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SILICON CARBIDE WHISKERS: CHARACTERIZATION
AND AERODYNAMIC BEHAVIORS

Yung-Sung Cheng**
Quint H. Powell®
Shawna M. Smith*®
Neil F. Johnson®

“Inhalation Toxicology Research Institute, P.O. Box 5890, Albuquerque,
NM 87185; "University of New Mexico, Albuquerque, NM 87106

Silicon carbide (SiC) whiskers are fiberlike materials with a wide
range of industrial applications. Industrial hygiene samplings of
the material are taken to monitor and control possible exposures
to workers. This study characterizes an SiC whisker in detail, in-
cluding its width—length distribution, aspect ratio, particle density,
and aerodynamic size distribution. The SiC whiskers were aero-
solized, and samples from a filter, cascade impactor, and aerosol
centrifuge were taken. The diameter—length distribution of SiC
fibers determined by electron microscopy from filter samples was
Jfound to follow the bivariate lognormal distribution. The aerody-
namic size of a fiber aerosol depends not only on the particle
dimension and density but also on the orientation of its axis with
respect to flow. The results show that the aerodynamic size distri-
bution obtained from the impactor was consistent with the pre-
dicted value, assuming the long axis of the fiber was parallel to
the flow toward the collection substrate. On the other hand, the
aerodynamic size in the aerosol centrifuge was consistent with
results for a perpendicular orientation. A larger aerodynamic size
(20-25%) was obtained in the case of impactor data as compared
with centrifuge data. The respirable fraction estimated from the
cascade impactor data was 65%, consistent with the estimate from
bivariate analysis (67%) but smaller than the estimated fraction
Sfrom the aerosol centrifuge (76%). The results show that the data
obtained with the bivariate analysis of fiber dimensions had good
correlation with the cascade impactor data, and this approach can
be used to predict the aerodynamic size distribution and the size-
selective fractions for fiber aerosols from filter samples.

ilicon carbide (SiC) whiskers are manufactured fibrous
materials with a single crystal structure.”’ This material
has a wide range of industrial uses related to its high
tensile strength, weight advantage over metals, and stability at
high temperature. SiC particles in both fibrous and nonfibrous

* Author to whom correspondence should be sent.

forms have been detected in occupational environments.”"> The
dimensions of SiC whiskers are similar to some forms of
asbestos, thus raising the concern of potential health effects for
workers exposed in occupational environments. The cytotoxicity
of SiC fibers has also been found to be comparable with that of
asbestos fibers."~® Stanton et al.”’ showed that SiC fibers
implanted into the pleural cavity of rats consistently result in the
formation of mesothelioma. Finally, Bogoroch and Luck® and
Lapin et al.”” showed that a 3-wk inhalation exposure to 500—
7500 SiC fibers/mL results in pleural thickening and increased
cellularity in the lungs of exposed rats.

Physical parameters of fibers, including the length, diameter,
and density, are important factors in determining their respira-
bility, deposition, and clearance in the respiratory tract. The aero-
dynamic behavior of a fiber aerosol is the major parameter in-
fluencing respirability and deposition in the lung. The aerody-
namic diameter of a fiber aerosol is a function of its physical
dimensions and orientation with respect to flow. When a fiber
particle is suspended in an airflow stream with the long axis
parallel to the direction of flow, the resistance is lower than if
the long axis is perpendicular to the flow. For example, the aero-
dynamic diameter of a carbon aerosol would be 15-25% higher
in a parallel orientation than in a perpendicular one."'” There are
indications that the measured aerodynamic diameter in many
sampling instruments (such as cascade impactors, aerosol cen-
trifuges, and the aerodynamic particle sizers) may be influenced
by preferred orientations. Stober et al.'” showed that the aero-
dynamic diameter of asbestos fibers collected in an aerosol cen-
trifuge is consistent with the long axis of the fiber being perpen-
dicular to the flow toward the collection foil. Using linear chain
aggregates of iron oxide particles to simulate fiber aerosols,
Kasper and Shaw''? measured the aerodynamic and mobility di-
ameters of the aerosols with an impactor, a centrifuge, and an
electrical aerosol analyzer. The ratio of the aerodynamic diam-
eters determined by the impactor and the aerosol centrifuge
ranged from 1.15 to 1.28, close to the ratio predicted for fibers
collected in parallel and perpendicular orientations.
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In industrial hygiene sampling, fiber aerosols are frequently
collected on filters and examined under an electron or optical
microscope for fiber identification, number concentration, and
diameter—length distribution. The diameter—length distribution
of asbestos fibers has been shown to follow the bivariate
lognormal distribution."” Based on the bivariate distribution,
aerodynamic diameters in several orientations with respect to the
flow can be predicted.!'” However, the predicted values from the
bivariate analysis should be compared with the measured aero-
dynamic diameters using existing sampling devices, such as an
impactor, to determine the validity of this method.

Here, methods are described for generating aerosols of SiC
fibers in the laboratory and for characterizing the physical and
aerodynamic properties of the bulk and aerosol forms of the
whisker. Diameter and length distributions of bulk and airborne
materials were determined using a transmission electron micro-
scope (TEM). An aerosol centrifuge and cascade impactor were
used to determine the aerodynamic diameters and the flow ori-
entation of SiC fibers in these instruments. The diameter—length
distribution of the SiC aerosol was determined and used to pre-
dict the aerodynamic diameter. This value was compared with
the aecrodynamic diameter measured by a cascade impactor.

METHODS
Physicochemical Characterization of Bulk Material

Industrial-grade bulk SiC fibers (Lot Number 8291, Grade
SC-9) were obtained from Advanced Composite Material Corp.
(Greer, S.C.). Detailed analyses of physicochemical properties
have been reported” and are briefly summarized here. Whisker
density was determined as 4.29 = 0.2 g cm ™’ by a helium pyc-
nometer (Multipycnometer, Quantachrome Corp., Syossett,
N.Y.). This value was higher than the theoretical density of 3.217
g cm " probably due to experimental errors associated with
insufficient amount of bulk material used for the measurement.
The authors remeasured the density using a larger quantity of
the bulk material, and a value of 3.25 + 0.006 g cm™* was ob-
tained. This value is close to the theoretical value and is used
throughout the study. The specific surface area of the material
was 1.4 + 0.1 m* g*' determined by the Brunaver-Emmett—
Teller analytic technique with the Quantasorb/Quantatector Sys-
tem (Quantachrome Corp.). X-ray microanalysis of SiC whiskers
showed a composition of predominantly silicon and presumably
carbon, which was out of the range of the X-ray detector (Figure
1). Traces of tin, calcium, aluminum, sulfur, and manganese
were identified in a small fraction of the whiskers.

Aerosol Generation

Many dry powder generation methods, including a fluid bed
generator, Jet-O-Mizer/screw feeder, dry powder nebulizer, and
a small-scale powder disperser (SSPD, Model 3400, TSI, St.
Paul, Minn.), were attempted. Among these methods, only the
SSPD succeeded in producing aerosols of SiC fibers. The SSPD
consisted of a rotational disk coated with powder and a suction
tube to take up the fibers from the disk and disperse them into
aerosol form. The aerosol was delivered into a stainless steel
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FIGURE 1. X-Ray spectrum of a SiC whisker collected on
an electron microscope grid. The copper peaks were back-
ground of the grid.

—

chamber at a flow rate of 22.5 L min "'. The generator, chamber,
filter, and impactor samplers were housed in a vented glovebox
enclosure.

Aerosol samples were taken from the chamber. Filter sam-
ples (25 mm 0.3-um pore mixed cellulose acetate—cellulose ni-
trate filter, Millipore Inc., Bedford, MA) were taken to determine
aerosol concentration and also for electron microscopy. Impactor
samples (Lovelace Multijet Impactor, In Tox Prod., Albuquer-
que, NMLY'" were taken to determine aerodynamic particle
sizes. Stainless steel plates coated with Apeazon were used as
collection substrates. A Lovelace aerosol particle separator
(LAPS)""*'” was used to separate the fibers into monodisperse
fractions according to aerodynamic diameter. A RAM-S unit
(MIE, Bedford, MA) was used for real-time monitoring of the
stability of the aerosol mass concentration. The flow rates were
2 L min "' for the filter sampler and the RAM-S and 12 L min "'
for the cascade impactor.

Size Classification in the LAPS

A LAPS was used to separate the fibers into monodisperse
fractions according to their acrodynamic diameters. Electron mi-
croscope grids were placed in several locations of the collection
foil corresponding to the different acrodynamic sizes. The aero-
sol flow into the LAPS was 300 mL min !, and the total flow
rate was 5 L min~'. The LAPS rotated at 3620 rpm. Under these
conditions, the calibration curve of the particle separator using
monodisperse polystyrene latex particles was developed for re-
lating the aerodynamic resistance diameter from the distance in
the collection foil."”

Fiber Morphology and Dimensions

For a detailed morphological and fiber sizing analyses,
known concentrations (0.2 mg mL ") of the bulk sample were
prepared in filtered 70% ethyl alcohol. The samples were mildly
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sonicated for 5 min in a ultrasonic cleaner rated at 125 W (Model
88454, Cole-Parmer Instrument Co., Chicago, I11.). Membrane
filters (0.3-um pore mixed cellulose acetate—cellulose nitrate fil-
ter, Millipore Inc.) were prepared by gentle vacuum filtration to
achieve a concentration of between 20 and 150 ug of material
per filter. The filters were then dried at room temperature in a
dust-free atmosphere, carbon-coated, mounted onto 3-mm cop-
per grids, and dissolved in acetone vapor. The aerosol samples
collected on the same filter material were prepared similarly for
microscopic analysis. Size-classified samples were collected di-
rectly on electron microscope grids placed on the collection foil
inside an aerosol centrifuge. The grids were treated with a drop
of ethanol to make SiC whiskers lie flat on the substrates."” The
grids were then coated with a thin layer of carbon film.

The grids were examined and photographed in a JEOL
1000CX electron microscope at a magnification of 2000. The
photographic negatives were enlarged to a final magnification of
6000, and montages were prepared from the prints. The lengths
and diameters of the fibers were measured directly from a pho-
tographic montage. Fiber diameters were measured by using a
6X magnifying eye piece and a reticle displaying 100-mm di-
visions. The reticle was also used to measure fibers < 2.5 pm
in length; longer fibers were measured to the nearest 0.5 mm
(actual length on the photograph) with a metric draftman’s ruler.
Approximately 300-500 individual fibers from each sample
were measured to derive a diameter—length distribution for the
sample. For particles with nonuniform diameters, the shortest
diameter was recorded following the World Health Organization
procedure.'®

AERODYNAMIC DIAMETER OF
ELONGATED PARTICLES

The relationship between the aerodynamic resistance diameter
(d.,), acrodynamic equivalent diameter (d,.), and the dimensions
of the fiber can be expressed as:!'?

pC(d.)
— dw, 1
” ey

Lo

dﬂr = ducvc(duc) =

where d,. is the volume equivalent diameter (=(1.5 W2L)"%), p

and p, are the unit and particle densities of SiC, d, is the adjusted
sphere diameter for calculation of the slip correction factor, and
% is the dynamic shape factor. The dynamic shape factor of a
cylindrical fiber is a function of the orientation of the fiber axis
with respect to the flow direction. Figure 2 shows data of dy-
namic shape factors for cylinders with their long axis perpen-
dicular to the flow y, and parallel to the flow () as a function
of the aspect ratio (q = L/W).""~2Y The dynamic shape factors
predicted from the theory for prolates®” agree quite well, as
shown in Figure 2:

8 2
_ _ 1 173
3 (q )q

XL = )
(2q° = 3W(@* — DIn(g + V(¢ — 1) +q

2

Dynamic Shape Factor

Aspect Ratio

FIGURE 2. Dynamic shape factors of cylinders in per-
pendicular orientation and parallel orientations. (O, V),
perpendicular to the flow''*?); (A, 0), parallel to the
flow.""*2%) The solid curves are Equations 2 and 3, whereas
the dashed curves are Equations 4 and 5.

4 2
(@2 = Dag'?
3 (q )4

X = )
- D@ - D@+ - D) -q

3

Simplified equations to fit the same data are obtained as follows:
x. = 0.862q"", 4
x = 0.619q'". 5)

Equation 1 can be rearranged to

e P (s, ©)
WwC(d,) PoX

Substituting Equations 2-5 into 6, the right side of the equation
is now only a function of the aspect ratio, q. The adjusted sphere
diameter, d,, can be calculated as follows:**?%

d,.G
d,=—, @)

X
G, = 0.216972%(0.763 + 4.436q), (8)
Gy = 0.216q ¥*(3.693 + 1.526q). )

G, %, and d, are orientation dependent. The adjusted sphere di-

ameter can then be used to calculate the slip correction fac-
tor:>26

Cdy=1+ 1—7” ( 1.142 + 0.558 exp<—0.999<%))). (10)
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FIGURE 3. TEM of bulk SiC fibers

The aerodynamic equivalent diameter, d,., can be used in Equa-
tion 6 to arrive at:

duc pC(d.)
= =L (1.5q)". 11
W Vpacao Y (an
This expression can be further simplified by assuming
VC(d)/C(dy) = 1, (12)

or a constant value of k closer to 1, and by substituting the sim-
plified expression for % (Equations 4 and 5):

dzlc =

__p_S (I.S)IBWS/(‘L]K), (13)

Po

TABLE I. Length-Diameter Distribution of SiC Aerosol

where S = 0.862 and 0.619 for perpendicular and parallel ori-
entations, respectively. If the joint width—length distribution can
be shown to follow the bivariate lognormal distribution, then the
aerodynamic equivalent diameter, d,., can be shown to follow
the lognormal distribution with a count median diameter of '

L ( 1 5) ]/3(CMW)5/6(CML)”0,

CMd,.
PoS

(14)

where CMW and CML are the count median width and length
of the distribution. The geometric standard deviation of the aero-
dynamic equivalent diameter is

o, = exp[(0.694B1 + 0.0278B% + 0.2781BwP)"*1,  (15)
where B and By, are In (6.) and In (G,), respectively, and 7 is
the correlation between fiber length and width."” The mass me-

dium aerodynamic diameter (MMd,.) can then be calculated us-
ing the Hatch—Choate equation.®”

Size Selective Fractions of SiC Aerosols

The inspirable, thoracic, and respirable fractions of the SiC
fiber were estimated from the aerodynamic size (d,.) distribution
based on the 1992 American Conference of Governmental Hy-
gienists (ACGIH) definition.***” For polydisperse aerosols, the
size-selective fractions were calculated by integrating the indi-
vidual definition over the aerodynamic size range of the SiC

fibers:
RF Jm ! ( X)dd (16)
= —— exp| — = |dd...
0 V2nd, In o, 2

Calculations were performed using the Mathcad® 4.0 software
(MathSoft Inc., Cambridge, Mass.) on a desktop computer.

2

Definition

RESULTS

The SiC fiber aerosol was delivered into a chamber. Filter sam-
ples (Millipore 0.3 um PHWP membrane filter) were taken to
determine the aerosol concentration and for electron microscopy.
The aerosol concentration was maintained at about 0.2-0.6

Diameter (um)
0-0.05 0.05-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.6 0.6-0.8 0.8-1.0 >1.0

0-2 8 51 59 31 15 9 1 1

2-4 2 18 48 26 28 15 1

4-6 1 5 15 19 19 13 2

6-8 3 8 12 12 6 3

8-10 5 8 14 7 3 1
10-15 5 14 14 12 4

>15 7 5 12 17 2 1
N = 552

973
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TABLE Il. Length~Diameter Distribution of SiC Bulk Material

Diameter (um)
0-0.05 0.05-0.1 0.1-0.2 0.2-0.3 0.3-04 0.4-0.6 0.6-0.8 0.8-1.0 >1.0
0-2 7 14 39 6 12 7
2-4 1 5 27 12 25 17 2
4-6 1 3 6 5 12 9 3 1 1
6-8 4 7 7 6 5
8~10 3 6 9 6 4
10-15 5 9 8 8 2 1
>15 4 2 10 9 4
N =334

mg m ' according to filter samples taken during runs ranging
from 2 to 6 hr.

Fiber Morphology and Dimensions

The diameter—length distributions from both bulk and aero-
sol samples were determined from filter samples. Figure 3 shows
the montage picture of a filter sample of bulk SiC. The majority
of SiC whiskers was straight rods, but some were hooked with
one or two straight bends. The percentages of whiskers with a
single bend and double bends were 12 and 2.7%, respectively.

Tables I and I list the length—width matrix of bulk material
and aerosolized SiC whiskers obtained by electron microscopy.
The diameter and length distributions of the bulk and aerosol
samples were similar, indicating that all SiC fibers can be aero-
solized. Both the length and diameter distributions can be de-
scribed as lognormal. As discussed previously,'” the joint di-
ameter—length distribution can be represented by a bivariate-
lognormal distribution. Table III lists the parameters of the
diameter and length distributions. The count median length
(CML = 3.43 um) of the acrosol sample was smaller than that
of the bulk sample (CML = 3.97 pm) at p < 0.05 using t-test
between the means. Similarly, the count median width (CMW =
0.198 wm) of the aerosol sample was smaller than that of the
bulk sample (CMW = 0.224 pum) at p < 0.005 using t-test be-
tween the means. The median aspect ratios of the bulk material
and aerosol sample were 17.7 and 17.3, respectively; they were
not statistically different. This is consistent with the fact that
more losses may be expected for larger fibers because of depo-
sition in the chamber and delivery line. Therefore, the aeroso-
lized SiC fibers are smaller than the bulk fibers.

Using Equations 13-15, the aerodynamic equivalent diam-
eters of the SiC aerosols were calculated from the bivariate anal-

respectively, and the geometric standard deviation was 1.85. The
ratio of the two values of the aerodynamic diameter was 1.24.
The calculated aerodynamic diameter was compared with that
measured by the impactor.

Data from LAPS

Size-classified SiC samplers from electron microscope grids
placed at different locations in the collection foil of the LAPS
were analyzed under TEM for fiber dimensions. The aerody-
namic particle sizes of these grids ranged from 0.65 to 1.9 um.
Transmission electron photomicrographs from seven electron
microscope grids were taken, and dimensions of individual fibers
were measured using an Fdscop eyepiece. Between 53 and 194
fibers were examined in each grid. The length and diameter dis-
tributions of the size-classified particles are listed in Table IV.
Our results showed a good separation of particles by diameter
as indicated by the small standard deviation (Figure 4).

The relationship between the fiber dimension and the aero-
dynamic diameter was expressed in Equation 6. The dynamic
shape and slip correction factors for a prolate particle with its
long axis perpendicular and parallel to the flow toward the col-
lection foil were calculated using Equations 2, 3, and 7-10. Fig-
ure 5, A and B, shows the relationship of the aerodynamic re-
sistance diameter and the aspect ratio of the fiber and compares
experimental data with the prolate theory (Equations 2 and 3).
The data were scattered, but the theoretical curve for perpendic-
ular orientation fits the experimental data much better than in the
case of parallel orientation. The square roots of the sum of the
squares were 29.4 and 34.1 (N = 675) for the perpendicular and
parallel orientations, respectively. The equation for the perpen-
dicular orientation was simplified by substituting Equation 4 for
17:

i N L\ e
ysis for both perpendicular and parallel orientations. The MMd,, G = 2'22<W> . an
were 2.24 and 2.78 um for perpendicular and parallel orientation, WVC(d,)
TABLE lIl. Dimensions of SiC Whiskers

Diameter Length Aspect Ratio Correlation

Number (CMW) (um) GSD (CML) (um) GSD (CMAR) Q)

Bulk 334 0.224 1.91 3.97 2.78 17.7 0.501
Aerosol 552 0.198 1.83 3.43 2.99 17.3 0.511
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TABLE IV. Size Distribution of the Classified SiC
Straight Fibers

Aerodynamic

Diameter

Uae (W) Diameter (um) Length (um)
1.90 0.59 + 0.18 12.0 = 8.9
1.28 0.40 = 0.095 7.7 £ 6.6
1.20 0.38 = 0.115 5.0+38
1.07 0.36 = 0.091 50=x44
0.87 0.28 = 0.078 3.6 +35
0.73 0.22 + 0.039 3.0+24
0.65 0.19 = 0.058 28+26

Values are means + standard deviation.

Figure 6 shows that this equation also agreed well with the ex-
perimental data. If we use the aerodynamic equivalent diameter
(d,.), then Equation 17 becomes

,C(du) L\
=222 —1 .
C(d,) <W)

The mean values of [C(d,)/C(d,.)]"* were calculated to be 1.06

and 1.01 (N = 675) for SiC fibers in perpendicular and parallel
orientations, respectively.

d
W

(18)

Bent Fibers

Small portions of the SiC fibers were not straight rods but
rather hooked rods as shown in Figure 7. From the classified
fiber samples obtained in the LAPS, we measured the diameter—
length angle between the two portions of the fiber and the per-
centage of the longest portion of the bent fibers. The results are

DISTRIBUTION OF FIBER WIDTH
08
i’ 0.73 ym

0.65 pm

FRACTION OF FIBERS

02

—

0.1 0.2 03

0.4
FIBER WIDTH, pm

05 LX)

FIGURE 4. Distributions of fiber diameters from samples

of classified SiC obtained in an aerosol centrifuge
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FIGURE 5. Data of SiC fibers collected on the aerosol
centrifuge plotted as a function of aspect ratio for (A) per-
pendicular orientation and (B) parallel orientation. The
circles are the experimental data, and the curves are from
the theoretical Equation 6 for both orientations.

——————————————————

listed in Table V. The number of fibers in each size fraction
ranged from 5 to 21. The overall mean angle was 78.9 + 24.1°
(mean * standard deviation), and the mean percentage of the
longest portion was 67.6 * 11.5% (mean * standard deviation)
with N = 86. There were no clear trends of angle and longest
portion dependence as a function of aecrodynamic diameter.

Impactor Data

The aerodynamic equivalent diameter of the SiC fibers was
in the respirable size range as determined by a cascade impactor.
The MMd,. was 2.80 = 0.17 wm, and the geometric standard
deviation was 2.00 = 0.05 (N = 3). On the other hand, the
MMd,. were also calculated from the bivariate lognormal distri-
bution of the SiC aerosols (Equations 11, 14, and 15). The mea-
sured MMd,, was larger than the predicted values from the bi-
variate analysis (2.24 and 2.78 um for perpendicular and parallel
direction, respectively) but was closer to the value of 2.78 um.
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FIGURE 6. Data of SiC fibers collected on the aerosol
centrifuge plotted as a function of the aspect ratio in Fig-
ure 5A perpendicular orientation. The circles are the ex-
perimental data, the solid curve is plotted from theoretical
Equation 6, and the dashed curve is the simplified Equa-
tion 17.

The geometrical standard deviation from the bivariate analysis
(Equation 15) was 1.85. The calculated MMd,, used the mean
values of 1.01 and 1.06 for [C(d,)/C(d,.)]"® in Equation 11 for

N

N\ e

FIGURE 7. TEM of SiC fibers showing bent fibers.

———
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TABLE V. Size Distribution of the Classified SiC
Bent Fibers

Aerodynamic

Diameter

dae (WM) Diameter (um) Length (um)
1.90 0.63 = 0.11 146 = 11.0
1.28 0.39 = 0.102 56+ 26
1.20 0.43 + 0.092 56 29
1.07 0.35 = 0.040 45+ 18
0.87 0.28 + 0.065 57+ 51
0.73 0.22 + 0.027 34+ 25
0.65 0.19 = 0.057 22+ 0.83

Values are means = standard deviation.

the perpendicular and parallel orientations. Figure 8 shows a
histogram of size distributions obtained from the impactor and
the bivariate analysis (parallel orientation).

In summary, the aerodynamic diameter (d,.) of the SiC
whiskers obtained from the impactor and aerosol centrifuge can
be expressed as

d..(centrifuge) = 2.24WL"6, (19
d.(impactor) = 2.78W LV, 0)

These expressions are for fibers with their long axis perpendic-
ular and parallel to the flow toward the collection plate, respec-
tively.

Size-Selective Mass Fractions

Based on the aerodynamic size distribution obtained from
the impactor, the inspirable, thoracic, and respirable mass frac-
tions of the SiC aerosol were calculated (Table VI) following

10 e SR —

08 |

"dg 06

=1

2

el

=

S 04

o
02 -
0.0 |—+-—'—(||||I J;AIIIIIII Lo

0.1 1.0 10.0
Acrodynamic Diameter, d, . (jum)

FIGURE 8. Histogram of the aerodynamic particle size
distribution of SiC aerosol. —, cascade impactor data
(MMd,, = 2.80 um, o, = 2.00); — — —, estimated aero-
dynamic distribution (MMd,, = 2.78 um, 6, = 1.85) from
the bivariate analysis.
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TABLE VI. Size-Selective Mass Fraction of SiC Aerosol

axis oriented parallel to the flow

Inspirable Thoracic Respirable ~ rather than in a perpendicular ori-

Fraction (%) Fraction (%) Fraction (%) entation. The flow resistance as

expressed in the dynamic shape

Irrl'npaf:tor data (?.80 um, og = 2.0) 90.9 88.0 65.3 factor of regular cylindrical fibers

Bivariate analysis (2.78 um, ¢, = 1.85) 91.2 89.2 66.9 was shown to agree with analyti-
Bivariate analysis (2.24 um, o = 1.85) 92.7 N7 76.0

the ACGIH® definition. These fractions were 91, 88, and 65%,
respectively, using the impactor data. Over 65% of the SiC aero-
sol particles were respirable. The estimated size-selective mass
fractions using acrodynamic diameters (parallel orientation) es-
timated from the bivariate analysis were within 3% of those from
the impactor data. However, if the aerodynamic diameter in a
perpendicular orientation was used to estimate the size-selective
mass fraction, an overestimate of 16% for the respirable fraction
would result. All measured physical properties are listed in
Table VII.

DISCUSSION

SiC whiskers are fiberlike materials containing a small portion
of bent fibers. SiC whiskers in all size classifications can be
dispersed as aerosols; therefore, analysis of the bulk material
should yield accurate information in terms of the physical, chem-
ical, and biological characterization. However, SiC aerosols have
smaller median widths and lengths, consistent with the notion of
preferential losses of larger and longer fibers in the aerosol gen-
eration and transport processes. Both the bulk material and the
aerosol form had a median aspect ratio of about 17.

A major issue addressed in this article is how to correlate
the measured physical properties of SiC fibers to the aerody-
namic behavior as determined from the aerosol sampling instru-
ments. In industrial hygiene practices, filter samples are taken
for number concentration and morphometry measurements of
fiber aerosols. Cascade impactor and other sampling techniques
have been used to determine the aerodynamic size distributions,
which can then be used to estimate the respirability of the aero-
sol. Data from these two sampling techniques have rarely been
analyzed simultaneously for consistency. The approach de-
scribed here allowed us to predict the aerodynamic size distri-
bution and size-selective fraction, including the respirable frac-
tion from the bivariate analysis of SiC fiber dimensions obtained
in filter samples. The predicted acrodynamic size distribution of
the SiC aerosol agreed with the measured aerodynamic size dis-
tribution obtained in a cascade impactor. In addition, comparison
of the impactor and predicted data showed that most SiC fibers
in impactor substrates were collected with their long axis parallel
to the flow toward the substrate. This result is consistent with
the observations of Kasper and Shaw''? for elongated chain ag-
gregates collected in a cascade impactor.

Because the SiC fibers were elongated, the flow resistance
and therefore the aerodynamic diameter depend on the fiber
width, aspect ratio, and particle density, as well as the orientation
with respect to flow. A larger aerodynamic diameter (15-25%)
and lower resistance would be expected for a fiber with its long

cal equations, and a simplified
form was obtained for prolate par-
ticles. Our data obtained from the aerosol centrifuge and impac-
tor showed that these equations were also applicable for the SiC
fibers.

The aerosol centrifuge provided additional information
on the aerodynamic behavior of the SiC. The centrifuge was
used to separate SiC fibers according to acrodynamic size,
and samples for each aerodynamic size fraction were ex-
amined for physical dimensions. Our results showed that the
estimated aerodynamic size from the aerosol centrifuge data
was in agreement with the prolate theory with the long axis
perpendicular to the flow toward the collection foil, consis-
tent with data obtained for asbestos fibers'" in a Stober cen-
trifuge.

Therefore, the aerodynamic size distribution of SiC fibers
depends strongly on the instrument, especially the fiber orien-
tation in the detection section of the instrument. For example,
the SiC fibers have a parallel orientation in the impactor nozzle,
and they have a perpendicular orientation toward the collection
foil of the LAPS. Cascade impactor data result in a larger aero-
dynamic size distribution than aerosol centrifuge data. The dif-
ferences in the aerodynamic size distribution, in turn, influence
the estimate of respirable fractions for SiC fibers. In the absence
of impactor or other aerodynamic size data, one can use the
detailed width—length information from filter samples to esti-
mate the aerodynamic size distribution following the bivariate
analysis outlined in this article. The SiC data prove the validity
of this approach. This approach provides calculated aerodynamic
sizes for parallel, perpendicular, and random orientations. The
values for parallel and perpendicular orientations can be used as
a substitute for the impactor and aerosol centrifuge data, respec-
tively.

One requirement of this approach is that the value of the
particle density must be accurate to calculate the aerody-
namic diameter in the bivariate analysis. Particle density
can be measured from the bulk material. When material for
measurements is insufficient, then the theoretical value of
the particle density can be used if the chemical form of
the fiber sample is positively identified. For samples of un-
known material, the bivariate approach might yield large er-
rors because of the uncertainty in particle density. In this

TABLE VII. Physical Characteristics of SiC Aerosol

Property Values
Density (g/cm?) 3.25
Surface area (m%/g) 1.4+ 0.1
Mass Median Aerodynamic Diameter (um) (GSD) 2.80 (2.00)
Inspirable fraction (%) 91
Thoracic fraction (%) 88
Respirable fraction (%) 65
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case, we recommend using the aerosol sizing instruments,
including the cascade impactor for aerodynamic size distri-
bution.
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