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EXECUTIVE SUMMARY

Fiber-reinforced plymer composites are increadingoeing used ér primary and secordary
structural components in aircraftncineration of composites in postcrash aircraft fires generates
a complex miture of combustion products comprised of gases, ergaapors, and particuka
matter including fibers. There are concerns regarthe health hazards posed to firghting,
investigation, andleanup personnekposed to these combustion products. Thisntgmresents

a literature review onhe potential health hazardwuel to inhalation of carbon fibers and
associated organic compounds redehfrom composites in aircraft fires. hd takicology of
fibersis reviewed and animal studies on inhalatioxididy of carbon fbers are included. Data
derived from earlier studies on the production amysigcal charaterization of fibers are
presented.

The fiber dimensions and total deposition deep into thg tdaermine the inhalation hazard
from fibers. Fibers with diameters smaller thanu® and legths shorter than 8@um are
respirable and can pendtadeep into the lgs. The fiber retention time inside the durs
primarily dependent on the fiber dimensions.bdfs smaller than 1pm long are cleared from
the lurgs by cellular activiy. However, loger fiberssaturate the selftearance mechanism of
the lungs and can lead to pathotm] effects. Animal studies oxgosure to respirable size raw
payaaylonitrile (PAN) and pitch-bsed carbon fibers do not indicate that there are st
adversehealth effects. Studies involving animalspesed to aerosols of composite dust and
carbon fbers from machining and grindj of fiber composites are inconclusive with respect to
pathological effects.

Data from fre tests and crash-sitevastigations suggest thatlgra small fraction of thfibers
released in fires is of respirable size. Howeyvdetailed chemical analysis of organtc vapors
reveded a lhgh number of wic organic compounds that are asstadawith the fibers. Seral

of the orgarg chemicals are lown carcirogens and mutagens in animals. Rertwork is
needed to assess the health implicationsywpfsgnemistic interactions between the chemical and
fibrous combustion products.
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INTRODUCTION.

Aircraft accidents involving fire andxplosion of fiber-reinforcéd composite materials present
unique environmental, sdfge and health hazards. The thiessic health hazasdrom fiber-
reinforced pbymer composites in a chadire situation are the sharp splinters ofpesed
material, the fibrous dust disged by the fire or blast, and the xiz gases generaed durng
burning of the pdymer matrix resin in the fire. With the dramatic in@ean fibe composites in
primary and secondg structural compoents of new commercial transport aircraft, there is
growing concern ammg the aircraft saty and mishap response andmagement commutyi
about the health hazards ofp@sure to airborne carbon fibers rels@in a postcrash fire.

The Boeing 777 shwn in figure 1 illustrates the leel of pdymer composite usage in current
generation transport ¢agay aircraft. The vertical and horizontal tail sections as well as major
wing sections areaw made of taghened carbon ffier-reinforced epoy composite. [1]
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FIGURE 1 ADVANCED COMPGSITES ON BOBNG 777

Response personnel angpesed to hazards posey the fibrous particulates followg a crash
and the subsequent fire from spilled fudh recem years, a number of incidents have been
reported on the irritant andxic effects of fibrous matter and aerosols on perebrespondig

to the crash site. [2-4] Fiigihtess and emergeaty crews involved in postcrascleanup ad
restoration operations havepeessed concerns aboubhdpterm effects from>gposure to carbon
fibers rédeased from burng composites and in the special deéor extinguishing and handig

the incinerated fiber composites. [3-Gjcident reprts vay concerninghe nature and serity

of short- and lnog-term advese effects on the respomgj crews. Rscue and reogery personnel
have sufferediarying degree®f adverse health effects,nging fromeye and skin irritation to
severe respiraty problems. In certain instances, resgenteams equped with enhanced
protective clothmg reprtedy suffered from penetratioby strands of needle-sharp carbon
fibers[4]. Reported effects of ahmnic nature include forced respiration volume, reduced



exercise capability, and a positive histamine challenge test. [7] Histamine is a chemical present
in the body tissue; when released it may cause allergic reactions that lead to respiratory problems
due to the constriction of bronchial capillaries. A definition of the term is provided in the
glossary.

The potential health risks associated with fires involving fiber-reinforced polymer composites
include the fibrous dust and airborne particles released during burning that can be inhaled and
deposited in the deep lung region and the sharp fiber fragments that can penetrate the skin. As
the organic resin burns off, the continuous, reinforcing fibers are exposed to a turbulent,
oxidizing environment that causes them to break up and erode into small microfiber fragments.
The concentration of respirable airborne microfibers increases when the accident involves fire
and impact or explosion. In addition, the toxic chemicals produced from the combustion of the
organic resin may be adsorbed on respirable fibers and enter the respiratory system with acute or
chronic effects.

Another aspect of the potential risk following an aircraft accident is the short-circuiting of
electrical and electronic systems due to the conductive nature of carbon fibers. The airborne
fibers released from burning composites are carried by the fire plume and dispersed downwind in
the atmosphere. Pitch- and polyacrylonitrile (PAN) -based carbon fibers have electrical
resistivities of about 250 and 1800 microhm-cm, respectively, which is on the order of 10
percent of the conductivity of metals. Such a scenario poses potential risk to nearby power
distribution lines, transformers, radar, and electronic equipment.

To date combustion toxicology has focused on the acute and chronic effects of gases produced
by the incomplete combustion of flammable materials inside a compartment. Vapors and gases
vitiate a compartment and at high concentrations cause fatal or incapacitating effects among
occupants. As a result, a number of bench-scale test methods and analytical methodologies have
been developed for evaluating the toxic potency of the combustion products. [8-9] Most test
methods involve analytical testing for a select group of gases and animal studies for inhalation
toxicology. [9] In a recent article, Hall [10] chronicled the evolution of various approaches to
the evaluation of combustion toxicity. Purser [11], Hartzell [12], and Speitel [13] have presented
detailed reviews of the advances in the measurement of smoke toxicity over the past 3 decades.
In contrast, toxicity of aerosols given off in a fire, i.e., the solid component of smoke such
as soot, condensates, and fibers, has received little attention. Some studies have focussed on
the toxicity of soot particles since these are the most common particulate components of
smoke [14, 15]. Soot is formed through aggregation of unburned hydrocarbon resulting from
incomplete combustion of organic materials. The toxicity of soot depends primarily upon the
type and amount of chemical species adsorbed on the surface. Henderson reviewed animal
studies on the chronic and acute toxicity of diesel engine exhaust comprised of low aspect
(length-to-diameter) ratio particulate matter. [14] There is, however, a paucity of information on
the short- and long-term health effects of the high aspect ratio, micron-sized fibers that become
airborne during the burning of fiber-reinforced polymer composites.

This report presents a review of the nature of hazards posed by particulate matter, fibers and
associated chemicals, released from burning composites. In view of the current and projected
use of composites in commercial aircraft, these hazards are of great concern to fire and rescue



personnel, investigators, and cleanup and regoverews at the aircraft crash site.
Characteristics of fibers released fromrriing composites and their size distribution are
described. An werview of seeral animal studies to assess thiealation tuicity of fibers is
presented.

BACKGROUND.

Fiber-reinforced plymer composites areghtweight functional substitutes for metals in civilian
and militay arcraft with a superior strgth-to-waght ratio and corrosion resistance. Fiber
composite structures are 25-gércent lighter than their metallcounterparts. Theigher initial
fabrication and maintenance costs ofypeer composites compared to metals arsebfiy fuel
savings over the lifetime of the aircraftlyy enhanced performance. he processingechnobgy
and design databa for fiber-reinbrced composites has matured to the point whereethe
materials are now beg use extensivey for primary andseconday structuresn commercal
transport and commuter aircraft. [16]

Lower fuel costs braght aboutby lighter-waght structural compments will lead to major
iImprovements in the lifeycle performance of the aircraft. To achieve improved Wee
performance, mamfacturers are xploring increased usef lightweight structural composites in
next-generation commeiral aircraft. [16, 17] Figure 2 shows the slgancrease in these of
fiber-reinforced composite compents since 198y the two hhggest suppliersfcivil transport
airplanes. Theercent structural wght is based on theperatng empy weight of the aircratft.
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FIGURE 2. STRUCTURA WEIGHT (PERCENT) OF BER COMPGITESIN BOEING
(BXXX) AND A IRBUS (AXXX) COMMERCIAL TRANSPORTS

It is aparent that the &bus famiy of products has led the aircraft indugtin the e of fiber
composite structures. The Bogi777 aircraft with a three-folehérease in the structural vght
of composite parts, compared to the previous generation regplaepresents agsificant
advance. Boemestimates that the average structuralghiefraction of poymer composites in



their commercial airplanes will increase from about 7 percent clyrenabout 2Qercent over
the net 15years. [18]

COMPOSITION OF P@QYMER COMPGHITES.

Pdymer structural composites aragineered meerials compriseaf continuous, hig-strength
fibers impregnted with a pbymer matrix to form a reimirced byer (dy), which is subsagenty
bonded together with othéayers umer heat and pressure to form an orthotropic laminate. The
strergth and stiffness of theaminate are determinday the orientation of the fibers with respect
to the loadig direction and their volume fraction in the composite. Faypaal pdymer matrix
composite, fibers comprise about 55-60 volume percertteofaminate with the pgmer resin
being the remainder.

Fibers used for composite reinforcements, in order of incrgasist (lecreasig quantiy), are
high-strength glass, aramid, carbfmaphite, and boron. Haps is the predominant
reinforcement for plymer matrix composites used in aircraft interior applications due to its low
moisture affinty and superior eledtral insulatig and mechanical properties. Other commercial
compositions of glass fiber include S- and R-glassciwloffer improved modulus with Higr
strength and heat and grelachemical resistance respechwe

Carbon and boronbers are premium pricedjdh-performace reinforcement materials used in
military and commercialiecraft primay structures. Continuaicarba fibers are the preferred
material for reinforcement in applications whexesgnificant reduction in wight is needed
along with improved functional performee. Carbon fiberdave densy p = 1850 kg/ms3,
axial Young’'s modulus of elastigi E = 200-400 ®a, and tensile stngth o = 2-7 GPa. These
numbers compare t@ = 7900 kg/m3, E = 200 GPa, and = 0.7 GPa dr steel; and

p = 2700kg/m3, E = 69 GPa, and = 0.3 GRifor aluminum albys. Consequel, the stiffness
and stregth per unit weight {®cific stiffness and strggth) of carbon fibers, obtainetly
dividing the Young’'s modulus and tensile stigth by the densty of the mateial, is about 6 and
30 times the specific strgth and stiffness, respectiye of steel and aluminum. For this reason
alone, carbon fibers areaking nroads into waght-critical applications such as agrase.

Fibers are uskalone or in combination with otherbérs fybrids) in the form of continuous
fiber fabrics, tapes, and tows or as discontinuous padpstrands. Carbon and graphite fibers
are hgh-carbon mierials manufactured in a continuous process from precuibers,
payaaylonitrile (PAN) and pitch. The pcess involves controllegyrolysis at 1000 to 3000°C
of the precursor fier to produce carbon and graphite fibers comgifg3-% and 99 percent
carbon atoms, respectively. [17] ydical carbon fibers used in composite mfacture are
6-8 um in diameter.

Boron fibers consist of a hgsten core onto whichobon trichloride is vapr-deposited drming a
high-strength strand 100-150m in diameter. Borsic filanent is anotherdrm of boron material
that consists of a boron filament coated with silicon carbide. [19]

The two main classes of fymer resins used as the fiber matrix in composites are thermosets and
thermoplastics. Epty resins are the most common thermoset resins in commercial aircraft



applications becae they are relativey tough, easy to pcess, andhave moderate temperature
capabilty. Unfortunaely, epxies are vey flammable and cannte used as matrix materials in
composites for aircraft interior components that must pass strict heageredgaregulations.
Phenolics are the thermoset resin of choice for aircraft interiory dmeause of their low heat
relesse rate. Other thermosetgpdymers in order of decreaginemperature capalwiinclude
cyanate esters, bismaleimides)ymsters, and vilester§l all of which have hgh heat release
rates when trned.

Thermoplastic resins have found limited use as matrix resins in aircraft interior and structural
composites becauséely require gh formng temperatures. hermaly stable agineering
thermoplastics, such as Igetherethdtetone and pgsulfone, ae useal without fiber
reinforcement for molded parts in cabin interiors and as thermoset regihetaus in
commercial and militey applications. [18] The development ofimperformance thermoplastic
resinsystems is an area of evahg research that holds great promiseftdgure applications of
polymer marix composites.

CARBONFIBER TOXICOLOGY.

Extensive studighave been accomplished regaglhealth hazards associated with natural and
man-made mineral fibersish as alsestos and glass. Theigting frameworkof information on
asbestos and glass fibers delineates the contributing faatditser toxicity, which maybe
applied for consideration of carborbdr toxicology. Warheit [20] reviewed the Xiwity of
asbestos, rock wool,berglass, andrganic fbers like aramid and carbon. Asbestasaturdly
occurring mineral, is the most withe studied fber for human health effectdnhalation taicity

of asbestsis primarly attributed to the fiber's dimensions. [20] Other comprehensive reviews
on the health assessmentr@tural andman-made fers can b found in referaces 21-24.
Vu [22] and Hesterberg [24] particulgrdescrbed the health risks from chronic,nfpterm
exposure in the work environment. THBeestudies do not address the health hazafrdslarge
single-dose (acute) exposure due to gaseous and fibrous matter emitted donbustion of
composites.

There are two mayj routes to gposure from ferd] dermal and inhalationlrritation of the skin
andeyes is aypical response to dermatgosure resultig from a reaction to sharp, fragmented
fibers of diameer greaterttan 4-5um. The seerity of the exposure dpends on the fiber size
and stiffness and the irritation is not permanent.

The inhalation hazard from fibers poses the greatest potential Yersadealth effects on
humans and depends on the total dosage andhysecal dimensions of the fibers. Smaller
particles are deposited in the lowergiens of the lugs and chronic toxity is associated with
this type of exposure. For purmes of hazat assessment, fibearedefined as highaspect ratio
particles havig a length-to-diameter ratiol(/D) greater than three. [20] The criteria/D >3
has been ¢sblished as an essential condition fbramic taxicity in studies ohatural and ma:
made mineral fibers. [23]

Numerous studies indicate thadpesure to asbestos can cause pulmofibrosis, lung cancer,
and mesothelioma, a cancer of the pleural cellsdithe lurgs. The toxic effects of fibers are a



consequence of their biophysical properties (dimensions and time of deposition) and the total
ingested dose of fibers. Warheit [21] has summarized the unique toxicological effects induced
by fibers. An important distinction can be made between fibers and chemicals when assessing
the dose-response relationship. In the case of chemicals, the agent itself changes due to
metabolic reactions within body fluids and it is excreted from the body after producing the
pathological response. [25] In contrast, fibers are inert and can be long lasting.

The dose (amount) of fibers deposited in the pulmonary region depends on the fiber density, size,
and shape. Fibers entering the respiratory tract are restricted to those with dimensions capable of
penetrating the tracheobronchial path after traversing through the nose and the upper respiratory
tract. [26-27] The respirability of a fiber is characterized in terms of the aerodynamic diameter
D, which refers to the diameter of an equivalent spherical particle having the same terminal
velocity as the fiber. Fibers with,3x10 um are most likely to penetrate into the gas exchange
region of the pulmonary system. Fibers with diameters smaller tipam &nd lengths <8Qm

fall in the respirable range and can penetrate deep into the lungs. [7, 20]

Figure 3 illustrates the five modes of fiber deposition in the bronchial airways. The airways
region in the human lung consists of a series of branching capillaries called bronchioles that
become progressively smaller. The multiple division of the bronchi greatly increases the total
cross-sectional area of the airways available for fiber deposition. [27] The aerodynamic diameter
governs the mechanism of fiber deposition in the airways. In larger airways, fibers with greater
terminal velocity are deposited by impaction against the inside walls of airways. Impaction
against the airway walls occurs where the fibers cannot overcome their inertial drag and cannot
adjust to changes in the angle and velocity of the airflow. In smaller airways where the airflow
velocity becomes very small, sedimentation is the primary mode of fiber deposition. Lippman
[25] has described three other mechanisms of fiber loading indungsrception, diffusion, and
electrostatic deposition.

Interception

Impaction

Diffusion
Sedimentation

\ <« ElectrostatidDeposition

FIGURE 3. MODES OF FIBER DEPOSITION IN LUNG AIRWAYS



Fibers aligned vertical to the airway flow stream are primarily deposited by interception at each
successive bifurcation. The probability of interception increases when the fiber length is greater
than 10um. The larger airway bifurcations are the primary sites of fiber deposition and lung
cancer in humans. [20] There is a lack of similar evidence for fiber deposition in the alveoli.
However, animal studies have shown that fibers that are small enough to pass through the larger
pulmonary airways are found selectively in the alveoli tissue at the junction of terminal
bronchiole-alveolar duct. [21, 25] Warheit [20] found that the fiber deposition patterns in
various rodent species, through scanning electron microscopy (SEM) analysis of lung sections,
are independent of the fiber nature and shape.

Fiber retention time in the lung depends on the number of fibers, their dimensions, and the
deposition site. There are two modes of fiber clearance from the lung, translocation and
dissolution in lung fluids. [20] Translocation is the migration of intact fibers from their initial
deposition site in the lung to other organ sites. The alveolus is composed of thin walls of
epithelial cells that are very sensitive to foreign matter. Also present are pulmonary alveolar
macrophages. These cells perform an important function called phagocytosis. A pulmonary
self-defense mechanism, phagocytosis involves removal of bacteria, dead cells, and foreign
particles and fibers by ingestion [21, 28]. It has been suggested that particles after ingestion by
the alveolar macrophages are cleared through the lung's peripheral mucociliary drainage
pathways. [20] Hesterberg [24] has given a detailed description of the cellular activity involving
macrophage induced clearance of fibers and particulates.

The removal efficiency is limited by the macrophage diameter (=305 Fibers with length

<10 um are easily cleared by the macrophages. However, macrophage cells cannot completely
phagocytize the longer fibers (~20-gt). The incomplete ingestion of long fibers results in
overloading of alveolar macrophages and the whole fiber clearing process is slowed down. The
impairment of phagocytosis due to partial ingestion kills the macrophage cells, releasing a
mixture of protein-based chemicals into the surrounding lung tissues. Morgan et al., from work
in reference 21, introduced a suspension of glass fibers with an average diametemofahd
random lengths in rat lungs and monitored fiber retention over a 2-year period. It was found that
fiber retention was length dependent. After 1 year, there was only 10 percent retention for fibers
5 um and smaller, and 20 percent retention for fibergurhOlong. The authors also reported
evidence of fiber disintegration and dissolution.

Penetration of fibers in the lung region initiates an inflammatory response called alveolitis. The
lung’s efforts to repair this damage manifests as progressive scarring in the lung walls. This
interstitial scarring effect caused by the deposition of fibrous matter is termed pulmonary
fibrosis, a condition in which scar tissue forms in the connective tissues that support the alveoli
in the lungs. Scarring can be a reaction to a large number of diseases and conditions that lead to
acute to chronic inflammation of lung tissues. The induction of fibrosis retards the process of
fiber clearance resulting in longer fiber retention. This condition when caused by inhalation of
minute asbestos fibers composed of calcium and magnesium silicate is referred to as asbestosis.
Extended chronic exposure to asbestos is known to result in bronchogenic carcinoma or
lung cancer. Epidemiological studies have demonstrated the causal relationship between
asbestos exposure over a period of several years and development of lung cancer and
mesothelioma. [25, 27]



The health hazards caused by inhalation of asbestos are related to critical fiber dimensions, that
is fibers with certain critical diameters and lengths. Table 1 shows the critical fiber dimensions
related to asbestosis, lung cancer, and mesothelioma. For asbestosis, the retention is highest
when fiber length is in the range of 245 and the diameter is between 0.pyA. The upper

limit for the fiber diameter is gim. The risk of lung cancer increases with the presence of a
substantial number of long fibers (>1n). The critical limits of fiber diameter are 0.3 and
0.8um. It is believed that longer fibers (>fun) have more impact on malignancy of the lung

due to their longer retention time. Shorter fibers, i.e.urbare more easily cleared from the

lung due to ingestion by the macrophages and by dissolution in lung fluids. [25]

TABLE 1. CRITICAL FIBER DIMENSIONS FOR ASBESTOS INDUCED DISEASES

Diameter Length
Disease (pm) (pm)
Asbestosis 0.2-2 2-5
Lung cancer 0.3 >10
Mesothelioma <0.1 >5

Asbestos fibers have been implicated as a cause for mesothelioma—cancer of the pleural cells due
to cumulative, long-term exposure over 20-40 years. [25] These cells form the serous membrane
enveloping the lungs. There are 1500-2000 cases of mesothelioma in the United States each
year, mostly associated with occupational exposure with a latency period of 20 to 40 years. [21]
This type of tumor originates as microscopic nodules that grow in size and diffuse through the
pleural walls, invading the chest wall and the lung. The critical fiber dimensions for
mesothelioma are a diameter <Quh and a length of 5-1QAm. The thinner fibers can reach

deep inside the alveoli due to their aerodynamic characteristics and are transported to the pleural
surfaces through penetration of epithelial cell wall. [20, 25]

The fibrous particulates can also carry with them a diverse package of chemical species. Smaller
particles having the highest surface-to-volume ratio pose the greatest danger with respect to the
guantity and effect of adsorbed toxicants. It has been suggested that adsorbed toxicants may
enhance the pathology of inhaled particles. [15] Lippman [25] argues that biophysical
characteristics are important but insufficient indicators of fiber toxicity, and “other physical-
chemical properties that impart biological potential to fibers should be investigated.” For
example in the case of inert fibers such as carbon, the presence of surface contaminants from the
combustion environment might affect fiber retention in the lung.

The asbestos exposure levels in the general industry have been regulated by Occupational Safety
and Health Administration (OSHA). The OSHA [29] standard limits the maximum permissible
exposure concentration to 0.1 fibersdior an 8-hour time-weighted average (TWA). The fiber

is defined as having length xBn and an L/D>3. There are no OSHA standards for synthetic
fibers such as fibrous glass and carbon. The National Institute for Occupational Safety and
Health (NIOSH) [30] recommends that exposure be limited to 3 fibetsfomglass fibers

having a diamete3 um and a lengtk10 um. These guidelines have been developed based on



framework of information on asbestos and glass fibers. In consideration of the health hazards of
carbon fibers, the existing guidelines for these fibers may be applied towards establishing limits
on exposure to carbon fibers.

There is very little published literature on the inhalation toxicology of carbon fibers. A few
studies have been done on the potential health effects related to chronic exposure from carbon
fibers and dusts in the occupational environment. Two conferences [31-32] brought together
experts from the aerospace and composites industries and government agencies to address the
health implications of exposure to carbon fiber-reinforced composites. The primary focus of
these proceedings was the hazards related to exposure from carbon fibers and dusts during the
machining and handling of fiber composites. In reviewing the toxicology research on carbon
fibers, Thomson [33] concluded that animal studies data indicate that there are no long-term
health risks associated with exposure to PAN-based carbon fibers under occupational conditions.
The health effects are limited to temporary irritations of the skin and upper respiratory tract since
exposure is limited to relatively large-diameter fibers (@¥8.

Martin et al. [34] evaluated the potential health effects of dusts generated during the machining
of six carbon fiber-epoxy composites. This was the first animal study to focus on the
cytotoxicological responses caused by mechanically generated aerosol from composites rather
than raw carbon fibers. Characterization of the aerosol revealed very few fibers in the generated
particles; the diameter of which ranged between ghl The mean diameter of the respirable
fraction of nonfibrous particles was 2um. The particles were introduced via intratracheal
injection directly into rat lungs. In vitro studies were also done using rabbit alveolar
macrophages. The assessment of pathological damage was based on several endpoints including
cytotoxicity, phagocytosis, and the presence of certain enzymes and proteins in the lavage fluid.
The results indicated that four of the composite samples showed little toxicity, but two samples
from carbon fiber-epoxy composites cured with an aromatic amine agent were significantly more
toxic than controls. The authors suggested carbon fiber and composite dusts from these amine-
containing composites should be treated with more strict exposure limits as for nuisance dusts,
and further studies with longer-term inhalation exposure were needed to characterize their toxic
effects. These findings are consistent with the carcinogenicity of aromatic amines used as curing
agents, e.g., 4, 4' methylenedianiline (MDA). [35] The Occupational Safety and Health
Administration (OSHA) lists MDA as an animal carcinogen and as a suspect human carcinogen
by any exposure route: ingestion, inhalation, or dermal. [36]

The intratracheal instillation technique for assessing the toxicological response of animals
involves directly injecting a known quantity of fibers into the lungs for short-term screening
studies to measure fiber retention and lung defense mechanisms. In a recent workshop, [37] a
panel of fiber toxicologists concluded that direct intratracheal instillation is an acceptable
alternative to inhalation exposure provided that low fiber doses are used to prevent the clumping
of fibers and saturation of lung cells. Henderson et al. [38] conducted a comparison of the lung
response in rats subjected to inhalation exposure and intratracheal instillation of particles of
known toxicity. The authors concluded that the inflammatory response in the lungs can be
determined using either inhalation exposure or through direct intratracheal instillation. However,
it has been suggested that the nonphysiological manner of introduction of particles in
intratracheal instillation results in an irregular, nonuniform distribution of particles in the target



area. This prevents the normal fiber translocation and clearance mechanisms to play a role in
determining the total fiber deposition in the airways and affects the fiber clearance mechanism
involving alveolar macrophages. Warheit [39] has proposed a short-term inhalation bioassay
technique using rats for the prediction of pulmonary fibrosis in humans.

Kwan [40] characterized the physical size and aerodynamic properties of particulates generated
during laser machining of composites. The particle size analysis did not reveal generation of any
fiber-like particles with L/D>3. The respirable fraction consisted of spherical particles with D

<2 um. Kwan’s study did not include animal testing for toxicity. Chemical analysis of the
sampled particulate matter revealed the presence of adsorbed volatile organic compounds with
aromatic structure. Most of these chemicals were polynuclear aromatic hydrocarbons (PAH).
The NIOSH database of toxic chemical substances describes the toxicological effects of these
PAH species to range from sensory irritation to carcinogenicity. [40]

Table 2 provides a summary of the known studies on inhalation hazard of carbon fibers. In
Owen'’s study, [41] rats were exposed tprnid PAN-based carbon fibers at aerosol concentration

of 40 f/cnt for 6 hr/day, 5 days/week, for up to 4 months. The physiological responses of
animals were monitored for up to 32 weeks. No pulmonary inflammation, lung function
impairment, or fibrosis effects were detected. Thomson [42] tested the respirability of carbon
fibers 3.5um in diameter and 3.5 mm long. The L/D ratio of these PAN-based carbon fibers was
1000. Rats were exposed to fiber concentration of 40, 60, and 80fdfcthr/day for 9 days.

No changes in physiological response were observed after post-exposure periods of 1 and 14
days. Micrographs of lung tissue did not reveal presence of carbon fibers in SEM analysis.
Studies of both Owen [41] and Thomson [42] used carbon fibers with physical dimensions
beyond the respirable range, i.e., fiber diametepm3in the former and length much greater
than 80um. The toxicological significance of these studies is questionable because of the
nonrespirable nature of fibers used.

TABLE 2. SUMMARY OF CARBON FIBER TOXICITY STUDIES

Fiber Parameters Exposure Conditions Post-
D L Conc. hrs/ days/ weeks Exposure

Species (um)  (um) (flem®) day week Recovery Results Reference

Rat 7 20-60 40 6 5 16 32 weeks - No adverse effect on lung functions Owen [41]
- No fibrosis

Rat 35 3500 40-80 1 5 2 1,14 days - No carbon fibers in any tissue Thomson
- No abnormality of pulmonary functions [42]

Rat 3 10-60 40 6 5 16 35, 80 weeks— Some nonfibrous particles in lung tissue Waritz [43]
- No histopathology or abnormal

pulmonary functions
Rat 1-4 NA 50-90 6 5 - 4,12 weeks - Temporary lung inflammation, reversible Warheit

after 10 days [44]
- No histopathological response or fibrosis
of the lung tissue

Waritz [43] conducted an inhalation study on rats exposed to carbon fiber aerosol for 6
hours/day, 5 days a week, for 16 weeks. The carbon fibers were derived from a polyacrylic
instead of a polyacrylonitrile (PAN) precursor. The dose was comprised of fibgqua~+8
diameter, 72 percent of which were 1046® long. This was a single dose study with fiber
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concentration at 20 mgfhf= 40 fibers/cm). The rats wereacificed after 4, 8, 12and 16
weeks of gposure period, and after 35 and 80 weeks of regovBo fibers were found in the
lung tissue. Histopathological euvation did not revealrg fibrosis effects or @y changes in
pulmonay function response.

Warheit [44] conducted a multidose dyuin rats which were »@osed to respirable (1-4m
diameter), gperimental pitch carbon fibersrf1-5 days at concentrations of 50-9®dirs/cni of
air. This stdy was degned to assess thehadation hazards of pitch carborbdrs in work
environment and used a short-term bsagsechniquedevelopedoy the same author [39]. The
effects in terms of histopathological and pulmoneingnges were compared with control rats
exposed to eperimental PAN-based carbon fibers lwén average idmeterof 4.4 um. The
respirable carbon fiberxposure caused only transient, dospetelent, inflammaity response.
The fiber induced inflammation effects vedound resersible wih in 10 days of the exposure.
Consistent wit Waritz, [43] there were nagnificant pulmonay function chages or eulence
of fibrosis in either the pitcher PAN-based carbon fibers. The author concludeak unlike the
silica-based d®stos fibers, pitclvased carbon fibers do not saypulmonay fibrosis.

Based onlte studies reviewed here, it appears thxictty of respirable, raw céon fibers and
composite dust is substanhialdifferent from wel known carcinogenis sud as asbeste and

man-made mineral fibers. hé taxic hazards of carbon fibers and dust rargngicanty lower

compared with thergstalline silica dusts.Luchtel [45] has suggsted that“composite dusts
should be regarded as more hazardous tharotbelled nusance dusts.”

TOXICITY OF COMBUSTION PRODUCTS FROM COMPSITES.

The burnng of fiber composites generatbsat and combustion products that consist of a
complexmixture of gases and visible products of incomplete combustion, collgcteferred to

as smoke. The nature of seeproducts daends upon the composition of the bugmaterial(s)
and the transient theovoxidative conditions during the fire. Smoke composition varies
significanty with the dange in burnng conditions and fire growth rate. Anhya stage of
fire development, the smoke stream contains atune of evolved gses, vapors, and solid
particles. [46-47]

Aerosols constitute the visible component of smoke and are comprise of aggregates of solid
particles adsdred with combustion vapors and gases. Aerosols (inguiithers) are classified

in terms of the pysical nature and size of its components. [48] Airborne particigswidey in

size from submicron to mgmicrons. Smaller particlesagtsuspended in air Iger and due to

their greder surface area are more lketo adsorb kbemical vapors from the smoke. The
physiological effects of humanxposure to fire effilent depends upon the size distribution and
solubility characteristics of the aerosols, which determine the depth of penetration ingfe lun
and the degree of absorption inside thdyb§l5]

The National Aeronautics and Space Administration (NASA) [49] led a government-wide eff

to characterize the carbon fibers emitted from combustion of fiber composites used in aircraft
parts. The initial focus of this stydwas to evaluate environmah hazards due to the
conductive carbon fibers. [49-50t was feared that accidental redeaand dispersal of carbon
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fibers from composites longer than 1 mm could cause shorting or arcing in power distribution
lines and other electrical equipment. A series of large-scale fire tests with composites were
conducted to simulate aircraft fires. One series of tests were conducted by the Naval Weapon
Center (NWC) at China Lake, CA, facility with composites suspended above 15.2 m jet fuel
(JP-5) pool fires. The NWC tests subjected actual aircraft composite parts, a Boeing 737 spoiler
and an F-16 fuselage section, to flames for 4-6 minutes. Collection of fibers released during the
fire tests was achieved through adhesive coated papers 20 x 25 cm located on elevated platforms
0.3 m above ground. However, this sampling procedure was found inadequate due to the low
amounts of single fibers collected. The massive smoke plume that reached a height of ~1000 m
carried the majority of the single fibers away from the test location to distances beyond the
instrumentation limit of 2000 m. Sampling size was also reduced due to difficulties in separating
the fibers from the paper, thus limiting the number of fibers analyzed for size distribution. [51]

Another series of large-scale tests fire tests were conducted at the U.S. Army’s Dugway Proving

Ground, UT. [49, 51] Two of these tests were specifically designed to measure the amount of

carbon fibers released from burning large amounts of composite parts. In these tests, carbon-
epoxy composite parts weighing about 45 kg were burned in 10.7-m-diameter JP-4 jet fuel pool

fires for 20 minutes. The fire-released fibers were collected using an array of filters suspended

inside the smoke plume at a height of 40 m. The filters consisted of stainless steel canisters with
stainless steel mesh to trap the fibers carried in the smoke plume. Complete details of these
large-scale tests and the methodology for collecting the fibers have been reported by Bell. [51]

Collected fiber samples from these tests were analyzed for fiber count and size distribution by
optical and electron microscopy. The results indicated that fibers are released in several forms
ranging from single fibers to hundred-fiber clusters and fragmented pieces of composite
laminate. [52] Single fibers constituted less than 1 percent of the carbon fiber mass initially
present in the composite. The tests indicated that under certain conditions involving thin
composites with turbulence (e.g., air blast or explosion) the total number of single fibers released
from burning composite parts increased significantly. Based on the original carbon fiber mass, a
threefold increase in the total mass of collected single fibers was noted under turbulent fire
conditions. [49, 51] Microscopic analysis of the fiber size distribution revealed an average
length of 2-3 mm. An important finding was that over 70 percent of the fibers collected from
burn tests were smaller than one millimeter. The proportion of fibers smaller than 1 mm
increased to 98 percent in tests involving both fire and explosion. Since only 2 percent of the
fibers generated were longer than 1 mm, it was concluded that the release of carbon fibers from
an aircraft crash fire does not pose a significant threat to electrical and electronic equipment in
the vicinity.

Microscopic fiber analysis revealed that fiber diameter was significantly reduced in the fire due
to fiber oxidation and fibrillation. Figure 4 shows the frequency distribution of fiber diameters
collected in a burn test versus the original carbon fibers.

The collected fibers had a mean diameter in the range gim.2ersus 7um for the virgin

fibers. [51] At extreme flame temperatures (>800and under oxygen-rich test conditions,
large amounts of fibers were completely consumed through oxidation. The overall fiber
diameter is reduced drastically inside the flame after the fibers are released from the composite.
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FIGURE 4. COMPARISON OF FIBER DIAMETER DISTRIBUTION OF ORIGINAL
CARBON FIBERS WITH THOSE COLLECTED IN THE BURN TEST

Since incineration of fiber composites generates micron-sized fibers that can be inhaled and lead
to potential health hazards, further efforts were devoted towards the physical characterization of
these fibers using scanning electron microscopy (SEM).

Seibert [7] summarized the results of SEM analysis for respirable fibers (diameter, 4&hgth

<80 pm) which constituted less than 24 percent of the total fibers released from burning
composites. The respirable fibers had an average diameter pmla&hd were 3Qum long.

Overall, the fiber size spectrum ranged fren@.5 to 5um in diameter. Further studies were
undertaken to quantify the respirable fiber concentrations and to determine the potential exposure
levels. One approach was based on theoretical predictions derived from fiber release data
obtained in laboratory and larger-scale jet fuel fire tests using a passive sampling technique.
Sussholz [52] estimated that an aircraft fire involving fiber composites would releas€ 5x10
respirable fibers per kilogram of the total carbon fibers released (or five percent by weight). This
quantity corresponds to an estimated peak exposure of 5 fib&msittman upper limit exposure
estimated at about 320 fibers/femwithin the smoke plume. This exposure is about 1/10th of
the OSHA-permitted [29] maximum exposure level of 3000 fibers! per 8-hour day for
asbestos fibers.

A second approach entailed measurement of fiber concentration via direct sampling of fibers
from the smoke plume in large-scale tests conducted at Dugway Proving Grounds, as described
earlier. All fibers with an L/D ratio greater than 3 were counted and fiber concentrations were
determined for the 20-minute burn time. The results indicated an average fiber concentration of
less than 0.14 fibers/cin This is ten times lower than the OSHA mandated criteria for asbestos
exposure. [29] Lacking evidence of any known pathological effects, the authors concluded that
carbon fiber exposure should be treated in the same manner recommended by NIOSH for fibrous
glass. [49]
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Sussholz [52] conducted an investigation on the size reduction of the carbon fibers in fires. This
study attributed reduced diameter fibers to partial surface oxidation and fibrillation effects—
splitting of fibers into smaller, finer fibrils due to surface pitting and or surface flaws.
Fibrillation of carbon fibers correlated with the presence of metal impurities and morphological
flaws such as voids in the graphitic structure. Oxidation effects were observed to be severe in
regions of low crystalline density. Elemental analysis of the carbon fibers confirmed the
presence of sodium impurities. Using a modified thermogravimetric analysis (TGA) instrument
for higher heating rates, Sussholz examined the role of sodium impurities in the oxidation and
fibrillation of carbon fibers under nonisothermal conditions. TGA tests on T300 and T600
carbon fibers made with the same precursor but having different levels of sodium indicated that
the presence of sodium lowered the oxidation resistance of the fiber. [52] Ismail presented
further evidence on the role of sodium in lowering the oxidation resistance of carbon fibers. [53]

The U.S. Coast Guard conducted a series of tests to characterize the graphite fibers emitted from
burning graphite/epoxy composites. [54] The laboratory-scale tests were conducted using the
cone calorimeter at 50 and 75 kW/ion composite parts used on the HH-65A helicopter. A
modified sampling system was used in the cone calorimeter to maximize the collection of fibers
after the epoxy resin was completely burned. The fiber size distribution was determined through
SEM analysis.

The Coast Guard study indicated that 23 percent (by weight) of the fibers generated were in the
respirable range. Overall, the fiber diameter ranged between [%-8nd the length was
between 3-21Qm. The mean fiber diameter and lengths were 2.5 apu2espectively. In a
separate test series, 48- x 482@mctions of graphite/epoxy composite were subjected to flaming
heptane. [54] Analysis of the fiber size distribution indicated that the diameters ranged between
0.5-5.0pum with a mean diameter of 2dn. The scatter in the fiber lengths was much greater in
pool fires data, and ranged between 5-@@0with a mean fiber length of 1un.

Additional data on the characteristics of the airborne fibers have come from recent aircraft
postcrash investigations. Mahar [55] measured fiber concentration (fib®rafotnaerodynamic
diameter of the fibers collected at a military jet crash site. Fiber samples were collected from
the personal respirator filters worn by the investigators fitted with 25-mm cassettes containing
0.84um mixed cellulose ester filters. Mahar reported that there is a significant increase in the
particulate levels during cleanup operations with the disturbance of the aircraft wreckage. Less
than 20 percent of the collected fibers were found respirable with aerodynamic diameter smaller
than 10pum. Microscopic analysis revealed that respirable fibers were approximatehy i@
diameter and 7-m long. The total concentrations of the fibers collected from breathing air
zones ranged from 0.02-0.06 fibersfcnThe Navy guidelines limit exposure to a time-weighted
average of 3.5 fibers/ciof air and a maximum of 10 fibers/émver a 40-hour workweek. [55]

To date, no toxicological studies have been conducted to assess the health effects of inhalation of
carbon fibers released in fires. No epidemiological or exposure studies could be found on
personnel exposure to fibrous particles. Forrest et al. [56] evaluated the toxicity of gaseous
products from burning composites material made of PAN-based carbon fiber impregnated with
epoxy resin. The carbon fiber had a nominal diameter joh7 Fisher rats were exposed to
combustion products for 30 minutes and then observed for 14 days as described in the National
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Bureau of Standards (NBS) test. [8] Based.@j, values of the evekd gases, the composite
material wasdetermined to be no morexic than burning wood. éilvever, this stdy was
designed to measurket acude taicity of oy the combustion gases, not th&itoty of carbon
fibers that nay be carried in the smoke stream.

The Civil Aviation Authorty [57] in the United Kigdom invesigated the toxic nature of
combustion products from composites. Samples of composite ialmtesed in structural
components of a public trar@p jet aircraft ad a helicopter wes testel in a combustion
chamber. Sampdavere supected to a flamindpeat source at a temperature of 1°(5& 50°C.
The chemical angsis of the combustion products via gas dmtograpy and mass
spectroscpy revealed several organichemicals. The xact composition of the organic
compoung was not presdad. Although o fibers wee found in the soot filters, the visual
inspection of the burnt samples indicated evidence of surface pitting and fiber fibrill&ti@n
previous stdy, Sussholz [52] reported similar evidence of surfacexgds dung carbon fiber
degradation in a TGA instrument.

US Air Force Taicology Division conducted a ges of tests using a modified Univeysof
Pittsbugh apparatus [58] for evaluagircombustion toxidy of advancedcomposite materials
used in militay aircraft. Preliminey studies focused onhé morpholgy and demical
composition of orgal compounds ass@ted with particulees carried in the smekaffluent
from burnng composites. The test materials consisted of carbon fiber impeegnaa modified
bismaleimide resin. [59-61] SEM andydal image processig were used to determine the size
distribution of particles. The aly@es did not reveahe presenceof any fiber-shged particles
(L/D >3). Partites were classified in terms of count mediannditer, <1, 1-5, 5-10and
>10 um. Larcom [59] reported that 40 percent of the particles were of respirable dimension with
aeralynamic dameter<b um. These fibers are small argh to paetrate the tracheohkmohial
airways. Approximatdy 15 percent of particles had an adynamic diametegl pm, which can
be deposited at thevaolus. The sty did not report the fier length measurements.

Mass spectros@y of chemicals associated with the particulatatter revealed a large number

of chemical pecies. Lipscomb [60] identified 90 differénchemicals which cae broady
classified as pgcyclic aromatichydrocarbons, nitsgen-ontaining aromatics siicas aniline,

and phenol-bsed organic compounds. Several of these chemicals,amiline, quinoline, and
toluidine, are known to induce mutagenic and carcinogenic effects in animals. [60] Further work
with rats is underay to study the txic potential of these chemical agents tramsgal by the
particulate matter. [61]

RISK MITIGATION.

The health risks ass@ted with carbon filreexposure are not clelgr understood. Althagh
there is a lack of scientifidata whichprove that the risks of carbon fibehadation are similar to
silica-based bers, it is prudent for safg personnel egaged in various stages of an aircraft
mishap response to take equivalent precautjomeeasures. The US AiForce Adranced
Composites Program [62-63] has developed guidelines estaglishnimum safty and health
protection requirements forréfighters, iwestigabrs, and cleanup crews in accidents involving
advanced composite materials. Firefegs are required to wear Iseontained breathing
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apparatus, chemical protective clotipineathergloves, and neoprene coveralls to minimize
exposure to fibers. After the fire éxtinguished, the debris is syed with a fixirg agent (eg.,
payaaylic acid) to agglomerate the loose fibers amydd @lgesof composite parts. Tise
guidelines hae been adoptetly the US Nay, the Federal Aviation Administration, and the
National Transpdation Saféy Board for aircraft acaient investigation, leanup, and recowe
tasks. The Byal Air Force has deeloped similar proceduresrfthe mitigation ohazards under
these conditions. [64] A handbook from the Association of the Suppliers ofnéetva
Composite Materials (SACMA) discusses safe hagdlfi composite materials dugnthe
manufacturiig processes. [65] SACMA considers skin irritation due to mechanical abrasion to
be the principal health hazard due to carbdmer which can be minimized througioper
protective wear.

CONCLUSIONS.

Structural applications for fiber-reinforcedlpmer composites in commercial transport aircraft
structures have increaseysficanty over the last decade and will continuegtow in next-
generation arcraft. The primary fire hazard of interiand secondg composites used in aircraft
cabin and faelage components is the heat release rate andxibay®f the gaseous combustion
products from the burning pomer matrix. The aircraft cabiroccupants a exposed o this
hazard dung an impact-grvivable accident.

The incineration bexternal structural aircraft components results in hazardous conditions for
fire, rescuepersonnel and westigation and recovg teams in the immediate postcrash situation.
Releas of a miture of gaeous, particule, and fibrous combustion products of unknown
composition poses unique protection problems due to ddicgroper understandg of the
hazards related to composite materials. Adverse health effects in severahoetdgntshave

been reprted by firefighters and mue personnel responding to postcrash aircraft fires
involving fibrous composite maials. The reprted health effects nge from skin andeye
irritation to severe respiratpproblems. Airport fire iighting and recuepersonnel are adoptj
conservativeprotection meages in absece of detailed knowtige of thehealth effects of
carbon fbers réeased iniacraft fires.

Fiber dimensions and gesition in the deep lung determine th«itity of inhded fibers.
Animal studies have indicated thatntp durable fibers that reach thevedli caug greder
pathologic effects than the shorter fibarhich are clearetly the alveolar defense mechanism.
Evidence of hese effects has come from studies oncity of silica and asbestos. Respirable
carbon fbers are geeratedby oxidation and fibrillation under x@reme thermal conditions
(temperatures >100Q) representative of postcrash jet fuel fires. Dgidrash investigation and
recovey operations, fibers becomeérlzorne and campenetrate the skin surfac# respondng
personnel. Ta erodeal fibers are small enmh to be ialed anl depositel in the dee lung,
transporting with them condensed orgartieraicals gaeraed in the fire.

Studies on xposure to respirable fractions of raw PAN- andpliase& carbon fibers do not
indicate signifcant adverse health effects such as pulmofibrosis. Other studies involving
occupational ¥posure to carbon fibers and dugenerated uring manufacturingof composites
do not provide adeqtm evidece of fibrosis or carcwgenic effects. To date, epidenagical
studies have not beeconducted to @&ess human x@osure to carbo fibers released from
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burning composites nor have animal studies been published on ltheofreuch foers in
pulmonay toxicity. Recent studies have identified a large numbédraatrdous leemicals that

are aderbed onparticulates geerated dung combustion of achncal composites. Although the
exact composition of chemical products is sfiecto the burnng materal, the spectrunof
organic compounds includes PAHSs, ogfenous aromatics, and phenolics. Several odethe
chemicals are known mutagens and cagéms n animals. Howeer, little is known about the
toxicological significace of these agents when respired with particulate matter including fibers.
Furthe work is also needed to assess the implicationsy&gmemistic interactiors betweerthe
various combustion products.
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GLOSSARY.

Alveolus: one of the thin-walledaclike terminal dilations of the respiragobronchioles,
alveolar ducts, and alveolar sacs acrosgiwijas gchange occurs between the alvéar air and
the pulmonay capillaries. (pl. alveoli)

Alveolitis: inflammation of the alveoli.

Alveolar Macrophage: vigoudy phagaytic macrophage on the epithelial surface aiglu
alveoli where it igests inhaled particulate matter.

Asbestosis: a disease that is ssalby the inhalation b minute asbeste fibers composd of
calcium and magesium silicate. Téfibers case scarmg of the tissues in lung and the pleura,
the membrane tha@&overs the lungs. Agstosis has also been linked tadwcancer, particul&y

in smokers, and in maiant tumor of the pleura called mesothelioma.

Bronchioles: oneof the six generations of increagi finer subdivisions of the bronchi.
Respiratoy bronchioles are thermllest bronchioles (dianer 0.5 mm) that carect the terminal
bronchioles to the alveolar ducts.

Bronchus: ae of the two subdivisions of the traeh@vindpipe) servig to coney ar to and
from the lungs. Trdwea divides into two bronchi (pl. bronchus).

Cytotoxic: detrimental or destructive to the cells.

Epithelium: the purg cellular byer covering all free surfaces, cutaneous, mucous, and serous.
(pl. epithelia)

Fibrillation: splitting of a fiber into smaller and or finer fibengedo surface erosion. Erosion
can be causetty physical and/or thermal impact or due to dissolutlmn the action of a
chemical.

Fibrosis: formation of fibrous tissue as a reactivecess, as opped to formation of firous
tissue as a normal constituent of agaor or tissue.

Histamine: a chemical present indyaissue, when relsad it stimulates production of gastric
juices for dgestion, also an active agent of allergeactions that ay lead to respiraty
problems such as asthma. This condition results due to the constriction of broaphiafties
that cause a fall in blood pressure.

Histology: study of minute struaire of cells and tissues in relation to themdtion.

Histopatholgy: stuly of dealing with cytologic and histabgic structure of abormal or disesed
tissue. $yn. pathologic histolog

Interstitial: relatig to spaces or interstices inyatissue, organ, or structure.
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Lavage: the washing out of a hollow cavity or organ by copious injections and rejections of
fluid.

Macrophages: Mononucleated cells (phagocyte) that are largely scavengers ingesting dead tissue
and degenerated cells.

Mesothelioma: a rare neoplasm derived from the lining cells of the pleura and peritoneum which
grows as a thick sheet covering the viscera and is composed of fibrous tissue which may enclose
glandlike spaces lined by cuboidal cells.

Mesothelium: a single layer of flattened cells forming an epithelium that lines the serous
cavities, e.g., pleura, peritoneum.

Mutation: a change in the chemistry of a gene perpetuated in subsequent division of the cells in
which it occurs.

Mutagenic: promoting mutation of genes.

Neoplasm: a growth tissue due to abnormal cellular proliferation forming a distinct mass of
tissue which may be benign (benign tumor) or malignant (cancer).

Peritoneum: the serous sac consisting of mesothelium and a thin layer of irregular connective
tissue that lines the abdominal cavity.

Peritoneal: relating to peritoneum.
Phagocyte: a cell possessing the property of ingesting bacteria, dead cells, or foreign particles.
Phagocytic: relating to phagocytes.

Phagocytosis: The process of ingesting by cells of solid substances, e.g., cells, dead tissue,
bacteria, and foreign particles.

Pitch: a residual petroleum product used in the manufacture of certain carbon fibers.
Pleura: the serous membrane enveloping the lungs and lining the walls of the pleural cavity.

Polyacrylonitrile (PAN): a product used as a base material in the manufacture of certain carbon
fibers.

Pulmonary fibrosis: a condition in which scar tissue forms in the connective tissues that support

the alveoli in the lungs. Scarring can be a reaction to a large number of diseases and conditions
that lead to acute to chronic inflammation of lung tissues. (syn. interstitial pulmonary fibrosis)
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