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ABSTRACT

Fiber and particle alignment in composite materials may be used to tailor material and object
properties to specific performance requirements. The present research demonstrates that alignment ¢ f
ferromagnetically modified slender wood particles in magnetic fields is feasible. Magnetic torque:,
which causes rotation, increases linearly with the amount of magnetic material on particle surface:.
Below magnetic saturation, magnetic torque increases with increasing strength of the applied fielc;
closer 10 magnetic saturation, torque becomes less dependent on the applied field strength. Magnetic
torque maxima occur at field-to-particle axis angles above 45°. Polarity switches of the applied mag-
netic field increase particle rotation rates and may counter permanent magnetization, which otherwise

tends to impede full particle alignment.
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INTRODUCTION

The manufacture of particulate or fibrous
composite materials often demands tailoring
of material properties to specific end-use re-
quirements. This tailoring can be achieved by
controlling alignment, dispersion, and volume
fraction of particles or fibers (Kelly and Da-
vies 1965; Sutton 1970; Knoblach 1989, 1990;
Humphrey 1995). The influence of particle
alignment on the performance of wood parti-
cle composites was first investigated by von
Klauditz et al. (1960), who suggested using
electrostatic fields to align particles. This led
to the development of electrostatic alignment
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processes that are currently employed in the
manufacture of lignocellulosic (L.C) fiber- and
wood-composites (Talbott and Stefanakos
1972; Talbott 1974; Suchsland and Woodson
1987; Kawai et al. 1987; Yoshida et a.. 1988;
Kawai and Sasaki 1989; Yoshida et a.. 1989;
Pulido et al. 1990; Yoshida et al. 1990: Pulido
et al. 1991a, b, c).

Ferromagnetic fibers and nonferrom agnetic
fibers coated with a ferromagnetic material can
be manipulated in a magnetic field (Shine
1982; Hatta and Yamashita 1988; Yamashita
et al. 1989). Magnetic fields offer some ad-
vantages over electrostatic fields for orienta-
tion. First, most fluids are nonmagnetic.
Charge polarization effects in the suspending
medium, which occur in electric fielcls, thus
do not occur with magnetic fields. $econd,
high magnetic field strengths can be sustained.
In contrast, electric fields collapse when the
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dielectric strength of the medium between
electrodes is surpassed. Third, magnetic fields
pose fewer insulation safety problems, and no
fire risks due to discharge. Fourth, in the case
of magnetically modified LC fibers, interac-
tions with magnetic fields may, for all practi-
cal purposes, be assumed to be independent of
fiber moisture content (MC). This stands in
contrast to electric fields where fiber MC in-
fluences the electric torque strongly (Pulido
1991b,c; Zauscher 1993). It is therefore ex-
pected that the magnetic torque can be selec-
tively applied to only those fibers that are
magnetically modified, and control over align-
ment can be exercised on a fiber-by-fiber ba-
sis.

The objective of this study was to investi-
gate the feasibility of using magnetic fields to
exert an aligning torque on magnetically mod-
ified wood particles, and to assess the depen-
dence of magnetic torque on field strength,
field polarity, and particle treatment.

In the present research, in order to facilitate
the understanding of mechanisms underlying
particle alignment in magnetic fields, only the
alignment of individual, elongated wood par-
ticles was considered. However, particle-par-
ticle interactions may prove to be very impor-
tant in practical applications of the approach.
Magnetically modified fibers may cause the
magnetic field to be locally distorted and, in
general, disturbing mechanical interactions
due to collisions and entanglement may occur.

THEORY

Wood has an anisotropic diamagnetic sus-
ceptibility, which is at a maximum in the di-
rection of the wood fiber length axis. This
maximum coincides with the orientation of the
crystalline regions of the cellulose chains (Ni-
lakantan 1938). The diamagnetic susceptibility
of untreated wood is, however, negligible
compared to that of wood having ferromag-
netic surface treatments (Zauscher 1992).

To achieve high magnetic torques and short
orientation times, it is necessary to coat the
wood fibers with strongly magnetic materials.

These ferromagnetic materials have nonlinear
magnetic properties and exhibit anisotropy and
magnetic hysteresis, which distinguishes theny
from magnetically linear para- and diamag-
netic materials. For the purpose of fiber ori-
entation, ferromagnetic materials with lovs
coercivity (i.e., magnetically soft), low rema-
nent magnetization, high permeability rise fac-
tor, and high saturation magnetization are ad-
vantageous. A magnetically soft material does
not remain strongly permanently magnetizel
after the external field is removed, and a higa
permeability rise factor indicates that only a
small change in field strength is necessary to
achieve a certain increase in magnetization
(Siemens AG 1979). Materials with high sai-
uration magnetization offer, in turn, a high
magnetic torque at saturation.

The magnetic torque, 7, on a magnetic
particle is a function of the external field, B,,
and the magnetization, M. The magnetizaticn
of a ferromagnetic material is generally a nori-
linear function of the magnetic field strength
to which the material is exposed. The internal
field, and the magnetization dependent on it,
vary spatially within a magnetic particle ac-
cording to its shape, its magnetic properties,
the particle orientation within the field, and the
applied field strength. Except for uniform.y
magnetized ellipsoids and their degenera:e
cases, a particle’s magnetization vector M is
difficult to evaluate (Joseph and Schlomarn
1965).

Let us consider uniformly magnetized pro-
late ellipsoids made from linear magnetic ma-
terials that are rotating about one principal
axis in an applied field which does not cause
saturation. In such a case, magnetic torque is
proportional to the square of the applied field
strength, to body volume, and to the product
of sin(a)cos(a) where a is the angle between
the body length axis and the field lines (Strat-
ton 1941; Shine 1982). Magnetic torque in-
creases with increasing aspect ratio and is
maximized when a equals 45°. This behavior
is analogous to that of a dielectric ellipscid
immersed in an electric field (Okagawa et al.
1974; Okagawa and Mason 1974). Because
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magnetic materials have a finite permeability,
there exists a limiting particle aspect ratio be-
yond which the magnetic torque no longer in-
creases (Shine 1982). This stands in contrast
to hydrodynamic torque, which always in-
creases with increasing aspect ratio.

At field strengths above those required for
saturation, magnetic torque is proportional to
the square of the saturation magnetization, and
its maximum value is independent of the
strength of the applizd field. The magnitude of
the magnetic torque remains constant as long
as saturation is maintained; with decreasing
field strengths, however, the angular location
at which the maximum occurs shifts towards
larger angles.

Magnetic torque on magnetically nonlinear
materials must be aralyzed numerically. Mag-
netic torque is proportional to the square of
the applied magnetic field strength only for
very low applied fields (i.e., in the linear
“toe’” region of the magnetization curve). If
the magnetization level is below saturation, an
increase in magnetic field strength yields high-
er magnetic torques at all particle orientation
angles (Shine 1982). However, the dependence
of magnetic torque on applied field strengh is
not easily assessed since it is intimately related
to the particular magnetization behavior of the
magnetic material. At field strengths ap-
proaching those necessary for saturation, mag-
netic torque becomes increasingly less depen-
dent on the applied field strength.

The theory for magnetic torque on prolate
ellipsoids holds also for slender, uniformly
magnetized cylinders having equal aspect ratio
and volume (Shine 1982) and is qualitatively
true for any slender symmetric magnetized
particle. In the case of magnetically hetero-
geneous bodies, the situation is more compli-
cated because each magnetized particle sets up
a magnetic field of its own and is also influ-
enced by the fields of all the other particles.

The equation of motion for a particle sub-
jected to several body and surface forces is
based on conservation of linear and angular
momentum. Assuming negligible particle in-
ertia, the magnetic torque, 7, is equal to, and

counteracted by, the hydrodynamic torque,
T(h), (Eq. 1).

T(m) = - T(h) ( 1)

With the quasistatic form of the creeping mo-
tion equations, the hydrodynamic torque on a
particle, and thus also the magnetic torque, can
be shown to be directly proportional to fluid
viscosity, the particle’s angular velocity and to
a characteristic shape constant (Brenner 1963;
Happel and Brenner 1965; Kim and Karrila
1991).

Analogous to the center of mass in rigid
body dynamics, there exists in fluid dynamics
a center of hydrodynamic resistance (Brenner
1963; Kim and Karrila 1991), where rotational
and translational motion are decoupled. In the
case of a homogeneous and geometrically or-
thotropic body, the centers of hydrodynamic
resistance, buoyancy, and mass coincide at the
geometric center of the body.

For experimental purposes, a particle is ide-
ally in a neutrally buoyant state and does not
translate. But even if such motion o:curs, a
translational motion along an axis of grincipal
resistance does not impart additional tcrque on
the particle (Brenner 1963; Kim and Karrila
1991). The hydrodynamic torque exerted on
the fluid by a particle rotating about one of its
axes of principal resistance (i. e. about its cen-
ter of hydrodynamic resistance) is g ven by
(Eq. 2),

—nC-w 2
where m is the constant fluid viscosity, o is the
particle’s angular velocity, and C is the sym-
metric rotational resistance tensor, which is
solely dependent on particle geometry. The
components of this tensor are analytically
solvable for an ellipsoid and its degenerate
cases (Jeffery 1922; Kim and Karrila 1991)
but must be determined empirically for almost
all other shapes. The magnetic torque is then

3

Ty, =

T,, = NCw

or in component notation,
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)

= mC
T'(m)i =M ijw9

where i,j = 1,2,3.

The specific magnetic torque (SMT), T%,,,
on a particle rotating about its i principal axis
(Eq. 5) can be obtained by expansion of (Eq.
4) with the additional constraint of i = j

&)

The SMT is therefore solely a function of fluid
viscosity and the particle’s angular velocity
while it is rotating in a plane of principal hy-
drodynamic resistance, and both variables can
be determined by experiment. The SMT is
useful in comparing the magnetic torque on
particles having identical geometries and con-
sequent hydrodynamic behavior, without
knowing their particular hydrodynamic resis-
tance.

METHODOLOGY
Preparation of magnetic particles

For this research small, slender, precisely
cut strips of aspen (Populus spp.), having the
shape of a rectangular parallelepiped (average
dimensions: 12.9 X 0.8 X 0.5 mm; average
MC: 8.3%) were used. This shape was chosen
to approximate LC fibers. In a preliminary at-
tempt to render the wood particles magnetic,
nickel was deposited onto their surface by an
electroless process (Schlesinger 1974; Naga-
sawa et al. 1990, 1991, 1992). This method
proved unsatisfactory, however, because the
deposit had inferior magnetic properties com-
pared to elementary nickel (Schwartz and
Mallory 1976; Zauscher 1992). Furthermore,
[umen loading (Green et al. 1982; Ricard and
Marchessault 1990; Rioux et al. 1992) requires
fiber beating, which was not possible in this
study. Ultimately, a nickel powder/acrylic
binder suspension (Electrodag 440%; 59%
nickel [w/w]) was deposited onto the wood
particle surfaces in the form of a fine mist. The
fiber particles were fluidized using an air
stream during the spray operation in order to
obtain near-uniform surface treatment and to

avoid particle agglomeration. Treatment batct -
es with nine different target loading levels
(plus untreated control samples) were prepared
by varying spray time. From these treatment
batches thirty-six particles were selected on
the basis of optically inferred uniformity cf
coating and target dimension to within +0.03
mm.

To evaluate average magnetic properties of
the coated particles, mass susceptibility (with
a Bartington M.S.2. susceptometer; sensitivity
2.5 X 107% and isothermal remanence mag-
netization (with a Schoenstedt Digital Spinner
Magnetometer, Mod. DSM 1; accuracy *1%)
were measured as functions of applied field
strength. They were also measured after de-
magnetization. The functional dependency be-
tween remanence magnetization and the ap-
plied field strength reflects that between mag-
netization and applied field strength. The al-
ternating field required to decrease saturaticn
remanence by 50% is called the medium de-
structive field; its magnitude is a good indi-
cator for the coercivity of the nickel coating.

Particle rotation experiments

The assumptions made for this study of
magnetic torque are summarized in Table 1.
To produce the required homogeneous, uni-
form, and stable magnetic field, an electro-
magnet (field stability better than 10 ppra;
field inhomogeneity smaller than 0.5%) and a
matching power supply were designed and
constructed (Zauscher 1992). Magnetic field
strength was measured with a Hall effect sea-
sor (LDJ HR-70-CP). To determine particle
angular velocity during rotation, the particle
angle relative to the magnetic field lines was
measured as a function of time. Video filming
(NIKON 8 mm Cam-Corder, VN-700) of per-
ticle rotation proved to be a nonintrusive wiy
to obtain the time-angle information. A stod-
watch display (resolution: 1/100 s) was filmed
with the rotating particle to obtain the time
progression from one video frame to the next.
The use of standard video equipment imposed
a time-resolution limit of +1/60 s on the cap-
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TABLE 1.
torque.

Assumptions made in studying magnetic

1) Particles are rigid bodies. Centers of gravity, buoy-
ancy, and hydrodynamic stress coincide at the parti-
cle’s geometric center.

2) Particle inertia is negligible.

3) Particles of identical shape and size exhibit identical
hydrodynamic behavior.

4) Particles rotate about one of their axes of principal
resistance.

5) The applied magnetic field is stable, uniform, and
parallel over the volume in which rotation takes
place.

6) Particles are not hysteretic and initially are not mag-
netized.

7) Magnetic material is uniformly distributed over the
particle surfaces.

8) The magnetization adjusts itself instantaneously to its
equilibrium value.

9) The suspending fluid is Newtonian.

10) The undisturbed fluid is stagnant and unbounded.
11) Fluid inertia and Brownian motion are negligible.

tured events. Figure 1 shows a schematic view
of the experimental setup; it is shown photo-
graphically in Fig. 2.

Silicone fluids (DOW series 200%) with vis-
cosities between 20 X 103 Pa-s and 120 X
107* Pa-s were used for nonwetting suspen-
sion. Within rheometer accuracy (Brookfield
LVTD with small sample adapter SC4-18/
13R), differences in the measured viscosities
at shear rates comparable to those found in the
experiments could not be attributed to non-
Newtonian behavior. There was a nearly linear
relationship between fluid viscosity and tem-
perature in the range between 20°C and 30°C;
regression equations made it possible to cor-
rect fluid viscosity for temperature. Tempera-
ture was measured with a thermistor probe
(YSI 44204) achieving a temperature resolu-
tion of +0.03°C.

Particle rotation was filmed after the sample
container was positioned in the field such that
the particle approached an unstable equilibri-
um position (o = 90°). Angle-time data pairs
were obtained from about 30 video images by
repeatedly measuring the angle o formed by
the particle length axis and a reference line

Glass container
Silicone oil
Particle

CRT display

High resolution CCO
video camera/recorder

Orthocyclically

wound coils \

Axial adjusters

Stabilized
Fower supply

Digital timer

: |4 Hall-voltage
Thermistor probej fiold sensor
]
=]
=
1
Digital data
icquistion
Fic. 1. Schematic representation of the experimental set-

up for particle rotation.

parallel to the magnetic field lines. Angle mea-
surements have an accuracy of +0.3°.

The data thus recorded yielded a ctaracter-
istic sigmoidal curve that was approcimated
numerically by a least-squares fit; differentia-
tion with respect to time generated a function
representing the angular velocity (Fig. 3). In
order to compare SMT data from different ex-
perimental runs, fluid viscosity for each run
was corrected for temperature and scaled to an
arbitrarily chosen reference viscosity of 50 X
1073 Pa-s. The particle angular velocities for
a given experimental run were then multiplied
by the scaling factor and the reference viscos-
ity to yield the SMT. The maximum SMT was

Fig. 2. Electromagnet with sample container in position.
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used as a characteristic value in the analysis
of experimental results.

RESULTS AND DISCUSSION
Magnetic surface treatment

Elemental maps for nickel on particle sur-
faces indicate a rather uniform surface cover-
age (Fig. 4). Diameters of the deposits ranged
from 70 pm to smaller than 2 pm (measured
from micrographs). Variability of up to =20%
among the SMT maxima for particles of one
treatment batch suggested that nickel content
on particles within each of the nine batches
varied considerably. Average nickel concen-
trations among the batches ranged between 5.3
g/kg and 49.7 g/kg (oven-dry particle mass).
Both mass susceptibility (Fig. 5a) and satura-
tion isothermal remanence magnetization (Fig.
5b) varied linearly with nickel concentration.

A medium destructive field of 9.5 mT
(about 7,600 A/m) indicated that the nickel
coating can not be considered magnetically
soft; a comparable value exists, for example,
for magnetically semi-hard Cr-Co-Fe alloys.
Remanence and coercivity values may be ex-
pected to differ from values found for pure
nickel in a homogeneous sample. Coercivity
increases with the particle size in the nickel

——
1888U BP9 P9242 AlG

28KV K28

Fic 4. Typical treated particle surface and correspond-
ing element map for nickel on the particle surface (11.6
g/kg nickel, 20X)

coating (typically 2-3 pm), and impurities in
the nickel coating may be expected to hincer
domain wall movement, which, in turn, in-
creases coercivity (Brown 1962). Particle
magnetization behavior (Fig. 6) appears to be
independent of nickel concentration on parti-
cle surfaces. Over 90% of bulk magnetic sat-
uration was reached at a field strength of (.1
T (Fig. 6).

The basic nature of particle rotation

A Reynolds number of the order of 2 X
1073, the maximum from all of the experimen-
tal runs, supported the assumption of negligi-
ble particle inertia. Variability among replicate
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runs, inferred from differences in the SMT
maxima, ranged from 1% to 3%, and increased
with increasing rotation times. Low nickel-
loading levels and low field strengths increase
rotation times; this, in turn, increases the pos-
sibility of particle misalignment (out of the ro-
tation plane) and consequent changes in hy-
drodynamic resistance.

With a decrease in container diameter, wall
effects decreased the angular velocity of a ro-
tating particle. A container with an inside di-
ameter of 23.9 mm was a compromise be-
tween errors due to disturbing wall effects and
the loss of field homogeneity and strength as-
sociated with increasing pole piece separation.
Positioning a particle off center was an im-
portant source of experimental error. It was es-
timated that a 1-mm offset reduced the SMT
by about 1.7%.

Figure 7a shows three pairs of unscaled but
fitted data curves (angular displacement vs.
time) for three different fluid viscosities. The
curves coincide nearly exactly (Fig. 7b) after
the viscosities are scaled to a common value
of 50 X 10°* Pa-s (done by dividing the ro-
tation time of each data curve by the respec-
tive viscosity scaling factor). This result sup-
ports the assumption that particle rotation
scales linearly with both viscosity and angular
velocity. Slope differences in the curves below
angles of 30° are believed to originate from
permanent particle magnetization that oc-
curred during rotation in the magnetic field.
To destroy remanence magnetization, each
particle was, from then on, demagnetized in
an alternating magnetic field (0.14 T peak) of
decreasing amplitude prior to further experi-
mental runs.

Dependence of SMT on nickel treatment

The SMT maximum increased linearly with
increasing nickel loading (Fig. 8). Mass sus-
ceptibility was also linearly dependent on
nickel concentration, indicating that the for-
mer can be used to predict magnetic torque.

Dependence of SMT on field strength

Experimentation was restricted to magnetic
field strengths ranging from 0.07 T to 0.16 T.

3.0

Mass Susceptibility (x10° m*/kg)

0.0 a
‘i—r—r T T T T “

0 10 20 30 40 £0 60
Average Nickel Concentration (g/kg)

0.35
0.30
0.25
0.20 +
0.15

.10 J

SiR-magnetization (Am?kg)

0.05

0.00

T T T T T
0 10 20 30 40 5) 60

Average Nickel Concentration (g/kg)

Fic. 5. a) Mass susceptibility and b) saturatior isother-
mal remanence magnetization as a function of average
nickel concentration on the particles. There were nine
treatment levels plus an untreated control. Each data point
is the average of four samples.

Above 0.16 T, the available magnetic system
could not maintain sufficiently stable and uni-
form fields. Low field strengths caused long
rotation times, and disturbing translational
particle motion began at fields below .07 T.
Normalized SMT maxima as a function of ap-
plied field strength are compared in Fig. 9 for
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a low and a high nickel-loading level. The data
suggest an inflection of the SMT maxima at
about 0.11 T and a tendency to level off there-
after. This tendency is to be expected, since at
field strengths approaching those necessary for
saturation, magnetic torque becomes increas-
ingly less dependent on the applied field
strength (Shine 1982). It was anticipated that
the approach to a limiting SMT value would
be more pronounced than was found, since, as
shown earlier, over 90% of bulk magnetization
is reached at about 0.1 T. The gentler approach
suggests that in order to reach a given level of
magnetization, larger applied field strengths
are required for individual, magnetically coat-
ed particles than for the same material in bulk.

A power-law fit to the SMT maxima at
fields below the inflection in the data (i.e.,
fields in the range from 0.00 T to 0.11 T)
yielded a higher than quadratic dependence of
SMT on applied field strength (7%, * B;**%).
This type of behavior is consistent with that
of nonlinear magnetic materials above their
linear magnetization region—which usually
involves only very low applied magnetic field
strengths—but below their magnetic saturation
(Shine 1982).
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~.N 3
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o
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©
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0 T T T T T
-15 -10 -5 0 5 10 5
Time (sec)
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o
j=
<
@ 40
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o
Q. 30
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10 b)
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-15 -10 -§ 0 5 10 15
Time (sec)
Fic. 7. a) Fitted angular displacement versus time for

three different fluid viscosities; b) fitted angular displace-
ment versus time for the viscosities shown in a), scaled to
a common viscosity of 50 X 1073 Pa-s.

The SMT and its angular position as a func-
tion of applied field strength were obtained
numerically from fitted data curves for a range
of applied magnetic field strengths (Fig. 10).
These show that specific magnetic torque in-
creases quickly with increasing particle align-
ment to reach a maximum at angles above 4:°.
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torque and mass susceptibility on average nickel concen-
tration on particle surfaces.

Shine (1982) reports that the curvature of the
magnetization plot determines the angular lo-
cation of the magnetic torque maximum. A
convex magnetizaticn curve indicates that the
torque maximum will be shifted towards larg-
er angles, whereas a concave curve indicates
a shift towards smaller angles. An analogous
relationship exists between the SMT maxima
as a function of applied field strength and the
angular location of the these maxima in our
experiments. The SMT curves terminate at
particle orientation angles between 3° and 20°.
This behavior, indicating that full alignment is
not reached, appears to be more prominent at
low applied field strengths. Reasons for this
behavior may have been the consequence of
insufficient alignment times (experimental
limitation) and unfavorably directed remanent
magnetization of the particle surface coating
(see discussion below).

Changing field polarity

Experiments were primarily conducted with
constant magnetic fields. However, a polarity
switch of the applied magnetic field increased
magnetic torque and, as shown in Fig. 11, re-
duced particle alignment times. Polarity
switches are most effective at particle align-

1.2

O Ni-loading: 13.3 gkg
1.0 0 Ni-loading: 38.4 g/kg
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Fic. 9. Normalized specific magnetic torque 1 axima for

two nickel concentrations as a function of apgplied mag-
netic field strength.

ment angles below 45°. The Hall volte ge—in-
dicating magnetic field strength—was moni-
tored with an oscilloscope during field switch-
es and did not detect surges in the magnetic
field. It may therefore be concluded that the
state of magnetization of the magnetic surface
treatment was profoundly changed during a
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Fig. 10. Specific magnetic torque as a function of an-
gular displacement for a range of magnetic field :itrengths.
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Fic. 11.  Angular displacement versus time for two ex-
periments using the same particle: one in which the field
was held constant and one in which the field polarity was
switched.

polarity switch. The above phenomenon may
be a consequence of a mechanism that de-
stroys unfavorably directed remanent magnet-
ization that would otherwise prevent full
alignment. The increasing effectiveness of po-
larity switches with decreasing alignment an-
gles may be explained in terms of magnetic
shape anisotropy. The internal magnetic field
governing magnetization increases with de-
creasing demagnetization fields—set up in the
magnetic coating due to the shape of the wood
particle. These, in turn, become smaller with
greater alignment between particle length axis
and the magnetic field lines. Remagnetization
times are considered negligable compared
with possible particle rotation times.

It was energetically advantageous for a par-
ticle to rest in a partially aligned equilibrium
position after rotation in the magnetic field.
Alignment may depend on a particle’s mag-
netic history and may be the consequence of
unfavorably oriented permanent magnetization
attained during rotation in the field. This hy-
pothesis seems justified when the high coer-
civity of the magnetic particle coating is con-

sidered. As described previously, experiments
performed without prior particle demagneti-
zation revealed discrepancies due to perma-
nent magnetization. This applied to alignment
angles below 30°. The SMT maxima, which
occurred at angles larger than 45°, were nct
perceptibly influenced.

CONCLUSIONS

Alignment of LC particles under the influ-
ence of magnetic fields is feasible if the par-
ticles are magnetically modified. Applied
fields interact with deposited magnetic matc-
rial only, and fiber moisture content is there-
fore not a significant factor. An experiment:l
method developed for the present research er -
abled study of the magnetic torque on a single
particle as a function of treatment level, field
strength and field polarity. Repeatability error
for this method was about +2%.

Magnetic torque increases linearly with
magnetic fiber loading levels, and susceptibil-
ity measurements can be used to predict mag;-
netic torque. This finding may be of consid-
erable practical importance because suscepti-
bility measurements are easily performed. Tte
dependence of the magnetic torque on partic e
shape can be determined with the present ex-
perimental method if the components of tte
hydrodynamic resistance matrix for that shape
are known. Analytically derived predictions
for the magnetic torque on magnetically ho-
mogeneous slender particles were qualitative y
confirmed. At fields below magnetic satura-
tion, but above the linear magnetization re-
gion, the magnetic torque rises initially with a
higher than quadratic power (7%, * By>%®) of
the applied field strength and tapers off at fie.d
strengths closer to saturation. The angular
maxima of the magnetic torque occurred in &1l
cases above 45°, in agreement with empirical
and theoretical predictions. The use of alter-
nating magnetic fields may have great practi-
cal importance since shorter rotation times,
higher torques, and better particle alignment
are achievable. However, the inductance of the
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magnet windings may impose a limit on fre-
quency.

The successful orientation of LC particles
in a viscous fluid further suggests that orien-
tation in polymeric matrices is feasible. How-
ever, rather high nickel loadings and magnetic
fields may be necessary to achieve economical
fiber rotation rates.

To study saturation effects on magnetic
torque, stonger magnetic fields have to be pro-
duced. This requires a more powerful magnet
system than was available for the present
study. Furthermore, particle interactions and
the influence of particle aspect ratio on mag-
netic torque must be taken into consideration.

Several qualitative experiments conducted
but not reported here indicated that, at reduced
fluid viscosities, field strengths and magnetic
loading levels can be reduced considerably
and alignment still achieved in fractions of a
second. Extrapolation to low fluid viscosities
using the present equation of motion is limited
because such equations for particle rotation in
a low viscosity medium—such as air—must
include the contribution of particle inertia.
Furthermore, the hydrodynamic torque term
must be changed to account for pressure drag.
The magnetic torque and its dependencies dis-
cussed above do, however, remain unchanged.
Both fiber alignment in low viscosity fluids
and the issue of particle interactions offer
promise for future study.
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