 gue as above
40-600
Pass
Samoas above | Same as above
80
Pass
Tan colorin
exposed
area | game as above
100
Pass
Samo as above | Same as sbove
120
pass | Browninexposed
| ooo hove
area
140
Pass
Samoas above | Same as above
Darker brown in
exposed arca,
160
Failed
Lighterin | Same as above
Hydrostatic Test
area
White, wrinkled, | Webike
patter
Initial)
of fibers
2
Evaluation
Pass frm) allowing light to
pass through
2
2
Pass
Tan colorin
exposed
area | game as above
2
“0
Pass | Darkertencolor | Sameas above
2
6
Pass
Same as above | Samo as above
Darker tan color in| Can see more
2
80
Pass
exposed area
fibers
2
100
Pass
Sameasabove | Same as above
Dark tan, lighter in
2
120
Pass | Hydrostatic Test | Same as above
area
2
140
Pass
Film is wearing | Same as above
2
160-180%
Failed
Sameasabove | Darkareas
yellow
Samples wero evaluated every 20-hours. No change was seen af cach 20-hour
increment,

7
Table 18: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Are
Exposure - Sample F (continued)
Stereo
Compound
P
7X-35X
100X
pre_|
Wares| Mure
ie)
White, wrinkled, | Webs patem
Evaluation
Pass
substrate
canbe
| lowing
light to
seen
through
fim|
“108VEE
yellow,
Pass
Moderaetan| Dark
DikIoien
Pass | Darkertanin color| Darker yellow
Pass | Darkertanincolor| White areas
Dense web
pattem of fibers,
50
Pass
Same asabove | larger white
areas, tanycllow
in color
100
Pass
Darkertanin
exposed area | gun; as above
Lighter in
120
Pass
hydrostatic est | Same as above
area
140-160¢
Pass
Same as above | Same as above
Brown in exposed
150
Pas | enter| Sameasabove
area
200
Failed | Filmis wearing | Same as above
»
Web-like pattem
ntal
puss
|
White
wrinkled,
|
VOLE
4
substrate
can
be
f ight o
Evaluation
er, | sowing
pass through
Dark yellow,
4
20
Pass
Taninarea
exposed | gic and light
areas
4
“
Pass
Sameasbove | While areas
4
2)
Pass
Samo as above _| Same as above
#Samples were evaluated every 30-hour. No change was seen af cach 20-hour
increment
FE)
“0
60

”
“Table 18: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc

Exposure - Sample F (continued)

n

Stereo

‘Compound

Dark tan in

exposed area,
4

4

80

100

Pass

Pass

lighter in

Hydrostatic Test

‘Same as above

area
Same as above | Same as above

Brown in exposed

area,

4

120

Pass

lighter in
Hydrostatic Test

‘Same as above

area

4
4

140
160

Pass
Pass

‘Thin areas

Sameasabove | appearin the
Same as above

film
Dense web- like
pattemoffibers,

bright fibers

4
180-200*
Failed
Same as above
Same as above
*Samples were evaluated every 20-hours. No change was seen at each 20-hour

increment

»
Table 19: Microscopie Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample G
Stereo
ication
|
Hours
of
|
Hydrostatic
|
S
Compound
Replication Exposure| Water Test| Microscope
MIrO%0€ | picroscope 100X
Small cell Te,
h
yellow and dark gray,
1
Tu
puss
Gray
Some
pink areas,
Evaluation
oTighter
ie light
1ing some
areas,
some small craters
\
»
pass | VeryLightblue| Grecnish-yellow in
inexposed area | exposed area
1
40
Pass | VOYLishblie|
oo above
in exposed area
1
60
Pass | Ligherbliein|
gue os dbove
exposed area
1
80
pass | When oposed| que as sbove
1
100
Failed | Sameasabove| Small cracks
Small cll like,
_
yellow and dark gray,
2
:
Pass
Gray | somelight pink arcas,
Evaluation
Tighter in some areas,
some small craters
2
2
Pass | VeyLightblue|
coc shove
in exposed arca
Lightblucin | Bluegreen tnt, red
z
a
Pass
exposed area
splotches
2
0)
Pass | Sameassbove| Sameassbove
Light bluc to
2
50
Pass | whiteincxposed| Cansee cracks
area
holes and
2
100
Failed | Same as sbove Can sceet

100
“Table 19: Microscopic Evaluations and Hydrostatic Water Test Result for Carbon
Are Exposure - Sample G (continued)
iertion | Hoursof| Hydrostatic| Stereo
Compound

Replication| gposure| Water Test| M757| Microscope 100X

.

Teal
2

©
0
80

100

op|
sbistion
4

2

4
4

“0
6

4

50

4

100

Gray

Small coll Tike,
yellow and dark gray,
‘Some light pink areas,
lighter in some areas,
some small caters

pass | Velightblue|
oe above
in cxposed area

Pass
Light grayin | Bluc/green tnt, red
exposed area
splotches
Pass | Sameasabove| Sameas above
Light blue to
pass | Whitoimexposed|
oo pove
area, can sce
cracks
deinin | Canseo small cracks :
’
Light
White
a
rg
Small cell Tike,
yellow and dark gray,
rs
Guy |nike
lighter in some areas,
some small craters
Pass
Light
Same as above
exposedgrayareain
Pas | Sameasabove | Greenish-yellow
SreeTEIelon tint,
Light
gay in | sanessabove
Pass
voemin
Light gray to
Pass | with light yellow| Sameas above
in exposed area
Can see small cracks,
Filed | Sameasabove| Lighter Greenish
low tnt
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Table 20: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample H
Stereo
Hours of| Hydrostatic: | Microscope
Compound
Replication Exposure
| Water Test| MITO%OP® | wicroscope 100X
Initial
Evaluation

Pass

re
arcas
that look
»
grainy,
ming
otalike cmier
Loss ofyellow in| Yellow-orange in
exposed area | exposed wea
Lightpinkin | Yellow in exposed
exposed arca
area
Tancolorin
oxposed
area | game as above
| Sameasabove | Sameasbove
Darker tan color
oor ™in | Same as above

2
4
6
80
100
120

Pass
Piss
Pass
Pass
Pass
Pass | Taninexposed
area | gogo above

140

Pass | Whiteinexposed|
qe ug above
area

160
Initial
Evaluation

20

Cracks in failure
area (observed
Fil | Samcassbove | etme
Testing
Pass

Yellowwhite,
Yellow/hgnt
| areas
that
look
like|
OFANES
Brain,
mgt | res ger

Lossofyellow
9 in exposed Yellow-orangenesti
Pas | (obit)
Lighttanin | Yellow in exposed
[pees
exposed arca
area

“
60
Pass | Beeomingbitle| ome as above
0
Pass
Same asabove | Same as sbove
Darker tan color
in Same as above
100
Pass
oes "|
120080 | Pass
Sameas sbove | Same as above
160
Poss | Sumeassbove | Dark yellow
“Samples were evaluated very 20-hours. No change was seen af cach 20-hour
increment.
** Asto how it fell.

0
“Table 20: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample H (continued)
Compound
Replication | Hours of | Hydrostatic| Steree
100%
nicroscope
|
MITOSOPC
|
Test
Water
|
eplication| gyposure|
7X-35X
Pass | Sameasabove | Can see cracking
150
200
Failed | Sameasabove | More cracking
3

Initial

Evaluation

3
3
3
3

20
“0
60-80
100

3
3
3
3
3
3
3
n

120
140
160
180
200
20
240
Initial
Evaluation

4
4

20
“0

‘

"|

Yellowiwhite,

i

pa | areas thatlook | YelowtEntorange,
like forming,
ahier wees
craters
Pass | Verylighttanin
Dark yellow
pid
Light tan in | akeryeow
sini,
Pass
Pass | Samcasabove| Sameasabove
Lighter in
Pass | Hydrostatic Test| Same as above
area
Whiter
in | sumeasabove
Pus | ein
Puss | Sameasabove| Cracks re forming
Light
gray
Same as above
re
Pass
Pass | Sumcasabove| More cracking
Pass | Samcasabove| Sameas above
Whiter in
Dark yellow
|e
Ps
Failed | Sameas above| More cracking
"
Yellowfuhite,
one:
Yon
Puss | areasthatlook |
forming
likeshui
lighter areas ashe,
Very light ns
tan in
Dark yellow
Pass
Pass | Sameasabove| Darker yellow

0 | ras

804000 | Pass
4
4
120
Pass
140-160 | Pass
4
Pass
180
4
“Samples were evaluated every 20-hours.
increment.

|W

oe foming

| Sameasabove | Sameasabove
| Sameasabove| Largercracks
| Samcasabove| Same asabove
| Sumeasabove| Moro cracking
No change was seen at cach 20-hour
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‘Table 21: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample H (continued)
compound
Hours of| Hydrostatic| Stereo Microscope | Microscope
Exposure| Water Test
TX-35X
100X
Same asabove | Same as above
200220| Pass
Same as above | More cracking
Failed
240
*Samples were evaluated every 20-fiours. No change was scen at each 20-hour
increment.
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“Table 21: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon
Are Exposure - SampleI
. Stereo Microscope Compound
Hours of| Hydrostatic|
Nonlin| waposee
Red, some
Cream color, very | craters large and
bass
ital
|
Evaluation
shiny
small, some
lighter areas
Medium brown in
Pass
exposed area, | Same as above
peepee,
2
1
small rater, shiny
Lighter brown in
0
Pass
resemble sun
1
cracks in exposed
area, scorched smell | PO Tks
Getting darker in
exposed
see Same as above
markcanfrom,|
lesarea,
Pass
60
1
flexing
Lighter in Hydrostatic
1
50
Pass | Tostarca, darkerin | Same asabove
other exposed areas
pass | Morewrinkde
100
1
from flexingmarks| goo above
1
120
Pass
De | Sues above
Around Hydrostatic
1
140
Failed | Test area the lighter | Same as above
color is spreading
Red, some
Cream color, very | craters large and
Pass
Initial
,
Evaluation
shiny
small, some
lighter areas
Medium Brown in
exposed area, | Samo as above
Pass
20
2
Becoming Brite®
Lighter in Hydrostatic:
Testarea, scorched | Cracking
|
Pass
“0
2
smell
* As to how it elt

.

BEET|
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“Table 21: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample | (continued)
Hours of| Hydrostatic | Stereo Microscope

Exposure| Water Test
6

Pass

0

puss

100

Pass

120
140
160

Fass
Pass
Pass

150

Failed

rh
EAC
valu
ry shiny
lighter areas
Medium brown in
-

3
3

3

a
2
2)

50
3
*AsTo how it el

Composad

7X-35X
Cres
Cracking, can see
| wrinkles from flexing| Same as above
(color change)
Lighter color in
Hydrostatic
area | ore racing
)
| MonatTest
tester
areas, more cracking
Dark brown color in
| exposed arc, more | More cracking
cracking
More cracking | More cracking
Sameasabove | Same as above
Darker brown
amin | Sameassbove
Dark brown in color,
light tan in color in | Deeper cracking,
| Hydrostatic Test arca,| can see black
can sce black pois
spots
and mor cracking
Red, some craters

exposed arca,
becoming biter, | Ick sot
light scorched smell
Cracking and
Lighter in Hydrostatic| holes, orange,
»
white and black
Testarea
ws
spots
More
cracking
en
Darker brown
Pass
Discoloration in
Pass | wrinkled areas from | More cracking
flexing

Pass

106
‘Table 21: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon
Arc Exposure- Sample I continued)

Reptication| Hoursof| Hydrostatic| Stereo Microscope | CoP
-

TX-35X

Exposure| Water Test

y

Tox

Very Brittlc*, very

Failed | dark brown lighter in | Same as above
Hydrostatic TestArea
Red, some craters
| Cream color,| |£e0SNEANER
tor areas
very shiny
Medium brown in
Pass
exposed area,
Same as above
becoming britle®
Dark brown in
.
Pass |orposed aren, cracking| Coking
Lighter color in
pass | Hydrostatic Test area,
scorched smell, can | Same as above
sec wrinkles from
flexing (color change)
More cracking | More cracking
Pass

3

100

Initial
Evaluation

Pass

4

20

4

0

4

0

4

80

a

100

Pass

More cracking | More Cracking

4

120

Pass

More cracking | More Cracking

a

140

Failed

Samcasabove | Same as above

+ As to how it fel.

-
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‘Table 22: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample |
Compound
Sterco
.
Microscope
Replication| Hows of | Twos| microscope
100X
7X-35X
.
Xposure
; and | Sri
Grainy, rete
bright
Yellow, raised
el
;
Pass | lowered surface
ar on areas, web like
Evaluation
pattern of fibers
20
Failed
Lightbrownin | Same as above
Initial
Evaluation

Pass

20
“©
N
id
Evaluation

Pass
Failed

20
a
.
Dice
Evaluation
2
“0

Pass
Failed

Pass

Pass

Pass
Failed

Hislike
surface on leareas, web
lowereddour

pattem of fibers
| Same as sbove
| Dkelon c0l0rin| ame as above
; and rainy, bright
b
Yellow, raised
Yellowweblighter
surfuceon| areas,
| loweredor
lke
pattern of fibers
Dark yellow a
color in| Same as shove
Same as shove __| Same as above
’ and Grainy, bright
Yellow, raised
surface on | Yellow.
loweredphat
like
areas, weblighter
pattern of fibers
Samoasbove | Same as above
| Dorkyellow colorin | Gunga above

08
‘Table 23: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure - Sample K
Compound
:
ati Hours Hydrostatic| Stereo Microscope
Exposure
100X
Yellow, raised and
Initial
pas | lowered suruceon | Yellow, lighter
Evaluation
film, can see fiber
area
under film
;
“Tan colorrinin exposed Same as above
20
Failed
Yellow, raised and
ital
bass | lowered surfaceon| Yellow, lighter
2 | Evaluation
film, can sce fiber
area
under film
eolorin |g, a yhove
yellow area
Faileg | Darkexposed
20
2
Yellow, raised and
ital
bass | lowered surcoon| Yellow, lighter
area
film, can sce fiber
3 | Evaluation
under film
Failed | Pkyelloweolorin| game us above
20
3
ellow, raised and
tal
puss | lowered sufaceon| vellow, lighter
area
film, can sce fiber
Baluation
under film
2
Failed | DUYSION SOOT | same as above

10
“Table 24: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure- Sample L
]
Sterco
Compound
Replication| pours of| WWrosate| Microscope
Microscope
100X
TX-35X
xposu
eee | White, bors scan| Web-liko patton of
Total
Evaluation
under film | fibers, light areas
Pink in exposed| Dark yellow in
pass
2
area
cxposed area
Film
orn in small
"
in
pink
Darker
Puss
“0
vn | 1c fom flexing,
small crater
| ellowith
red
Darker
a”in exposed
6
Pass
ker pinkBianin | shading
area
80
Pass
Samcasabove | Same as above
100
Failed |Britle® area
inexposed| gus hove
5
Total
pa |Wie Fibers scon| Web-Tie pattem of
Evaluation
under fim | fibers, light areas
pas | Pinkincxposed| Dark yellow in
%
)
area
exposed area
Darker
pink
in
kerpineirt | sumeas above
Pass
“0
2
Darkerpinkin | Lighter and dark
low shading
exposed area
Failed
%
z
oe | Whit, fibers scam| Web-liko pattem of
Tal
under film | fibers, light areas
Evaluation
Pinkcin exposed| Dark yellow in
2»
Pass
area
exposed arca
Darker pink in
exposed area,| Sameas above
Pass
“0
becoming britle®
Darker pinkin| Light and dark
exposed area | yellow shading
Pass
0
Light white in
Failed | Hydrostatic Test | Samo as above
80
aren
As to how FR

10
“Table 24; Microscopic Evaluations and Hydrostatic Water Test Results for Carbon Arc
Exposure- Sample L (continued)
Hours of|
Exposure|
A
Total
Evaluation
4
20
“©
4
4
6
4
50
4
100
TAs to how FIL

Hydrostatic Microscope
Stereo 7X-| Compound
Water Test
sey
Microscope 100X
ane
Whit, bers scan| Web-like pate of
under fim | fibers, light areas
Pass
Pinkinarea
exposed. | gms ag above
Sameasabove | Dark yellow tint
Pass
Pass
Samcasabove | Same as above
Light white in
Pass | Hydrostatic Test | Same as above
area
Failed | Samcasabove | Sameasabove

wn
“Table 25: Microscopic Evaluations and Hydrostatic Water Test Resultfor Carbon Arc
Exposure - Sample M
Hydrostatic
Stereo

| Compound
| tine
| WR
epteaon|Housof
pos
Test
TX35K
pe

Vellowiuite very| Ori bug
wrinkled film
lg
Pass
Tancolorin
exposed
area | gue as shove
Light
pink in
Pass
apie
Craters
Pass
Sameas shove | Same as above
Pass |Tanin exposed area| Same as above
Pass
Sameasbove | Same as above
Pass
Starting to yellow| Same as above
Pass
Samcas above | Same as above
bass | Yellowhanincolor|
in exposed area
180
Failed
Sameas above | Same as above
=
; very Grainy, bright
Initial
Yellow/swhite
;
Evaluation
Pass
wrinkled film | Yellow,
lighter
arcas
Light
yellow
in
20
Pass
a, | Sameas bore
Light tan in | sameasaboe
a
Pass
sgn
)
Pass | Tanin exposed area| Same as above
Darkertanin | Dark yellow,
80
Pass
exposed area
forming craters
Tan/yellow
in
100
Pass
as | Same as above
Dark yellow
120
Pass
owerin |sameas above
140-160"| Failed
Sameasabove | Same as above
- very Grainy, bright
;
Yellowhwhite
Initial
Evaluation| P¢
wrinkled film | Yellow
areaslighter
Light tan in | Lighter
. yellow
20
Pass
Lighttanin
Samples were ovaluated every 20-hours. No change was seen af cach 20-hour
increment.
Initial
Evaluation
20
“0
6
50
100
120
140
i

Pass

n
Table 25: Microscopic Evaluations and Hydrostatic Water Test Results for Carbon
Are Exposure - Sample M (continued)
Hydrostatic
:
Compound

OGRE | stereoMicroscope| LIE
Reptcaton| Mousof|
ul
Test
100X

Darker tanenin
Dark yellow
Pass
a
Samcasabove | Same as above
Pass
60-80
Yellowinoxposed | gine as above
Pass
100
120
Pass
Sameasabove | Same as above
Light
yellow in | Same as above
140
Failed
dahtyellowin
Initial
Pass | Yellowiwhite very Grainy, bright
5
lighter
Yellow
|
film
wrinkled
4 | Evaluation
areas
Moderate
5 yellow
| Brighter
en in|
er yellow
Pass
20
4
Light tan
in | sameasabove
4
2
Pass
nn,
Yellow/tan
Cominin | same as bove
Pass
6
4
4
80
Pass
Sameasabove | Lightyellow
More yellow
4
100
Pass
nea,in | Same as bove
Sameas above | Same as above
Pass
120
4
Light yellow | Same as above
Failed
140
4
“Samples were evaluated every 20-hours. No change was sce af cach 20-hour
increment.
3
3
3
3
3

Table 26: Microscopic Evaluations and Hydrostatic Water Test Results for Natural

Sunlight Exposure - Sample E

100X
TX-35X
‘White, substrate is visible | Orange/yellow, lighter

Week
Initial

‘Water Test
Pass

Week 1

Pass

Same as above

Week 2

Pass

Light yellow

Brightra
yellow with light

Evaluation

through film

arcas, craters,

Same as above

Week 3
Week 4
Week 5
Week 6-7

Pass
Pass.
Pass.
Pass.

Light brown
Same as above
Same as above
Same as above

Same as above
Same as above
Dark orange
Same as above

Week 8

Pass.

Same as above

Dark orange with red and

Week 9-13

Pass

Same as above

Same as above

Week 14.

Pass

Darker brown

yellow areas.

Same as above

.

m
Table 27: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample
Txposure | Hydrostatic | Stereo Microscope | Compound Microscope
100X
7X-35X
Week | Water Test
of fibers
patter
|Web-Tike
wrinkled,
Whit,
”
i
to

Week 1
Week2
Week 3
Week 4
Week §

Week 6

Week 7
Week 8-9
Week 10
Week 11
Week 12
Week 13
Week 14

Pass

substrate canbeseen | allowing light to pass
through
through film

Pass
Same as above
Same as above
Light
yellow,
bers
from
| er on| Samos shove
Bass
Same as above
Pass | White with brown fibers |
Sameasabove | Derkyellowwith lighter
Pass
Same as above
Same as sbove
Failed
Pass

Light brown

Same as above
Pass
Pass
Same as above
Pass | Defaminating
substratefilm fiom
Moderately brown
Pass
Same as above
Pass
Pass | Delaminating
substratefilm from
Same as above
Pass

Dark yellow

Yellowlorange
newith
Same as above
|g oc shove
Same above
Same as above
|g 4 ove
Same as above

!

us
Table 28: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - SampleG
Exposure| Hydrostatic| Stereo Microscope | Compound Microscope
Week _| Water Test
7X35X
100%
Small coll ike, yellow and
dark gray, some light pink
Initial
arcas, lighter in some arcas,
Gry
|"
Evaluation
some small craters
Yellow, cracks
color
in
Yellow
Weeki | Pass
Yellowgreen,
po more
Darker yellow
Week?| Pass
Darker calls, more cracking
Cracking
Week | Failed
Weekd | Failog | Morecricking becoming
More cracking
Weeks | Failed
Same as above
Same as above
Mor cracking
More cracking
Week 6 | Failed
Week? |
riled
‘Same as above
Weeki1 | Failed | Morecrseking faking of

Same as above
Week 13 | Failed | More cracking
of filmand flaking
Week 14| Failed
Same as above
As to how it Fl
Week 12| Failed

Same as above
Sameas above

Same as above

More eracking

Same as shove

p

6
‘Table 29: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample L.
Txposurc | Hydrostatic| Sterco Microscope | Compound Microscope
Week | Water Test
7X-35X
100X
Initial
Pass
White, fibers seen|Web-like patterof fibers,
Evaluation
under film
tight areas
Same as above
Pass | Light yellow in color
Week 1
Dark orange
Same as above
Pass
Week 2
Week 3
Pass
Light brown
Darkyellowwith orange
Week 4
Pass
Light pink
Same as above
Same as above
Same as above
Week 5-8 | Pass
Week 9
Pass
Light brown
Same as above
Delaminating
of
film
Week 10
Pass
ga
Same as above
Week 11
Pass
Moderately brown
Same as above
Week 12- | Failed
Same as above
Same as above
Same as above
Same as above
Pass
Week 14

‘

w
Table 30: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample
M
Week
Initial
Evaluation

‘Water Test
Pass

TX-35X
Yellow/white very
‘wrinkled film

100X
Grainy, bright yellow, lighter
areas.

Week 1

Pass.

Dull yellow in color

Same as above

Week 2

Week 3

Pass

Pass

Same as above

Same as above

Week 4
Week 5

Pass
Pass

Brittle*
Cracking

Cracking and craters
Dark grains, cracking

Bright yellow.

Same as above
More cracking

Week 6

Failed

More cracking

Week 7
Week 8
Week 9

Failed
Pass
Failed

‘Week 10

Failed

Same as above
Same as above
Same as above
Yellow with white areas,
‘more cracking

Same as above
Same as above
Same as above
More cracking

Week 11

Failed

More cracking

Orange, more cracking.

Week 12

Failed

Yellow with darker yellow
areas, more cracking

More cracking

Same as above

‘Same as above

Wears| paeg |Hsherimddattrsllov,|
Week 14 |
*As to how it felt

Failed

yg rng

1

E

1s
Table 31: Microscopic Evaluations and Hydrostatic Water Test Results for Natural
Sunlight Exposure - Sample ¥
Exposure | Hydrostatic | Stereo Microscope| Compound Microscope
Week | Water Test
TX-35K
100X
like, lighter in
cell
Small
Initial
some areas, some small
White
P35
Evaluation|
valuatios
craters
Dark cells, dark yellow
Yellow in color
Pass
Week 1
Week2 | Failed
Same as above
Cracking
More cracking
Cracking
Week3 | Failed
More cracking,
More cracking
Weekd | Failed
More cracking
spots and
Weeks | Failed | Durkorange
cracking
More cracking,
More cracking,
biti"
becoming
Week6 | Failed
Bright yellow with
Same as above
brown spots, more
Failed
Week 7
cracking
No
brown
spots, more
Weeks | Failed
racking
More cracking
Same as above
Same as above
Failed
Week 9
i
and
cracking
More
"
More cracking
Taking of im
Week10 | Failed
Week11 | Failed
Same as above
Same as above
cracking
More
Same as above
Week 12 | Failed
i
More
cracking
,
More cracking
of fmand
‘Taking
Week13 | Failed
.
Week14 | Failed
*As 10 how it felt

More
cracking and
FAA

More cracking

1
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Introduction
The addendum is a continuation ofprior research (Newsome, 2000),‘which

examined the moisture barrier layer of fire fighting turnout gear. Time limitations
restricted the amountofdata that was collected in Newsome’s research. The.
and
‘methodology developed by Newsome was used throughout this addendum,
of
subsequent phases ofresearch were added that ‘would allow for further analysis
‘moisture barrier failure.
Xenon
“There are two instrumental sources of light; these include Carbon Arc and

Arc. However, neitherof these “provide the same spectral power out-put that sunlight

does” (Collier & Epps, 1999, p. 231). While it is not possible to perfectly simulate
such as
outdoor sunlight, these laboratory methods reduce the uncontrollable variables

moisture, temperature, and length ofsunlight exposure and offer an accelerated method
oftesting the light fastnessoftextile materials.
Two light treatments were evaluated in Newsome's research; they included
artificial light from the Carbon Arc Fade-Ometer and natural sunlight. Fora comparison
of failure times, and to build on the conclusions in the original research, a third treatment

was added, the Xenon Arc Weather-Ometer.

]

Purpose

“The purposeofthis research was to continue to investigate the durability ofthe

|

moisture barrier layer of fire fighting turn out gear. Single layer moisture barrier samples

|

and three-piece ensembles were evaluated using the methodology developed in

|

natural and
Newsome's research. Additional moisture barrier samples were exposed to

|
1

artificial light sources and then evaluated in order to reduce variability in the data and to
provide additional data to make conclusions about Newsome’s research.
Objectives
1. To increase the numberofreplicationsofsingle layer and three-piece
ensemble moisture barrier samples exposed to Carbon Arc and natural
sunlight light source.
2. To add the Xenon light source and evaluate single layer and three-piece
ensemble moisture barrier sample exposure to the Xenon Arc WeatherOmeter.
3. To compare the results ofCarbonArc to Xenon as a methodof simulating the
resultsofexposure to natural sunlight.
Methodology
“The methodology established by Newsome, 2000, was followed throughout ths
addendum. Moisture barrier samples were exposed, microscopically evaluated, and
tested for failure following the procedures and guidelines Newsome, 2000, established.
Sample
The research design was a quasi-experimental design, with no randomization of
the samples. Just as in Newsome’s research, the product being evaluated was the
moisture barrierof the firefighting turnout coat. Newsome evaluated nine different
moisture barriers. In this addendum additional replicationsof those nine moisture barriers
were evaluated. Table 1 describes these moisture barriers
2

Table 1: Descriptionof Moisture Barrier Samples
Fabric

Fabric

Supwente | Wot
mintiion| eum|
(mils)es
(0zlyd?) | Ticn
®
A-D and N
“Three-piece
Ensemble

Urethane Film

E

PTFE Film

F

PTFE Film
Urethane Film

GandY
(Breathe
Tex®)
H

178

120

47

20

E-89

37

30

E-89

37

30

E-89
Pajama Check

30

Neoprene Coating

E-89
Polyester/

49

1

Urethane Film
ati

—

12.1

20

J
K

Urethane Film
Urethane Film

E-89
E-89

43
50

30
30

L

PTFE Film

Vilene

38

30

M

Urethane Film

Vilene

4.1

30

PTFE Film

Pajama Check

18.5

110

Urethane Film

E-89

17.7

110

Three-piece

PTFE Film

Vilene

177

110

Uand V
‘Three-piece
Ensemble

Urethane Film

Vilene

177

110

XxX
‘Three-piece
Ensemble

PTFE Film

Vilene

17.7

110

O,Pand W

Three-picce
[Ensemble
QandR
Three-piece
Ensemble
Sand T

Ensemble

3

‘Samples were preconditioned according to NFPA 1971, 2000 edition. Specimens
were cut into 6.5” x 9.5” rectangles. For three-piece ensembles, thermal liners and outer
shells were washed and dried times. Moisture barriers B, D, and E through X were
washed and dried $ times, then oven heated at 285° for 10 minutes. They were then
‘washed and dried 5 more times and oven heated at 285° for 10 additional minutes.
Moisture barriers A and C were not washed and/or heated.
Three-picce ensembles consisted of an Aralite® thermal liner as the first layer
with the faceofthe cloth facing the light source. The second layer was the Breathe-tex®
moisture barrier, with the film side facing the light source. The third layer was a PB
outer shell placed behind the moisture barrier.
Exposure Treatment
Inorder to build on Newsome’s data, 23 additional moisturebarrierswere
exposed to Carbon Arc light source, and natural sunlight exposure was continued for up
1021 additional weeks. There were 29 samples,ofnine different moisture barriers,
exposed to the Xenon light source.
Instrumental
“The Carbon Arc Fade-Ometerwas used according to AATCC test method 16a controlled environment in which to
1998, Option A. Using this test method allowed for
test the effectsofultraviolet light source exposure on moisture barriers. The Carbon Arc
Fade-Ometer transmits 275 to 370 nanometersofwavelengths.
‘The natural sunlight exposure phase of the research took place at the Q-panel
laboratory in Homestead, Florida. Samples were exposed according to ASTM test
‘method G7. One sampleofeachof the nine moisture barriers was removed weekly. The
4

sample was evaluated microscopically and tested for failure with the hydroscopic water
penetration test. Samples were not returnedtothe sunlight after being tested.
A water-cooled Xenon Arc lamp fading apparatus was the instrument chosen to
expose samples to a xenon light source. The Atlas Xenon Weather-Ometer model ES25
was used according to AATCC test method 16-1998 Option E. Sampleswere exposed to
the Xenon light source using the continuous exposure treatment, for 20-hour increments.
The xenon lamp has “cylindrical inner and outer optical filters to provide a flow of
cooling water and specified spectral energy distribution” (AATCC, 2001, pg 33). The
lamp-cooling device used was de-ionized water. For this testing both inner and outer
filters were Borosilicate. The specimens are mounted on a clockwise rotation rack,
which rotates one revolutionperminute (AATCC, 2001).
Calibration. AATCC test method 16-1998 identifies the blue wool light fastress
standard as the preferred comparison standard for all light exposure options. The blue
wool was evaluated according to section 12.1.1ofthe AATCC standard. Avisual
comparisonofthe reference fabric was made at three points during testing. Once in the
beginning, then again after about 500 hoursoftesting and once more after approximately
1000 hoursoftesting.
In addition to light source exposure equipment, a flexing device was utilized to
accelerate the degradation process ofmoisture barriers. The flexing device that was
developed replicates the bending that would take place in knee and elbow areas ofturnout
gear. The device developed utilized an AATCC Wrinkle tester with an added motor to
allow for synchronization ofall samples being flexed.

5

Performance Measurement
After exposure, all samples were evaluated microscopically and then checked for
failure using the Hydrostatic Water Penetration Resistance Tester.
Microscopic. Microscopic observations were made with a Zeiss Stereo
Microscope in which the magnification ranged from 7X to 35X, and a Zeiss Compound
Microscope with magnification of 100X. The stereo microscopic observations allowed
for an overall surface appearance, and the compound microscope enabled the researcher
{0 see the moisture barrier film at a greater magnification and record more detailed
observations.
Hydrostatic water penetration resistance fest. ‘The water penctration test was
used to determine product failure. A modified versionofNFPA 1971, 1997 Edition 6-27.
4.2 Procedure B; at 0.07 kg/em? [1psi] for five minutes was established by Newsome and
was continued through testing for this addendum. Samples thatwereexposed to Carbon
‘Arc and Xenon Are light sources were tested for failure for 2minutesat 2 psi. Natural
sunlight exposed samplesweretested for failure at 30 seconds at 2 psi. Newsome.
modified the test for time constraint reasons. Specimens were tested in the hydrostatic
water penetration tester with the film side down.
SummaryofPrevious Research
The following review covers the three phasesoftesting that were completed in
Newsome’s research. Phase one was a preliminary phase in which single layer moisture
barriers and three-piece ensembles were exposed to the Carbon Arc artificial light source
6

for up to 500 hours. In phase one, no failures were found in the three-piece ensembles

and two single layer moisture barriers failed the water penetration test. In phase two, 28
additional samples were exposedto the Carbon Arc Fade-Ometer, which included 24
single layer moisture barrier failures and 3 failuresofthree-piece ensembles. Phase three

examined single layer and three-picce ensembles in a field setting as they are exposed to
weekly incrementsofnatural sunlight.

Preliminary Carbon Arc Exposure
In phase one, two groupsofmoisture barrier samples were exposed to S00 hours
a Carbon Arc light source, but samples were removed from the chamber at 20-hour
of

incrementsofexposure, evaluated microscopically, and tested for failure using the
hydrostatic water penetration test. Four samples from group one (twoofthe three-piece:
ensembles A and C), and four samples from group two (twoofthe three-piece ensembles.
B and D) were exposed. In addition, two single layer moisture barriers (G and H) were
exposed in orderto fill all the available spaces in the Carbon Arc instrument.

[Fade-Ometer Exposure

Due to the limited exposure timeinthis phase, noneofthe three-piece ensembles
failed the water penetration test, but two failures were found in the single layer samples.
‘Table 2 summarizes findingsfrom phase one.
Table 2: Preliminary Carbon Arc Exposure (Phase One) Time to Failure

oe!

Did not Fail

1

[I

ww
7

Did not Fail

80

a0

]

Carbon Arc Exposure
In phase two, fourofthe three-piece ensembles were removed from the test
chamber and replaced with samples of single layer moisture barriers. Carbon Arc
exposure was continued for fourofthe three-piece ensembles until threeof these:
specimens failed (samples A, B, and D). Three-piece ensemble C did not fail in phase:
twoof Newsome’s study, but exposureofthe sample was carried over and included in
phase fourofthe research reported in the addendum.
For the single layer moisture barriers, four replicationsofeach moisture barrier
were exposed to the Carbon Are light source. The resulting failures, identified as group
three moisture barriers, are summarized in Table 3.
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Table 3: Carbon Arc Exposure (Phase 2) Time to Failure
‘Sample
Identification

Replication
Number

Failure Time
(Hours)

Average
Failure Time
(Hours)

Standard
Deviation
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Natural Sunlight Exposure

In this phaseof research, testing was conducted to determine if natural sunlight
exposure affected the degradationofsamples. Samples were exposed to Florida sunlight
at the Q-Panel Lab Facility and tested for failure using the hydrostatic water tester and

9

microscopic examinations. However, samples in natural sunlight phases were not flexed.
ng done according to NFPA. 1971 Standard 6-1.2 (2000 edition). Due
Preconditioniwas
to time limitations, samples were not returned to the sunlight ater the hydrostatic water
test was performed, regardlessofwhether failure occurred or not, Data was recorded as
the week number the failure occurred.
‘Samples were exposed and tested through 14 weeks in Newsome’s study. During
the first 14 weeks, no failures were found in the three-piece ensembles, but several
failures occurredin the single layer moisture barriers. Table 4 summarizes the results by
identifying the numberofweeks required to reach failure for all moisture barrier samples.
Table 4: Natural Sunlight Exposure (Phase Three) Failure Time for 14 Weeks
Failure Time after 14 Weeks
Sample Identification
"Did not Fail
“Three-Picce Ensembles
BNOPQRSTUV,WX,
Did not Fail
E
1
Failed at week 5 onl
Failed at Week 3 through 14
Failed at week 12 and 13
L
through Week 14, Except Weck§
week6
at
Failed
M
Y
Failedatweek 2 through
Week 14__
Phase Four: ContinuationofCarbon Arc Exposure:
“The objectiveof phase four wes to increase the number ofreplications of moisture
barriers exposed as single layers and three-piece ensembles to the Carbon Arc FadeOmeter in an attempt to decrease the variability within the data.
Additional replicationsofsingle layer moisture barrier samples E, F, G, H, L, and
M were exposed during the continuationof Carbon Arc exposure (Phase Four). The

10

numberofreplicationofeach moisture barrier sample was dependent on the variability of
the data reported in Newsome’s study.
Additional replicationsoftwo three-piece ensembles were tested, sample C from
‘group one, and sample D from group two. In Newsome's study, replication one of
sample C did not ful in during phase twoofher study but it was exposed to the Carbon
Ar light source for 1300 hours. Therefore, the sample was added to this study and
exposure was continued until a failure time was established. Sample
D failed ater 1040
hours during Newsome’s study but a second replication was included in this study.
‘Sample D was a pre-washed moisture barrier that was exposed to flexing treatment after
each exposure period of20 hours
‘When the data from phase four was analyzed the standard deviationofthe single
ayer sample L had increased from 19.1 to 57.24. Tn an attempt 10 explain the large
increase in variability, the procedure used to identify
a failed Water Penetration Test was
re-examined. In phase two, moisture barrier samples were exposed to the hydrostatic
‘water penetration resistance test for 2 minutes at 2pi to determine a failure. A failure
was defined as any evidence ofwater penetration through the fabric. This method was
difficult to use on samples such asL in which a water leak was not an obvious hole or
crack in the moisture barrier, butaperception ofoverall seeping through the film. What
constitutes a failure was re-established, that is a sample must leak to the extent that water
ormoisture can be picked up onatissue. Sample I, replications 1-4 were then retested
for failures according to these guidelines. Upon initial examination eachofthe samples
appeared to be leaking water (a change in color and a moist feeling on the surfaceofthe

n

sample was noted), but did not fail according to the new guidelines. These samples were
returned to the Carbon Arc for additional exposure and tested with the new procedure.
Phase Four Results
Table 5 reports the average failure times and standard deviations for the samples

tested in phase four, Carbon Arc exposure.
“Table 5: Carbon Arc Exposure (Phase 4) Time to Failure

Sample | Replication| Failure Time (Hours)| Average Failure | Standard
Identification| Number

|
[Cc 1 17 Tse
c
1502
1302
D
[Cs[a0

Fe

‘Time (Hours)

Deviation

ED
170

2a

262
[ss
[6
|

G

7
8

[oo 1

Ey
[6 |

26.8

120

80

52

202
280

140 (40 hours added) _
80 (20 hours added)

Lr

-

100(20hours added)

149

572

140 (40 hours added)

[mo
|
7

M

160

282

|
[io
8
|
Sw
[we
182
5s 1

-]

In Newsome’s research, one replicationofeach moisture barrier exposed as a
three-piece ensemble (sample A, B, C, and D)were tested. Samples A, B, and D failed,
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‘but sample C did not fail. During phase four, a second replicationof samples C and D
were evaluated and the results were compared to Newsome’ results
‘When the results ofphases 1, 2, and 4 were combined someof the failure times
wereconsidered extreme, and thei validity was questionable. The suspected values were
analyzed using the method for detectionofoutliers by Dixon (1950) in Analysis of
[xtreme Values. Ofthe nine questionable values analyzed, only two were thrown out,
these values were replication six of sample letterE (140) and replication 5ofsample
letter L (282).
‘When all phasesofCarbon Arc research were combined, a reduction in the
Variabilityofthe data was achicved as the failure times began to appear closer together.
Table 5 summarizes the resultsofphases one, two, and four, excluding the two values
identified as outliers.
Table 6: Carbon Arc Exposure (Phases 1,2, and 4) Average Time to Failure
Sample | Replication | Failure Time| Average
(Hours) | Failure Time|
Identification| Number
(Hours)
1040
040
i
A
B

Ta

Cc rr

2

D

TT

Standard
Deviation
WA

1220

1220

NA

1560

1531

a1

umn

185

1502%
IC

e |
2
[1w

3

Table 6: Carbon Arc Exposure (Phases 1, 2, and 4) Average Time to Failure (Continued)
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Table 6: Carbon Arc Exposure (Phases 1, 2, and 4) AverageTimeto Failure (Continued)

Sample
Identification

Replication |Failure Time|_ Average
Number

(Hours)
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1%]
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ow
sw
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1

140

Tw140]
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15

Failure Time
(Hours)

Standard
Deviation

“Table 6: Carbon Arc Exposure (Phases 1, 2, and 4) Average Time to Failure (Continued)

Sample

Replication | Failure Time|_ Average

Identification

(Hours)

Number

sw
rw
sw

Failure Time
(Hours)

Standard
Deviation
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Figure 1: Three-Piece Moisture Barrier Ensembles CarbonArcExposure (Phases 1,2, &4)
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Figure 2: Single Layer Moisture Barriers Carbon Arc Exposure (Phases 1.2, & 4)
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Phase Five: Continuationof Natural Sunlight Exposure
During the natural sunlight exposure phaseof Newsome's esearch (phase three),
single layer moisture barriers and three-piece ensembles were exposed to natural sunlight
at Q-Labs in Florida foaperiod offourteen weeks. The results are reported in
Newsome’s 2000 thesis.
“The purpose of phase five sunlight testing was to continue the exposure of
samples up to thirty-five weeks. Assessmentsof performance were made after weeks 14
through 19, 21,23, 25,27, 29, 31, 33, and 35 forthe majority of moisture barrier
samples. For samples G, L, M, and Y where failures occurred after cach week of
observations the testingwas stopped at week 15
n

‘The samples were divided into two groups, 2.and 3. Group 2 samples were threeofthese samples
piece ensembles, which were pre-conditionedprior to exposure. Half
were exposed with the thermal liner facing the light source andhalf were exposed with
the outer shell facing the light source. Group 3 were single layer moisture barriers. The
table below describes the orientationofthe sample to the light source, and whether it was.
a single layeror athree-piece ensemble.
Table 7: Sample Orientation to Natural Sunlight (Phase 5)
Group

Sample

Fabric Exposed to Natural | Fabric Directly

Exposed to Light
Sunlight
Identification | Identification
}
Source
2
BP,
“Threepiece ensemble
RT, | including outer shell, moisture| Thermal Barrier
And V
barrier and thermal barrier
Outer Shell
“Three-piece ensemble
N,0
2
QS, | including outer shell, moisture
AU
barrier and thermal barrier
EF, | Single layer moisture barrier*| Film side facing the
3
light source
GL,
M And Y
~
* These samples were pre-conditioned according to the NFPA 1971 guidelines.
The samples exposed to natural sunlight were not subjectedto a laboratory flexing
treatment, but they wer examined under both the stereo and compound microscopes and
tested for failure using the Hydrostatic Water Test. All sunlight-exposed samples were
testedwiththe film side up, and the substrate facing the water source for the Hydrostatic
Water Test. The orientationofthe film in the hydrostatic water test differs from the
Carbon Arc and Xenon Arc exposed samplesthatwere tested with the film side facing
the water source.
13

Phase Five Results

Group 2. After fourteen weeksofnatural sunlight exposure the microscopic:
changes in the samples were visual changes, primarily changes in color. There were no
failures in the water penetration tests. As exposure continued, the visual changes
included the formationofcracks and/or craters, changes in texture, and some

delaminating ofthe film from the substrate. Table 8 summarizes failures seen in this

group from weeks 15 through week 35.
“Table 8: Natural Sunlight Exposure (Phase 5) Time to Failure for Three-Piece
Ensembles Weeks 15-35

Identification _| observation Weeks
35

35

WEEK 17

Visible cracks, red

WEEK 31
WEEK 35

shading, dimples
and craters.

Cracks forming,

no holes, dirt and

35
T

WEEK 25

‘Extremely dirty,

WEEKS 29-35

visible cracks and

holes in film

Se EE

35

Craters, dirt and
dimples

a
ES

craters and dirt
Cracks forming,
craters and

35

None

Dimples, craters,
and cracks

U

forming

35

Extremely brittle,
brown shading,
craters and

mesa]

|Delaminating|
Nome
[3s]

19

Ofthese three-piece ensembles only two moisture barriers failed. Both samples
B and R were three-piece ensembles with a urethane film on an E-89 substrate, which
were exposed with the thermal liner facing the light source. No other failures occurred
during this phase oftesting.
Overall, visual observationsofthe moisture barriers were similarto the
observations in the Carbon Arc Phase
oftesting. Samples had craters and minor cracks
(orwere forming cracks). The major visual difference was dirt; some samples were
extremely dirty and even had dirt or mud imprint patterns from the quilted thermal ner.
See Appendix B for further microscopic observations from each sample in his group.
Group 3. The samples in this group were all single layer moisture barriers with
the film side exposed to the sunlight source. Inweeksone through fourteen several
failures occurred in this group, and all ofthe samples had failures in weeks 15-35. Only
two samples (E and F) were tested for the full 35 weeks. Neither sample failed repeatedly
during the first fourteen weeks and therefore was observed longer than other single layer
samples. The remaining samples were only tested through week 18 due to the severity of
the failures. The majorityofthese samples had flaking and de-lamination and there was
10 need to continue hydrostatic water testing. Table 9 summarizes the results for these:
single layer moisture barriers in weeks 14 through 35.

20

Table 9: Natural Sunlight Exposure Time to Failure for Single Layer Moisture Barriers —
Weeks 14-35

rere

Identification | Observation Weeks

Come

Week 15
Complete
Week 19-35
delaminating
_
of film from substrate.
Week 15
Complete
Week 16
delaminating
Week 21-35 | of film from substrate.
Cracks and craters
G
Weeks 15-18 | Extreme cracks, film
flaking almost
completelyoffof
substrate.
L
Wecks 16-18
Delaminating,
holes and cracks
Weeks15-18 | Severecracks. |
SoM i
Y
Weeks 15-18 | Extreme cracks, film
flaking almost
completelyoffof
substrate.

Inthis phase oftesting, moisture barrier samples experienced delaminatingofthe
film from the substrate. In comparison, during the Carbon Arc testing delaminating of
thefilm did not occur. See Appendix B for microscopic observation for the samples in
this group.
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Figure 3: Natural Sunlight Exposure Failure Times Single Layer Moisture Barriers
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Phase Six: Xenon Arc Exposure.
‘The sixth phaseofthis research was conducted to evaluate the Xenon Arc Light

Source and to compare the results to those from the Carbon Arc. According to Collier
and Epps (1999), The Xenon Arc Weather-Ometer is more widely used than the Carbon

Are, and can be cooled by watero air. According to Merkel (1991, “Xenon Arc lamps
‘have been found to produce spectral energy distributions very much like that of

sunlight.... Xenon Are exposure equipment produces light fastness results that correlated
better with daylight than the Carbon Arc equipment” (p. 276).

“The moisture barrier samples ere exposed in twenty-hour increments, and tested
for failures using the Hydrostatic Water Test after cach exposure period. Microscopic

2

observations were made after each exposure and sampleswereexposed to flexing
treatments following the same procedure used in the Carbon Ar testing phase.
Moisture barriers were exposed to the Xenon Are light source as three-piece.
ensembles (samples B, C, and D) and single layer moisture barriers. Conditions for
testing were identical to thoseofthe Carbon Arc phaseoftesting. One replicationofeach
three-piece ensemble and multiple replicationsof single layer samples were exposed.
The numberofreplications per moisture barrier sample depended on the variabilityof the
data
Phase Six Results
Moisture barriers from three-piece ensembles (samples B, C, and D) fled within
a shorter lengthoftime than the three-piece ensemble (B, C, and D) in the Carbon Arc.
See table 12 for a comparisonofCarbon Arc failure times to Xenon Arc failure times for
three-piece moisture barrier ensembles. Microscopic observations were similar to those
recorded for Carbon Arc testing. Craters, wrinkles, dimples, and small cracks were
observed under the stereo and compound microscopes. A color change in the film similar
to the color change in the CarbonArcwas also observed. As exposure time increased the
original dark gray faded to light gray then to light blue. All three samples failed when a
distinct crack or hole began to leak water. Appendix C reports individual microscopic
observations for each sample

2

Table 10: Xenon Arc Exposure (Phase 6) Time to Failure for Three-Piece Ensembles
‘Sample Identification | Replication
Number
1
B
i
C
Bi

Failure Time (Hours)
1140
1180

yee

Single layer moisture barriers G, M, F, E, J, and Lwere exposed to the Xenon Arc
light source utilizing the same procedures and conditions as those used for the Carbon
Are phasesof the research. Table 11 describes failure times for these samples.
For the majorityof moisture barriers, failures in the Xenon Arc occurred faster
than for the Carbon Arc, with the exception ofJ and L. On average, samples G and M
failed in abouthalfof the time required for a Carbon Arc failure. Samples J and L,
however, took nearly twice as long to fail in the Xenon Arc as in the Carbon Arc.
Microscopic observationsof the moisture barriers were similar to those made
during Carbon Ar testing; fading, dimples, wrinkles, craters, and cracks were observed.
Failures were similar to Carbon Arc as well, with the majorityofthe samples failing with
a crack or hole in the film, and sample L failing with water seeping throughout the film.
See Appendix C for microscopic observations. All outliers were discardedas a result of
the test for determining extreme values.

2%

Table 11: Xenon Arc Exposure (Phase 6) Exposure Time to Failure-Single Layer
Moisture Barriers

Time (Hours) _
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Conclusions
“The purposeof this research was to further examine failure of the moisture barrier
layerofthe firefighter turnout gear. Specifically, this research continued the work done
by Newsome, 2000, to further investigate the failure ofmoisture barriers with three

different light source exposures.
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In this study, additional replicationsofthree-piece ensembles and single layer
‘moisturebarriers were exposedto the Carbon Arc light source. Adding to the number of
replications reduced the variability within the data.
“This research continued the natural sunlight testing from 14 weeks up to 35
‘weeks, and failures were found in all single layer samples. Sample B, a three-piece
ensemble, failed at weeks 17, 31, and 35, and sample R, also a three-piece ensemble,
failed at weeks 25 and 29-35.
The Xenon Arc light exposure was added to the moisture barrie study. Three
three-piece ensembles and six single layer samples were exposed to a Xenon light source.
Overall, moisture barriers in the three-piece ensembles failed within a shorter time in the
Xenon Are light source than for those in the Carbon Arc light source.
After completing the evaluation ofboth simulated light sources and natural
sunlight exposure, the results were compared to the results from Newsome’s study.
However, comparing the data from natural sunlight exposure to the simulated light source.
is mot realistic. Samples from both Xenon and Carbon Ar instrumental exposures were
‘examined at 20-hour increments, and the light source was cycled on andofffor 20 hours.
Natural sunlight samples were not removed and evaluated after 20-hour increments, but
after each weekofexposure. Also, environmental conditions could not be controlled for
those samples in natural sunlight. Table 12 summarizes the results and the chart in Figure
4 illustrates the comparisons between the three-piece ensembles in the Carbon Arc and
Xenon Arc.

2

Table 12: Xenon Arc and Carbon Arc Three-Piece Ensembles ComparisonofFailure
Times
Sample Identification| Average Failure Time| Average Failure Time Xenon

Carbon Arc

Arc

oo
Tr
mw
we
cm
mw
news
wo|
mo
|
Standard Deviation
2080
ou
Samples A, B, C, and Darethree-piece ensembles with urethane film on E89
substrate. Samples A and Cwere unwashed, while samples B and D were pre-washed
and driedpriorto light source exposure. Overall, failure times for three-piece ensembles
inthe CarbonArcwere 114 hours greater than those for the Xenon. The results ofa 95%
significance test for small samples show that theseresults are not statistically significant,
the estimated standard error is 112.6, and the probability that the average Carbon Arc
failure time isgreater than the average Xenon Arc failure time is greater than 100. The
chart below compares these results.
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Figure 4: Carbon Arc Vs. XenonArcFailure Time ComparisonforThree-Piece
Ensembles
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Single layer moisture barriers E, F, G, H, J, K, L, M, and I can also be compared
according to their average exposure time before failure in the XenonArc versus the
Carbon Arc. Table 13 compares single layer moisture barrier failure times for the Carbon
Arc and Xenon Arc.
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Table 13: Xenon Arc and Carbon Arc Single Layer Samples Comparison of Failure
‘Times.

‘Sample Identification

Average Carbon Arc

‘Average Xenon Arc

Failure Time

Failure Time

;
mm
ewe
ww
140

[x

Cw

20

NA

|

NA

Tw

For the single layer moisture barriers, the data does not appear to follow a pattern.
Samples E, F, G, andM failed at less exposure hours in the Xenon than in the Carbon
Arc, while samples J and L failed at less hoursofexposure in the Carbon Arc than in the
Xenon.
“The samples that failed in the Carbon Arc with fewer hoursofexposure than in
a PTFE film on pajama check
acomposite of
the Xenon (samples E, F, G, and M) were
substrate, PTFE film on E-89 substrate, Urethane film on E-89 substrate, and Urethane

film on Vilene substrate. Samples J and L, which failed at fewer hours in the Carbon Arc
than in the Xenon Arc, included a moisture barrier composedof aUrethane film on E-89
substrate and aPTFE film on Vilene substrate, respectively. Thechart in Figure 5
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Arc versus the
compares the failure times for single layer moisture barriers in the Carbon
Xenon Arc.
Single Layer
Figure 5: Carbon Arc vs. Xenon Arc Failure Time Comparison for
Moisture Barriers
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Corrections
“Therewas a recording error found on page 86.of Newsome’s (2000) thesis.

‘Sample C (replication 1) on page 86 was recorded as failing at 1220 hours. The correct
failure time is reported in the bodyofthe thesis on page 45. The correct time is 1300+;
‘the sample did not fail in this phase.
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APPENDIX A
Carbon Arc Observations
Table 1: Sample C
Microscopic and Hydrostatic Water Test Resultsfor Carbon Are Exposure
Replication| Hoursof | Hydrostatic
Exposure | Water Test | Stereo Microscope | Compound Microscope
#
PasyFail
Te3sc
100%
1300
Pass | Extremely blue film, crater| Several small cracks.
1320-360 | Pass
Same as above,
‘Sameas above
1380
Pass
Films thinner
More cracks.
1900-1440 | Pass
Same as above,
‘Sameas above
1560
Failed
Same asabove.
____ Sameas above
2
20
Pass | Lightgmy inexposed area | Cell lke shading
Craters
Craters
2
510-600
Pass
Lighter gay film
‘Same as above
2
620.660
Pass
Sameasabove,
Sameas above,
2
680
Pass
Brite texture
Sameas above
‘White cel like shading
2
00
Pass
Lightergray
Sameas above,
2
720760
Pass
Largeripsinthermal
Sameas above,
Liner
2
780-860
Pass
Sameasabove,
Same as above,
2
850
Pass
‘Dimples,Lightergay
Same as above
2
900-940
Pass
Sameasabove,
Same as above,
2
960
Pass | Red shading, thinner film
Dimples
2
980-1020
Pass
Sameasabove,
Same as above,
2
1040
Pas
Cracks appear
Cracks,Visiblefibers
2
1060-1300 | Pass
Sameasabove
Same
asabove,
2
1320
Pass
Crackssillvisible |Crack notthrough
thefilm
2
1340-1460
Pass
‘Sameasabove
Same
asabove.
2
1380
Pass
Dimples, ed shading
cracks
2
1500
Failed| Smallboloincenter |Sumeasabove
31

2
2
2
2
2
2
2
2
2
2
2
2
2

“Table 2: Sample D
Microscopic and Hydrostatic WaterTest Results for Carbon Are Exposure.
Hoursof | Hydrostatic
Exposure | Water Test | Stereo Microscope | Compound Microscope
Pass/Fail
7x35
100%
Tight luc in exposed area
Craters, wrinkle
Winkles
Pas
20
Same as above,
Same as above,
Pass
540580
‘Same as above
Brite texture, wrinkles
Pass
0
Sameas above
Sameas above,
Pass
620680
cell like shading
Lighterbln, sof lm
Pass
00
70740
Pass
Sameas above,
‘Sameas above
‘Sameas above
Ripsin thermal liner
Pass
760
780-860
Pass
Same as above,
Sameas above,
Same as above,
Pass | Dimples and red shading
880
900-1060
Pass
Sameasabove,
Same
asabove,
1080
Pass | Orange shading, dimples
Same as above,
100-280 | Pass
Sameasabove,
Same
asabove,
1300
Failed
Extremely thin film
Same as above.

32

6
6
6
6
6
6

“Table 3: Sample &
Microscopic and Hydrostatic Water Test Results for Carbon Arc Exposure
Hydrostatic
Water Test| Stereo Microscope | Compound Microscope
PasyFail
7x35
100%
0
Pass | White film, small wrinkles| Cell shading, visible fibers
E)
Pass
Sameasabove,
Same as above,
“
Pass
‘Smallbrowndots
Dimples
60-180
Pass.
Sameasabove,
Same
asabove
0
Failed
Brite, raters
Dimples & erers
Pass | White film, small wrinkles| Cell shading, visible fibers
0
EF
Pass
Slight yellow
Brite texture:
“0
Pass | Dimples, moderate yellow
Fibers visible
60-100
Pass
Sameasabove
Sameasabove
120
Puss
Dimples, craters
Extreme visible fibers
140
Failed
Cracks.
Sameasabove

“Table4: SampleF
Microscopic and Hydrostatic WaterTest Results for Carbon Are Exposure
Hoursof | Hydrostatic
Replication# | Exposure | WaterTest| Stereo Microscope | Compound Microscope
PasyFail
Tx3c
100%
2
Pass
Orangerellow
Cell shading, caters
“0
Pass
DarkOrange.
Sameasabove
0-80
Pass
Sameasabove.
Same
asabove
100
Pass | White film, small wrinkles| Cell shading, visible fibers
120
Failed | Extremely brite, craters| Dimples & craters
140220
Pass
Sameasabove,
Same
asabove
20
Pass
Sameas above,
Wrinkles, craters
260
Failed
Extremely thin film
Sameas above
33
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Table’: SampleG
forCarbonArc Exposure (Continued) __
Microscopic and Hydrostatic WaterTest Results
Film
Wrinkles
Pass
0
0
Exposed area has
8
2
Pass
faded to light blue
Caters
severe wrinkles
8
Wo
Pass
Lighterblue-white
Same as above,
8
Cl
Pass
Dimples and craters
Dimples and
Craters
Lighterblue:
5
50
Pass
Light gray
Heavy craters
‘Wrinkles and caters
8
100
Pass
Sameas above,
Same as above,
8
120
Failed
Heavy dimples
Sof film
ery lig
wrinkles
Grayfilmwith
Fibersnot visible
9
0
Pass
wrinkles
Dark gray film
9
0
Pass
Lightergray
‘Wrinkles and caters
in exposed areas.
9
Wo
Pass
Wrinkles and lighter
Craters and dimples
9
«©
Pass.
Cracksartng
Definite crack
Lighter blue:
not completely through film
9
0
Failed
‘Crack appears lager __| Crackmay be throug film

35

5
5

Table 6: Sample H
Microscopic and Hydrostatic Water Test Results for Carbon Arc Exposure
Hoursof [Hydrostatic Test
Stereo
Compound
Exposure | Pass Fail _| Microscope 7X-35X.
Microscope 100X
Large wrinkles
Wrinkles
2
Pass
Craters
Tiny black craters
Orange/Yellow
Darkerorange
Cel lke shading
n
Pass.
‘Small black lines

5

2

Pass.

‘Small creases
Several iny crater

Same as above,

5
5

@
Bn

Pass
Pass

Darkerorange
More wrinkles
Largeblackmarks

Same as above,
Same
asabove,

5

102

Pass

Sameasabove,

Same
asabove,

5

3)

Pass

Bumpy surface
Very large wrinkles

Fibers more visible

5

12

Pass

Sameas above,

Same as above,

s
5
5
6
6
6
6

Creases more
Pass
Visible
Same as above,
Pass
Sameas above.
Same as above,
Failed:
Brite surface texture
Brite with
ww
Seepingin | Darkerorange color
‘more wrinkles
Severalareas
JR
I
Total
Targe wrinkles
Wrinkles
Evaluation| Pass
Craters
“Tiny black craters
Many craters
2
Pass
Dirt
Rust?Lines
ofreddust
ery large craters
“0
Pass
Brite with wrinkles
‘Same
asabove
60-100
Pass
Sameasabove
‘Same
asabove
162
15

6

120

Pass

Brite
Heavy wrinkles

Yellow in exposed area

6

140

Pass

Heavily cratered

6

160

Pass

Extremely bite
Very wrinkled
Sameasabove.
36

‘Same
asabove

Table 6: Sample
H
Microscopic and Hydrostatic WaterTest Results for Carbon Are Exposure (Continue
180

Pass

200220

Pass

20

Pass

260
280

Pass
Failed

Dimples
Very bre
Sameas above

Same as above,

Morecraters
Very yellow
Sameas above.
cavy dimples

Wrinkles
Dimples
Same as above,
Cracks

37

Dist raters

‘Table7:Sample L
Microscopic and Hydrostatic Water Test Results for Carbon Arc Exposure
Hours of [Hydrostatic Test)

op
5
5

Stereo

Exposure| Pasw/Fail | Microscope 7X-35X
Large wrinkles
Craters
Pass
2
OrangefYellow
Red spot (cel lke)
OrangelYellow
Pass
2

Microscope 100X
Wrinkles
Black craters
Wiinkles
“Tiny black craters
Red craters
‘Same as above

5

nw

Pass

s
5

102
22

Pass
Pass

Samcas above,
Brittle surface:
texture
Whitecelllike.
shading

5

02

Pass

Sameas above

‘Sameas above

5

16

Pass

Large black caters
inareas

Same
asabove,

s

182

Pass

‘Sameasabove

Same
asabove,

Brite surface texture
Black smudges

Same as above,

s

02

Pass

5s

m

Pass

s

22262

Pass

5

wm

Failed

3

0

Pass

3

2

Pass

3

wo

6
6

“
E)

Sameas above
‘Sameasabove

Sameasabove,
White Yellow,
Many craters

Same
asabove,

Yellow White shade
‘Small wrinkles
Whit film

Same as above.
Cell shading
Visible fibers/
Orange
Orange wl caters
Visiblefibers

Many craters

Pass

Slightly orange
More wrinkles
Caters
Orange/ Yellow
in exposedareas

Wrinkles
and raters

Pass
Pass

Orange
More craters
Sameasabove,

More craters
White cells
‘Same
asabove
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Table 7:Sample 1
Microscopic and Hydrostatic WaterTest Results for Carbon Arc Esposure (Continued)
asabove
‘Same
Severe Wrinkles
Pass
100
6
Wrinkles,
Cell ike shading.
visible fibers
Pass.
120
6
through film
Surfacebecoming.
Sameas above,
brite
Pass
140
6
6

160

Pass

6

180

Failed

7

0

Pass

7

EY

Pass

7

4080

Pass

7

100

Pass

7

120

Pass

7

140

1

Smal surface
dimples

Wrinkles and
dimples

Same as above,
‘Small wrinkles
White film

Sameasabove
Whitew/ wrinkles
Slightly visible fibers

Same as above,
Orange
Craters
Large winkles
‘Wrinkles on surface
Dimplesonsurface

‘Sameas above
White cell like.
shading,

Pass

Sameasabove,
Orange/Brown
Color

‘Sameasabove
Wrinkles and
bumps

160
0

Failed
Pass

Brite surface
texture
Small wrinkles
‘White film.

Same as above.
White w/ wrinkles
Stightly visible fibers

EY)

Pass

Filmsslightly orange
[Small dimples on surface]

Brown marks
Visible fibers

“0

Pass

60-100

Pass

120
10

Pass
Failed
Pass
Pass

Darker orange
More dimples
More brite
Sameasabove,

Shading
Same
asabove,

Dimples and craters
Same
asabove

Brite,severedimples| Wrinkles
andcraters
Extremely brite
Dimples and
wrinkles
‘Small wrinkles
White w/ wrinkles
White lm
Stighty visible fibers
|Smalldimplesonsurface]
Visiblefibers
39

Table7:Sample L
Test Results for Carbon Are Exposure (Continued)
c
Water
Microscopic and Hydrostati
es
andcaters
‘Dimpl
More dimples
Pass,
Wo
5
e
ve
am
asabo
‘S
Sameasabove,
Pass
60-100
9
Brite,severedimples| Wrinkles and craters
Pass
120
9
Dimplesand
Extremely brite
Failed
140
9
wrinkles

Rep

‘Tables: Sample M
Exposure
Microscopic and Hydrostatic Water Test Results for Carbon Are Comp
ound
Stereo
‘Hours of [Hydrostatic Test
100X.
cope
Micros
Exposure| Pass/ ail__| Microscope esTX-35X.
‘Crates, some longer
Wrinkl
inlenglh
s
crater
black
Smal
Pass
EY
Orange/ Yellow
‘Shade change in areas
Caters
Orange in exposed
shading.
like
Cell
,
craters
arcas and
Pass
2
2

Pass

Darkercolor,
more wrinkles
and craters.

162
18

Pass
Failed
(Water Sesping

Sameasabove,
Same as above

40

‘Sameasabove
mee,
Saasabov
Sameas above,

APPENDIX B
Natural Sunlight Microscopic Observations

Table:WesTestRess
Safes 0 for Natura Sunlight Expose
Microscopic Balution and Hyrostati
Compound100%.
Miccaps
Tdrodate”
Expoure
Microscope
WaterText | Sireo asx
eek
Wesk 14
Puss | Model
brownincor, | OI
Wi whe
asshove
Same
Samasabove
pus
Wesk
Wes 1516
Ps
Sameasshove
Sam
assbove
Sam sabre
Samassbve
ras
Week 17
Sameasabove
assbve
Samimwithsevere
Ps
Wek 18
Whi
.
Crtrsand dil
Snes
ras
Wek 19
Sameasabove
Sam 8sve
Pas
Wea
Weeks
ras
Sam sabve
Samssbove
Week 25

Failed

Week 29

Pass

Wesk27

Weska1
Week 33
Wes 35

Ps

Pass
Pus
pis

No visible To .

Same as above

Sameasabove
Samos ove
Cocks arming,
ot
ompste|
Dimples
ad erin
through film
film, cracks forming
Cocks omg
Sigh Orange
Sameas bove
Same
as sbove
Same as bove
Same
asabove
‘Table 2: Sample P

Microscopic Ealations and Hydrostati WaterTest Ress for Nurs Sunight Exposure
Expomre [Hydrostatic Water] Stren Microxcope | CompoooxMicroscope
asx
Test
Weak
bc imrs
Wek15
pas
Darkbrown incor, |Woven
vielehough
Wrinkle
anim more
Week 16
pas
prominent
Samesabove
Week 17
pas
Samess sbove
Same
asabove
Wek 18
pas
Sams above
Sams above
Wit
fim vith dimples, | Caters
Week 19
pas
Sighbrownshading
anddimples
Week21
Pas
Extencly
diycers | Same
as ove
————————
Wesk3
pas
extremelydiy
Same
as sbove
Wes2s
Pas
Sameas shove
Same
ssabove
Week 27
Pas
Sameas above
Cocksfming
Woek29
Pus | Dincoicnmddinges | Sumeassbove
Cocks orming, mt.
Week 31
Pass
‘Same as above
completely through film
Week 13
Pas
Samosshove
Sams shove
linerimprintonfilm,| Craters,cracksstill
Wesk 3s
pas [Thermal
etemely
fo
a

ree I mmmessaonom
[EE
s
ore
EE
rT
BE [ree
a
a J
orange.

visible through film

Vik 16

Pass

‘Sameas above.

asabove.
‘Same

Week 18

Pass

‘Sameasabove

asabove
‘Same

Week 19

Pass

like shading

p.
Eu
wir
|
EB
Bl | |
"Sa
E
|
E
E L
3
5 EB
EE
2
rad | Vibeonctncitean|
wks

et
gl
EE
ET
==
aE
nd
stoneding
cracks

Terethroughfilm Dak yelon
EETseE canbeseen
rm
— | rE | pe

Exposure

‘Stereo Microscope.

‘Compound Microscope

Week 17

Pass

‘Sameas above

asabove
‘Same

asel¢

Pass.

‘Brittle with larger wrinkles

‘Sameas above

Extremely dirty, no visible

Craters, wrinkles

|r
Em | 2
2 |B | |_|
En
8 or
|N
2
EE
YI
ER
BB EE | ee

Wek19

ras

Bue, overs | Sloman

2

Table 5: Sample S
Microscopic Evaluations and Hydrostatic Water Test Results for Natural Sunlightexposure
[Hydrostatic Water] Stereo Microscope | Compound Microscope.
100X
7X35
Test
Exposure Week
‘Web-likepattemoffibers,
lightareas
Light brown
Pass
Week IS
Week 16

Pass

Week 17
Week 18
Week 19
Week 21
Week23
Week 25
Week27
Week 29
Week31
Week33
Week35

Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass.
Pass

Sameasabove,

asabove,
Same

asabove
Same
Sameasabove,
Winks, darker shade of | More visible fibers through
fim
brown.
White film,dimplesand dark
brownshading,
Nocraters
andfewdimples
asabove
‘Same
Sameasabove.
andcaters
andcraters | Dit, dimples
Heavy dimples
Sameas above,
‘Sameas above
Cracks forming, heavy
Cratersand dit
dimples
Same as above,
Sameas above,
Dimples craters
andcracks| Fibersvisiblethroughfilm
Sameasabove,
Same
asabove,
Sameas above.
Sameas above.

a3

Table 6: Sample T
Microscopic Evaluations and Hydrostatic Water Test Results for Natural Sunlight Exposure
Stereo Microscope
Hydrostatic:
Compound Microscope 100X
7X35
Exposure Week| WaterTest
Web-like pateroffibers, ight
areas
Wrinkdes, light an
Pass
Week 15
Sameas above
Same as above
Pass
Week 16
Week 17
Pass
Sameas above
Same as above
Week 18
Pass
Sameas above.
Sameas above
Dimplesanddirt
anddimples,dirt:
Craters
White fm with wrinkles
Pass
Week 19
Same as above
Extreme dit
Pass
Week 21
asabove
Same
dit
Cres,
Pass
Week 23
Weck 25
Pass
Same asabove
Sameasabove
Same as above:
Same as above
Pass
Week 27
Extremely diy, large craters | Cracks begining to ori
pass
Week 29
‘Cracks forming, but notthrough
Week 31
Pass
Sameas bove
Sm completly
Weck 33
Pass
Sameasabove
Sameas above,
Thermal linc imprincd on film,
Week 35
pass
"dimples
Sameas ove
“Table 7: Sample U
Microscopic Evaluations and Hydrostatic Water Test Results for Natural Sunlight Esposure.
Weis
Wash i¢
Week 17

Pass
Pass
puss

Moderately brown
‘Wrinkles more prominent
Brows, extmey wend,

Bright yellowwithlighterareas
Same as sbove
Same as above

Week 18

Pass

Brown shading

Verydark brownareas

Week 19

Pass

Week21
Week 23
Week 25
Week 27
Week 20
Week 31
Week 33
Week 35

Pass
Pass
Pass
Pass
Pass
Pass
Pass
pass

Stghtybrite,BEMYAlow Bm| piptes
anda few craters

Sameas above
aw, ibstific wit
Sameasabove
‘Yellowand extremely brite
Sameasabove.
Sameasabove
Large craters, and brie
Black dos, shading
a

Sameasabove
Craters and dimples
asabove
Same
Sameasabove
Same
asabove:
asabove:
Same
Sameas above
Extremely brite

A
[Ea

Exposure Week | ager Test

ate

TX35X

100X

sx

Pass

Moderately brown

Yellow withlighter arcas.

Weskte

Pass

Brittle.

‘Same as above.

Week 17

Pass

‘Sameas above.

asabove:
Same

lr]
|
won
ekas | ae

an | re

mm
TU
EEE
| Groningen, ay| Ces Vo
[gt| pane

Ee
] R2
v2A
=
|
.
F
me Ee
=
—

SRT

‘Stereo Microscope

‘Compound Microscope

pass

imprint on film

through film

Wedk16

Pass

‘Sameasabove

Yellow-whiteshading.

Week 17

Pass.

‘Sameasabove:

asabove.
‘Same

Week 18

Pass.

‘Same asabove.

asabove.
‘Same

a5

“Tobie To Sample E
icroscopic Evaluations and Hydrostatic Water Test Result for Natural Sunlight Exposure
00x
XIX
Water Test
rangewilh
Dark
Wek 15
pil edand
Brown enters
Failed
Same as above
as above
Same
Pas
Week 16
Same as above
Brown shading (8)
Pass
Week 17
asabove
Same
Sameasshove
Pass
Week 18

pe

Weis | ried | Wcnmvindmpes | Homesite

Week21

Failed

Weck 25
Weck 27
Week 29
Week 31
Week 33
Weck 35

Failed
Failed
Failed
Failed
Failed
Failed

I

Very dimpled

No visits racks, many

Completedelaminatingof
Sa im,
Sameas above
Samos shove
Sameas above
Sameassbove
“Tearsinfim

as above
Same a
Same as above
Same as above
Sameasabove
asabove
Same
Many hols, ripped im

pemingortin | Seen vie

“Table 11 Sample ¥
Exposure
Microscopie Evaluations and Hydrostatic Water Test Results for Natural Sunlight Microscope
“Compound
Stereo Micruscope
——
100%
735K
|
JURY
empower|
rom
ir
Delamimating
Wek 5
Failed
bettedark brown
Cie
Same as above
Sameas above
Failed
Week 16
asabove
Same
Sameas above
Pass
esse
Week 18
Orange fibersmarevisible
Callike shading
noe
Pass
Demingoffim,
Slight craters, novisible
cracks
White with orange shading
puss
hikid
Same as above
Delamination, dir, craters
Failed
Wek21
Same a bove
a above
Same
Failed
Week 23
a sbove
Same
Samea above
Failed
Week 25
Same a above
Samos shove
Failed
Week 27
Complete de-famirationof fim
andcracks
visileholesand| Vibe oles
Failed | from Subtsc,orks
Week 29
Same as above
Sameas above
Failed
Week 31
Same as above
Same as above
Failed
Vick 33
Same as above
Same as above
Failed
Vik 35
4

Table 17: Sample G
Microscopic Evaluations and Hydrostatic WaterTest Results for Natural Sunlight Exposure.
Hydrostatic
Stereo Microscope
‘Compound Microscope
Exposure Week| Water Test
TXISX
100X
XE
Failed
Large cracks, flaking
More cracking.
fiResue
Failed
‘Sameas above
Sameas above.
Wok
Failed
Extreme faking.
Same as above,
Week 18
wie
Film almost completely flaked| Mostly fibers from
substrate, film almost go
off
“Table 13: Sample
Microscopie Evaluations and Hydrostatic WaterTestResults for Natural Sunlight Exposure.
Exposure | Hydrostatic
Stereo Microscope
‘Compound Microscope
Week
‘WaterTest
TX3X
100X
VW
Pass
‘Smal grocnstains
‘Greenstains, blackcraters
West
Failed
No stains, wrinkles, brite
Visible substrate fibers
Wasi
Failed
Large wrinkles, delaminating
Same as above
Wosss
Failed
Holes, racks, laminating
Same as above
“Table 14: Sample Ml
Microscopic Evaluations and Hydrostatic WaterTest Results for Natural Sunlight Exposure
Hydrostatic
Stereo Microscope
‘Compound Microscope
Water Test
XIX
100%
hold
Failed
Darkeryellow
More cracking
Week 16
Failed
More cracking,
More cracking.
Extreme Yellow
Larger cracks
West 13
Failed
Cracking
Same as above
Fake 1
Failed
Same as above,
Same as above

a7

Table 5: Sample¥
Microscopic Evaluations
andHydrostatic WaterTestResultsfor Natural Sunlight Exposure
Exposure | Hydrostatic
StereoMicroscope
Compound100x
Microscope
Week|
WaterTest
XIX
Wek 13
Failed
More fling
Moreflaking
Faskre
Failed
Film etrnmely faking
More raking aking
Wok 17
Failed
Sumeas above
Same
asabove
wit
Fiber xtrmelyvisite,
Failed |Filmalmostcompletely
flakedoff | fl hasalmostcompletly
fakedoff
“Table 16: Sumple
Microscopic Evaluationsand Hydrostatic Water Tet ©Results for Natural Sunlight Exposure
Exposure | Hydrostatic
Stereo Microscope
‘Compound Microscope
Week | WaterTest
XIX
00x
Ween
pass | Yellow bors vil through film,| Webvlike yellow bers,
wines
winkies
aki
Pass
More iste bers
Same
asabove
Week 17
Pass
Sameas above
Same
asabove
Wakss
Pass
Sameas above
Same
asabove
Yellowen
bes viii through
Week 19
pass
et film, Novisiblecratersorcracks
Wesk21
Puss
Sameas above
Same
asabove
Week 23
Pass
Sameas above
Cratersan smallwrinkles:
Week2s
Pass
Stain, wrinkles and dimples |Craters, sll winks
Week27
Pass
Sameassbove
Sameasabove
_pus | Lage wie sible rough|
ve
Cracksforming,
fiers
Week31
Pass
Dirtandcaters
tngfon
Week 33
Pass
Sameasabove
Same
asabove
Week 35
Pass | Films soft, beginning o delaminate| Sameas above
“Table
7:Sample X
Microscopic Evaluations
and Hydrosatic WaterTestResults forNatural Sunlight Exposure
Stereo Microscope,
Compound Microscope
XIX
00x
Week 15
—
"
Fibers
sight
vse
Pas
Whit lm,smallwine
FECRAS
Week 16
Pass
Sunesabove
Some
tiny craters
Wet?
Pass
Sameasabove
Same
asabove
Week 18
Fibersbcoming
more
Pass
More wrinkles
os Svsoulog an
a

APPENDIX
C

Xenon Arc Microscopic Observations
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Visiblecracks
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| Cracksbeginningtoform

Cracks nearlythroughfilm|
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620

Pass.

Light gray/blue with red

51

Craters and dimples.

Table 4:Sample G.
WaterTest Results forXenonExposure ____
Microscopic and Hydrostatic
Compound
Stereo
‘Replication|Hoursof| Hydrostatic
10x
Microscope
Tsc35x
Microscope
Exposure| Pass/Fail
dimples
craters,
No
Gray film
Initial
or cracks
wrinkles
with
[Evalustion| Pass
Heavily craters and
Extremely faded.
Pass
Ed
dimpled
in exposed area
‘Small cracks
Extremely faded
Pass
“0
white-blue.
Small cracks
Extremely yellow,
Failed
«
dimples and craters
nial
‘Smooth fabric surface
Gray with wrinkles
|Bualuation| Pass
2
2

2

Pass

Exposed area is
extremely faded

Craters in center

2

)

Failed

3

Tuital
[valuation]

Pass

3

2

Pass.

3

“©

Pass

Extremely faded
Gaay film
with wrinkles
Extremely faded
in exposed area
Fadedwithcraters

Severe craters and
dimples
‘Smooth gray
surface texture
Heavily cratered and.
dimpled
anddimples
Cracks

3

)

Failed

Same as above

Small cracks
dimples and crates
No visible raters,
dimples or cracks,

ntl
[Evaluation]

Pass

2

Pass

“©
&

Pass
Failed

Gray fim
with wrinkles
Lighterblue/ white
in exposed areas
Yellowwithwrinkles
Extremely yellow,

nial
[Evaluation]

Pass

Gray fim
with wrinkles

2

Pass

Light blue
incxposed areas
52

Dimples
asabove,
Same
Dirtand craters
"Novisible craters,
dimplesor cracks
Dimples

Microscopic and Hydrosta ic
Pass
Wo
Pass
“
Pass
[)

5
5
5
5

100

pass

s

0

Pass

Tnital
6 | Balaton | Pass
Pass
2
6

Table 4:Sample G
WaterTestResults forXenon Exposure (Continued
anddimples
‘Craters
Lighter blue
Same as above,
Large craters
Wrinklesand craters
Sameas above,
Water secping through
sim
Gray film
with wrinkles

asabove
‘Same
Same as above,
Several caters and
dim
No visible craters,
dimplesor cracks

Light blue
in exposed areas.

‘Wrinkles and caters
Craters and dimples
Severe craters
andwrinkles.
Craters

6

“©

Pass

6

Cc)

Pass

Lighter blue
‘Sameas above

6

5

Failed

Waterseeping

Table 5: Sample M
Microscopicand Hydrastatic WaterTestResults forXenon Exposure.
Compound
Stereo
Hours of| Hydrostatic
Microscope 100x
Microscope Ta-35%
Exposure | Pass/Fail
‘Smooth surface
Extremely wrinkled
Initial
Brite
Evaluation| Pass
Heavilycratered and.
inexposed areas
Yellow
Pass
EY)
dimpled
“©

Pass

Failed
«©
ntl
Evaluation| Pass
Failed
2
ntl
3 | Bualuation|
2
3
3

4

Pass
Pass
Pass.

Extremely brie
Same as above.
Wrinkles with
white film
Yellow inthe
exposed areas
Extremely wrinkled
Whitelycliow film
Brite, yellow
in exposed areas
Briteand Wrinkles
53

Sameasabove,
‘Same as above
No cracks, cates,
or dimples
Stightly
cratered and
dimples
ordimples
"Nocaters
or cracks
anddimples:
Craters
Same as above.

4
4
4
4

Table 5: Sample M
Results for Xenon Exposure (Continued
WaterTest
Hydrostatic
and
Microscopic
andsmall
‘Craters
Moderate yellow
Pass
©
Cracks.
Very brite
Sameas above,
Sameas above,
Pass
8
Sameasabove.
Same as above
Pass.
100
caters or dimples
No
Extremely wrinkled
nial
or cracks
whitclyellow fim
Pass
|Bvalution|
Crates and dimples:
Britelyeliow
Pass
2
in exposed areas.
Sameas above,
Brite and wrinkles:
Pass
“©
@

Pass

4

80-100

Pass

Moderate yellow
Vary bile:
Sameasabove,

4

120

Failed.

Extremely brite

54

Craters and small cracks
Sameasabove,
Cracks and craters
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Pass.

Darkerorange

Largeblackmarks
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“Table 7: Sample
forXenon
Results
WaterTest
Microscopic and Hydrostatic
Yellow
Pass
20
2
in exposed areas.
Wrinkles, fibers
Pass
wo
2
Visible through lm
2
2

)
50

Pass
Pass

2

100

2
2

10
140

Pass
Pass
Pass

2

160

Pass

Pass
130
Pass
m0
nial
| Evaluation | Pass

2
2
3
3
3

0
“0

Pass
Pass

3

«©

Pass

3
3
3
3
3
4

Pass
®
100120 | Puss
Pass
140
160200 | Pass
20 | Failed
nial
| Pass
Evaluation
|

4

EF)

Pass

4

“©

Pass

Exposure (Continued)
‘Slight orange shading.
Shading, craters

Same as above
Largecraters
Same as above,
Sameasabove
Cracks forming

Same as above,
Craters and wrinkles

Sameas above
Same asabove,
‘Wrinkles, largecraters
‘White film with
severe wrinkles

‘Sameasabove
asabove,
Same

Same as above
Sameas above,
Same as above
Dimples, yellow shading
Sameasabove
Cracks forming
Same as above,
Cracks forming
Whitefilm with
severewrinkles
anddimples
‘Some craters
Winkle, fibers
Visible through film
57

Same as above,
asabove,
Same
Dimples

Brite texture.
Cell shading,
aevisible through
Fibers
fim
Same as above,
asabove,
Same
Sameas above,
Cratersandwrinkles.
Same as above
Dimples
‘Sameas above
Cracksfor
Cell shading,
fibers ar visible through
fim
Slight orange shading.
Shading, caters

Table 7: Sample F
Test Results for Xenon Exposure (Continued)
ticWater
rosta
andHyd
copic
Micros
Same as above,
‘Sameas above
© | Pas
s
er
nkles
andwri
Crat
Largecraters,wrinkles:
Pass
)
Sameasabove
Sameasabove
100120| Pass
Dimples
Cracks forming.
uo | pass
Heavily dimpled
Cracks forming
160 | Pass
Cell shading,
White film vith
Tnitial
ble through
ers
arevisi
fib
severe wrinkles
[Evaluation] Pass
5
film
Stightcraters, dimples
Yellow film with dimples
0 | Pas
5
wrinkles
5
5
5

0140| Pass
160180| Pass
200 | Failed

‘Sameas above
Same as above,
Holes in center

E

‘Sameas above
Same as above,
ge holes

Table8: Sample
Exposur e.
Microscopicand Hydrostatic WaferTestResultsfor Xenon
Compound
Stereo
‘Hours of [Hydrostatid
Microscope 100%
7x:35x
Microscope
|
Pass/Fail
Exposure]
Initial
‘Smooth surface.
Wrinkles
[Evaluation] Pass
Yellow film
andwrinkles
Dimples
2 | Pas | Exemeyeliow
Sameas above,
40 | Failed | Extreme yellow
Bitte

1
1
1
2
2
2
2
2
2
2
3

nial
Evaluation]

Pass

Slight brite
Yellow film

0 | Pass | Extremeycliow
‘White shading
wo | pas
brite texture
o | pas
80 |
00 |
120 |
Tital
Evaluation]

Pas
pas

2 | Pus
40 | Puss

3

60 | Failed
nial
Evaluation) Pass

Crates and dimples
Wrinkles

Fibers are
visible:

Briteand yellow

Same as above,
White shading

‘Sameas above
Thin areas
Dimples,thinareas

Failed | Cracksforming
Yellow film
Pass
wrinkles

3
3

Smooth surface.

Same as above
Britetexture
Wrinkles

Brite
Yellow film
wrinkles
20 | Pass | Yellowfilm,wrinkles|
Brite texture
FON
‘Wrinkles
0 | railed | sameasabove
59

andwrinkles
Dimples
Sameas above,
White shading
Cracks forming
andwrinkles
‘Dimples
Slight craters, dimples
‘White shading
asabove.
Same

Table 9: Sample L
Microscopic and Hydrostatic WaterTest Results for Xenon Exposure.
Compound
Stereo
Replication | Hours of [Hydrostatic
cope 100x
Micros
Ts-3x
Esposure| PasyFail| Microscope
Initial
‘White,withsome.
White film, small
[Evaluation] Pass
1
dimples
wiinkles
Orange fibers, craters
Fiber visible on
Pass
2
1
and dimples
e
film surfac
Wiinklesand dimples
Orangeinexposed
Pass
“©
1
area
Same as above,
Same as above
Pass
©
1
Craters and dimples
Darker orange
Pass
0
1
Fibers more visible
amee
‘Sasabov
Sameasabove,
100-140| Pass
1
1

160 | Pass

Stight brite

Dimples and fibers
visible

1

180220| Pass
u0 | pas

Sameas above,
White lm rub-off

Same as above,
Fibers extremely
visible:

260360| Pass
0 | Pas

‘Sameas above
Large wrinkles

Same as above,
Extreme orange
dimples

1
1
1
1
1
3

Sameasabove:
400440| Pass
460 | Failed | Watersecpingtrough
film
nial
‘White film, small
[Evaluation] Pass
wrinkles

me,
Saasabove
Filmrub-of,fibers
visible

Pass

Fiber visible on
film surface
Orangeinexposed

White, with some
dimples
Craters
and dimples
les
anddimpes
Wrinkl

Pass
Pass

Sameasabove
Darkerorang

Same as above,
anddinusples
Crater

3

20

Pass

3

“

3
3

I)
0

60

Table 9: Sample L
Test Results for Xenon Exposure (Continue)
Water
Hydrostatic
‘Microscopic and
asabove,
Same
Sameasabove,
100-160| Pass
3
andfibers
‘Dimples
Darkerorange
mo | Pass
3
visible
3
3
3
3

00 | pass
u0 | Pass

Dimples

Fill rub-off

Film rbot, orange
‘Sameasabove

Large dimples, fibers
visible:
asabove,
Same

260300| Pas
320 | Failed | Watersceping through
film
Tnital
White film, small
[Evaluation| Pass.
wrinkles
Fiber visible on
Pass
2
film surface

Dimples, craters
White, with some
dimples
Dimples
Sameas above,

Pass

Orangeinexposed
area
Fibersmore visible

80020| Pass
wo | Pas

‘Sameas above
Dimples, orange.

Same as above,
Wrinkles and caters

160-180| Pass,
20 | pass

Sameasabove,
Fibersmorevisible
Whiteflr rub-off

asabove
‘Same
Film rub-ofl

“

Pass

0

2 | pas
240280| Pass

Sameasabove,
300 | Pass | Fibers cxemely visible

320360| Pass
30 | Pass

asabove,
Same

Fibers visible
asabove
Same
Extreme orang,
Dimples

‘Sameas above

Same as above,

Cracks forming.

Film rub-off, bers
visible

Same as above
400-440| Pass
460 | Failed |Water seeping through film
61

‘Sameas above
asabove.
Same
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Evaluation of Moisture

Barrier Fabrics

NFPA Durability Task Group
University of Kentucky
Textile Testing Lab
December 5, 2002

Objectives
1. To replicate light damage to
moisture barrier fabrics using a
Xenon Fade-Ometer following the
guidelines and procedures
developed by the NFPA Durability
Task Force.
2. To determine approximate failure
times for moisture barriers in an
attempt to predict failure times for
developmentof a Moisture Barrier
Durability Standard.

1

Equipment
Ci3000 Xenon Arc Fade-Ometer®
Borosilicate “S”
Borosilicate “S”

+
+

Inner Filter:
Outer Filter:

+
+

(0.65 W/m2)
B0% Relative Humidity
63° C/ 43 ° C Black Panel

+ Irradiance: 340 nm Wavelength

Temperature

Ea

Whe
\

—

2

Sample Preparation
« Single layer moisture barrier
samples.

« Cut samples 5.5” x 5".
« Backed samples with white

cardstock.

+ Fastened samples to holders

with paper clips.

3

Moisture Barriers
Tested
+ Breathtex on E89

« ComfortZone on E89
« Crosstech on Pajama Check
« Proline on E89

4

Pre-conditioning
oned
+ Samples werepreconditi

according to NFPA 1971
guidelines.

_ 2 series of wash/dry cycles
_ 285° Oven Exposure with Pocket.

Test Protocol
tice
ASTM G155 StandardPrac
for Operating Xenon Arc Light
Apparatus for Exposure of Non-

Metallic Materials (2000

edition).

5

Testing Procedures
+ Reviewed results of previous testing
to determine an estimated failure
time for each type of moisture

barrier.
+ In order to conserve moisture
barrier fabric, and determine failure
time more efficiently, samples were
not stopped at 30 hours as
suggested by the task force.
+ Exposure time prior to Suter testing

was based on previous results.

Testing Procedures
« Continuous Xenon light source
exposure.
+ Removed 3 samples for testing.

« Samples were not returned to

the Xenon after Suter testing.

+ Exposed & tested in 5 or 10

hour increments.

6

Testing Procedures
« Exposed samples removed from

Xenon and were conditioned for 4
hours in a dark environment
controlled room @ 66 +/- 2 % RH
and 70 +/- 2°F.
« Suter tested samples with film side

up, for 1 minute at 2 psi.

« Failure was recorded as any leak of
water though the moisture barrier.

A
A

ilWWA

FE

Lp

"

|

7

Breathtex
« Previous testing showed that

Breathtex failures ranged from 40120 hours.

« Initially samples were exposed for
60 hours

— Samples 1-10 Suter tested after 60
hours.

- Samples 11-18 Suter tested after 50
hours.
— Samples 18-28 Suter tested after 30-40
hours.

8

Breathtex Failure
wl

i

i

- 3

;

Sa

Breathtex Failure

5

Breathtex Color Change

Breathtex
60 Hours
Sample# |PASS/FAIL

|. 10 samples were
exposed to the

1

FAIL

2

FAIL

FAL

hours.

:

FALL

fa

+ 9 out of

g
7

PASS
FAIL

3
2

FAR,

Xenon light for 60

9

f 10

samples failed the

Suter test after 60
hours of exposure.

AL
5 [F
L

9

FAI

10

FAIL

10

Breathtex

35 Hours
were tested

PASS

|
FAL
FAIL

after 35 hours.

«2 of the 3
samples

exposed failed

the Suter test

after 36 hours.

Breathtex
40 Hours

| 5hour300s of00 05°
L
TFA
Fam FAS
PASS
Sample #| PASS/ FAIL
ample # |P

FAIL

tested after 40

exposure.

+3ofthes

les failed
samp
he Suter test
after 40 hours.

12

Breathtex
+ 2 out of 3 Breathtex moisture

barrier samples fail the Suter test
after 35 hours.

+ 3 out of 4 Breathtex moisture
barrier samples failed the Suter test
after 40 hours.
« Failure time for Breathtex is 36-40
hours.

ComfortZone
+ Samples were first tested to 60
hours.

removed after
+ Three samples wereion
ed.
60 hours and condit

+ The Xenon was restarted
immediately after the first three
were removed.

13

ComfortZone

+ Exposure was continued for an
additional 10 hours.

les were
« The remaining 7 samp70
hours and
pulled after a total of
conditioned then Suter tested.

ted
« 5 additional samples were tes
continuously for 86 hours. All 6
were conditioned after 85 hours
and then Suter tested.

Failure
ComfortZone
Lo)

PLR

1

ComfortZone
70 Hours
er 70 hours6
Sample# [PASS/ FALL| * Aft
of exposure,
out of 7
FAIL
samples failed
3 [ral
the Suter test.
FAIL

Expsnosuotre time
+ wa
o
|
[pass
ls
continued past
Fa

|

70 hours.

ComfortZone
65 Hours
Five additional
Sample # |PASS/ FAIL | + wer
e tested to 65
hours to estimate

if failure occurs

FAIL

hours.

9

[ral
pat

|

+ All five samples
Failed the Suter

16

ComfortZone
Summary
+ 1 out of 3 samples failed after 60
hours.
« After 65 hours 5 out of 5 samples
failed.
« After 70 hours 6 out of 7 samples
failed.
« Estimated failure time for
ComfortZone is 65 hours.

CrossTech
+ 10 Crosstech samples were

exposed to Xenon light.

«+ Previous testing suggested that

Crosstech would pass suter testing
after 100+ hours of exposure.

« Samples were first tested to 80
hours.

17

CrossTech
80 Hours
were
ple
sam
Sample# [PASS/ FAIL| * 3ran
lys
dom

[+

Pass

[pass

selected.

+ All 3 samples

r
afe
ny
Ros
exposure and

testing after

conditioning.

CrossTech
ly re+ The Xenon was immediate
stared after the first three
samples were pulled.
+ Because all three passed, and
e for
prior knowledge of failure tim
e
Crosstech,a decision was16mad
to continue exposure for alhours
before testing any addition
samples.

18

CrossTech
95 Hours
e limitations
[Sample # [PASS FAIL | + Tim
required that all
remaining samples
[pass
[2
be tested at this
PASS
3

PASS

point.

9

PASS

test after 95 hours.

10

PASS

5

7 samples
[PASS| + 7pasoutsedofthe
Suter

CrossTech
Summary
« Crosstech samples fail after
95+ hours of Xenon light
exposure.
« Any additional testing should

start at 100 hours for
Crosstech samples.

19

Proline
+ 9 Proline samples were
exposed to Xenon light and

Suter tested.

g
« Based on prior results, testin

begin at 20 hours forProline.

Proline Failure

20

Proline FailureTA

3

rpr. d
oo.

Eo
ORliie

%

Proline
20 Hours
Sample # PASS/ FAIL

I

—

4

PASS

1

PASS |

[mss

8

«+ After 20 hours of

exposure, 3 outof

3 samples passed

the suter test.

Started

+ The Xenon was re-

immediately after
samples were
removed for an
additional 5 hours.

2

Proline
25 Hours
# |PASS/ FAIL| * After 25 hours of
Sample
, 2 out of
exposure

3 samples passed

2
5

PASS
PASS

,

the suter test.

FFA] immodiselyre+ The Xenon was
started for an

additional 6 hours.

Proline
30 Hours
#|PASS/ FAIL| * After 30 hours
Sample
or exposure, 3
out of 3
TAIL
3
6

5

FAIL

samples failed

the suter test.
+ Testing was not

continued past
30 hours.

2

Proline
Summary

ested that the
« This testing sugg
e time for Proline is
estimated failur
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