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Magnetic anisotropy of asbestos fibers
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The anisotropy of magnetic susceptibility of single asbestos fibers is measured. The alignment of
both chrysotile and crocidolite fibers in magnetic fields is found to be due to the anisotropy. The
average measured anisotropy of volume susceptibility isX4 ® for chrysotile and 8310 ©

for crocidolite. Fiber shape effects are estimated to contribute, on average, about 10% and 6%,
respectively, to the total anisotropy of the two types of fiber. There is no evidence of significant
permanent magnetic moments. The magnitude of the observed alignment makes the effect
potentially useful in real-time detection of airborne asbestos fibers. The experimental technique
developed in the study can be used for measuring the anisotropy of small particles of well-defined
shape. High sensitivity of the technique permits the measurement of torques lower tHaNi0

on particles down to picogram mass. 99 American Institute of Physics.
[S0021-897€09)00508-3

I. INTRODUCTION found to align with their long axis parallel to, while others
perpendicular to the field. In principle, given recent develop-
Asbestos is a broad term applied to a number of fibrousnents in real time airborne fiber analysis using light
silicate minerals, including chrysotila serpenting crocido-  scattering’'° magnetic alignment could become the basis for
lite, and amositglboth amphiboles It is now well estab- g technique of asbestos detection.
lished that these materials, particularly when they are finely  The mechanism by which asbestos fibers are aligned in
fragmented, pose a serious health hazard. Indeed, the highagnetic fields has remained unclear despite fairly extensive
rates of disease associated with the inhalation of asbestcpﬁ,b”shed work. It has variously been suggested that the
resulted in a statement by the U.S. National Institute foralignment is due to: the presence of magnetite particles in the
Occupatlonal Safety and Health that there is no evidence fQ_lfhrysot"e fibers, “the presence of paramagnetism in the di-
a threshold or “safe” level of asbestos expostr@s the rection of the fiber axis” or normal to the axis in amphibole
health risks associated with these fibers have become mogghestds and anisotropy of magnetic susceptibifityAlso,
fully understood, severe restrictions on the use of asbestafe existence of a permanent magnetic moment has been
and rigorous rules concerning its handling have been introjmplied.”** A further possibility is that the alignment is due
duced worldwide. Despite this, there is evidence of a contg shape anisotropy. Since quantitative data which would al-
tinuing increase in asbestos-related mortality réwft_llc_h low the prediction of alignment dynamics of asbestos fibers
may be due to the presence of asbestos in older buildings g magnetic fields were also lacking, it was essential to de-
equipment on the one hand, and the exposure to asbestos@pmine both the mechanism by which the fibers were
a result of removal and disposal operations on the Otheéligned and the strength of the effect.
hanq. Conseque_ntly, the d_etection pf asbestos, particularly in -~ The microstructure of all types of asbestos is complex
respirable form, is of considerable importance. _ but quite different in the two types considered here. Chryso-
The identification of asbestos can be accomplished usingje, 5 fibrous silicate from the serpentine group, takes the
polarized light microscopy or scanning electron microscop¥orm of “scrolled” sheets(with scroll axis parallel to the
in conjunction with energy-dispersive x-ray analysis. HOW-|ength of the fiberscontaining a layer of SiQtetrahedra and
ever, these methods provide results only after laboriougp gctahedral catiofmainly Mg) layer23 Some of the oc-
analysis involving skilled human oper_ators, typi_cally hoursizhedral sitestypically less than 29are occupied by iron,
or days after sample collection. Despite extensive researcyhich can be ferric or ferrou¥. A little ferric iron is also
there is nan sity, real-time technl.que allowing unambiguous o nq in the tetrahedrdSi) sites'® A significant proportion
detection of airborne asbestos fibers. _ _of iron is also present in the form of magnetite
Magnetic alignment has first been applied to studyingincjysions!*1#°although data obtained from bulk samples
asbe§tos5by Timbreft; with further W%k done by Riis and  jay not be applicable to single fibers. Crocidolite, the fi-
Chatfield; Jones and G'gl%and Willey.”" The nearly unique  proys form of riebeckite, has a structure consisting of parallel
response of asbestos fibers to magnetic fields has been usgdcks of long ribbons, each containing an octahedral cation
for the alignment of fibers deposited in a small quantity ofjayer sandwiched between two silica double chains, and the
liquid, followed by an examination under a microscope orypjt cel| is monoclinic. Some cation sites are occupied by
using light scattering. Some asbestos fiber types have begiz+ 5nqd F&*.1217 The low level of cation substitution by

iron in chrysotile ensures that magnetic interactions are weak
dElectronic mail: z.ulanowski@herts.ac.uk and that the magnetic susceptibility is low X304, SI
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units).1® In crocidolite, which has a high iron contetiypi- objective magnets yive pelt motor shaft
cally about 15%° the Fe ions are more strongly coupled fertite core \
than in chrysotile, but ferromagnetic ordering does not occur
until 30 K7 The susceptibility is an order of magnitude
higher than in chrysotile (8 1073).12% The highly asym-
metric structures of chrysotile and crocidolite admit the pos-
sibility of magnetic anisotropy. While the unit cell of chryso-
tile is not uniaxial, the overall structure can be expected to
lead to uniaxial properties, including axisymmetric suscepti-
bility. It is less certain whether crocidolite can exhibit gross
uniaxial symmetry but aggregate fibers can in principle showrIG. 1. Rotating stage forming the basis of the torque magnetometer for the
uniaxial characteristics, as the azimuthal orientations of indimeasurement of magnetic anisotropy. Only the objective of the optical mi-
vidual silicate ribbons can vary within thicker fibers. croscope is shown.

Due to the existence in asbestos of magnetic impurities,

such as magnetite grains, and the possible simultaneous prefe approximation being valid j§<1. For slender cylinders,

ence of fibers which align at rlght angles to each other, meag ||m|t|ng form of expressior(z) can be used by setting
surements had to be carried out on single fibers, rather than 1, which leads tdN;=0 andN,=N,=1/2. The shape an-

on bulk samples. The difficulty posed by the need to measurgotropy then becomes
extremely small torques was overcome by the application of
a straightforward method which, to the authors’ best knowl-
edge, has not been used before. The method relies on coun-
teracting the torques exerted on fibers by a magnetic ﬁe'%rovided again thay<1.

and by viscous drag in a rotating fluid. To measure the torque exerted on single asbestos fibers
by magnetic fields a system was constructed which allowed
balancing the forces due to magnetism with those due to
1. METHODS viscous drag in a rotating, isopycnic liquifig. 1). A small
(70 wl), transparent, polypropylene container holding a sus-
The torque on a paramagnetic, axisymmetrically anisopension of asbestos fibers was positioned in the center of a
tropic object without a permanent magnetic moment angotating stage. The container was located between the poles
placed in a uniform magnetic field of intensity can be of a stationary magnet constructed from up to four small,
written as rare-earth, permanent magnets and two U-shaped ferrite
T, = (1/2) oV H2A x sin 26, (1) cores. The stage could be rotated using a stgpper motor. The
whole assembly was placed under an optical microscope
where uq is vacuum permeabilityy/ object volume,f the  equipped with ax8 objective lensx20 eyepieces, a grati-
angle between the axis of the susceptibility ellipsoid and theule and a protractor, to allow the observation of the fibers
direction of the external magnetic field, aAg anisotropy of  and the measurement of their sizes and orientation angles.
volume susceptibility, defined as the difference between the The container was partially filled with a pure immersion
susceptibilities parallel and perpendicular to the axis of thdiquid and some suspension of the fibers under study was
ellipsoid. added to it, in one of two ways. For chrysotile, a discontinu-
Besides magnetocrystalline anisotropy, shape anisotropgus density gradient was formed in the container. First, the
may be present. The magnitude of the latter can be calculatezbntainer was half filled with a liquid of density slightly
for objects such as prolate ellipsoids. The effective susceptsmaller than the density of chrysotile and with some fibers
bility of an object characterized by an intringjcrystalline already suspended in it. Then a liquid of higher density was
volume susceptibilityy and for a field applied along direc- slowly injected under the first layer using a syringe with a
tioniis x;j=x/(1+N;x), whereN; is the demagnetization blunt hypodermic needle. Both liquids were mixtures of di-
factor in the same directiolf. For a prolate ellipsoid, the iodomethane and iodoethariBisher Scientific, Loughbor-

2
X X
AXstrXfm*; 4

demagnetization factor along the major axis is ough, UK. For crocidolite, because of its density being
nearly equal to that of the chosen liquid, a gradient was not
N1:<i2_1>(i|n €+1_ ) 2) used. Instead, a suspension of the fibers in diiodomethane

2¢ -1 was carefully layered over pure diiodomethane. The con-

wheree is the eccentricity of the ellipsoid. The factors per- f[amer was then covered with a small microscope cover-slip

endicular to the major axis alé,=Ny=(1—N,)/218 The N both cases. , ,
ghape anisotropy in ':his case i52 3=( J The suspended fibers would undergo alignment as a re-

sult of the action of the magnetic field produced by the mag-

X net. Rotation of the stage could then be used to subject the

AXS:X1_X2:1+ Ny 1+N,y fibers to a torque due to viscous drag. Once an equilibrium
5 was reachedprovided that the hydrodynamic torque did not
X 3) exceed the maximum torque produced by the magnetig field

- 2(1M(1-3Ny)—x/2)’ different magnetic properties of individual fibers could be

Downloaded 14 Dec 2006 to 147.197.34.147. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4106 J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Z. Ulanowski and P. H. Kaye

expected to result in different fiber orientation angles, inas- 25
much as the torque due to the magnetic field was anticipated a
. . 2__ o
to be angle dependent. Moreover, the orientation angle =
would be a function of the rotation rate of the stage, sincethe E ]
torque due to the viscous drag was roughly proportional to & 151 o
that rate. The hydrodynamic torque could be calculated from 2 )
the rotation rate, the viscosity and density of the immersion  § I
liquid, and the dimensions of any given fiber, thus providing g 051
a value for the torque due to the magnetic field at the ob-
served orientation angle. The angular dependence of the 0 ' —y ,
torque could be determined by varying the rotation rate. The 0 0.2 0.4 06 08 1
present measurement system can thus be thought of as a sin 26
torque magnetometer char.acterlze.d by a constant but a'dJu‘fri—Il_G. 2. Measured torque on a single crocidolite fiber as a function ofésin 2
able torque rather than a fixed spring constant. where ¢ is the angle between the long axis of the fiber and the direction of

The samples used were of UIG@nion Internationale the magnetic field. The line is a least squares fit with an intersect of 0. Fiber
Contre le Cancerstandard respirable asbestos: crocidolitelength was 3um, thickness 0.um and flux density 0.047 T.
and Canadian chrysotile. Submilligram amounts of the fibers
were dispersed in an appropriate immersion liquid, then fil- _ a5
tered through a 7@m nylon mesh. The densities were taken Ea(y)=exp(~2.2271-1.048+0.28909<10 7y )’(8)
to be 3.33%x10°kgm~3 for crocidolite and 2.55
% 10 kg m™3 for chrysotile. The dynamic viscosity and the Wherey=3 In(2a/L).

density of the immersion liquids used were, respectively: ~ For calculations of fiber orientation in air, an equation of
2.8x10 3kgm st and 3.325%1CPkgm=3 for di- Motion taking into account the torques due to inertia as well

iodomethane, 0.5910 3kgm 1s! and 1.95<10°kgm 3  as magnetic anisotropy and viscous drag was solved numeri-

for iodoethane. For suspending chrysotile fibers, the isopyccally. However, because of a wide range of angular veloci-
nic solution containing diiodomethane and iodoethane in di€s presentincluding a singularity aiw=0), the expres-
55/45 weight ratio had a calculated viscosity of 1.55Si0ns(7)and(8) were not used. Instead, the viscous drag was
x 10 3kgm~ts™L. The magnetic flux density at the sample linearized by inserting a constant velocity wL/2 (velocity
was 0.047 T for crocidolite and 0.20 T for chrysotile. at the tip of the rotating cylindgunder the logarithm in Eq.

The hydrodynamic torque can be derived from the clas{6) prior to the integration, resulting in the following expres-
sic expression describing the viscous drag coeffiaignfor ~ Sion for the aerodynamic torque:

the case of laminar flow past an infinite circular cylind@r: " —oes mul3e o
8 8 b3 1In(14.8u/pdwl) ©
o= 1 8\ 7.4 ®) where the coefficient 0.98 is introduced to correct for errors
Re ;- r+ing,| Relneg due to the linearization.
where Re=vdp/u is the Reynolds numbery,fluid velocity, d Ill. RESULTS AND DISCUSSION

cylinder diameterp the density, angk the dynamic viscosity
of the fluid, andy is Euler's constant. The drag per unit
length of the cylinder then becontés

Both chrysotile and crocidolite fibers aligned mainly
with their long axis along the direction of the field. They
could assume either of the two possible parallel orientations
Arvp without appar_ent preference. Moreoyer,_the enly eli_gnment
FD”m- (6) angles at which fibers could be maintained indefinitely by

n(7.4ulpvd) rotating the turntable were less than 45° relative to the field.

The viscous drag torque on a cylinder rotating about an axiSUch Pehavior cannot be expected if the alignment is due to

of symmetry perpendicular to the cylinder can be obtained® Permanent magnetic moment but is consistent with the
by integrating Eq(6) over the length of the cylinder: presence of anisotropy of magnetic susceptibility or shape
anisotropy. To further test this hypothesis, several torque

1/2 % e X measurements at different angles were made on individual
FDZZL FDrdr=87r,ua3wL| pall — dx fibers. Typical results are shown in Fig. 2, where it is clearly
nzal) seen that the torque is proportional to sé according to the
3 expectations. Therefore, further measurements and calcula-
=8mua “’El(3 '”T)v (7) " tions were carried out on the assumption that the observed
alignment was due to anisotropy and could be described by
wherea~7.4u/pwd and w is the angular velocityl the the general relationshifl). The distributions of the mea-
length of the cylinder, andE;(.) the exponential integral. sured anisotropy of magnetic susceptibility of chrysotile and
Since the latter does not have a convenient closed-form s@rocidolite are shown in Fig. 3. The average values of the
lution, it was approximated on the intervé?5,60 using  volume anisotropy were 0.4010 © and 83< 10 (Sl unitg
Chebyshev series, giving for chrysotile and crocidolite, respectively.
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20 — - tibility, principally its crystalline component. For crocidolite,

- erocidolite > chrysotile the magnitude of the crystalline component of anisotropy
was not inconsistent with, if somewhat lower than, the re-
sults of low-temperature, high field measurements indicating
anisotropy of the order of 10% for bulk samples of Austra-

-
(3]
L

Number of fibers
o

5 ] Tooo lian crocidolite}” assuming the magnetic susceptibility of
o o= about 3x 10~ 3,11.12.16

0 oo u‘ 2 go : : The width of the observed distributions of anisotropy

10°¢ 10® 107 10° 10° q0* 10° may be due to a combination of several factors. The mea-
Susceptibility anisotropy surement of the thickness of the fibers was inherently inac-

FIG. 3. Distribution of measured anisotropy of volume susceptibility of CUrate because of limitations of optical microscopy. Since
single asbestos fibefsxpressed in nondimensional SI uhitShe flux den-  estimates of the hydrodynamic torque based on expression
sity was 0.047 T for crocidolite and 0.2 T for chrysotile. (7) are approximately inversely proportional to the square of
the thickness, they may be associated with large errors. Fur-
The torque due to shape anisotropy cannot be distinther errors stem from the “slender fiber” assumption under-
guished experimentally in a straightforward manner fromlying the expression for the drag coefficiéBj. On the other
that produced by magnetocrystalline anisotropy, as outlinetiand, the measured anisotropy did not extend substantially
in the previous section. However, the magnitude of the shapbkelow the theoretical minimum, as represented by the shape
anisotropy, and hence the torque due to it, can be calculateglnisotropy(Fig. 4), indicating that the errors were small. The
For this purpose, the fibers were assumed to be slender cylemaining variation might not have been entirely due to the
inders. The anisotropy was then calculated using expressioghisotropy of the crystalline matrix of the fibers, since bulk
(4) taking 3-2’<.107_3 alr‘f63-0< 107 for tfge volume suscep- samples of both crocidolite and Canadian chrysotile contain
tibilities of SEOCIdOhtel ' anfischrysotllel, respectively, and  gjgnificant amounts of ferrimagnetic impurities, notably
—1.46<10 * and ~1.2x10 * for those of the correspond- grains of magnetité*® The flux density used for crocidolite
ing media(immersion liquids. The calculated shape anisot- was below that required to achieve full saturation, so mag-

ropy was 5.X10°° for crocidolite and 4.%10 8 for o " S )

: X O , netite impurities could, in principle, have contributed to the
chrysotile. For comparison, similar computations were done d anisot 4 p idolite fib )
assuming that the fibers were prolate ellipsoids of equal vol€asured anisotropy. HOwever, fine crocidolite: Tbers, -in

ume and aspect ratig.e., the major and minor semiaxes of contrast to bulk sa_mples, are _unlikely tq conta_in with_in them
the ellipsoids were obtained by multiplying the measuredh€ large pseudosingle-domain magnetite grains which prob-
length and thickness, respectively, by (3/48) The anisot- ably dominate the low field magnetic properties of
ropy was then calculated using expressi@n The average crocidolite!® It is more difficult to draw clear conclusions on
anisotropy values were 5010 © and 4.2x10 8, respec- the origins of the anisotropy in chrysotile since this material,
tively, for crocidolite and chrysotile—within a few percent at least as far as bulk samples are concerned, is likely to
of the values calculated assuming cylindrical shape. contain magnetite grains with a wider distribution of
The distribution of the ratio of the measured anisotropysizest*® but the contribution from magnetite was reduced
to the calculated shape anisotropy is given in Fig. 4. For botlyy the higher field used during the measurements.
chrysotile and crocidolite, the ratio was much greater than To establish whether magnetic a|ignment would be use-
one for the majority of the individual fibers studied, i.e., thefy| as a means of characterization of airborne fibers in flow,
observed alignment was stronger than that expected fromyqrientation times for asbestos fibers in air were calculated
shape anisotropy alone. Hence, it appears that the alignmepp, the measured anisotropy. The equation of motion, tak-
of the fibers was due to the anisotropy of magnetic susceqhg into account torques due to the anisotrdgy, viscous
drag (9), and fiber inertia, as outlined in the preceding sec-
15 tion, was integrated numerically. It was assumed that the
~- crocidolite -« chrysotile fibers had to undergo a 10° reorientation and that their initial
angle relative to the field was 45°. The distribution of calcu-
lated reorientation times is shown in Fig. 5. Average reori-
entation times calculated for the measured asbestos fibers
were 1.8 ms for chrysotile and 0.14 ms for crocidolite at a
flux density of 0.5 T. Such short reorientation times should
allow the detection of the realignment of airborne fibers in
flow by measuring their orientation angles using light
o 1 N 10 100. 1000. scattering’® and, consequently, make possible the discrimi-
total/shape anisotropy ratio nation between asbestos and other fiber types. Chrysotile and
o _ _ crocidolite may also be distinguishable because of small
FIG. 4. Distribution of the ratio of the measured anisotropy to the calculated . L .
shape anisotropy for single fibers of crocidolite and chrysotile. The fibersoverlap between the predlcted distributions for these two ma-
were assumed to be slender cylinders. terials (Fig. 5. The latter capability is important because

-
o
L

Number of fibers
)]
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12 — - Previous studies indicate that very few respirable fiber
i ~ crocidolite < chrysotile types can be confused with asbestos on the basis of their
o magnetic propertie$® It is indeed highly unlikely that glassy

T fibers would exhibit magnetic properties similar to those of

T © o asbestos unless they contained significant quantities of iron

' " compounds. Crystalline fibers, however, can show anisot-
ropy and could in principle be confused with asbestos. An
: example is carbon fib&23but its occurrence is not likely to

o1 ‘ ‘ 0‘1 ‘1’ AR 10 be frequent. Also, the anisotropy of man-made carbon fibers

' Reorientation time (ms) is nearly an order of magnitude larger than that of

crocidolite?® allowing discrimination between these fiber

_FIG. 5. Distributioq of_ cal(_:ula'ted reorientation_ time for asbestos_ f_it?ers SUb‘typeS.

{Aeli‘i:]efetsopgcrp%g?ﬁé'%g%"ig‘ofit'[{eTfri‘r?a?L;ﬁgfznggwas 0.5T, the initial angle =" 1o experimental technique presented here can be used
for measuring the magnetic anisotropy of small particles of
well-defined shape—as long as the hydrodynamic torque can

there is evidence for an increasing pathogenicity gradienbe calculated. The sensitivity of the technique would be dif-

running from chrysotile, through various amphibole forms,ficult to attain by other means: torques of HNm or less

to crocidolite?>?* A summary of the properties of the asbes- are easily measurable. In contrast, the sensitivity of some of

Number of fibers

O N A O © O
b
o

tos fibers is given in Table I. the best “conventional” torque magnetometers is of the or-
der of 10 13-10"*Nm.?*?*Particles with mass as small as
IV. CONCLUSIONS a few picograms can be examined by this technique. In ad-

dition, the high sensitivity and wide dynamic range allow

The alignment of crocidolite and chrysotile fibers ineboth low field and high field measurements to be carried out.

magnetic fields was found to be mainly due to the crystallin

component of the anisotropy of magnetic susceptibility, esti-

mated at 0.3% 10 ® and 78< 10 ° for chrysotile and croci-  ACKNOWLEDGMENTS
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