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ABSTRACT

In this work, we propose a cost-effective procedure to obtain magnetic single cotton yarns by employ-
ing commercially available magnetic powders and adhesives. Two different indirect magnetization
methods are used on the yarns coated with several mixtures containing barium hexaferrite (BaFe;,0;)
as hard magnetic powder. The BH mass percentage is varied between 10% and 50%. Specific textile
coating binders such as polyurethane and polyvinyl acetate are used as adhesives. A constant amount
of 5% glycerol is employed as plasticizer agent. An in-house developed laboratory equipment is used
to produce the magnetic cotton yarns. The equipment allows primary orientation of the magnetic par-
ticles along external field lines and subsequent magnetization until saturation. Our studies show that
the diameter of the coated yarns is directly dependent on the amount of magnetic powder in the
coating solution. Thus, the magnetic yarn diameter increases by 30% when compared to the 356 um
diameter of the reference (uncoated) yarn for a barium hexaferrite mass percentage of 50%. Also, our
studies reveal that increasing the magnetic properties (residual magnetism and coercive field intensity)
of the composite yarns is possible only by increasing the mass percentage of the magnetic powder
content. The highest values of the magnetic properties have been measured when neodymium per-
manent magnets (NdFeB) were used for the magnetization instead of a toroidal coil. The residual mag-
netization and saturation increase with the amount of barium hexaferrite embedded in the textile
yarn. However, the increase in mass percentage is limited by the degradation of the yarn properties
which allow them to be used for textile applications. SEM images of the coated yarns reveal a rela-
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tively uniform deposition of magnetic layer on the reference cotton yarn.

Introduction

Smart textiles combine, in a powerful and efficient way, dif-
ferent textile and non-textile elements. Among these, mag-
netic textiles have emerged as a less usual but quite
interesting form of smart textile with a wide range of envis-
aged applications in the field of medical treatment, elec-
tronic textiles, smart clothing, sportswear, biomedicine or
protective clothing. Magnetic fabric is used by companies
such as Green Grace' in the United States to promote heal-
ing at a cellular level. Magnetic coils with a textile core can
be built as described by Zieba et al. (Zieba, 2007). Another
important application is in wave absorption and electromag-
netic shielding (Akman et al.,, 2013) for protective clothing.
Furthermore, the magnetic properties of magnetic yarns can
be combined with other microsensors which may be used in
applications such as antennas and soft keyboards (Jia et al.,
2019, Ghosh et al., 2018, Loss et al., 2019, Xu et al., 2018).
Overall, magnetic textiles are used for electronic devices and
circuits, sensors and actuators, theft and data security tags,

intelligent clothing for monitoring of human physio-
logical parameters.

Magnetic textile products have some similar characteris-
tics with classical magnetic materials (Aksit et al., 2009;
Bartusch et al., 2014; Campos et al,, 2011). The magnetic
yarn can receive micro and nano magnetic functionalities
(Wiak et al., 2010; 2012) by various methods of production
such as: spinning of natural and metallic continuously/staple
fibers passing through a magnetic field with variable induc-
tion (Zieba et al., 2011); spinning of cellulosic magnetic
fibers containing ferromagnetic and/or ferromagnetic micro
powders (Rubacha & Zigba, 2006); production of single
magnetic continuous fibers by coating of diamagnetic yarns
with magnetic solutions made of ferromagnetic and/or ferri-
magnetic micro powders which are fixed on the backing
material with a binder. A wide range of support yarns (e.g.
carded, combed, simple and twisted monofilamentary and
polyfilamentary, fully drown yarns) can be used to tune
their proprieties and application area.
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Figure 1. Microscope image of reference yarn.

In a previous work we studied the effect of two process
variables on the magnetic properties of twisted cotton yarns
made of combed single staple yarns covered with hard ferro-
magnetic powder by using a central composite design to
determine the optimal processing factors that can affect the
magnetic properties of the fibers (Grosu et al., 2016). The
cotton yarns were magnetized by incorporating magnetic
particles and by passing the yarn through an electromag-
netic coil. Our results showed that an increase in ferrite
content is influencing the saturation and residual induction
of cotton twisted staple yarns. The magnetic properties can
be optimized not only through the selection of the ferrite
content but also by varying the current intensity through
the electromagnetic coil used for magnetization.

In another study we fabricated and characterized similar
magnetic twisted cotton yarns made of combed single staple
yarns in terms of magnetic, tensile and bending properties
(Grosu et al., 2018). Both hard and soft magnetic powder
coatings were deposited on the yarns. The magnetic and
tensile properties of the magnetic yarns increased with the
increase in magnetic powder content for a given magnetic
material. Bending properties were influenced by the mag-
netic material type and by the adhesive content in the coat-
ing. For example, a higher number of cracks were exhibited
by the hard magnetic yarns compared to the soft ones.

In this paper we study a single cotton carded yarn and a
hard magnetic powder mixed with specific textile coating
binders (polyurethane resin — PUR - adhesives and polyvi-
nyl acetate — PVAc) for the production of magnetic yarns
(Aldib, 2015; Bashir et al., 2011; Beica et al, 2008;
Chowdhury et al,, 2013; Hemapriyamvadha & Sivasankar,
2015; Kang et al,, 2011; Kobya et al., 2014). The choice of a
carded yarn was made because it exhibits protruding surface
fibers which improve the adherence of the magnetic powder
(Grosu et al., 2018). This was proven in our previous studies
to be an important factor affecting the properties of the
magnetic yarns. Also, based on previous studies, we
increased the range of the hard magnetic powder content in
the coating mixture. We used different mixtures of hard
magnetic powder to cover the yarns which were then mag-
netized using two different indirect magnetization methods
(Joseph & Stupak, 2000). Indirect magnetization methods
involve the use of intense external magnetic fields to induce
magnetic excitation in the material. These methods involve

Table 1. Samples codes and corresponding mass percentage.

Sample codes BaFe;,040, Wt.%

Y1 10
Y2 20
Y3 30
Y4 40
Y5 50

the use of: (i) electrical conductors placed axially, in the
sample, (ii) permanent magnets placed nearby the sample,
(iii) electromagnets placed nearby the sample, in order to
generate high magnetic inductions or (iv) solenoids, in this
latter case the sample for magnetization is placed longitu-
dinally in the concentrated magnetic field and fills the cen-
ter of the coil or solenoid.

The tensile and magnetic properties of the resulting mag-
netic cotton yarns are investigated and discussed. The aim
was to obtain magnetic single yarns through a cost-effective
procedure which involves commercially available magnetic
powders and adhesives, and to study which of the two indir-
ect magnetization methods used in this study can provide
higher values of residual and saturation magnetization.

Materials and methods
Materials

In this investigation, the reference yarn used as reinforcing
diamagnetic element was a 100% cotton carded single yarn
with Z twist direction, 600 twist/m and a fineness of 55.5
tex. This type of yarn was chosen because of the following
properties: (i) its cross section is almost circular; (ii) being a
carded yarn, there are many fibers (hairs) standing out from
the yarn surface and (iii) the high number of twists/m
ensures enough strength for the yarn to withstand tension-
ing during the covering process. The optical image of the
reference yarn as obtained by an Olympus SZX10 micro-
scope set to a 9.5 zoom factor is given in Figure 1.

Based on insight from previous research (Grosu et al,
2016; 2018) where we studied magnetic twisted cotton yarns,
several mixtures containing barium hexaferrite (BaFe;;019)
as hard magnetic powder were chosen to cover the cotton
single yarn. We used barium hexaferrite with a mass per-
centage between 10% and 50%, two polymers in liquid state
(polyvinyl acetate and polyurethane) and glycerol. The bar-
ium hexaferrite was supplied by Rofep, Romania. It is a hex-
agonal hard magnet with magnetoplumbite structure widely
used as ceramic permanent magnet. Its basic characteristics
were presented in our previous study (Grosu et al., 2018).

The binding adhesives were mixed with the magnetic pow-
der prior to fiber coating. Polyvinyl acetate, a widely used
thermoplastic adhesive, has a good adherence to cellulosic mate-
rials. Also, polyurethane (7% mass percentage) has a remarkable
adherence when used as adhesive. Glycerol was used as plasti-
cizer agent for the blends and the amount was kept constant at
5%. The coated samples codes and corresponding mass percent-
age of magnetic powder in the mixtures are listed in Table 1.
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Figure 2. Schematic drawing of the equipment employed in obtaining of the
magnetic in which the following elements are depicted: S; — yarn supply sys-
tem, S, - feeding, transport, storage, coating and solution calibration system,
S; — magnetizing system; S, — heating and fixing of coated yarn system, Ss —
yarn winding system.

Figure 3. Magnetization devices used after yarn coating: a. toroidal coil, b.
magnetic auger die, c. ferromagnetic core (real image) where: (1) copper coils,
(2) ferromagnetic core, (3) air gap, (4) coated yarn, (5) polar angles positioned
offset from the axis of the yarn; (6) NdFeB permanent magnets; (7) polar angles
positioned centrally on the axis of the yarn.

Methods

Preparation of magnetic yarns

An in-house developed laboratory equipment, schematic-
ally depicted in Figure 2, was used for coating the cotton
yarns with magnetic powder. The equipment allows for
the primary orientation of the magnetic particles along the
field lines of a 0.14 T external magnetic field. After coating, the
yarn was subjected to a more powerful magnetization until sat-
uration. The device comprises five sub-systems: S; - yarn sup-
ply system, S, - feeding, transport, storage, coating and
solution calibration system, S; — magnetizing system; S — heat-
ing and fixing of coated yarn system, S; - yarn wind-
ing system.

The deposition process occurs in the magnetic mixture
feed chamber which is equipped with a special calibration
device of spinneret type with a circular hole 500 um in diam-
eter, which ensures a uniform deposition of the polymer mix-
ture. After calibration, the coated yarn passes through the
magnetic device placed in S; for indirect magnetization.

The first magnetization method employs a toroidal
induction coil with electromagnetic excitation (Figure 3a).
The coil is powered by a DC source of 10V and 10 A.

The ferromagnetic core of the coil is X-shaped. The gap
is filled with an epoxy resin (see Figure 3c) with a small
cylindrical channel through which the yarn coated with
barium hexaferrite passes at a speed that allows magnetiza-
tion until saturation of the ferrimagnetic particles that
make up the coated magnetic layer. Measurements of the
magnetic field intensity of the coil were performed by
using a Koshava 5, Wuntronic Teslameter equipped with a
transversal Hall probe placed in the air gap (Figure 4),
before filling it with the resin (which doesn’t affect the
magnetic field).

THE JOURNAL OF THE TEXTILE INSTITUTE . 3

TESLAMETER
Hall probe

A
DC Power| |
Supply

Figure 4. Layout of the measuring equipment of magnetic induction in
the coil.
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Figure 5. Dependency of coil induction on current intensity.

We used linear regression in order to evaluate the depend-
ency between current intensity and the induction of the coil’s
magnetic field. The results are presented in Figure 5. For cur-
rent intensities up to about 8 A the induction increases lin-
early with the current. The value of the correlation coefficient
being nearly 1 illustrates a very good correlation.

The second magnetization method employed a hybrid
type magnetic device (see Figure 3b) made of rare earth
trapezoidal permanent neodymium iron boron magnets
(NdFeB) disposed diametrically opposed on a circle. The
permanent magnets contain two sets of four soft mag-
netic pieces having high permeability and a triangular
shape with polar angles (‘auger’ configuration). The mag-
netic field is perpendicular on the yarn and is concen-
trated by the magnetic device polar angles.
Measurements of the magnetic field of the magnetic
auger die were performed in the same way as described
above for the toroid. In order to close the field line, the
Hall probe tip was successively positioned between each
of the eight polar angles. The measured magnetic induc-
tion between adjacent magnetic poles was approximately
0.7 T (see Figure 6).

This measured value indicates the major advantage of the
magnetic auger die regarding production cost and multi-
polar magnetization compared to the electromagnetic coil.
Each of the magnetization methods was separately employed
on the samples mentioned in Table 1.
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Figure 6. Magnetic induction measuring layout of magnetic auger die: a. front view, b. rear view.
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Figure 7. (a) SEM image of barium hexaferrite, (b) hysteresis loop of the magnetic powder.

Diameter measurements

The magnetic sample yarns were conditioned in a standard
atmosphere of 65% + 2% RH and at room temperature
(20°+ 2°C) in order to investigate the diameter and mag-
netic properties. The apparent diameter of the reference
yarn and magnetic yarns was measured using a Projectina
Neerbrugg microscope with a 20x magnification. The diam-
eter values were further used to estimate the thickness of
the coating layer, which is very difficult to determine dir-
ectly because the thin polymer film is deposited on the
uneven surface of the cotton yarn. Consequently, the thick-
ness was calculated according to the relation:

T = dyy—dy (1)

where: dyry - magnetic yarn diameter in pum; do- uncoated
yarn diameter in pm.

SEM (Scanning Electron Microscopy) micrographs of the mag-
netic yarns covered with barium hexaferrite in various concentra-
tions were carried out at room temperature using a FEI Quanta
200 scanning electron microscope equipped with a GSED detector.

Tensile properties measurements
Yarn tensile properties are also an important parameter for
the practical processing of coated yarns in woven or knitting

fabrics. Therefore, the magnetic yarns were tested for their
tensile properties on a Tinius Olsen H5KT SDL Atlas tensile
machine using a 250 mm gage length and an 80 mm/min
cross-head speed (according to SR EN ISO 2062). The val-
ues of breaking force and elongation were obtained by per-
forming 10 tests for each yarn sample.

Magnetic properties measurements

The measurements of magnetic properties of the composite
yarns were performed by using a vibrating sample magnet-
ometer Lake Shore 7300 capable of a maximum magnetic
induction of 2T in the temperature range 4K — 1300K.
The hysteresis loops were measured according to the ASTM
A894/A894M-00 (2011) el.

Results and discussions

Based on our previous study (Grosu et al., 2018), the SEM
image of the barium hexaferrite powder obtained using an
SEM-EDX model VEGA II LSH TESCAN and the hysteresis
loop that was performed by using a Magnetic field Meter
MAG-ST100 are given in Figure 7a and b, respectively. M,



is the saturation magnetization, M, is the residual magnet-
ization and H, the intensity of coercive field.

Using scanning electron microscopy, the average barium
hexaferrite particle size was found to be 0.94 um. The distri-
bution histogram of barium hexaferrite particle size is
shown in Figure 8 based on 50 samples. The microparticle
diameters ranged from 0.54 um to 1.64 um.

In order to verify the barium hexaferrite stoichiometry,
the percentage composition of the compounds was deter-
mined using energy-dispersive X-ray (EDX) spectrometry.
The details of the composition are shown in Figure 9 and
Table 1. All the elements are well resolved using the K- and
L-shell X-rays with few artifacts (Figure 9). Figure 9 is
revealing that Fe is the highest energy element in the bar-
ium hexaferrite compound with 6.41keV on the K-shell
Barium has 4.83keV on the L-shell.

Based on previous research (Grosu et al, 2018), the
weight and atomic percent of Fe are about 89% and 76%,
respectively, while barium ferrite has 4% and 1.3%, as
shown in Table 2. This composition is in agreement with
the theoretical stoichiometry of the compound.

The hard magnetic powder was also characterized by
means of X-ray diffraction (XRD) at room temperature
using the Cu K, line with a rate of 3°/min (Shimadzu LabX
XRD-6000). The X-ray diffraction pattern is presented in
Figure 10. The interplanar spacings and relative intensities
determined from the diffraction pattern were compared
with those of the ICDD published data for barium hexafer-
rite (PDF card 84-0757) and iron (III) oxide, hematite (PDF
card 33-0664) compounds.

Frequency
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Figure 8. Distribution histogram of BHF particle size.
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As shown in Figure 10 the particles were proven to be a
mixture of hexagonal BaFe;,0,9 and trigonal Fe,Os3, similar
results being reported in the literature by other authors
(Grosu et al., 2018; Petrila & Tudorache, 2014; Sozeri et al.,
2012; Vinnik et al,, 2015). The sharp peaks observed in the
X-ray diffraction pattern confirm the high crystallinity of
the phases. SEM photographs showed that the products con-
sist of particles with a relatively narrow size distribution, as
can be observed from Figure 8. This also was confirmed in
all cases by XRD patterns.

SEM micrographs of uncoated yarn coded as YO and
composite yarns coded as Y1+ Y5 covered with BaFe; ;0
in various concentrations are presented in Figure 11. The
images in Figure 11b are evidencing the effect of the coating
solution on the thin polymer magnetic layer built around
the surface of the reference yarn YO (Figure 1la). Higher

Table 2. Barium hexaferrite composition obtained from EDX spectrometry
(see also Figure 9).

Element Number (AN) Line keV Weight (%) Atomic(%)
Fe 26 K 6.41 88.54 75.71
0 8 K 0.0096 7.70 22.98
Ba 56 L 4.83 3.76 1.31
Total 100 100
EE; BF: BaFe O
L A_EZ Hem: FeZOy hematite
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Figure 10. XRD pattern of barium hexaferrite.
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Figure 9. Spectrum of barium ferrite powder collected at 30 keV using EDX equipment.
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Figure 11. SEM images of composite yarns: a. YO, b. Y1 = Y5: A — side view of
samples; B — cross section view; C — zoomed cross section.

Table 3. Structural modifications of magnetic yarns vs. reference yarn.

Average Magnetic layer
Samples codes Type of core diameter d(pum) thickness T(um)
YO 100% cotton 356 -
Y1 427 71
Y2 438 82
Y3 445 89
Y4 457 101
Y5 465 109

concentrations of magnetic coating solution increase the
thickness of the coating layer.

Table 3 shows the experimental average values of the ref-
erence yarn (Y0) and composite yarn diameter (Y1 =< Y5) as
well as the magnetic layer thickness at the yarn surface.
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Figure 12. Dependency of magnetic yarns tensile strength on barium hexafer-
rite content.
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Figure 13. Dependency of magnetic yarns elongation at (%) on barium hexa-
ferrite content.

The diameter of composite yarns depends on the mass
percentage of magnetic powder in the coating solution and
is in the range of 427 um to 465pum for the coated yarns
(see Table 3). Thus, the yarn diameter increases by 71 to
109 um when compared to the 356 um diameter of the refer-
ence (uncoated) yarn. The thickness of the magnetic layer
and the density of the composite yarns are key parameters
influencing the magnetic characteristics of the composite
yarns. This in turn depends on the size of the magnetic par-
ticles, which in our case is in the range 0.54-1.64 pm (see
Figure 8).

Since the range of magnetic particles diameter is large, it
can have a noticeable influence on the tensile properties.
Indeed, we observe that the increase in mass percentage of
magnetic powder is initially leading to an increase in tensile
properties up to a certain value. After this, we observe a
decrease in tensile properties despite further increasing the
mass percentage (Figures 12 and 13).

A statistical analysis has been employed in order to
establish a relationship between the content of magnetic
powder and tensile properties. As can be seen from Figures
12 and 13, a second-degree polynomial dependency exists
between the barium hexaferrite mass percentage content
and the tensile properties of the yarns. The value of the cor-
relation coefficient illustrates a good and significant correl-
ation (the value of R” is higher than 0.834.).

Figures 12 and 13 also reveal that the tensile strength
of 6.25N and the elongation at breaking of 10.07% of the
support yarn increase for the composite yarn Y2 to
10.68 N and 15.54%, respectively. Starting with the
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Figure 15. The hysteresis loops of magnetic samples magnetized by magnetic
auger die.

Table 4. Experimental data of magnetic parameters depending on mag-
netic device.

Magnetic
Toroidal coil auger die
Ferrite Saturation Residual Saturation Residual
Sample percentage induction induction induction induction
codes content (%) (mT) (mT) (mT) (mT)
Y1 10 6.53 3.25 13.04 6.47
Y2 20 11.43 6.59 26.32 13.59
Y3 30 19.67 10.23 28.49 15.18
Y4 40 34.68 14.53 56.11 23.96
Y5 50 48.51 22.26 78.47 32.90

composite yarn Y3, the tensile and elongation begin to
decrease due to the increasing magnetic microparticle
content. This can be attributed to two reasons: on one
hand, the areas having higher powder concentrations
break more easily; on the other hand, the expansion coef-
ficients of the magnetic microparticles and the polymer
materials in the coating solutions are different.
Therefore, the lowest values of the tensile properties of
the magnetic yarns were recorded at 50% barium hexafer-
rite mass percentage due to (i) the composite/magnetic
yarn becomes too rigid and (ii) the magnetic particles
penetrate in the structure of the support yarn, which can
lead to structural discontinuities.
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Another important parameter is the magnetization pro-
cess used and the value of the magnetic field. Magnetic yarn
samples of sufficient length were taken and placed perpen-
dicular to the applied magnetic field lines on the magnetiza-
tion devices depicted in Figure 3. The magnetic
measurements performed on the samples are shown in
Figures 14 and 15.

Our measurements in Figures 14 and 15 confirm that the
magnetic yarns, i.e. cotton yarns covered with barium hexa-
ferrite, are part of the hard magnetic materials because they
present high values of the coercive field and low residual
magnetization. Figures 14 and 15 also show that the residual
magnetization and saturation are increasing with increasing
amount of barium hexaferrite embedded in the textile yarns.
The larger the ferrite percentage content the higher is the
residual magnetization and saturation (see Table 4). For
example, when comparing Y1 and Y5 samples, a five time
increase in the ferrite content is resulting in an approxi-
mately seven times increase of the residual magnetization,
ie. from 3.25mT to 22.26 mT for the electromagnetic coil.
When comparing the Y1 and Y5 samples magnetized with
permanent magnets, the residual magnetization is increasing
about five times from 6.47 mT to 32.90 mT.

The values of the residual and saturation induction meas-
ured in the case of the ‘auger’ configuration are in most
cases more than double as compared to those for the mag-
netic yarns magnetized with the electromagnetic coil. This
aspect, which is also reflected in the hysteresis loops
depicted in Figures 14 and 15 can be can be attributed to
the fact, that hard magnetic ferrites have a history depend-
ent non-linear response to external magnetic fields and the
two magnetizing devices produce highly different fields (see
Figure 3), both with respect to the maximum induction val-
ues and the spatial distribution.

Conclusions

In this study, we have produced and characterized magnetic
single cotton yarns by employing two different indirect magnet-
ization methods. The diameter of the coated yarns is directly
dependent on the amount of magnetic powder in the coating
solution. The magnetic yarn diameter increases with 30% when
compared to the 356 um diameter of the reference (uncoated)
yarn for a barium hexaferrite mass percentage of 50%. SEM
images of the coated yarns reveal a relatively uniform depos-
ition of magnetic layer on the reference cotton yarn.

The tensile properties of composite yarns are increasing
when compared to those of the reference yarn with the
increase in barium hexaferrite mass percentage content

Two devices for the indirect magnetization of the coated
yarns have been proposed. In both cases, the magnetic prop-
erties of the coated yarns (residual magnetism and coercive
field intensity) are dependent on the amount of magnetic
powder in the coating solution. Improving the magnetic
properties of the coated yarns is possible only by increasing
the mass percentage of magnetic powder. However, we have
observed differences in the magnetic properties of the yarns
obtained using the two magnetization methods. Higher
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values of residual field and saturation were measured after
using the ‘auger’ magnetization device as compared to the
electromagnetic coil.

Note

1. https://greengraceusa.com/products/
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