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Introduction

The term fiber has been applied to a wide
variety of particles having an elongated
shape, i.e., one particle dimension signific-
antly greater than the other two. Because of
this elongation, fibers can have aerodynamic
and other properties quite different from
more compact particles. Certain fibers have
several unique properties that make them not
only useful from a commercial standpoint,
but also important from a health standpoint.
Asbestos, for instance, includes six commer-
cial fibrous minerals that have high tensile
strength, chemical resistance, and heat resis-
tance. These properties have made asbestos
useful in a variety of products, including fric-
tion materials, high-temperature insulating
.materials, acoustic insulating materials, fire
proof cloth and rope, and floor tiles. While
the bulk materials in these products consist
primarily of macroscopic-sized fibers, many
of them can release long, thin fibers into the
air.

A variety of materials can be considered
fibers from an aerosol behavior standpoint.

Besides asbestos, other mineral
nature. Several materials, inclw
mineral slags, have been melted
fibers. Ceramic materials have
spun into fibers, as well as grow
and vapor crystallization. Carb
ite fibers are produced commer«
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carbon fibers (Fig. 25-3) while the broad dis-
tribution of diameters for the other fiber types
produces a more diffuse pattern.

LABORATORY FIBER GENERATION

Fibers are more difficult to generate than
compact particles because of their tendency
to intertwine when in contact with each other.
This tendency is the basis for some com-
mercial properties of fibers, e.g., the formation
of rope and felt. Various types of fibers can be
generated in various concentration ranges for
instrument calibration, analytical method
validation, and quality assurance, and toxi-
cology studies. Various generation mech-
anisms have been used to produce well-
dispersed fibers.

Nebulization of liquid suspensions has
been used for generating relatively short fi-
bers at low concentrations. Fibers larger than
the nebulized droplet diameter may not be
generated efficiently and, if the concentration
is too high, more than one fiber may be
present in a droplet, resulting in fiber agglom-
erates.

Several researchers have used high
speed chopping of a packed fiber plug. Tim-
brell, Hyett, and Skidmore (1968) developed a
version of this approach using a household
coffee grinder. A specially ground reference
material, Union Internationale Contre le
Cancer (UICC) asbestos (Timbrell, Gilson,
and Webster 1968), was packed uniformly in
a syringe body and pushed slowly into the
rotating blades of the grinder. The consump-
tion rate of asbestos was 0.6-1.0 g/h, though
not all of this was generated as an aerosol.
The dispersion appeared largely to be single
fibers, with relatively few clumps or floccula-
tes, though no size distribution was reported.
A generator with similar operating principle
and dimensions was constructed using more
durable materials, including tungsten car-
bide blades and a stainless steel body (Fair-
child et al. 1976). This device was used for
both chrysotile and fibrous glass. Although
there were relatively few clumps of chrysotile
by number, the mass in these clumps ac-
counted for the largest fraction of the mass
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materials that can potentially release an
aerosol. The EPA (1987) has defined asbestos-
containing material (ACM) as material con-
taining more than 1% asbestos. PLM permits
the identification of fiber type by an observa-
tion of the fiber morphology, light diffraction,
and optical rotation properties relative to the
surrounding medium. Under carefully con-
trolled conditions, an estimate of percentage
of asbestos may be obtained.

Several PLM techniques are used for
identifying fiber type as well as quantifying
the percentage of fibrous material (usually
asbestos) in a sample (Klinger et al. 1989;
Middleton 1979; McCrone, McCrone, and
Delly 1978). These techniques depend on the
refractive index and other optical properties
of individual particles. Many of these PLM
techniques require a visual observation of
color in the fiber and become less reliable for
fibers thinner than about 1pm (Vaughan,
Rooker, and Le Guen 1981).

Sampling

Several procedures have been suggested for
obtaining representative bulk samples of
ACM in a fashion that prevents unnecessary
exposure to asbestos aerosol (Jankovic 1985).
The material should be wetted or sealed dur-
ing sample removal. A small coring device,
such as a cork borer, can be used to obtain a
sample from the full depth of the material. At
least three samples per 1000 ft®> of ACM
should be taken. The sample should be placed
in a well-sealed, rugged container. Finally, the
sampled area should be repaired or sealed to
minimize further fiber release.

Sample Preparation and Analysis

Sample preparation for a PLM analysis in-
volves grinding the material to the optimum
particle size range (1-15 um diameter) and
dispersing the particles in a liquid of known
refractive index on a glass slide. Some ACM,
such as vinyl asbestos floor tiles, may require
dissolution or ashing of the matrix material
so that the fibers are separated and are visible
in the microscope. Before and after prepar-
ation, the sample is observed with a stereo-
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microscope at 10-100x magnification tg
evaluate sample uniformity and observe
whether fibrous material is present.

Some materials that interfere with accurate
fiber identification either by their similarity or
by covering up the fibers can be removed by
physical treatment of the sample. For in-
stance, organic materials, such as cellulose
fibers or diesel soot can be removed by low-
temperature oxygen-plasma ashing (Baron
and Platek 1990). Leather fibers and chryso-
tile have a similar appearance and refractive
index. The leather can be removed by ashing
at 400°C (Churchyard and Copeland 1988).

Morphology of fibers can give some indi-
cation of fiber type. For instance, it assists in
differentiation of chrysotile (curly fibers) from
the amphibole asbestos (straight fibers, espe-
cially when shorter than 50 um). Asbestos
fibers often have frayed or split ends. Glass or
mineral wool fibers are typically straight or
slightly curved with fractured or sometimes
bulbous ends; diameters are usually in the
5-15 um range. Many plant fibers are flat-
tened and twisted, with diameters 5-20 pm.
Note that it is not recommended to base
identification solely on morphology.

Crossed polarizing filters in the microscope
can be used to indicate whether a fiber is
isotropic (isometric or amorphous) or aniso-
tropic (uniaxial or biaxial crystal structure). A
measurement of the angle at which these
fibers disappear (the extinction angles, a
function of the crystal structure) narrows
the possible identity of the fibers.

When a transparent fiber has a larger re-
fractive index than its surrounding medium,
the bright halo (Becke line) around that fiber
appears to move into it as the microscope
focus is raised; when the fiber has a smaller
refractive index, the Becke line moves out of
it. This technique can be used to bracket the
fiber refractive index.

Dispersion, or refractive index change with
wavelength, of a fiber can be used for identi-
fication. When particles are placed in a liquid
whose dispersion is different from that of the
particle, the particle may exhibit a color
caused by the refraction of light. This tech-
nique requires the use of special “dispersion
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Sample Collection and Preparation

A sample that is to be used directly in the
SEM must have the fibers exposed on the
sampling substrate. Samples are typically
either collected on the smooth-surfaced poly-
carbonate capillary pore filter or deposited on
a smooth substrate by impaction or electro-
static precipitation. Samples that are taken
with a membrane filter can also be used if the
filter is collapsed and the filter material is
etched away by low-temperature plasma ash-
ing. The sample must generally be coated
with a conductive layer to reduce charge
accumulation from the electron beam in the
SEM. Gold and carbon are common coating
materials. Gold allows a thinner layer to be
effective, resulting in somewhat higher resolu-
tion, but interferes with EDXA of the fibers.
Once a sample is coated, it can be placed
directly in the SEM for analysis. Relatively
large samples, each up to several cm in dia-
meter, can be analyzed.

Application

For the most part, the SEM has been used for
fiber detection and analysis as an intermedi-
ate between TEM and PCM analysis. Gen-
erally, the SEM has not been recommended
for measuring asbestos, especially in environ-
mental situations, because of the inability to
positively identify fibers by electron diffrac-
tion as well as the lack of instrument stan-
dardization. For occupational exposures,
where the fibers present are generally of a
known type, PCM has been preferred as the
less expensive and more available method. A
SEM method was developed by the Asbestos
International Association (1984). A SEM
method was recommended by the World
Health Organization for sizing man-made
mineral fibers (World Health Organization
1985).

However, the SEM does permit the micro-
scopist (1) to obtain higher resolution and
sensitivity than the light microscope, (2) to
obtain qualitative information about fiber
type from elemental analysis, and (3) to re-
duce sample preparation and analysis costs
vs. the TEM. In research studies of known
fiber types when analysis time is not impor-
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tant, photographic images from the SEM
can be analyzed to obtain size distributiong
including all fiber sizes (Platek et al. 1985),
The SEM field of view is larger than that for
the TEM and, thus, long fibers may be sized
more accurately.

Transmission Electron Microscopy (TEM)

TEM allows the most definitive analysis of
individual fibers: particle shape can be ob-
served and measured, elemental composition
can be determined by EDXA, and crysta]
structure can be deduced from electron dif-
fraction patterns (Langer, Mackler, and
Pooley 1974). TEM has sufficiently high res-
olution and sensitivity to allow observation
of the smallest fiber sizes. However, TEM
analysis is the most expensive one described
in this chapter because of instrument cost
and complexity, high operator expertise, and
complex sample preparation. Furthermore,
quantitative fiber concentration measure-
ments have relatively poor reproducibility
(Environmental Protection Agency 19855).

Sampling

Currently, post-asbestos abatement clearance
monitoring is perhaps the most common use
of TEM analysis. The measurement is in-
tended to indicate that a location is accept-
ably clean so that it can be reoccupied. The
EPA (1987) AHERA regulations require the
use of 25 mm conductively cowled cassettes
with 0.45 pm pore size, mixed cellulose ester
filters. Polycarbonate capillary pore filters
also have been used in the past; however, they
have fallen into disfavor because of erratic
contamination of the filter medium with as-
bestos fibers (Powers 1986).

Sampling requirements for TEM analysis
are similar to those of other microscopic ana-
lyses, although the high magnification af-
forded by TEM allows a somewhat higher
filter loading than that for PCM. For direct- .
transfer sample analysis, the sample must be
optimally loaded, the sampling efficiency
should be as close to 100% as possible, and
the filter deposit uniform. For indirect-trans-
fer sample analysis, only the sampling effici-
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FIGURE 25-7. Principal Steps Used in Transmission Electron Microscope Sample

Preparation by the Direct Transfer Method.

fibers to be washed into the body of the filter.
Thus, the carbon film does not capture all
these fibers for transfer to the electron micro-
scope grid (Chatfield 1986). For this reason,
the DMF technique described above for
PCM samples, combined with the use of a
0.1 pm pore size filter, may provide an im-
proved TEM sample (Burdett and Rood
1983; Chatfield 1986). To expose more of the
fibers, especially those that may lie below the
top surface of the collapsed filter, a low-
temperature ashing step is often performed.
Carbon is then vaporized onto the surface,
generally from a range of angles to produce a
uniform coating. The carbon film must be of
the proper thickness to provide a stable film
on the grid; thinner films will crack and break
apart while thicker films prevent the electron
beam from providing good contrast images of
the fibers. Thicker films may also obscure the
electron diffraction patterns of very small fi-
bers.

A copper grid is placed on the carbon-
coated surface and the filter is dissolved away
using an appropriate solvent. This step is

important to complete because incomplete
removal of the filter degrades imaging by the
TEM severely. The removal must also be
gentle to prevent a breakup of the carbon
film. Complete filter removal may take
4-24 h.

Several grid preparations are generally
made to ensure that enough grid openings
have the carbon film intact to provide an
adequate area for analysis. Observing more
than one grid also reduces the probability of
biased results due to local variations of fiber
deposition on the filter.

Analysis

The TEM operates by focusing a high-energy
(10-1000 keV) electron beam on an area of
the sample. The beam passes through the
sample, which is usually supported on a grid
by a thin, nearly transparent, carbon film. By
controlling the magnetic focusing optics, the
image of the sample can be observed on a
phosphorescent viewing screen at various
magnifications ranging from about 200 x to
1,000,000 x. For asbestos fibril detection,
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