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Abstract
The objective of this research is the development of a magnetic sheath-core bicomponent fiber. Therefor technical oxide is mixed in polypropylene 
using compounding. The compound (sheath) and pure polypropylene (core) are further processed in melt spinning into a magnetic bicomponent fiber 
with textile strength of 26.36 ± 1.62 cN/tex. Bicomponent fiber yarns can be inductively heated above 175°C in less than 10 s. These fibers could be 
used for thermal bonding of fiber-reinforced plastics, joining techniques of high efficiency due to their possibility to form a material-bonded connec-
tion and fiber orientation in nonwovens through a directional magnetic field.

Introduction
Bicomponent fibers (bico fibers) are state of the techniques and 
produced like most synthetic fibers in melt spinning in technical 
and industrial scale. The polymers are melted in two different 
extruders and are combined in the spinneret. After drawing off, 
the yarn is stretched and wound up. There are mainly side-
by-side bico fibers, matrix-fibril bico fibers, and core-sheath 
bico fibers. For bico fibers with sheath-core structure, the core 
usually provides the strength. The sheath is functional or has 
textile properties. These bico fibers are used in many ways in 
textile application like carpets, upholstered furniture, or non-
wovens.[1,2] Presented latest research results on bico fibers 
are biodegradable bico fibers for temporary textile implants, 
polymer optical bico fibers for textile applications, and electri-
cally conductive bico fibers in order to make fibers antistatic or 
bico fibers for the production of thermoplastic fiber-reinforced 
composites.[3,4]

Another example is the use of bico fibers for bonding in 
nonwoven production: Sheath components like Polyamide (PA) 
are used because they have a lower melting point than the core 
components like Polyester (PES). Therefore, the sheath can be 
activated thermally.[1] However, if the core material and the 
sheath material need to be made out of the same material, alter-
native heating methods must be used—for example, induction 
heating.[5]

Induction heating has the highest transmissible heat com-
pared to the other methods and it is volumetric, intrinsic, con-
tactless, and very fast.[6,7] Induction heating is used for fiber-
reinforced thermoplastics to heat the matrix.[8,9] It is also used 
to heat mastic that is filled with electrically conductive fibers 
and fillers.[10]

Polymer fibers filled with magnetically particles can be 
heated by induction, too.[11] There are numerous publications 
on magnetic fibers: Magnetic Nanomaterial in the core of bico 

fibers for using in smart clothing products,[3] magnetic fibers 
for cancer  therapy[12] or magnetic fibers for fiber-shaped elec-
tronic devices.[13]

In the present study, the development of a magnetic bico 
fiber with a magnetic sheath and a pure polymer core is thor-
oughly investigated. The single-process steps of compounding, 
melt spinning, and stretching are explained in detail. Thermal 
properties of bico fibers are analyzed by differential scanning 
calorimetry (DSC) and rheology. Mechanical properties are 
determined with tensile tests. The densities of the modified 
materials are measured using Archimedes principle. The mag-
netic functionality of bico fiber yarns is investigated with a 
high-frequency induction unit. Lastly, various application 
examples for the bico fiber are presented.

Experimental
Materials
Braskem Polypropylene (PP) H214 (Density (ρ) = 0.9 g/cm3) 
in granular form is purchased from RESINEX Germany. Tech-
nical oxide  (Fe3O4) Bayoxide E 8706 (ρ = 4.6 g/cm3) from 
LANXESS Deutschland is used for functionality.  Fe3O4 is a 
powder and has a predominant particle size of 0.3 μm.  Fe3O4 
has a Curie temperature of 577°C.[14] Before compounding, PP 
is dried at room temperature and  Fe3O4 is dried at 60°C, both 
under vacuum for 24 h. Before melt spinning, both compo-
nents, compound and pure PP, are dried at room temperature 
under vacuum and for 24 h.

Compound formation
PP and  Fe3O4 are mixed in the classic way of  compounding[15] 
on technical scale: The two materials are fed in nitrogen atmos-
phere to a twin-screw extruder (Leistritz) with twelve heating 
zones by two feeders from Coperion. While PP is introduced 
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into the process at the beginning of extrusion, the iron powder 
is introduced via a side feeder at heating zone 4. The extru-
sion temperature  (TE) is above the melting temperature  (TM) 
of PP. Table I shows the process parameters for a  Fe3O4 content 
of 16 weight percentage. After mixing, the extruded mono-
filament is cooled in a water bath and finally granulated. The 
magnetic functionality of the compound can be seen on the 
left in Fig. 1(a).

Bico fiber formation
For bico fiber formation on technical scale, the compound and 
PP are processed on a Fourné melt spinning plant at  TE >  TM, 
see Table I. For a sheath fraction of 20%, ṁ = 0.5 kg/h for the 
sheath (compound of PP and  Fe3O4) and ṁ = 2 kg/h for the core 
(pure PP). Thus, the bico fiber has an overall  Fe3O4 content of 
3.2 weight percentage. A 60-hole die plate is used in which core 
and sheath material are combined. The following applies for 
each of the 60 holes:  lN = 0.6 mm and  dN = 0.3 mm. The spun 
bico fibers are drawn off at a speed of 140 m/min and wound up 
unstretched. A transmitted light microscope image is shown in 
Fig. 1(c). The calculated fineness of the unstretched bico fibers 
is 3000 dtex (3000f60).

Bico fiber stretching
The bico fibers are stretched between two godets under tem-
perature on laboratory scale. The speed of the first godet is 
5 m/min. Since the speed of the second godet is 20 m/min the 
stretching ratio is 1:4. A tube furnace with a length of 1.8 m is 
located between the two godets. The calculated fineness of the 
stretched bico fiber is 750 dtex (750f60). The reaction of the 
stretched bico fibers to a magnet is shown in Fig. 1(b) and its 
transmitted light microscope image in Fig. 1(d).

Measurements
A Q2000 DSC (TA Instruments) is used to characterize thermal 
properties according to DIN EN ISO 11357-1. Weighed sam-
ples are heated and cooled in a nitrogen environment at constant 
rates of 10 K/min. The DSC testing temperature is between 20 
and 200°C. An AR 2000× (TA Instruments) plate–plate rheom-
eter is used to measure rheometric properties according to DIN 

ISO 6721-1. The cooling and heating behavior are determined 
at constant heating and cooling rates of 5 K/min. The rheology 
testing temperature is between 160 and 220°C. The elongation 
is 1%, the gap is 1 mm, and the frequency is 5 Hz.

Archimedes’ principle is used to determine densities. A Sar-
torius Entris balance with the Sartorius YDK03 density kit is 
used to determine the weights of the solids in air and in liquid. 
Since the density of the tested media is about 1 g/cm3, ethanol 
is taken as the measuring liquid.

Bico fiber strength is determined with the Statimat 4U from 
Textechno according to DIN EN ISO 2062: The test length is 
250 mm and the test speed is 250 mm/min. The preload force 
is 0.5 cN/tex. The fineness of the fiber is measured manually 
with a reeling machine.

Functionality is examined with different bundles of the 
stretched bico fibers. The bico fibers are preloaded with 
7.7·10–3 cN/tex (71.2·10–3 MPa). The heat is generated with 
a Sinus S52 high-frequency induction unit from Himmelwerk. 
The frequency is 1597 kHz and the power is 3.42 kW. The 
water-cooled induction coil has an inner diameter of 6 mm and 
a length of 25 mm. Inductive activated fibers are shown in 
Fig. 1(e,f). For the analysis of the heating behavior depend-
ing on temperature a high-speed thermography system (Flir) 
is used.

Results and discussion
Figure 2(a) depicts the comparison of the DSC results between 
pure PP and compound for the melting behavior. The influence 
of 16 weight percentage  Fe3O4 can be seen during melting: 
The peak is sharper and the melting temperature  (TM) increases 
slightly from 165.4°C (PP) to 169.3°C (compound) because 
 Fe3O4 supports the crystallization.[16] This is also reflected in 
the enthalpies of fusion: ΔHM of pure PP (84.1 J/g) and com-
pound (81.4 J/g) show no significant differences, although the 
compound contains 16% less PP.

Figure 2(b) shows complex viscosity |η*| and loss factor (tan 
δ) of pure PP and compound. These two variables can be used 
to evaluate the viscoelastic behavior of polymer melts.[17] A 
slightly higher |η*| of the compound compared to the pure PP 

Table I.  Parameters of compounding and melt spinning.

ṁ,  dS,  lC,  nS,  lN, and  dN refer to mass throughput, screw diameter, cylinder length, screw speed, nozzle length, and nozzle diameter, respectively.

Compounding PP and  Fe3O4

Material ṁ (kg/h) dS (mm) lC (mm) nS (1/min) lN (mm) dN (mm)

Pure PP 4.2 18 48·dS 150 6.3 3.5
Fe3O4 0.8
Melt spinning PP and Compound

Material Extruder type ṁ (kg/h) dS (mm) lC (mm) nS (1/min)

Pure PP Single screw 2.0 18 25·dS 20
Compound Double screw 0.5 18 40·dS 100
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due to the  Fe3O4 can be seen for the processing range above 
170°C. It is clear that the filling material in the form of  Fe3O4 
counteracts the flow of the PP melt and increases the complex 
viscosity.[17] The preferred value for |η*| in melt spinning for 
PP is 500 Pa·s.[2] At this value, the molten PP in the spinneret 
has the perfect ratio between stiffness and deformation. |η*| 
is 500 Pa·s for pure PP at 185°C and for compound at 200°C. 
Processing of both materials in this temperature range is recom-
mended. In the temperature range of 185°C to 200°C tan δ of 
the compound (1.5–1.8) shows slightly less viscous properties 
and therefore more elastic properties than PP (1.9–2.1). That 
means the spinnability decreases.[18]

Table II illustrates the measured densities of compound and 
bico fiber. The density of the compound is 1.037 ± 0.006 g/cm3 
for PP with a  Fe3O4 content of 16 mass percent. The density of 
the bico fiber is 0.924 ± 0.004 g/cm3 depending on pure PP with 
20 mass percent of compound. The diameters of the unstretched 
and the stretched bico fibers were determined by means of 
transmitted light images, see Fig. 1(c,d). The single filament 
diameter of the unstretched bico fiber is 83.17 ± 8.19 µm. Due 
to the stretching with the factor 1:4, the diameter of the single 
filament becomes smaller by a factor root of 4. That means 
41.83 ± 5.24 µm.

Figure 1.  Magnetic compound (a), magnetic bico fiber (b), transmitted light microscope image of the unstretched fiber (c), and stretched 
bico fiber (d). SEM images of the induction heated bico fiber after 5 s (e) and after 9 s (f).
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The sheath-core structure with the pure PP in the core 
and the PP modified with  Fe3O4 (compound) in the sheath in 
Fig. 1(c,d) can be clearly seen.

Figure 2(c) and Table II depict mechanical properties of 
the magnetic bico fibers stretched by the factor of 4. Particles 
like  Fe3O4 within the polymer disturb the axial alignment of 

Figure 2.  DSC curves of PP and Compound (a) (ΔHM and  TM refer to enthalpy of fusion and melting temperature, respectively), rheology 
curves (heating) of pure PP and compound (b), mechanical properties of the magnetic bico fiber (c), and heating-up behavior of the mag-
netic bico fiber (d).

Table II.  Properties of PP,  Fe3O4, compound, magnetic bico fiber, and commercial PP fibers.

ρ, T,  TSF,  dSE, σMAX, εσ,MAX, and E refers to density, fineness, single filament fineness single filament diameter, strength, elongation at break and 
young’s modulus, respectively.

PP, Fe3O4, compound, and magnetic bico fiber Commercial PP  fibers[2 ,19]

Material Property Value

PP ρ (g/cm3) 0.9 (Data sheet) –
Fe3O4 4.6 (Data sheet) –
Compound 1.037 ± 0.006 –
Bico fiber 0.924 ± 0.004 –
Magnetic bico fiber unstretched T (dtex) 3072 ± 212 –

TSF (dtex) 51.20 ± 3,53 –
dSF (μm) 83.17 ± 8.19 –

Magnetic bico fiber stretched T (dtex) 745 ± 46 –
TSF (dtex) 12.42 ± 0.76 1.5–40
dSF (μm) 41.83 ± 5.24 14.57–75.23
σMAX (cN/tex) 26.36 ± 1.62 15–60
σMAX (MPa) 243.26 ± 14.96 135–540
εσ,MAX (%) 14.0 ± 1.2 30–60
E (N/tex) 2.75 ± 0.12 3–5
E (GPa) 2.54 ± 0.11 2.7–4.5
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polymer macromolecules and generate pores during stretch-
ing. This leads to more breaking points and an increased prob-
ability of failure. Thus, with increasing concentration and with 
increasing size of magnetic particles the strength of the fiber 
decreases.[20,21] Due to the  Fe3O4 in the sheath of the bico fiber 
the strength of 26.36 ± 1.62 cN/tex (243.26 ± 14.96 MPa) is less 
than 40 cN/tex (360 MPa) and therefore of textile quality.[2] The 
Young’s modulus (E) of 2.75 ± 0.12 N/tex (2.54 ± 0.11 GPa) 
is lower in comparison to E of commercial fibers. Elongation 
at break (εσ,MAX) of 14.0 ± 1.2% is half that of commercial PP 
fibers.

The heating-up behavior of the magnetic bico fiber with a 
total amount of 3.2 weight percentage  Fe3O4 can be seen in 
Fig. 2(d). One bico fiber or a few bico fiber yarns could not be 
melted through induction. The assumption is that the material 
mass was not sufficient to be heated through the high-frequency 
oscillation of  Fe3O4. The generated heat remains not within 
the material and was directly transferred to the ambient air. As 
Fig. 2(d) shows, with bundles of at least 42 bico fiber yarns, 
the melting temperature of PP, about 170°C [see Fig. 2(a)], 
could be exceeded within a few seconds. The more particles 
oscillate, the faster the 170°C is reached: 9.5 s for 42 bico fiber 
yarns (31500f2520), 8.3 s for 60 bico fiber yarns (45000f3600), 
and 7.8 s for 78 bico fiber yarns (58500f4680). The maximum 
temperature reached is 207°C in 9.5 s for 78 bico fiber yarns. 
Figure 1(e,f) shows SEM images of 60 bico fibers heated for 5 s 
and 9 s. After 5 s a temperature of 166°C is present. According 
to DSC [Fig. 2(a)], this corresponds to the melting peak area. 
It can be seen that the fibers are partially melted and bonded. 
After 9 s and a temperature of 185°C, the sheaths of the bico 
fibers are completely melted and bonded together. The fiber 
structure is still well visible and also some air inclusions.

Possible applications
One possible application of the developed bico fiber is matrix 
filaments for composites: They can be processed as hybrid 
yarns in combination with reinforcing fibers using tailored 
fiber placement (TFP) technology for preforming.[22,23] Thus, 
the disadvantage of fiber damaging within the TFP process 
can be eliminated by bonding the hybrid yarns instead of 
sewing. Another application are nonwovens: In web forming 
processes, various methods like airlay and carding are used 
to induce fiber orientation.[24] The magnetic bico fibers are 
another method because they can be oriented in a magnetic 
field to achieve partially fiber orientation for partially reinforc-
ing. A third application is the joining technique. Despite the 
fact that there are numerous different knots,[25] the efficien-
cies of knots for bale yarns in agricultural engineering are 
only max. 72%.[26] Using bico fibers, yarn ends can be bonded 
instead of knotted. The assumption is that higher efficiencies of 
the joint can be achieved through the solid bonding compared 
to a knot. Due to the higher efficiency of the joint, material 
can be saved.

Conclusion
The present report addresses a process to form magnetic sheath-
core bico fibers with  Fe3O4 in the sheath and pure PP in the 
core. DSC and rheology show the content of Fe3O4 in PP by 
corresponding thermal effects. Tensile tests and heating tests 
show that the bico fiber has textile strength and can be heated 
inductively. Densities and bico fiber diameters are also deter-
mined. Further research is needed to increase the strength of 
the bico fibers. With more than 50 cN/tex, the fibers would be 
suitable for technical applications.[2] Likewise, the heating rate 
can be improved with a higher proportion of  Fe3O4 as already 
shown for fully filled fibers.[11] Since the Curie temperature 
of  Fe3O4 is above 400°C, all thermoplastic classes including 
 biopolymers[27] can be used for induction heating.
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