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ABSTRACT: Directional-sequenced magnetic pulses (D-SMP) are a method to achieve a better alignment index of reinforcing
steel fibers in Concrete with the same device at the same magnetic field. The optimal angles to apply the magnetic field are obtained
through the analysis of the angular rotation of the fibers for a determined magnetic field and the Yield Stress (T,) of the matrix.
The method has been studied for three commercial Hooked-end-fibers (HSFs) commonly used as reinforcement in cementitious
composites in a transparent fluid with a similar T to that of cement composites. The efficiency of the D-SMP method is determined
through directional statistics, setting the alignment index and the mechanical efficiency factor of the composite. The results obtained
demonstrate that the D-SMP method results in a higher angular homogeneity of fibers, alignment index and efficiency factor than
the use of a magnetic field in a single direction.
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RESUMEN: Pulsos magnéticos en secuencias direccionales: un nuevo método para mejorar el indice de alineacion de fibras
de acero a través de campos magnéticos homogéneos en materiales compuestos de base cementicia. Los pulsos magnéticos en
secuencias direccionales como método consiguen un mejor indice de alineacion de las fibras de acero de refuerzo en hormigén
empleando el mismo dispositivo y campo magnético. Los angulos dptimos para aplicar el campo magnético se obtienen mediante
el analisis de la rotacion angular de las fibras para un campo magnético determinado y la tension de fluencia (T0) de la matriz.
El método se ha estudiado para tres fibras comerciales, comunmente utilizadas como refuerzo en compuestos cementicios, en un
fluido transparente con una TO similar a otros materiales cementicios. La eficiencia del método se determina mediante estadisticas
direccionales, estableciendo el indice de alineacion y el factor de eficiencia mecanica del material compuesto. Los resultados
obtenidos muestran una mejora en la homogeneidad angular de las fibras, en el indice de alineacion y en el factor de eficiencia que
el uso de un campo magnético en una sola direccion.

PALABRAS CLAVE: Alineamiento de fibras de acero; Compuestos cementosos; Eficiencia mecanica de las fibras; Estadisticas
direccionales.
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1. INTRODUCTION

Fibers are used as a reinforcement in cementitious composites, improving their mechanical properties, reduc-
ing cracking during setting or during lifetime, and increasing their durability, etc. (1). Matrices and fibers may be
produced from different materials and processes of origin, and they will be selected depending on their final use
or cost. For a Fiber Reinforced Cementitious Composite (FRCC), one of its main problems is the rheology of its
matrix as it settles during manufacture. Moreover, the fibers shape factor and flexibility must be studied as they
modify the rheological properties of the composite and may also limit their volume fraction as fibers increase the
shear stress of the fresh sample (2). When fibers must be aligned in a composite, more effort is needed to under-
stand the rheology of the matrix alone and of the matrix reinforced with fibers (3).

Methods to align fibers during casting, pumping, or pouring into a mold have been studied deeply in the lit-
erature. In these cases, the rheology of the mixture with fibers must be studied and effects such as wall effects
and the regime of the flow must be estimated. On the other hand, for magnetic fibers, alignment mainly depends
on the rheological properties of the matrix as it is applied after the composite is cast. This can be considered as
fibers are not dependent on the position of other fibers unless a high Volume Fraction (VF) of fibers are used and
may interact (3).

It is important to note that some matrices may present rheological properties which also may vary during cast-
ing, increasing the opposition to fiber orientation. Moreover, some matrices may present Static Yield Stress (T ),
behaving as a Bingham, Herschel-Bulkley fluids or bilinear depending on the shear rate, and may also present
thixotropic behavior (4). The relationship between rheology and manufacturing time must be set previously for
the manufacture of any composite. To rotate, the fiber must exceed the momentum related to the T ® of the matrix
and during rotation to the viscosity (S) of the sample (shear stress/shear rate).

The magnetic alignment of fibers, as reinforcement in cementitious composites, has been studied in cemen-
titious matrices attending to their mechanical improvement, such as fiber reinforced concrete (5-8), self-com-
pacting concrete (9), and Ultra High Performance Concrete (10), or attending to their flow behavior (11). The
magnetic devices may use ranged simple coils, to a more complicated distribution of pair of coils (Helmholtz
coils), but also some studies use ferromagnetic blocks. When Helmholtz coils are used a homogeneous mag-
netic field is presented mainly in the volume enclosed between coils which generates pure alignment without
displacement. However, long periods of exposure to the magnetic fields on the sample may produce fiber
entanglement losing the homogeneity and effectiveness of the composite (9). Long time of exposure also re-
quires higher energy costs and the device coils can become overheated, requiring extra cooling systems (12).
Moreover, long periods of exposure may also facilitate the rebuilding of the shear stress of the matrix (13),
reducing the fiber rotation.

In a previous research work (14) the improvement of fiber alignment in a Bingham matrix was settled through
short time, homogeneous magnetic pulses with different intensities in one direction (DMP). The importance of
the initial angle between the fiber and the magnetic field, the shape factor and flexibility of fiber was observed.
The optimum angles for fiber rotation were studied later, as small angles will present low magnetic momentum
(Equation [1]) and those with angles near 90° will show high magnetic momentum but higher angular distance.

|my = £S|By | [1]

Where [m|| is the magnetic moment, / is the length of the fiber (m), S is the fiber section (m*), and [B | is the
perpendicular induction.

On the other hand, the magnetic saturation of the fiber also plays an important role and is higher when the fiber
is parallel to the magnetic field. This also creates a behavior in the fibers when they rotate that varies from parallel
to the orthogonal position but finds the lowest value at these positions.

| 7w |= £S| H | H, (| H | cos) sinf 2]

Where 1 is the length of the fiber (m), and S the section (m?), and 6 is the angle of the magnetic axis of the fiber
with respect to the exciting homogeneous field H exerted by the Helmholtz coil. Hy; is the characteristic hysteresis
cycle of the ferromagnetic fiber material. This behavior is important since it can reduce or cancel the magnetic
torque when the fiber is at 0° or at 90° to the magnetic field (15).

To align the fibers using magnetic fields within the matrix, the magnetic torque must overcome the rheological
torque and the inertia of the fiber (Equation [3]). Hence, to align fibers in the composite several options can be
taken into account to ease the process according to the literature:
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* The rheological properties of the matrix should be less onerous, as the design of the matrix can be settled
with low static yield stress T * and low viscosity S when manufactured, but also kept in time if the manu-
facture process stalls. To attend to this, several studies are focused on the use of the method in ultra high
performance concrete (16). Mixture design must present a low aggregate fraction, with maximum aggregate
diameter under 4 mm, a high volume fraction of fillers and fine additions to keep high viscosity and avoid
segregation and high dosage of plasticizer to reduce T, (17);

* Vibration of the matrix during the alignment process also reduces the T from static (T ) to a dynamic (T )
usually several times lower (thixotropy of the matrix). But segregation may be observed and lower homoge-
neity in the section of the composite (18); and

» The magnetic device can be oversized, to generate a higher magnetic torque but this can also be expensive es-
pecially in high-size constructive elements, as the magnetic field is reduced as the ratio of the coil is increased.

(S| H(1) | Hy (| H(t) [cosB) sinB =Y (S ,, T\, T, 0)+ 16 [3]
——
MagneticTorque Rheological Torque Inertia

However, the mass of the fiber to increase the magnetic response and its geometry (straight, hooked-end,
twisted...) and its shape ratio (Iength and diameter ratio), as this affects the fiber hydrodynamics must be also
considered as relevant (5, 18). Finally, the ferromagnetic properties of the steel’s coercive and saturation field to
define the magnetic hysteresis should be considered.

In this research work, the authors studied a method to increase the fiber alignment for a determined matrix
without modifying its rheological properties and using the same magnetic field. For this, firstly, the angular re-
sponse of Hooked-end Steel Fibers (HSF) exposed to a determined |B, | was studied in a matrix with a determined
T, similar to cementitious composites (explained later in Section 2). The results analyzed through directional
statistics determined the angles in which the fiber dynamic is activated (aligning window) and those angles where
the fibers cannot overcome the matrix rheology and do not rotate (dead zones- with no fiber response). When
this optimal angle is obtained, the process consists of rotating the sample and generating a first magnetic pulse at
the optimized angle and rotating the sample again to generate a second pulse at the opposite angle. This method
based on sequenced-directional magnetic pulses (D-SMP) is compared in its effectiveness to the previous system
(14) based on a direct magnetic pulse (DMP) to align the fibers. The alignment index and the mechanical effi-
ciency factor (Cox-Krenchel model) are also studied for each HSF and each magnetic field. The results obtained
demonstrate that the D-SMP method results in a better angular homogeneity of fibers as does the alignment index
and the efficiency factor. These were also improved when the D-SMP method is used in comparison with the
DMP method reducing the amount of HSF in misaligned angles with low mechanical contribution.

2. MATERIALS AND TEST METHODS

The method followed a continuation of procedures and materials already described in previous research work
using a single-axis alignment method with Helmholtz coils (14).

2.1. Materials

The following materials have been studied to determine the alignment of fibers in matrices with T * or also
known in rheological terms as Bingham or Herschel-Burkley models, depending later on their behavior under a
determined shear rate (19).

Matrix: a transparent matrix with Carbopol 940 was selected as a metaphor fluid, adjusting its static yield
stress T, with a value of 20 Pa according to a concentration (0.2% w/w) and pH 7 measured on the sample (20).
This T, is similar to other matrices, such as cement paste, mortar or self-compacting concrete (21-22).

The hydrogel matrix was prepared at 25°C in two stages (23). Firstly, the sample was hydrated by agitation
with a magnetic stirrer at 600 rpm. Once the Carbopol is completely dissolved, the dispersion is left static for 30
minutes for full hydration and elimination of any air bubbles that may have been generated during stirring. Sec-
ondly, the pH neutralization is obtained by adding triethanolamine (C,H,\NO,) accompanied by a gentle agitation
to avoid the formation of air bubbles. The dispersion stays at rest for 24h before testing.

Fibers: three fibers with the same steel composition but different lengths and shape factors were used. The fibers are
hooked end, DRAMIX 3D series, manufactured by Bekaert™. Their geometric and physical properties are summarized
in Table 1. The magnetic moment of the fibers was determined in previous work (14) and tested later by others (24).
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TaBLE 1. Physical properties of the fibers studied.

Type of fiber 1l /, (mm) d / (mm) lf/ d /, m (g) m/(lf/ dj) E (MPa)
45/50 BL 50 1,05 47,6 0,35 0,00740 210.000
65/60 BG 60 0,9 66,7 0,32 0,00480 210.000
80/60 BG 60 0,75 80 0,22 0,00275 210.000

2.2. Magnetic alignment device

Two coils following the Helmholtz geometry (14) were manufactured along the outside of a PVC plastic cyl-
inder, diameter 160 mm with a coil of 16 AWG copper coated wire and diameter 1.5 mm. The value of magnetic
field inside of the coil was determined using the Maxwell Equations (Ampere’s law) (7). The coil winding was
100 turns, and the peak electric intensity (I,,, ) generated during the discharge and the peak of the magnetic field
(B,,.)> together with the RMS (Root Mean Square) value B, of such magnetic field peak generated by the
Hemholtz coil are summarized in Table 2:

TaBLE 2. Characteristics of the magnetic field obtained at different intensities.

V, (V) I, (A) pH®RMS) B, (mT) B, (mT)
100 21 30 4333 20,61
140 29 69 60,65 28,85
180 37 78 77,98 37,09

2.3. [Experimental outline

Two magnetic alignment methods have been compared, DMP and D-SMP. Firstly, the authors studied the
possibility of improving fiber alignment through setting a sequence of DMP. However, the fibers after the first
pulse did not show any improvement when the direction of the magnetic pulse was not modified. Hence D-SMP
was proposed based on the study of the response/non response of the fibers. In the experimental campaign, three
different types of fibers were exposed to three different magnetic field peaks. This sets a campaign of nine tests
that would each be repeated seven times to compute a statistical average. In every test, ten fibers were used ob-
taining seventy responses for each one. Every set of ten fibers was randomly arranged and immersed in a volume
of 500 ml of Carbopol 0.2% solution. This alignment process using several pulses for fibers for reinforcing the
matrix in cementitious composites consisted of:

1. Firstly, setting the optimal angle is the studied according to the steel fiber characteristics, the magnetic
field alignment and the rheological properties of the matrix. For this, a single magnetic pulse is performed
for a batch of fibers in different orientations. In Figure 1 a sample of a mixture of a composite can be
observed where the angle of each fiber has been determined before and after the magnetic pulse. From
this study, the angles where the steel fibers do not rotate (dead zone) and the fiber response in the angles
of the ‘window’ or range of angles where the fibers react (alignment window), are determined. The fiber
response is the angular difference between the initial angle and the final angle of the fiber, after the align-
ment method is applied.

2. The sample is placed in the middle of the Helmholtz coil where a homogeneous field is generated. The
sample is rotated manually to the angle O, firstly, and later -O,, ©, is the limit where the fibers do not rotate
as the magnetic torque cannot overcome the rheological properties of the matrix (especially the static yield
stress; see Figure 2).

3. From observation, the Helmholtz coils do not really set the alignment direction directly as the sample is
rotated. However, the fibers concentrate in the desired direction, to achieve the maximum rotation of the
fibers increasing the alignment efficiency and the isotropy of the sample. Figure 3 represents the angles in
which the fiber can be rotated and the angles in which the fibers will be more concentrated.

The desired angle of the first pulse can be also designed by setting the intensity of the field applied to each coil

and at the same time to set a directional vector of the flux. As the equipment was not designed yet for this, the
authors decided to set the angle by rotating the sample after the first pulse.
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2.4. Alignment index

Fiber alignment, in FRCC and other composites, is usually estimated through Equation [4] according to the
specific literature. When #? is 0, fibers are badly aligned and present an orientation in the perpendicular direction
to the one desired (isotropic 90°) and when is 7 1, the fibers are well aligned (isotropic 0°).

i

179 _ zocosa 4]

n

2.5. Fiber alignment through directional statistics. Median, quartiles and centroid

Fiber alignment can be studied using directional statistics to obtain more data about the angular distribution of
the fiber in the composite (25-26). Directional data obtained through the measurement of the angles of the fiber
in a matrix can be transformed into the directional data of a directional component of a dimensional vector, in our
case in two dimensions. The directional statistics may be represented in circular means, from 0 to 180° reduced
in this manuscript to analyze the alignment of fibers from 90° to -90°. This allows the geometrical interpretation
of the fiber direction, obtaining not only the alignment but also the spread from a geometrical viewpoint (see
Figures 4-11).

(sin 6i,cos 6i) i=1...,n [5]

The Cartesian coordinates of the ‘center of mass’ (I% can be obtained:

n

& 1 .
S ;Zizosm& [6]

n

lz cosBi [7]
7 L =0

C is equal to the alignment index obtained in Equation 4. Hence, in directional study the alignment index is al-
ready included. The vector of the center of mass provides the fiber orientation and the length provides the spread
of the batch studied, values near 0 indicate a high spread of the sample and the closer to 1 the nearest to the main
angle and hence the angular homogeneity of the reinforcement of the composite:

(@}
Il

A

R=R=~S$*+C? (8]
R, where the R value (centroid) is considered as the dispersion value of the circular data if R is zero the data
is homogeneously dispersed and if R is 1 it is considered as concentrated near to the angular mean value, the

circular mean orientation of fibers, which is obtained from the following expression:
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A

0 = arctan—
C

(9]

The angular distribution of fibers is studied in each step of the process. A batch of seven samples with ten fibers
was randomly oriented and settled in the matrix manually avoiding any contact between fibers and modifications
of the matrix rheology. The angular distribution was photographed first before the magnetic field was applied;
then, after the first magnetic pulse; and finally, after the second magnetic pulse. The angle of the fibers in every
step is analyzed through CAD (22). The difference between angles permits the following aspects of the angular
distribution after DMP to be obtained, and of the angular distribution after D-SMP.

The angular distribution after each method was studied in circular statistics, setting the angles of median,
quartiles and centroid. The width of the second and third of the quartiles helps to understand the distribution and
concentration of the fibers in the desired direction and the homogeneity of the composite. The centroid sets the
angular spread of fibers in the composite in the number of samples studied.

Fiber45/50/BL_ H: 30mT_ 1st pulse Fiber43/50/BL_ H: 69mT_ 1st pulse Fiber45/50/MBL_ H: T8mT_ 1st pulse
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£- I- . £
Angle Before (Degrees) Angle Before (Degrees) Angle Before (Degrees)
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FiGurE 4. Initial angle vs. final angle after magnetic alignment through one pulse at
different magnetic induction (30/69/78 mT) of 3 types of HSF.
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2.6. Efficiency factor (aka Cox-Krenchel Efficiency)

To relate the fiber alignment and the composite mechanical characteristics, the efficiency factor (76,) has been
applied following the Krenchel and Cox model (27-28). To integrate this theory with directional statistics, if we
divide the circumference into k bins, the following expression can be proposed:

Ny = D, x.cos'(6,-6,)  Where  mye[0,1] [10]
"
Fibre 4350BL (H: 30 mT) Fibre 45/50/BL (H: 69 mT) Fibre 45/50VBL (H: 78 mT)
Carbopal 0.2% - Transformed Carboped 0.2% - Transfonmed Carbopal 0.2% - Transformed
g g g
1 : :
8 2 &
Angle Before (Degrees) Angle Before (Degrees) Angle Before (Degrees)
Fibre G5/60/BG (H: 30 mT) Fibre 65/80/BG (H: 69 mT) Fibre B5/80/BG (H. 78 mT)
Carcopel §.23% - Transformed Carpapal 0.2% - Transformed Carbapol 0,.2% - Translormed

Fiber Response (Degrees)
Fibgr Rﬂwﬂw [Degries)
Fiber Response (Degrees)

m
Angle Before (Degrees) Angle Befare {Degrees) Angle Bafore (Degrees)
Fibre 80/60/BG (H: 30 mT) Fibse SE0BG (H: 69 mT) Fibre B0/G0MBG (H: T8 mT)
Carbopal 0.2% - Transformed Carbapal 0.2% - Transfomed Carbegpal 0.2% - Transformed

Fiber Respanse (Degrees)

Fi mr_ﬂespmsq {Degrees)
Fiber Response (Degrees)

Mm

Arsgle Before [Degrees) Angle Before (Degrees) Angla Before (Degrees)

FiGurke 5. Initial angle vs. angular displacement after magnetic alignment through one pulse at different
intensities (30/69/78 mT) of three types of fibers, previously magnetized and not magnetized.
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Where X, is the angular fraction of fibers content per bin and ©, is the representative fiber angle per bin with
respect to the loading direction po. We consider here ©,, is equal to zero, so we consider here the loading direction
is coincident with the magnetic axes. If the Krenchel efficiency is equal to zero all the fibers are perpendicular to
the coil axis, if 1 is equal to 0.375 it is considered random (homogeneous dispersed) and if 1) is equal to 1 all the
fibers are aligned in the desired direction.

3. RESULTS AND ANALYSIS

The angles of rotation were recorded in each step before and after the magnetic alignment process was applied
and (before; after one pulse; after two pulses; after four pulses) for each magnetic field pulse (30 mT ,69 mT,
78 mT) and for each fiber (45/50, 65/60, 80/60).

3.1. Determination of the range of rotation: window of activation and dead zone. Variation of
orientation at one direct magnetic pulse (DMP) and angular displacement or fiber response

Figure 4 shows the results of angle of the fibers previously versus after the application of one pulse with the
different magnetic fields. In this figure, the angles between 90 and — 90 can be observed where 0° is aligned. An
auxiliary line at 45° has been plotted to represent those fibers with same angle before and after the magnetic field
has been applied, meaning that they have not rotated. It can be observed that the higher the magnetic field, the
lower the number of fibers following the line of no rotation. The angles between the fibers are different in every
case, however O, is near 90° for every fiber as the magnetic torque drops drastically from the maximum value
usually at 88° (Figure 4). On the other hand, ©, varies more clearly for each fiber and magnetic pulse value. Fib-
ers 45/50 present a ©, almost constant of 88° and a ©, of 18° for 30 mT, 8° for 69 mT and 5° for 78 mT. Fibers
65/60 show an activation window very narrow for 30 mT as the rotation is very slight from 87° ©,/55° ©, but at
69 mT this presented a window from 85°0, /33°0, and 87°0, /23° ©, for a magnetic field equal to 79 mT. Results
obtained for fiber 80/60, fibers did not show almost any reaction for 30 mT, but for 69 mT they showed a window
from 83°0, /48°0 , and for 78 mT from 85°0, /35°0.

The fibers response to the magnetic field is presented in Figure 5, comparing the angular rotation versus the
angle before the magnetic alignment was exerted. In these charts, the angular displacement depending on the ini-
tial angle can be observed, which is higher in those close to the bisector drawn as a reference. Those initial angles
with higher ascent are those with higher response. These charts help to understand the final position expected for
each fiber and to set the fibers in the angles with higher rotation to achieve the best alignment success.

For fiber 45/50/BL when magnetic induction is 30 mT a maximum angular displacement of 25° was reached
for fibers with initial angles between 75°/87°, 33° and 48° for fibers with initial angle of 87° at 69 mT and 78 mT
respectively.

Fiber 65/60/BG presents a plateau response of 5°/7° for 69 mT when fibers are at an initial angle of 55/80°, but
no response under or over this range. When the magnetic induction applied was 69 mT a maximum response of
15° can be observed at initial angles between 75°87° and for 78 mT a maximum angular displacement of 27° for
fibers with a previous angle of 87°.

The fiber response for 80/60/BG samples was almost null for 30 mT, and a very slight response of 12° for
69 mT and initial angle between 75/83°. When fibers were exposed to 78 mT the maximum fiber response was
23° for those fibers with initial angle from 75° to 80°.

3.2. Determination of fiber distribution and directional statistical analysis

In the following figures, fiber distribution of the fibers during the different alignment processes is studied
through circular statistics. Firstly, the angular distribution of the batch of fibers randomly disposed in the matrix
is always presented and before any magnetic field is applied. Secondly, the distribution of the fibers is presented
after one direct directional pulse (DDP) in the alignment direction. The following charts on the right present the
distribution of the fibers after D-SMP is applied, in two or four pulses, as each sequence needs two pulses at ©,
first and later -©, as explained in Section 3.1. In Table 3-4, statistical results detailing the angular fiber distribution
are shown.

In Figure 6 the directional distribution of fiber 45/50 is presented before and after the magnetic pulse is applied
at 30 mT , through DMP or D-SMP of two and four pulses. It can be observed that the angular concentration of
the fibers is modified after each of the magnetic alignment methods studied are applied. In Table 3, after DMP the
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median has been set at 12.5° and the amplitude of fibers between second and third quartile is 72° with a centroid
(R) of 0.78. As the D-SMP of 2 pulses is applied to the composite, the median stays at 10.50° and the amplitude
between second and third quartile is reduced to 56.25° and a centroid (R) of 0.80. After four pulses of D-SMP are
applied, the median is 21°, and the amplitude of the second and third quartile is again reduced to 45.25° and the
centroid (R) of 0.84.

90 .
0
-90
Orientation angle (%) Orientation angle (°) Orientation angle (°) Orientation angle (°)
Fiber: 45/50/BL_ H:30mT Fiber: 45/50/BL_ H:30mT Fiber: 45/50/BL_ H:30mT Fiber: 45/50/BL_ H:30mT
Before After 1st pulse After 2nd pulse After 4th pulse

Fi1GURE 6. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 and 4 pulses of 30 mT at different planar angles of 45/50 fiber.

In Figure 7 the directional distribution of fiber 45/50 before and after the magnetic pulse is applied at 69 mT
is presented graphically. The analysis of these charts is summarized in Table 3. It can be observed that after the
application of DMP the median has been set at 11° and the amplitude of second and third quartile is 48.50° with
a centroid (R) of 0.88. As the D-SMP of 2 pulses is applied to the composite, the median stays in 10° and the
amplitude between second and third quartile is reduced to 31.50° and a centroid (R) of 0.92.

Orientation angle (°) Orientation angle (°) Orientation angle (°)
Fiber: 45/50/BL_ H:69mT  Fiber: 45/50/BL_ H:69mT Fiber: 45/50/BL_ H:69mT
Before After 1st pulse After 2nd pulse

FiGure 7. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 pulses of 69 mT at different planar angles of 45/50 fiber.
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Figure 8 presents the directional distribution of fibers 45/50 before and after an H78 mT magnetic pulse was
applied. From Table 3, it can be observed that after the application of DMP the median has been set at 11° and the
amplitude of second and third quartile is 33° with a centroid (R) of 0.95. After two pulses using the D-SMP meth-
od the median remains at 11° and but the amplitude of fibers between second and third quartile is concentrated at
25° and a centroid (R) of 0.96.

80
0
-90
Orientation angle (°) Qrientation angle (°) Orientation angle (°)
Fiber: 45/50/BL_ H:78mT  Fiber: 45/50/BL_ H:78mT Fiber: 45/50/BL_ H:78mT
Before After 1st pulse After 2nd pulse

Ficure 8. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 pulses of 78 mT at different planar angles of 45/50 fiber.

In Figures 9-11 the angular distribution of fibers 65/60/BG are drawn in charts of circular statistics. In the
charts of Figure 6 the directional distribution of the fibers before and after H30 mT magnetic pulses are applied
can be considered. From Table 4, it can be observed that after the application of DMP, the median has been set
at 8° and the amplitude of second and third quartile is 75° with a centroid (R) of 0.70. After two pulses using the
D-SMP method the median is set at 4° and the amplitude of the second and third quartile is 75° and a centroid (R)
0f 0.69. After the fourth pulse using the D-SMP method the median has settled at 5°, the amplitude of the second
and third quartile at 74.25 and R of 0.68. The differences between samples in terms of fiber distribution after both
alignment methods are applied are not significant.

90 .
0 "
-90
Orientation angle (°) Orientation angle (°) Orientation angle (°) Orientation angle (°)
Fiber: 65/60/BG_H:30mT  Fiber: 65/60/BG_ H:30mT Fiber: 65/60/BG_ H:30mT  Fiber: 65/60/BG_ H:30mT
Before After 1st pulse After 2nd pulse After 4th pulse

Ficure 9. Directional distribution of fibers before and after magnetic alignment through DMP and
D-SMP in 2 and 4 pulses of 30 mT at different planar angles of 65/60BG fiber.
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Figure 10 presents the graphical angular distribution of the fibers before and after 69 mT magnetic pulses are
applied. Detailed data has been summarized in Table 4, therefore it can be observed that after DMP the median of
the distribution of fibers is 17° and the amplitude of second and third quartile is 69° with a centroid (R) of 0.78.
After two pulses using the D-SMP method the median is set at 23° and the amplitude of second and third quartile
is 55° and R 0.80. After four D-SMPs the median is 20.50°, the amplitude of second and third quartile 56 and

R 0.84.
$
90 = 90 90
o
%
-90 1 QE/ _QE‘//

Orientation angle (°) Orientation angle (°) Orientation angle (°} Orientation angle (°)
Fiber: 65/60/BG_ H:69mT Fiber: 65/60/BG_ H:69mT Fiber: 65/60/BG_ H:69mT  Fiber: 65/60/BG_ H:69mT
Before After 1st pulse After 2nd pulse After 4th pulse

Ficure 10. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 and 4 pulses of 69 mT at different planar angles of 65/60BG fiber.

Figure 11 shows the directional distribution of fibers 65/60/BG at H78 mT, before aligning and after the align-
ment through DMP or D-SMP of two and four pulses. After the DMP method is applied, the angular median is 14°
and the amplitude of fibers between the second and third quartile is 56.5°, R of 0.85. As the D-SMP of two pulses
is applied to the mixture, the median comes to 17.5° and the amplitude between the second and third quartile is
reduced to 45.75° and a centroid (R) of 0.90. After four D-SMPs the median comes to 5.5°, the amplitude of the
second and third quartile is 41.25° and the centroid (R) is 0.93.

90 90
0 0
-90 -90
Orientation angle (°) Orientation angle (°) Orientation angle (°) Orientation angle (°)
Fiber: 65/60/BG_H:78mT  Fiber: 65/60/BG_H:78mT  Fiber: 65/60/BG_H:78mT  Fiber: 65/60/BG_ H:78mT
Before After 1st pulse After 2nd pulse After 4th pulse

FiGcure 11. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 and 4 pulses of 78 mT at different planar angles of 65/60BG fiber.
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In Figures 12-14 the angular distribution of fibers 80/60/BG after being exposed to magnetic fields of 30-69-78
mT are drawn in charts of circular statistics respectively. 80/60/BG fibers after DMP of H30 mT present a median
of two with an amplitude of second and third quartiles of 81.5 and R of 0.69. When the magnetic field was also
30 mT, but using D-SMP the median was 4°, the amplitude 2° and 3°, quartile 83.5 and a R of 0.66, for two pulses
and a median of 1°, amplitude of 2° and 3°, quartile of 83° and R of 0.65.

2
90
0 **eae
-90
Orientation angle (%) Orientation angle (°) Orientation angle (°) Orientation angle (°)
Fiber: 80/60/BG_ H:30mT  Fiber: 80/60/BG_ H:30mT Fiber: 80/60/BG_ H:30mT  Fiber: 80/60/BG_ H:30mT
Before After 1st pulse After 2nd pulse After 4th pulse

FiGure 12. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 and 4 pulses of 30 mT at different planar angles of 80/60BG fiber.

Figure 13 shows the directional distribution of fiber 80/60/BG at 69 mT, before aligning and after the align-
ment through DMP or D-SMP of two and four pulses. After the DMP is generated, the angular median is 3° and
the amplitude of second and third quartile is 85°, R of 0.67. As the D-SMP of two pulses is applied to the mixture,
the median is 2° and the amplitude between second and third quartile 89° and a centroid (R) of 0.68. After four

D-SMPs the median shown is 11.5°, the amplitude of the second and third quartile is 70.75° and the centroid (R)
is 0.77.

20
o
-90
H
Orientation angle (°) Orientation angle (°) Orientation angle (°) Orientation angle (°)
Fiber: 80/60/BG_ H:69mT  Fiber: 80/60/BG_ H:69mT Fiber: 80/60/BG_ H:69mT  Fiber: 80/60/BG_ H:69mT
Before After 1st pulse After 2nd pulse After 4th pulse

FiGure 13. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 and 4 pulses of 69 mT at different planar angles of 80/60BG fiber.
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At 78 mT the results for fiber 80/60/BG are presented in Figure 14. The charts clearly show a concentration
of the fibers in the central area of the sample. From Table 5, the following results can be described in terms of
the angular distribution of fibers. The DPM presents a median of 5°, amplitude of 2° and 3°, quartile of 73° and
a spread of the sample through R of 0.74. D-SMP in two pulses obtained a median of 5° but a reduced angular
distribution in quartiles 2 and 3 of 63° and R of 0.79. When D-SMP was used in a range of four pulses, the median
was 3.5°, the amplitude of quartiles 2-3 of 52.75 and R of 0.82.

90
]
-90
Orientation angle (%) Orientation angle (°) Orientation angle (°) Orientation angle (°)
Fiber: 80/60/BG_ H:78mT  Fiber: 80/60/BG_ H:78mT Fiber: 80/60/BG_ H:78mT  Fiber: 80/60/BG_ H:78mT
Before After 1st pulse After 2nd pulse After 4th pulse

FiGure 14. Directional distribution of fibers before and after magnetic alignment through DMP
and D-SMP in 2 and 4 pulses of 78 mT at different planar angles of 80/60BG fiber.

3.3. Alignment index

The fiber distribution is described by the alignment index of the samples, as determined by Equation 4. The
alignment index defines the main component of the different fibers in the direction considered to be the align-
ment direction, usually considered by the literature as 0° for well aligned (isotropic) fibers. In Table 3, 4 and 5 the
alignment index of HSFs: 45/50, 65/60 and 80/60 respectively can be observed.

The samples with fibers 45/50 presented an alignment index of the samples studied at 30 mT before been exposed
to magnetic fields of 0.62 (almost random sample), coming to 0.77 after DMP and increasing again to 0.79 and
0.82 when two or four pulses of D-SMP were applied. The same behavior was observed when 69 mT was applied,
showing 0.65 before and 0.87 with DMP and 0.91 after two pulses of D-SMP. More improvement was observed
at a higher magnetic field, with an alignment index of 0.94 and 0.96 after DMP and two D-SMP pulses (Table 3).

Batches with 65/60/BG fibers did not show much difference when 30 mT was applied in terms of the alignment
index. Slight differences could be found at 69 mT. The alignment index after DMP moved from 0.68 from the
initial index to 0.76 and improved to 0.77 and 0.81 when of two and four pulses of D-SMP were applied. When
these alignment methods were used at 78 mT, the alignment index increased to 0.84 for DMP and to 0.89 after
two D-SMP pulses and to 0.93 after four D-SMP pulses. (Table 4)

The alignment indices for samples with 80/60/BG fibers can be observed in Table 5. Samples under H30 mT
maintained values usually observed in randomly orientated samples. However, after being exposed to 68 mT the
alignment index increased from 0.61 to 0.67 when the DMP method was used. For two DMPs cycles it improved
from 0.61 to 0.69 and to 0.76 for four D-SMP pulses. For samples under a magnetic field of 78 mT, the alignment
indices presented values of 0.74 for DMP, 0.79 for two D-SMP pulses and 0.82 for four D-SMP pulses.

3.4. Efficiency factor 70,

From the results obtained in the directional analysis presented above an efficiency factor (16,) according to
Krenchel and Cox (30) has been also been obtained to evaluate the improvement according to the increased fiber
alignment by both methods. This factor can be considered representative to what can be later expected from the com-
posite as the equation takes in account the amount of fiber in each angle, and not the media as the alignment method.
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Table 3 shows that the values of 56, for fiber 45/50 at 30 mT, varying from 0.33 when randomly oriented, to
0.43 after DMP and to 0.41 and 0.52 for two and four D-SMP pulses respectively. This variation is higher for
69 mT as 50, is 0.45 for DMP and to 0.48 for two D-SMP pulses. In the case of 78 mT, the results increased up
to 0.53 for DMP and up to 0.56 for two D-SMP pulses.

Fiber 65/60/BG do not show a significant variation in 76, as the values are similar to before and after the mag-
netic alignment method when H30 mT is applied. When H is increased to 69 mT the 76, moves from 0.43 before
aligning, up to 0.48 after the DMP method is applied, and to 0.49 and 0.50 after two and four D-SMP pulses.
These values can be seen increased for H79 mT, reaching a 56, of 0.48 with the DMP method and 0.55 and 0.54
with D-SMP for two and four pulses respectively.

Table 3 summarizes the results obtained from the study with fiber 80/60/BG. At H30 mT there is a slight vari-
ation of #6, going from 0.30 before any alignment method is used, to 0.32 after DMP and 0.35 and 0.34 after two
and four D-SMP pulses. Increasing H up to 69 mT, the 6, does not improve the DMP and two D-SMP pulses
maintained a value of 0.35 but improved for four D-SMP up to 0.39. The results obtained for 78 mT presented an
improvement of 56, reaching values of 0.39 for DMP and of 0.42 for two and four D-SMP pulses.

4. ANALYSIS AND DISCUSSION

The percentage variations (%) of the indices studied in the previous section have been compared for each
method and type of fiber. Tables 6-8 present the variation of the indices in comparison to the initial batch before
the alignment procedure. The alignment obtained with DMP is lower than that obtained with D-SMP. This can be
translated to the final efficiency obtained in the cementitious composites, clearly showing the higher efficiency of
D-SMP in two or four pulses compared to DMP.

On the other hand, it should be noted that the efficiency factor in samples is not directly correlated to the align-
ment index as it takes in account the number of fibers in each section of angles (5° each section). Therefore, this
index can be a more precise method to analyze the real effect of the method.

The efficiency factor of each method is not linearly proportional to the magnetic field applied in each case. For
instance, it can be observed that for fiber 45/50 the DMP improvement obtained for H30 mT is 24.04%, 34.60%
for 69 mT and 33.83% for H78 mT. This variation depends on the initial orientation of the randomly mixed fibers
in the composite, but the increase of the magnetic pulse does not lead to a linear increase of the alignment index.
In fact, samples with 45/50/BL also present a higher increase in the efficiency factor for H69 mT than for H78
mT. Additionally, for an increase in the magnitude of the magnetic field from 30 to 69 mT (230%) the improve-
ment of 76, increases from 27.68% to a 48.61% (Table 6).

A different behavior can be observed in samples with fibers 65/60/BG and 80/60/BG when DMP is applied.
First, it must be said that the variation at H30 mT is almost negligible in the alignment index and very low for
the efficiency factor. However, the efficiency factor is incremented several times when the magnetic field is
increased from 30 to 78 mT. For instance, fiber 65/60/BG increases the alignment index by 4.96% when H is
30 mT, 12.72% when H is 69 mT and 32.66% when H is 78 mT (Table 7).

This means that the increase of the magnetic field should be focused to overcome the T, and if the fiber ro-
tates, the variation of alignment is not proportional to the magnetic field used. This makes it necessary to study
the balance between the fiber and the elastic part of the matrix strain rather than the fiber dynamic in the fluid
when the viscosity increase in rate speed is small compared to T,. This could be also further studied in future
research work.

The behavior, mentioned before, can be also observed for fibers under D-SMPs, as the fibers must also exceed
T,*. Samples with fiber 45/50/BL presented for two pulses in the D-SMP method gave variations of 76, of 24.48%
for H30 mT, 56.67% for H69 mT and 47.51% for H78 mT. Batches with 80/60BG present a variation of 76, of
16.72% for H30 mT, 12.35% for H69 mT and 25.34% for H78 mT. Those batches with fiber 65/60/BG presented
increments of 56, of 7.13% for H30 mT, 14.96% for H69 mT and 51.33% for H78 mT (Table 8).

As for DMP, the increase of 70, is not proportional to H for each fiber studied, being more so for longer fibers
(65/60/BG and 80/60/BG). Moreover, it can also be observed that the increase with D-SMP is obtained in cases
with low response of the fiber as it is focused on those fibers which can exceed T . Therefore, when the window
of fibers responding to the magnetic field is wider, the alignment is increased even less proportionally than for
DMP. The efficiency increase can be related to an improvement of the homogeneity of the angular distribution of
the fibers, as the second and third quartiles are narrower. Moreover, it has been observed after the D-SMP that the
angular spread of the fibers is lower.
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TABLE 6. Percentage analysis of the variation of alignment index and efficiency factor in FRCC with fiber 45/50/BL.

Fibre Type Sequence n, H (RMS) % variatiil(l):;ez;‘lignment % Variagocltloifﬁciency
45/50/BL After 1st Pulse 24,04% 27,68%
45/50/BL After 2nd Pulse 30 mT 27,08% 24,48%
45/50/BL After 4th Pulse 31,85% 54,34%
45/50/BL After 1st Pulse 69 mT 34,60% 48,61%
45/50/BL After 2nd Pulse 41,22% 56,67%
45/50/BL After 1st Pulse 28 mT 33,83% 39,16%
45/50/BL After 2nd Pulse 36,21% 47,51%

TasBLE 7. Percentage analysis of the variation of alignment index and efficiency factor in FRCC with fiber 65/60/BG.

Fibre Type Sequence u, H (RMS) % variatii:::;ez’l(lignment % varia;io::;fﬁciency
65/60/BG After st Pulse 4,26% 4,96%
65/60/BG After 2nd Pulse 30 1,45% 7,13%
65/60/BG After 4th Pulse 0,18% 10,33%
65/60/BG After 1st Pulse 12,07% 12,72%
65/60/BG After 2nd Pulse 69 13,60% 14,96%
65/60/BG After 4th Pulse 19,98% 15,80%
65/60/BG After 1st Pulse 27,07% 32,66%
65/60/BG After 2nd Pulse 78 33,29% 51,33%
65/60/BG After 4th Pulse 38,95% 48,23%

TABLE 8. Percentage analysis of the variation of alignment index and efficiency factor in FRCC with fiber 80/60/BG.

Fibre Type Sequence u, H (RMS) % variatii:::;eilignment % Variagc:tloifﬁciency
80/60/BG After 1st Pulse 3,14% 5,92%
80/60/BG After 2nd Pulse 30 -2,84% 16,72%
80/60/BG After 4th Pulse -2,50% 10,73%
80/60/BG After 1st Pulse 10,11% 10,38%
80/60/BG After 2nd Pulse 69 13,12% 12,35%
80/60/BG After 4th Pulse 25,73% 25,04%
80/60/BG After 1st Pulse 18,95% 16,86%
80/60/BG After 2nd Pulse 78 26,73% 25,34%
80/60/BG After 4th Pulse 31,53% 25,13%

It must be also noted that the D-SMP method is not always better when used in four rather than in two pulses.
However, this method can result in a future line of work by modifying the angles of the window after each se-
quence of pulses to be more effective. Moreover, the efficiency factor in some cases does not improve from two
D-SMPs to four, as the dynamic of the fiber is low, the rheological torque and the magnetic torque being very
similar after the alignment achieved through two pulses. This can be explained as the new angle of the group of
fibers presents an angle that reduces the magnetic torque (closer to 0 or well aligned), deriving lower options to
rotate. This can be studied by the modification of the sequence of pulses between (-O,, ©,) to a new sequence of
pulses between (-©”,, ©")).

The results can be compared to other authors who presented an improvement of the alignment index by us-
ing a time-maintained, constant magnetic field instead of pulses. Ru Mu (29 ) presented a combined system of
a non-uniform magnetic alignment system and a shake table. The magnetic fields studied applied 0.1/0.2/0.3 T
in composites with fibers of length 30 mm and diameter 0.5 mm and hence a shape factor of 60. The efficiency
factor increased from 0.5 to a maximum of 0.88 for a magnetic induction intensity of 0.1 T, 0.91 for HO.2 T
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and 0.93 for HO.3 T. Fibers showed not only an alignment variation but also they were displaced as the mag-
netic field used was inhomogeneous. The matrix with a viscosity of 1.1 Pa.s also presented some bleeding
and segregation when the time was long but no result when the time of exposure to a combined method of
shaking plus direct magnetic alignment was short, setting a time of 60 s as recommended (29). In other work,
the authors used a circular solenoid that provided an annular magnetic field of 0.05 T to align steel fibers with
diameters 0.50 mm and lengths 30 mm in circular-like pipes made of cement-based composite with no or low
yield stress and a viscosity 1.1 Pa.s, with alignment indexes from 0.65 to 0.91 (30). We must consider the lower
fiber length imparted to the samples studied here and the use of vibration to reduce the static yield stress that
facilitated the rotation.

The use of different fibers, not only in their nature but also in their shape factor and length, can be stud-
ied in future works. As can be observed from the results, if the factor 76, of the three fibers here studied is
analyzed, fiber 45/50 presents the best values obtained after the DMP and D-SMP methods are applied to
the composites compared to 80/60 and 65/60. The maximum efficiency factor is presented when H was in-
creased as expected to H79 mT composites with fiber 45/50 up to 0.563 with four D-SMP pulses, followed
by fiber 65/60 with 76, up to 0.5472 after two D-SMP pulses and finally by 80/60 with 76, up to 0.4184 after
two D-SMP pulses. The improvement of fiber alignment depending on their shape factor also can lead to a
more resistant composite with higher toughness, which with the same volume fraction of fibers may increase
the amount of fibers in the composite aligned to the maximum stress (8). In the long term, this will also
reduce the cracking area and hence the composite will have a longer durability (31, 32). The optimization
of fibers through alignment can lead to more cost-effective structures (33), which is one of the problems
for using advance cementitious composites such as UHPC (33-34). Moreover, the high-strength steel fibers
account nearly a 35% of the total costs of UHPC (35), what can be reduced with a proper alignment method
as here shown.

This indicates that the fiber dynamic in the matrix is not linear, and that many factors may influence. From
a previous study (17) and from other authors, it that the more flexible the fiber the easier it is to rotate has been
analyzed (2). On the other hand, the mass of the fibers in relation to its shape factor (g/mm/mm) is also important
to achieve a higher magnetic torque and hence rotate (Table 1). If we compare this relationship from fibers 65/60
to fibers 80/60, it passes from 4.8 to 2.75 g/mm/mm, and therefore the magnetic torque can be double comparing
both fibers; and although the first one is less flexible, the second one presents a lower magnetic torque. This is in
line with the results obtained, as fiber 80/60 presents a lower efficiency factor and a lower response to rotate. The
same difference can be observed when fiber 45/50 and 65/60 are compared (7.40g/mm/mm and 4.80 g/mm/mm
respectively), although the first one shows higher rigidity it also has higher mass and then higher magnetic moment
than the 65/60 fiber.

Initial rotation must exceed the static yield stress, and after this happens and during rotation, the shear stress
reduces the speed of the fiber. The time for final alignment must last for at least the time to achieve the rotation
during which the magnetic torque is also reduced, as the sine of theta is lower and lower until final alignment
(sine of 0°=0). This will be also a factor to consider the angle to the first misalignment pulse to reinforce the
torque in the second alignment pulse.

Although the final alignment angle in the one pulse and the two pulses processes are slightly improved with
the two pulse process in some cases, an improvement of the homogeneity of the angular distribution of the fibers
can be clearly observed. The deviation is lower, and hence the angular variation between fibers and the efficiency
is higher.

D-SMP presented a higher efficiency factor that can allow this method to be applied in composites present-
ing a higher T * at the moment of manufacture, caused by the rheological properties of the fluid or their change
in time. As can be observed in the literature, the method could be further studied with other fibers coated with
ferromagnetic layer. J.Xu et al. studied composites with carbon fibers of 7.5:10 mm coated with a layer made of
nickel with a thickness of 0.25:10° mm, and a viscosity of fresh cement paste employed ranging from 1.0 Pa-s to
10.0 Pa-s, increasing the alignment factor from 0.532 to 0.909 in composites with a 0.2 wt (%) fibers, to 0.874
when the wt (%) of fibers increased to 0.3, and to 0.801 in composites with 0.3 wt (%) of carbon fibers (36).
L.Liu et J.Xu studied composites with nickel-coated Carbon Nano-Tubes (CNTs) as reinforcement. CNTs were
30-50 nm in diameter and 10-20 pm in length with an orientation factor of value of about 0.75 for cement-based
composites (37).

The use of two perpendicular pairs of coils (two Helmholtz coils) can allow the setting of different angles for
homogeneous magnetic fields by using different magnetic fields in every pulse simultaneously, setting the angle
O, for the D-SMP method. This can be also studied in industrial samples with higher dimensions.
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5. CONCLUSIONS

The alignment method through directional-sequenced magnetic pulses increases the effectiveness of the mag-
netic field. In this work a matrix with T, Carpopol™ has been used as a metaphor fluid for cementitious com-
posites, to determine the angular response of the fibers. This novel method increases the fiber alignment index
and the efficiency factor of the composite, thanks to an enhanced angular homogeneity of the reinforcement with
denser alignment along the desired alignment direction.

To set the required parameters of the angular direction of the directional-sequenced magnetic pulses a study of
the fiber response and angles between the fiber rotation has been performed. The magnetic field and the matrix
rheological properties can be studied through statistical analysis to set the angles between the magnetic pulses
and the composite.

Moreover, it has been observed that in the magnetic field alignment processes, the mass of the fiber in relation
to its shape factor must be high to achieve a high magnetic torque but it needs enough flexibility to increase its
ability to rotate. Hence fiber design must be considered as part of the alignment method since both its geometry
and properties determine its magnetic and rheological moment. Additionally, factors that determine the magnet-
izing field such as the coil design, time of pulse, direction of the pulse and rheological properties of the matrix
require careful consideration.
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