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ABSTRACT: The flexural rigidity of cylindrical specimens, composed of epoxy reinforced by short,
magnetized glass fibers, was enhanced using weak magnetic fields (<100 mT). By spatially controlling the
magnitude and direction of the field, and thereby the torques and forces acting locally on the fibers, the
orientation and concentration of the fillers in the matrix could be tuned prior to curing. Unidirectional
alignment of the fibers, achieved using an air-core solenoid, improved the contribution of the fibers to the
flexure modulus by a factor of 3. When a ring-shaped permanent magnet was utilized, the glass fibers were
migrated preferentially near the rod boundary, and as a result, the contribution of the fibers to the flexure
modulus doubled. The fiber length, density, and orientation distributions were extracted by yCT image

analysis, allowing comparison of the experimental flexure modulus to a modified rule of mixtures

prediction. The ability to magnetically control the fiber distribution in reinforced composites demonstrated in this study may be
applied in the fabrication of complex micro- and macroscale structures with spatially variable anisotropy, allowing features such as
crack diversion, strengthening of highly loaded regions, as well as economic management of materials and weight.

KEYWORDS: Short-fiber-reinforced polymers, Superparamagnetic iron oxide nanoparticles (SPION), Magnetism,

Computed tomography, Flexural rigidity

1. INTRODUCTION

The design process of synthetic composites is fundamentally
different from the long evolutionary process found in nature. To
meet specific mechanical needs, nature relies on structural
complexity based on a small number of elements, whereas
synthetic composites use a large and diverse array of materials.
Natural materials may exhibit different properties when
constructed from identical components, thanks to additional
degrees of freedom, such as volume fraction and orientation of
fibers acting as reinforcing agents." Control over the volume
fraction distribution may optimize mechanical functionality by
strengthening specific domains with reinforcing fillers. By
positioning stiff fibers in regions prone to higher stresses, the
mechanical reinforcement may become more effective. Further
strengthening may be achieved by control over orientation,
taking advantage of the inherent anisotropy of one-dimensional
(fibers) and two-dimensional (platelets) fillers, which possess
high strength and stiffness along their main axis. Matrix
reinforcement by fibers will be isotropic and limited when fiber
orientation is random. However, fiber alignment may expand the
anisotropy to bulk properties, creating a composite with
distinguishable responses in different directions.

The vast collection of available synthetic materials has proven
to be useful in diverse composites applications. Nevertheless, the
traditional approach lacks structural sophistication and has some
inherent drawbacks. For example, the assembly of distinct
materials often results in mechanical properties mismatch that
may lead to high stress concentrations and failure (delamina-
tion).” By contrast, integration of compliant and stiff domains
within a continuous phase not only enables mechanical tuning
but also prevents high stress concentrations at weak interfaces.
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Furthermore, uniform dispersion of fillers in a structure is
sometimes not optimal in terms of material cost and weight, a
drawback that can be overcome by controlling the spatial
distribution of filler density and orientation.

There is a growing effort in recent years to prepare intricate
structures’ using methods such as ?)D-printing,4 freeze—casting,5'6
and mineralization.” Particular efforts are directed toward better
controlled distribution of particles concentration and orienta-
tion, with magnetism standing out as a low-energy, safe, and
nondestructive method allowing both features.® As magnetic flux
density is a vector field, each point in space is characterized by
both intensity and direction, where the former may control the
filler’s spatial volume fraction and the latter its orientation. In
order to interact with a magnetic field, the material must have
some magnetic compliance quantified by its magnetization. The
magnetization direction is governed by the material’s alignment
relative to an applied magnetic field.

Ferromagnetic and ferrimagnetic materials are characterized
by a hysteresis relationship between their magnetization and the
applied field, as a result they retain some magnetization after
removal of the magnetic source. Paramagnetic materials, on the
other hand, do not possess a remnant magnetization; under low
fields they have permanent magnetic dipole, and their magnet-
ization (M) scales linearly with the applied magnetic field (H):

M =yH (1)
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Figure 1. Sample preparation scheme. (A) SPIONs dispersed in cationic ferrofluid adsorbed on pristine glass fibers surface, resulting in brown
magnetized fibers (GF-MAG). (B) After drying, the GF-MAG brown powder is mixed in an epoxy resin. Following the addition of a compatible
hardener, the GF-MAG/EP mixture is molded inside a cylindrical syringe. (C) The mold is held inside a magnetic source (a solenoid or a permanent
magnet) and rotated by a motor while curing. The fibers in the mixture undergo rotation toward the magnetic flux vector (H ) or translation toward the
magnetic flux density gradient (VIHI). In the case of a solenoid (S), the fibers are subjected to a uniform magnetic flux density (VIHI) with a vector
pointing in the z direction, as a result, magnetic torque (z,,) is acting to minimize their angle with the z axis (¢). In the case of a ring-shaped permanent
magnet (R), the fibers are subjected to a nonuniform magnetic intensity with a periodic vector field pattern; consequently, a magnetic force (F,,) is acting
on the fibers in the gradient direction toward the mold exterior. Inset: arrows are indicating the magnetic-field lines that represent the vector field along
the longitudinal profile of the specimen for a solenoid (S), a ring magnet (R), and in the absence of magnetic source (C). The field-lines spacing indicates
the magnetic flux density which is also visualized using a color bar of the magnetic field intensity (IHI).

where y is the magnetic susceptibility of the material. The
effective value of y is a function of the material and its geometry.”
As most common fillers are diamagnetic and therefore carry
negative and low susceptibility, they respond only to extremely
high magnetic fields, on the order of 10 T, which are impractical
for economic use. To orient or translate fillers with lower
magnetic fields, they need to be coated with a ferromagnetic or
paramagnetic coating.'® Popular magnetic particles for this use
are superparamagnetic iron oxide nanoparticles (SPIONS),
which have high magnetic susceptibility.'"'* Recent studies
have demonstrated magnetic alignment using SPION by low
magnetic-fields down to values of 8 mT."

Several methods have been suggested over the years for
particle alignment, among them are electric-fields, electro-
spinning, and mechanical stretching.M_17 Magnetic alignment
offers a wide range of achievable torques and is applicable to a
spectrum of particle sizes.” When a paramagnetic body has
geometric anisotropy, the system will minimize its energy by
aligning local spins in a manner that nearby atoms work together
to increase the internal field.® Magnetic translation, on the other
hand, is driven by a gradient in the field intensity, therefore, it is
not affected by the local field vector and is not restricted to
anisotropic particles. The orientation and translation dynamics
occur while the medium (matrix) is solidifying under a magnetic
field. By the end of the curing process, the system is frozen, and
after removal of the magnetic field, the filler particles are trapped
in their final state by the solid matrix. Because Brownian motion
and gravity are practically negligible, the effect of the magnetic
field is restricted only by the damping of the liquid matrix. Due to
the gradually increasing viscosity, the minimal field that is
required for orientation or translation is limited by the system
kinetics. The kinetics can be tuned by setting the applied field,
the resin viscosity, the effective susceptibility, and/or the fiber
geometry.18

Natural evolution overcomes the relative shortage in materials
diversity by incorporating structural architectures at a few levels

of hierarchy and thus optimizes the properties according to their
local function. Magnetic vector fields may fit that role in the
realm of synthetic composites using a new design approach:
mapping of stresses developing in a body and transforming them
into a corresponding field. Chemical modifications and tradi-
tional alignment methods can be used to improve composites
strength or stiffness, but they are not suitable to enable intricate
spatial control of properties within a continuous phase or to
resolve the conflict between strength and toughness."”

In this study, two configurations for flexural rigidity
optimization were tested on fiber-reinforced cylindrical rod
specimens. The first configuration enhanced the flexural rigidity
by uniformly aligning the fibers along the rod axis by a solenoid
with uniform magnetic field, to increase the fiber orientation
efficiency. The second configuration enhanced the flexural
rigidity by redistributing the fibers to a favorable geometrical
structure with a ring-shaped permanent magnet, to optimize the
volume fraction efficiency. While magnetic orientation has been
demonstrated in the past,zo’21 our approach suggests the
additional and simultaneous control of heterogeneous volume
fraction using a spatially designed three-dimensional magnetic
field. The proposed method is not restricted to a specific
configuration or geometry and may be applied to other stress
fields using different magnetic sources.

The common pair of epoxy as a matrix and glass fibers as fillers
(GF/EP) served as a model for the present study. Stiffness and
strength results of three-point bending tests of both composite
rod configurations are then correlated with density and
orientation distributions obtained by 3D microcomputed
tomography (#CT) imaging. These results are compared with
a modified rule of mixture that accounts for the fillers orientation
and heterogeneous dispersion.

2. EXPERIMENTAL SECTION

2.1. Magnetic Coating. The composite chosen for the experiments
was a short-fiber reinforced composite (SFRP) of epoxy (EP-828,
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Figure 2. Magnetic decoration of short-fibers. (a) Bare surface of a glass fiber in comparison to (b) magnetically treated fiber. (c) Closeup of 10 nm
magnetite nanoparticles on the surface of a magnetically decorated fiber. (d) Magnetically coated glass fibers attracted to a permanent magnet. (e) The
change in specimen color as a function of ferrofluid concentration, demonstrated on composites (V; = 2%) reinforced by fillers treated with
concentration of 150 uL/g (top), SO uL/g (middle), and no-treatment (bottom).

Gvulot, Israel) reinforced with milled E-glass fibers (Microglass-3032,
Fibertec Inc.). The short fibers (diameter = 16 im, average length = 240
um) were coated with magnetite nanoparticles (diameter = 10 nm, y =
3.02, saturation magnetization = 22 mT) by adsorption of a cationic
ferrofluid (EMG-60S, Ferrotech). The ferrofluid was added in a ratio of
150 pL per 1 g of fibers to a vial containing 20 mL of DI water and glass
fibers that originally came in white-powder form. The mixture was
slowly rotated at 1 rpm for S days. The fibers, which by then changed
their color from white to brown (Figure 2d, e), were filtered and washed
three times. Final drying was done by heating the powder to 110 °C for §
h.

The attractive force between the cationic surfactant on the
nanoparticles and the negatively charged surface of the glass fibers
was sufficiently strong to remain stable during the multiple washings and
through the entire procedure summarized in Figure 1. The glass fibers
were purchased without sizing to allow efficient adsorption of the
positively charged nanoparticles directly to the negative oxygen groups
of the silica. Although sizing may increase the interfacial adhesion
between filler and matrix, it was proved to have negligible effect on the
flexure stiffness, the focus of the current study.

2.2. Composite Preparation. Short glass fibers (GF) were mixed in
a vial containing epoxy resin (EP) and degassed under vacuum (30 min)
to avoid air bubbles. Next, a hardener (EPC-304, Gvulot, Isreal) was
added to the mixture (4:10 weight ratio) while gentle manual mixing was
performed. After additional degassing of 30 min, the mixture was
injected to a 1 mL syringe. Each sample was then cured at room
temperature in the presence of its predetermined magnetic conditions
while being rotated by a motor to avoid precipitation of the fibers. Three
sets of designs were prepared for each volume fraction: random (C),
aligned (S), and radial (R). Specimens with random orientation and
uniform density were prepared by cross-linking the resin in the absence
of a magnetic source. The unidirectional aligned specimens were rotated
inside an air-core solenoid (Jantzen-audio, Denmark) inducing a
magnetic field of 30 mT along the z direction (Figure 1). The field
intensity was determined by correlating it to the supplied current using a
Gaussmeter (Lake-shore 460), yielding a solenoid correlation factor of
7.5 mT/A. The “radial” specimens were rotated inside an array of
ferromagnetic rings (Or-Pro Magnetic and Promotional Products Ltd.,
Israel) to obtain a high volume fraction at the rod boundary. After
overnight curing, all specimens were postcured inside a furnace at 100
°C for 4 h. Eventually, the syringes were lopped and the composites were

extracted as brown rods with a diameter of 4.2 mm and length of 60 mm.
As a reference, the mechanical properties of pristine epoxy (EP) were
measured as well.

2.3. Mechanical Measurement. Mechanical properties were
measured by performing flexure tests (Instron-5965, 3 mm/min)
using a 5 kN load-cell in a three-point bending configuration (span = 41
mm). Each set of measurements was performed using at least eight
specimens. The load and displacement in the middle of the rod were
recorded by compatible software (Bluehill3). The strength and modulus
are spatially varying properties; therefore, for heterogeneous cross
sections, as is the case for the radial samples [GF-MAG/EP(R)], they
are termed effective, to emphasize the fact that the measurements relate
to bulk properties. The formula used for flexural rigidity does not assume
a homogeneous cross section and is therefore applicable to a
heterogeneous distribution of the volume-fraction as well. The flexural
rigidity (bending stiffness, K), effective flexure modulus (E°), and
effective flexure strength (0*%) were calculated as follows:

3
k=1L

48A (2.1)
w_ L (P)
E" = i e

12zR*\ A (22)
eff= %Pmax

7R (23)

where P and A are the load and the displacement at the middle of the
rod, respectively, L is the span, and R is the rod radius. The elastic
modulus of the short glass fibers was measured by performing tensile
tests on single fibers (Instron-596S, 1 mm/min, gauge length = 80 mm)
using a 10 N load-cell and pneumatic gripping. The measurements were
performed on continuous fibers identical to their short analogs.

2.4. Microscopy. The dimensions and morphology of the fibers
were analyzed by scanning electron microscopy (SupraSs, Zeiss). A
powder of short glass fibers was scattered over a carbon-tape and coated
with a thin layer of Pd/Au (S150 sputter-coater, Edwards). Images were
taken with a working distance of 6 mm and an electron energy of 3 keV.
Post-testing fractographic images were taken under the same conditions.
The distribution of the fibers inside the matrix was evaluated by a
microXCT-400 (XRadia, Pleasanton, CA) under working conditions of
V'=40kV and W = 8 W. Raw data were reconstructed with the XRadia
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Figure 3. Fibers alignment and concentration. Computed tomography reconstruction of four glass fibers/epoxy composites with a volume fraction of
14%. For each magnetic source, the XY cross section (left column), the YZ cross section (middle), and the three-dimensional reconstruction are

depicted. The composite rod diameter is 4.4 mm.

software, and three-dimensional and ortho-slice visualization was carried
out with Avizo software (VSG). Information regarding the distributions
of the fibers’ length and orientation was retrieved using the cylinder
correlation module followed by the “trace correlation lines” tool.
Statistics were collected from a representative volume of 2 mm? for C
and S samples. Specimens cured inside magnetic rings (R) were
analyzed using a larger volume of 10 mm® due to the heterogeneous
nature of the sample.

3. RESULTS AND DISCUSSION

3.1. Magnetic Coating of Short Fibers. SEM images show
that the magnetic nanoparticles were successfully adsorbed onto
the fibers’ surface (Figure 2b,c). Although the weight fraction of
the SPIONSs relative to the entire decorated fiber was estimated
to be less than 1079, they significantly increased the body’s
magnetic susceptibility (Figure 2d). Magnetic fields with
intensities of less than 100 mT were sufficient to orient and
translate the fibers during the curing process in a matter of
seconds, which is much shorter than the resin pot-life.
Additionally, the SPION adsorption changed the fiber optical
response such that the powder’s brown color served as an
indication of the SPION concentration (Figure 2e). The use of
relatively heavy and robust fillers complicated the experimental
setup because of gravity effects and caused precipitation. This
was resolved by slowly rotating the specimen during the curing
process (Figure 1c).

3.2. Mechanical Measurements. We focused on the effect
of the magnetic field on the composite microstructure and
flexural rigidity; experimental results regarding the flexure
modulus (flexural rigidity/second moment of area) of the

composites are summarized in Table 2, and the spatial structure
of the different configurations, as reconstructed by computed
tomography (uCT), is depicted in Figure 3. The impact of
magnetic field on bending strength is depicted in Table 3;
however, it is merely discussed in this study. In contrast to
stiffness, strength is an extrinsic property that is often controlled
by flaws and is therefore widely variable.”” In the particular case
of SFRP, the presence of multiple fiber ends within the
composite may result in crack initiation and premature failure.”’
The composite strength may be further improved in future
research by optimization of the adsorption process to enable
sizing treatment of the fibers prior to magnetic coating.

Control composites were prepared by reinforcement of epoxy
with magnetic fibers without the application of a magnetic-field
[GF-MAG/EP(C)]. The flexure modulus increased from 3.3
GPa for pristine epoxy to 3.7 and 4.7 GPa for volume fractions of
5% and 14%, respectively. To exclude the effect of the SPIONs
on matrix—fiber adhesion and stress transfer performance, the
moduli of GF-MAG/EP (composites reinforced by magnetically
decorated fibers) and GF/EP (composites reinforced by
untreated fibers) were compared in the absence of magnetic
field, showing no significant difference. The fibers contributed to
the flexure modulus in the absence of magnetic field, whereas the
strength of epoxy remained unchanged (at V; = %) and even
decreased (at V;= 14%) upon the addition of pristine glass fibers
(Table 3). The addition of magnetically decorated fibers resulted
in a decrease in the composite strength for both volume fractions,
lowering it by ~15%.
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Table 1. Composite Properties

E,, [GPa] Pm [g/cm3] Unn E; [GPa] pe [g/cm’] (1) [pm] D [pm]
matrix modulus® matrix density Poisson ratio” fiber modulus® fiber density” fiber length fiber diameter
325 +0.12 1.1 0.34 80+ 12 2.5 240 16

“Measured value in flexure (matrix) or tension (fiber). bEstimated according to the method of Piggotzz. “Estimated according to the method of ref

28.
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Figure 4. Fibers orientation distribution in rod composites. (a) #CT image of randomly oriented fibers, cured in the absence of magnetic field, and (b)
traced correlation lines. (c) #CT image of aligned fibers cured under the influence of a solenoid, and (d) traced correlation lines. (e) Probability density
histogram of orientation angles for a control composite in the absence of magnetic field, showing random distribution with some degree of alignment
toward the z direction. (f) Probability density histogram of the orientation angles for an aligned composite cured inside a solenoid (orientation control).

Inset: definition of the orientation angle 8 relative to the strain direction Z.

The contribution of fiber orientation to the flexure modulus
was investigated by comparing the control specimens to
uniformly aligned fiber composites. To align the glass fibers
uniformly, the specimens were cured inside an air-core solenoid
inducing uniform and unidirectional magnetic flux along the z
direction (Figure 1). uCT images of composites that were cured
inside a solenoid [GF-MAG/EP(S)] indicated the uniform
distribution of the glass fibers throughout the specimen volume
and alignment parallel to the magnetic field vector (Figure 3S).
The flexural moduli of aligned composites [GF-MAG/EP(S)]
with volume fractions of 5% and 14% were 5.4 and 7.7 GPa,
respectively (Table 2).

Flexure tests of the composites that were cured inside an array
of ring-magnets [GF-MAG/EP(R)] showed enhanced flexural
rigidity, improving the effective modulus of a control specimen
with a volume fraction of 5% from 3.7 GPa, when the fibers were
randomly and uniformly distributed, to 4.7 GPa, when the fibers
were concentrated closer to the external specimen surface. A
similar trend was observed for composites with a volume fraction
of 14%, as summarized in Table 2. Three dimensional
reconstructions of the composite confirmed the radial
distribution of the fibers with high concentration near the
boundary of the cylinder (Figure 3R).

3.3. Composite Stiffness and Efficiency Factors.
Previous studies have addressed the magnetic orientation of
particles in composites, mainly of carbon nanotubes
(CNTs).'%**~2° However, the use of magnetized nanotubes in
composites is limited to low volume fractions, as they tend to
agglomerate, and their scale is the same as their magnetic coating.
By contrast, the use of magnetized microfillers is physically
different—these particles undergo negligible thermal motion,
and the primary relevant forces (excluding the magnetic field) are
gravity and damping of the viscous medium. Short-fiber-
reinforced polymers (SFRP) are a subclass of fibrous composites
that offers rapid and low-cost production, usually by injection
molding,”” The main drive to use SFRPs in the current study was
that they are widely used composites, which suffer greatly from
the low reinforcement efliciency associated with random
orientation. Additionally, microfillers are preferred, since their
scale makes them easily visible using yCT imaging, allowing
direct measurement of the degree of alignment and volume
fraction inside the matrix and monitoring the spatial outcome of
experimental variations.

Unlike an ideal system of continuous fibers, short fiber
composites do not exploit the full stiffness and strength potential
of fibrous material because of the fibers’ short lengths and
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Table 2. Calculated and Observed Values of Effective Stiffness

flexure modulus, BT

efficiency factors total efficiency [GPa]
density reinforcement factor, orientation efficiency factor, length efficiency factor, calcd observed,
sample” ){dcalb 2o 7 A n ){o°b5d calcd®  observed®
EM 33+0.1
C (5%) 1 042 0.53 0.22 0.16 398  37+02
S (5%) 1 0.99 049 049 0.59 503 SA+04
R (5%) 2 0.40 043 0.17 022 429 47+02
C (14%) 1 0.37 0.58 0.21 0.18 5.06 47 +03
S (14%) 1 0.99 0.53 0.53 047 829 77406
R (14%) 2 0.40 0.49 0.20 021 647 68+02

“All samples (except EP) are composites of magnetically decorated glass fibers embedded in epoxy resin. Sample indices are composed by the filler
volume fraction (in parentheses) and the magnetic conﬁguratlon during curing, which is either C (no magnetic source), S (solenoid, orientation
control), or R (permanent ring magnet, density control). Densn:y factor equals 1 for uniform spatial distribution or 2 for a thin shell of concentrated
fibers at the rod perimeter. For the low volume fractions used in the current study, the dev1at10n from ideal density reinforcement was neglected.

“Calculated according to eq 4.1 and 4.2 using data collected by computed tomography. 4 Calculated accordm; to eq 5 using measured values from

flexure tests. “Referring to effective value according to eq 11 (calculated value) or eq 2.2 (observed value).

Pristine Epoxy (EP828, Gvulot).

Figure 5. Electron microscope images of a composite rod fracture plane. (a) Randomly oriented pulled-out glass fibers embedded in epoxy. (b)
Magnetically aligned (by solenoid) decorated glass fibers embedded in epoxy. Inset: scheme of the fracture plane after three-point bending.

random orientation.”” In such composites fiber pull-out is the
main failure mechanism, generally resulting in improved
toughness at the expense of lower contribution to the composite
strength and stiffness.”® The composite stiffness under tensmn is
traditionally modeled using a modified rule of mixture:”

E = yx ViE + (1 = V)E, (3)

where E; and E,, are the fiber and matrix tensile moduli
respectively, V¢is the fiber volume fraction, and y is an efficiency
factor (not to be confused with the magnetic susceptibility)
designated by the subscripts 1 and o for length and orientation,
respectively. The product yy, is regarded as the total
reinforcement efficiency of the composite; the loss in reinforce-
ment efficiency due to short length is determined by the fiber
dimensions and the matrix—fiber moduli ratio, whereas the
orientation efficiency is determined by the unidirectional
alignment, which can be improved magnetically. These efficiency
factors can be computed according to

_ tanh(ns) - 2E,
NV EQ A+ y) (/v (4

ns

NPT Y e 4
;(0=§f,. cos(8) = = [ 1(6) cos’(0)

(4.2)

The length efficiency factor y; was calculated according to the
classic Cox model for short-fiber composites’”’ using the
parameters specified in Table 1, where s is the fiber aspect ratio
(length/diameter) and v,, is the matrix Poisson ratio.

As for the orientation efficiency y,, known as the Krenchel
factor,>”" f, represents the proportion of fibers having an angle
0; between their main axes and the alignment vector defined as
the strain direction (z in Figure lc and the inset in Figure 4).
Assuming a large population of fibers, the summation of fibers’
orientation may be replaced by an integration of the probability
density function of the angles f(@). For a random distribution in
three-dimensions f(6) = sin(d) and y, = 0.2 and for a random
distribution in two-dimensions f(6) = 1 and y, = 0.375.”" In a full
unidirectional alignment f(@) = 5(0), where 5(0) is an impulse
function at @ = 0 and y, = 1. Therefore, the alignment can
theoretically improve the reinforcement efficiency up to a factor
of 5 for perfect alignment.

Expected values of the moduli and efliciency factors were
calculated according to the length and orientation distributions
as computed using egs 3, and 4.2. The data regarding the length
and orientation distributions were obtained using yCT image
analysis (Table 2). The calculated values were compared to
observed efficiency factors retrieved from mechanical flexure
tests (Table 2) by inverting the modified rule of mixtures (eq 3):
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3.4. Effect of Fiber Orientation on Stiffness. The simplest
and most common process to align short fibers is by shear-flow,
as per the injection molding technique. However, shear-flow
alignment depends on various parameters and often results in a
nonuniform orientation distribution.”

Parts e and f of Figure 5 depict orientation distribution
histograms of Vi = 5% composites in the absence of magnetic
field and under the influence of a solenoid. Orientation efficiency
factors were determined for all samples according to eq 4.2,
indicating nearly perfect alignment for the composites cured
inside the solenoid (y, > 0.99). Some degree of alignment in the z
direction was consistently observed for all the control composites
(no magnetic field, Figure 4e), probably due to the mold
anisotropy, leading to a value of y, = 0.4, higher than the
theoretical value for three-dimensional randomness (y, = 0.2).

The effect of the magnetic field on orientation was also
observed from SEM images of the fracture surface after the
flexure test, indicating unidirectional pull out of fibers in the
direction perpendicular to the fracture plane (Figure Sb). By
contrast, fracture planes of randomly oriented composites exhibit
multidirectional pull-out patterns (Figure Sa).

Control measurements (GF-MAG/EP(C); see Table 2)
showed reinforcement of the matrix by the short glass fibers in
terms of flexure modulus in spite of their relatively low aspect
ratio (length/diameter = ~15) which is lower than the critical
aspect-ratio (critical-length/ﬁber-diameter) typical of GF/EP
composites.”> The combination of subcritical length and random
orientation resulted in a poor efficiency factor (y, < 0.2), as
predicted by the theoretical model using the yCT image statistics
data (Table 2). Considering that the fiber length distribution
remained more or less constant for all specimens (Table 2), the
contribution of the orientation efficiency is close to its full
potential, as evidenced by the orientation distribution (Figure
4f).

The effect of fiber length on the magnetic orientation was
formerly addressed,” showing a complicated system of
competing negative and positive contributions to the orientation
efficiency. Long fibers have higher magnetization, due to the
large surface area available for coating, and experience stronger
magnetic torques at their edges. Their large surface area also
improves stress transfer from the matrix according to eq 4.1. On
the other hand, large length may limit orientation by percolation
and may lead to high bending stresses and fiber breakage during
composite preparation. In this study, we used fiber lengths of
about 200 ym, corresponding to an efficiency factor of ~0.5
(Table 2), sufficient for investigating the effects of different
magnetic sources. Further investigation of the relations between
fiber length and orientation efficiency is beyond the scope of the
current study and is deferred for future research.

The experimental results agree well with the modified rule of
mixtures predictions (see Table 2 and eq 3), supporting the
assumption that orientation and length are key variables of the
reinforcement efficiency. Significant improvement in strength
was observed for the high volume-fraction composites upon
unidirectional alignment, raising it by 60%. A less-dramatic
increase (+15%) was observed for the lower volume fraction
composites (Table 3). Randomly orientated fibers often interact
to constrain matrix flow, causing embrittlement of the
composite;”® thus, the suppression of that mechanism may

Table 3. Bending Stress at Failure

strength [MPa], V;= 5%  strength [MPa], V; = 14%

EP* 139.9 + 2.4

GF/EP® 1316 + 115 1144 + 197
GF-MAG/EP(C)° 1102 + 3.5 95.0 + 154
GF-MAG/EP(S)¢ 1265 +29.8 150.0 + 189
GF-MAG/EP(R)* 90.7 + 8.9 1114 + 14.6

“Pristine Epoxy (EP828, Gvulot). bComposite of epoxy and glass
fibers without magnetic decoration. “Composites of magnetically
decorated glass fibers embedded in epoxy resin. The samples index
refer to the magnetic configuration during curing, which is either C
(no magnetic source), S (solenoid, orientation control), or R
(permanent ring magnet, density control).

explain the substantial increase in strength upon unidirectional
alignment.

3.5. Flexural Rigidity of Composites with a Nonuniform
Fiber Density. The reinforcement of heterogeneous rods was
quantified by analyzing the bending moment of a cylindrical
composite possessing a nonuniform volume fraction distribution
within its cross section. The effect of nonuniform volume fraction
was measured in terms of flexural rigidity which, unlike Young’s
modulus, is not a material property, as it involves geometry.
Flexural rigidity correlates the bending moment with the bending
curvature, quite analogously to Hooke’s law in tension, where the
stiffness correlates the acting force with the displacement.
Accordingly:

M = —Kx (6.1)

K=/E2dA
A Y (6.2)

here M is the bending moment, K is the flexural rigidity, and « is
the bending curvature (k = p', where p is the radius of
curvature).”® The flexural rigidity is calculated by integration of
the product Ey* along a rod cross section area (A), where y is the
vertical distance of each point from the neutral axis. For a
homogeneous cross section, E can be taken out of the integral,
and the flexural rigidity is simply defined as the product of the
flexure modulus and the second moment of area (K = EI). For an
inhomogeneous cross-section however, K can no longer be
decomposed into the product of a material parameter (E) and a
pure geometrical parameter (I). Instead, the effects of material
and geometry are entangled, and K is calculated according to the
spatial distribution of the tensile modulus. By considering the
radial distribution of the modulus in polar coordinates, E(r)
(assuming axisymmetry):

K= ‘/OR /0'2” E(r)(r sin0)*r d0 dr = ﬂ/O'R E(r)r® dr
(7)

where R is the rod radius and r is the radial distance from the rod
centerline.

The change in flexural rigidity due to heterogeneous stiffness
can be adapted to composite materials by using the modified rule
of mixtures, assuming radial distribution of the volume fraction,
substituting E from eq 3 into eq 7 and rearranging:

E R
K= Em(;%—f - 1)(;: / ve(r)r? dr) +EI
E 0 (8)

m

where v((r) is the local volume fraction of an infinitesimal volume
element at radial distance r from the rod centerline, and I is the
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second moment of area (for a homogeneous cylinder I = 7R*/4) .
To clarify the impact of the local volume fraction distribution
v(r), we defined a dimensionless density reinforcement factor (i)
by dividing the integral in eq 8 by its solution for a constant
volume-fraction:

E/OR vf(r)r3 dr JT/OR vf(r)r3 dr

B Re 3 v,
77:/0 ‘/ff' df f (9)

d

where Vj in that case, is the global volume fraction computed as
the ratio between the total filler volume and the specimen
volume:

2 R
Vi = z /(; ve(r)r dr (10)

The expression for y, in eq 9 is only valid under the assumption
that the heterogeneous density did not affect the orientation
factor y,. According to our definition, for an isotropic cross
section v can be taken out of the integral in eq 9 and y4 = 1.
Accordingly, x4 is an enhancement factor that is normalized
relative to a homogeneous distribution and therefore may be
greater than 1.

For a heterogeneous cross section the tensile modulus may not
be constant along . In order to keep the different measurements
comparable and consistent, an “effective modulus” was defined as
the quotient of the flexural rigidity by the second moment of area
for a homogeneous cylinder. Inserting y, from eq 9 into eq 8 and
rearranging, we obtain the effective modulus, which resembles
the rule of mixtures in eq 3:

o K
BT = — =00 BV + (1= g VE, (11)
where E* is the effective modulus measured in units of Pa.

The highest expected value of y4 can be evaluated by
considering a thin layer of filler concentrated at the cylindrical
rod boundary (Figure 3R):

0 0<r<r

vi(r) =
g Vi n<r<R (12)

where VY is the local volume fraction of fibers concentrated
between some inner diameter r; and the composite outer
diameter R (Figure 6b). Substituting the expression in eq 12 into
eq 10 leads to the following relationship:
R
2

V= —
f Rz—l’i

Vi
' (13)

As a final step, by substituting V¢ for v(r) in eq 9 and integrating
from 7; to R, the following expression for 4 is obtained:

.\ Vi
)(d=1+(—l) =2——,
R Vi (14)

which suggests that the optimal reinforcement is achieved, as
could be expected, by distributing the fibers in a layer which is as
thin as possible (r; & R), resulting in a maximal value of y4 = 2.
Note that for a homogeneous distribution r; = 0 and the solution
converges to y4 = 1. Alternatively, assuming a finite value of V{
(derived from the fibers packing configuration), y; may be
expressed by the composite global volume fraction (V) using eq
13. Consequently, the right-hand side of eq 14 indicates a linear
decrease from the maximal value y4 = 2 as the global volume

(b)

0(z) = 0°

0(z) =90°

L, oo

N
NN 4

Figure 6. Heterogeneous fiber architecture and crack propagation in a
composite rod. (a) Three-dimensional view using computed tomog-
raphy reconstruction of a postfracture composite cured inside magnetic
rings (density control). Transition between two regions characterized
by different orientation angles is indicated by an arrow. (b) YZ plane
view showing the transition from low orientation angles to high
orientation angles along the z axis and the transition from a fiber-diluted
region (V; = ~0) to a concentrated region (local volume fraction V)
along the radial direction. The dashed arrow indicates the crack
trajectory that propagates along the two phase boundaries. Inset: XY
plane view scheme defining the concentrated region with volume
fraction V¢ at a radial distance of r; < r < R. (c) Electron microscope
image of the composite fracture plane at the external concentrated shell
showing the crack deflection about the concentrated region (V; = 5%).

fraction increases. However, for the relatively low volume
fractions used in the study, that decrease is minor.
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An additional way to perceive the density factor y4 and its
effect on the flexural rigidity is by pairing it with the global
volume fraction V. Referring the product y4V;in eq 11, we can
conclude that the outcome of increasing y4 is mathematically
equivalent to increasing the volume fraction.

For example, a composite with a global volume fraction of V¢ =
0.1, for which its fillers are arranged in a dense thin layer at the
cylinder boundary, will possess an effective volume fraction of V=
0.2. In other words, the flexural rigidity of such a composite will
be equal to the flexural rigidity of a homogeneous composite with
a volume fraction that is twice larger.

3.6. Effect of Fiber Dispersion on Stiffness. To
demonstrate the control over the local volume fraction, the
resin had to be cured during the application of a different
magnetic source, one that induces a field with a spatial intensity
gradient. As a primary consideration, the gradient vectors were
set to coincide with the desired translation directions of the
fillers. Particularly, it is desired to distribute the filler volume
fraction to match the stresses acting inside the rod under three-
point bending. It is known that the highest contribution to the
overall bending stiffness originates from the exterior of a rod, far
from the body’s center of mass (as manifested in the structure of
the bamboo culm for example®”). Furthermore, as shown in the
previous section (eq 14), enhancing the reinforcement at the
fiber boundary has the potential to double the flexural rigidity.
Correspondingly, the rod cross section structure was optimized
to resist bending by concentrating the magnetized fibers at the
cylinder perimeter. This was achieved using permanent ring-
shaped magnets positioned around the mold during curing and
solidifying. Contrary to the solenoid used for unidirectional
alignment, the magnetic flux inside the magnetic ring was not
uniform, generating a flux gradient along the radial axis of the rod,
causing translation of the magnetic fibers toward the rod
perimeter (Figure 1c and 3R).

The theoretical predictions were performed by substituting
the length and orientation distributions into the model (eq 11).
uCT imaging indicated that the fibers were arranged in a periodic
orientation pattern that matched the field lines induced by the
magnets array. However, the orientation efliciency factors were
found to be close to the efficiency factors obtained for the control
specimens (y, = 0.4). This observation indicates that the
enhanced moduli is a product of an improved volume-fraction
distribution. It is seen (Table 2) that the modified rule of
mixtures (eq 11) successfully predicts the observed results
assuming y4 = 2. On the other hand, the composites strength
seemed to be unaffected by the radial translation of the fibers
showing no significant difference relative to GF-MAG/EP(C)
(Table 3).

The magnetic configuration used for GF-MAG/EP(R)
composites shaped a unique structure that combines a
nonuniform concentration distribution along the radial axis
and a periodic orientation distribution along the longitudinal axis
(Figure 6). Accordingly, the XY cross section can be visualized as
a two-phase system: a more diluted phase of lower stiffness where
r < r, and a concentrated phase of higher stiffness where r > r,
(inset in Figure 6b). The longitudinal (z direction) orientation
pattern can also be segmented into two phases: longitudinally
aligned fibers (low ) and radially aligned fibers (large ),
sequenced periodically, as visualized in a three-dimensional view
of the composite and its YZ cross section (Figure 6). Postfailure
analysis of some of the radial specimens indicated a crack
propagation trajectory that follows the boundary between the
two phases, as observed in the images of the fracture plane

(Figure 6b, c). The periodic orientation pattern that follows the
field lines also plays a role in crack propagation, as the crack
travels along the boundary of the longitudinal and radial phases.
Although quantitative measurements of the periodic specimens’
moduli do not provide significant information regarding the
properties of such structures, the fact that a spatially controlled
field determines the crack propagation trajectory is significant
and should be useful in future designs. The method of
reinforcement by magnetic control is not restricted to low filler
densities; the local volume fraction V of the GF-MAG/EP(R)
composites was roughly estimated by electron microscopy to be
about 60% for both volume fractions (by substituting 7, = 0.4 mm
at Vy= 5% and r; = 0.9 mm at V; = 14% in eq 13), indicating that
the magnetic control is effective at high volume fractions as well.

4. CONCLUSIONS

Magnetic fiber alignment was adapted to short-fiber composites
and was further developed by the use of a magnetic-flux density
gradient as a means to translate fillers and control local density.
By applying classic beam theory to fibrous composites with
heterogeneous filler dispersion, we introduced the concept of
effective volume fraction, found to be potentially larger than the
fillers” actual total volume fractions. The contribution of glass
fibers to the flexural rigidity of epoxy matrix was enhanced by a
factor of 3 upon magnetic alignment and by a factor of 2 in the
case of optimized density distribution, in good agreement with
theoretical predictions. The method can be further generalized to
other systems, combining the two strategies of orientation and
density control to enhance mechanical properties even more
using a proper magnetic source. The control of structural
optimization by orientation or translation of fibers can lead to
improved performance at lower volume fraction. Apart from
these advantages, we demonstrated qualitatively that the short
fibers” orientation field can determine the trajectory of a crack
during fracture, a potential toughening mechanism through crack
diversion or crack-tip shielding adding another dimension to the
role of magnetic fields as a tool in materials design.
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