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ABSTRACT

This work reports the preparation and characterization of composites based on EVA and iron based
powder produced by an injection molding machine specifically designed to host an electromagnet
connected to a power supply which generates a magnetic field during the forming phases. The
magnetic field allows the repositioning of the particles along the magnetic field lines leading to an
anisotropic structural reinforcement. Thermogravimetric analyses show that the addition of iron
powder to the EVA allows thermal stabilization, delaying the first degradation step ascribed to the
loss of acetic acid. Mechanical characterizations show that the samples present a higher tensile
modulus in the direction of the magnetic field with respect to the same property measured in the
direction perpendicular to the magnetic field and considerably higher than the modulus of the
samples obtained without the application of magnetic field. Furthermore, the samples obtained in
the presence of magnetic field present a sensitivity to the application of an external magnetic field.
These results demonstrate that the application of a magnetic field during the injection molding
process of EVA/Fe composite induced an alignment of the particles, which therefore induce
peculiar properties to the samples.

Keywords: Injection molding, magnetic field, EVA, Ferrite, mechanical characterization

1



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

1. Introduction

Polymeric composites can combine both the properties of the polymer matrix and the functional
filler resulting in novel materials for designed applications tuning a polymer matrix property by
introducing the appropriate filler that can respond to an external stimulus 2. The use of magnetic
fields, as external stimulus, is attracting great interest for several advantages. Generally, polymeric
materials are not sensitive to magnetic stimuli. In order to produce a response to a magnetic field,
the host matrix can be loaded with magnetic nanoparticles and show peculiar properties when
exposed to static or alternating magnetic fields. The interaction between the magnetic moments of
the particles and the magnetic field gradient can induce magneto-mechanical forces, which may be
employed to change the shape of the host materials or to move the considered material. This
approach can be utilized in several applications, like magnetic separation, actuators or drug delivery
34, Moreover, magnetic nanoparticles can be employed as nano-heaters when exposed to an
alternating magnetic field. Ethylene vinyl acetate (EVA) is a commodity copolymer of ethylene and
vinyl acetate, with the vinyl acetate content typically ranging between 10 and 40 wt%. There are
two types of chain segments in EVA: elastic and transition segments °. Elastic segments confer
elasticity to the manufacture in using conditions below the melting, while transition segments have
the ability to reversibly change their stiffness from very soft and quasi-plastic at high temperatures
to hard at low temperatures.

As it is a very important member of the family of engineering polymers, its physical and
thermomechanical properties have been studied extensively and are well documented %%, Since
EVA is also biocompatible and has been used in many biomedical engineering applications, such as

%10 and its composites are often employed in the field of shape memory

in drug delivery devices
materials, like in heat-shrinking packaging ''"'4. In this optic it is very important to produce EVA

based composites stimuli responsive. This paper reports the preparation and characterization of

composites based on EVA and carbonyl iron powder using injection molding technology,
2
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specifically designed to house an electromagnet connected to a power supply which generates a

magnetic field during the filling phase. The magnetic field allows the repositioning of the particles

along magnetic field lines leading to an anisotropic structural reinforcement. This alignment

induces modulable properties to the obtained samples.

2. Experimental

2.1 Materials

The material adopted in this work is ethylene vinyl acetate (EVA) grade 1040VN4 supplied by

Total (Courbevoie, France), a copolymer made by the high pressure polymerization process adding

the comonomer (vinyl acetate — VA) in the main polymer chain based on ethylene monomer. Table

1 reports the properties of this material.
Table 1

Properties of EVA 1040VN4.

Property Method Unit Typical value
Melt Flow Index (190°C/2.16 kg) ISO 1133 g/10 min 4.5

VA content Total Petrochemicals % 14

Melt Temperature ISO 11357 °C 90

Vicat Temperature ISO 306 °C 68

Elasticity Modulus ISO 527-2 MPa 62

Density ISO 1183 g/cm’ 0.935

The magnetoparticles adopted in this work are Carbonyl Iron Powder produced by Sigma-Aldrich

Merck KGaA, Darmstadt, Germany). A masterbatch with 10% by volume of iron microparticles
y y P

was produced with EVA by means of a twin screw extruder. Subsequently, the masterbatch was

diluted with neat polymer directly in the injection molding machine (a 70ton CANBIMAT 65/185,

from Negri-Bossi SpA, Italy) in order to obtain a compound with 1% and 2% by volume of iron

3
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particles.

2.2 Injection molding

In this work, a 70-ton Negri-Bossi injection molding machine (CANBIMAT 65/185, from Negri-
Bossi SpA, Italy) with a screw diameter of 25 mm and L/D=22 was used. An aluminum mold, in
order to avoid interference with the magnetic field, was expressly designed to host an electromagnet

which generates a magnetic field in the cavity (Fig. 1).

ALUMINUM MOLD

|

COILS OF -
COPPER WIRES
WINDINGS

wwooe

LAMINATED MAGNETIC
CORE

Fig. 1. Sketch of the Aluminum mold with the custom electromagnet.

The electromagnet is fixed to the stationary platen of the injection molding machine and consists of
two coils of copper wires windings (copper wire diameter 1.4 mm, tolerance 2 mm, winding
resistance is 6.7 Ohm) connected to a power supply (EA-PSI 8360-10 T) and a laminated magnetic
core (iron sheets standard M300-35A ISO) to form an “iron circuit” for the magnetic field lines.

The number of spires and the geometry of the magnetic core allow to obtain a magnetic flux of 1.3
mWhb.

The cavity geometry is shown in Fig. 2.
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Fig. 2. Cavity geometry.
Table 2 reports the processing conditions adopted for the production of these samples.

Table 2

Processing condition for injection molding.

Temperature profile [°C]

(increasing distance from the hopper to the nozzle) 180 - 190 - 200 - 200
Mold temperature [°C] 25 -45
Filling pressure (hydraulic system) [bar] 80
Screw rotation speed [rpm] 120
Back pressure (hydraulic system) [bar] 2
Injection speed [%] 20

Shot size [cm3] 6.4
Cooling time [s] 60

Iron content [% by volume] 1-2
Working current [A] 8-9
Working voltage [V] 115-120
Magnetic field “ON” time [s] 5

At the beginning of the injection phase during the injection molding process, the power supply is
switched on so that the desired magnetic field is generated. The magnetic field is kept active for 5

seconds, in order to allow the orientation of the iron particles within the molten polymer.

3. Materials and Methods

3.1 X-ray diffraction (XRD)
XRD patterns were taken, in reflection, with an automatic Bruker diffractometer (equipped with a
continuous scan attachment and a proportional counter), using nickel-filtered Cu Ka radiation (Ko =

1.54050 A) and operating at 40 kV and 40 mA, step scan 0.05° of 29 and 3 s of counting time.
5
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3.2 Rheology

A rheological characterization of the neat EVA and of the masterbatch was carried out by a Haake
Mars II (Thermo Haake GmBH, Germany) rotational rheometer in an oscillatory dynamic mode
with parallel plates configuration. The experiments were carried out at different temperatures (160
°C, 180 °C and 200 °C) thus obtaining the dependence of the complex viscosity on the oscillation
frequency. Master curves were then built at the temperature of 180 °C

3.3 SEM

The morphology of surface of the samples was analyzed by using a field emission scanning electron
microscope (FESEM, Zeiss SIGMA). The images were acquired by registering secondary electrons
with an Everhart-Thornley type detector.

34 TGA

The analysis thermal stability of the samples was carried out by a TGA/DSTA 851 Mettler thermo-
balance with a nitrogen flow in order to create an inert atmosphere. The mass of each sample was
7-9 mg. The thermogravimetric curves were recorded in the course of heating from 25°C to 600°C
at a rate of 10°C/min.

3.5  Mechanical properties

Tensile properties were tested by using a Dual Column Tabletop Testing Systems (INSTRON,
series 5967) set with a cross head speed of 10 mm/min. The corresponding force was measured by a
30 kN machine load cell and converted to axial stress, whereas mechanical strain was calculated as
the machine crosshead displacement normalized by the gage length of the test specimen.

3.6  Assessment of magnetosensitivity

In order to quantify the maximum force that the sample performs to rotate and align the particles
oriented inside it with the magnetic field lines, a series of experiments were performed by
positioning the sample inside the cavity in which it was solidified and applying the magnetic field.
(Fig. 3a) The sample cannot translate because of the presence of the longer cylindrical part, but it

can rotate.
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Fig. 3. Setup for measuring the sensitivity to magnetic field. a) side view of the position of the sample inside
the moving half of the cavity. b) side view of the same sample, with a scheme of the counterweight used to

measure the momentum induced by the presence of the magnetic field.

The sample was rotated 45 degrees with respect to the position in which it was formed (namely the
direction of the magnetic field lines during injection molding). A lubricant was applied to minimize
friction. In this configuration, by applying the magnetic field, the sample tends to rotate in order to
recover its initial position, which assures an alignment of the oriented structures in the direction of
the magnetic field. Increasing weights were then hanged by means of a wire connected at d=19 mm
from the axis of the sample (fig. 3b), until the weight able to avoid the rotation was found. The
moment of the force due to the weight represents in this configuration the moment due to the

magnetic field and thus quantifies the sensitivity of the sample to the magnetic field itself.

4. Results and discussion
Figure 4 reports the XRD spectrum of the used filler and of the EVA/Fe masterbatch. For the

Carbonyl Iron Powder two peaks at 20=44.8° and 65.2° are representative of the a-Fe (ferrite) and
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reflection of y-Fe!>. In addition to the representative peaks of the filler, the masterbatch presents two
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Fig. 4. XRD of Carbonyl Iron Powder (a) and masterbatch EVA/Iron (b)

The flow curve at 180°C of the neat EVA adopted for this work is reported in Fig. 5. It can be

noticed that the material presents the usual shear thinning behavior of thermoplastic polymers, and a

relatively low viscosity at high shear rates. This rheological property is very important to allow the

generation of aligned structures by effect of the magnetic field.
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Fig. 5. Rheological properties neat EVA. Master curves at 180°C. The insert represents the shift factors

describing the effect of temperature on viscosity

Thermogravimetric analysis (TGA) was carried out on neat EVA, masterbatch of EVA with Fe at
10% by volume and molded EVA reinforced with iron at 1% and 2% by volume. The TGA plots,
reported in Fig. 6, show a residual mass zero in the neat EVA and increasing with the percentage of
iron powder, up to a percentage in residual mass of 46.5% in case of EVA+Fel10% by volume. The
residual mass content doesn’t match exactly the Fe weight percent, and tends to increase with
increasing the temperature. This could be due to the formation of iron oxides during the thermal

scan, inducted by presence of traces oxygen in the oven and/or inside the EVA samples'’.

Molded EVA+Fe2%,
120 — = Molded EVA+Fe1 %v
Masterbatch EVA+Fe10%,
- == neat EVA
100 - e
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Fig. 6. Thermogravimetric analysis on neat EVA, masterbatch of EVA with Fe at 10% by volume and

molded EVA reinforced with iron at 1% and 2% by volume.

The thermo-oxidation of EVA occurs in two steps '8, Between 300 and 400°C deacetylation process

is observed, with production of gaseous acetic acid and formation of double bonds carbon-carbon
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along the polymer backbone. In a second step, between 400 and 500 °C, the unsaturated chains are
oxidized and volatilized through statistical chain breaking !°-2!. By observing the magnification of
the first weight loss in Fig. 6 it is possible to note a decreasing weight loss as the percentage of iron
inside the polymer matrix increases. In fact, the iron powder acts as thermal stabilizer, decreasing or
preventing the emission of acetic acid inside the EVA. By observing, for all the analyzed
composites, the weight loss at 350°C (Fig. 7), temperature at which the emission of acetic acid
should have already occurred, it is possible to note as at increasing iron volumetric percentage the

weight loss almost linearly decreases.

Weight loss at 350°C [%]

T T T T T T T " T T 1T T T
o 1+ 2 3 4 5 6 7 8 9 10 1"

Iron volumetric content [%)]

Fig. 7. Weight loss at 350°C corresponding to the mixtures containing different iron volumetric percentages.

The presence of a magnetic field during the injection phase of the molding process involves a
rearrangement of the particles, which move themselves by developing chain-like structures that
aligning according to the magnetic field lines. In Fig. 8a it is possible to observe a SEM
micrographs showing a particles alignment in a sample of EVA+Fe 2% by volume. The scheme of
the interaction between magnetic particles in presence of magnetic field is shown in Fig. 8b and

illustrates the reason of the build-up of chain like.
10
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Fig. 8. a) SEM micrographs showing a particles alignment in a sample of EVA+Fe 2% by volume; b)

Interaction scheme of magnetic particles.

The alignment of the particles to the magnetic field lines is strongly connected to the temperature
profile in the cavity. Since the solidification proceeds from the sample surface toward the core, the
external layers quickly reach a high viscosity, whereby the action of the magnetic field is not
sufficient to impart an orientation. For this reason, in the external layers the particles are distributed
without a particular order, while in core layer an alignment of particles to the magnetic field lines
can be observed 2. This peculiar distribution of particles, due to the presence of a magnetic field,
leads to an anisotropic structural reinforcement to the molded part, which can be dependent not only
on the applied magnetic field, but also on the percentage of iron inside the elastomeric matrix and
the mold temperature. In order to quantify this structural reinforcement, the mechanical properties
of the samples were characterized in tension mode. Fig. 9 shows the Young modulus (MPa) of the
molded parts of neat EVA, EVA filled with iron particles at 2% by volume obtained with mold
temperature (Ti) at 25°C and 45°C, and EVA with iron particles at 1% by volume obtained with
mold temperature at 45°C. For each condition, the sample obtained without magnetic field (“No

MF”), which presents a random arrangement of the particles, was compared with the samples

11
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obtained in the presence of magnetic field, tested both in the direction parallel to the alignment

direction of the particles (“MF 0°”) and in the perpendicular direction (“ MF 90°”).
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Fig. 9. Young’s modulus of the samples of neat EVA, EVA+Fe 2%v with mold temperature 25°C and 45°C
and EVA+Fe 1%v with mold temperature 45°C. Comparison between the samples molded without magnetic
field (“No MF”) and the samples tested in the direction parallel (“MF 0°”) and perpendicular (“MF 90°”) to

the alignment direction of the particles.

Results obtained in terms of Young modulus showed that, without magnetic field, adding iron
powder to the elastomeric matrix does not influence the mechanical properties of the EVA. On the
contrary, in the presence of magnetic field the Young modulus increases considerably. In particular,
for each condition, the samples in which the particles are oriented in the same direction of the
magnetic field lines (MF 0°) present a Young modulus considerably higher than that of the
corresponding sample with randomly dispersed particles. The Young modulus of the samples in
which the particles are oriented in the perpendicular direction with respect to the magnetic field
lines (MF 90°), also larger than the corresponding sample with randomly dispersed particles, is
slightly lower than that of the sample with particles oriented in the same direction of the field lines

(MF 0°). These results demonstrate that the application of a magnetic field during the injection

12
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process of EVA/Fe composites favors an anisotropic reinforcement to the molded part, which is
more effective if the iron particles are aligned in the same direction of the magnetic field. This
effect is more evident for higher percentages of iron powder inside the composite. Furthermore,
from mechanical tests it was possible to deduce that the mold temperature has a significant effect on
such properties: at lower mold temperatures it is not possible to observe the effect of the magnetic
field. In fact, a higher mold wall temperature induces a slower cooling rate of the melt which
remains for a longer time at low enough viscosity values to allow the movement of the particles and
thus an alignment according to the magnetic field lines. On the contrary, a low mold wall
temperature results in a higher cooling rate, so the difficult of the particles to move in a more
viscous matrix involves in an almost random iron distribution.

The presence of chain-like structures aligned to the magnetic field lines can also be detected by
placing the molded sample, free to move, inside a magnetic field (Fig. 10). In fact, when the
magnetic field is activated, the sample instantly responds by rotating in order to align the chain-like
structures to the applied magnetic field lines. The position taken by the sample, free to move, under
a magnetic field indirectly confirms the effect of the magnetic field on iron particles in the
elastomeric matrix during the injection phase. In Fig. 10 it is possible to observe the sample
positioned under the magnetic field, free to move: in Fig. 10a the magnetic field is off; in Fig. 10b
the magnetic field is on and the sample rotates to align the orientation inside it with the magnetic
field lines. The images shown in Fig 10 have been extracted from a video filmed during the

experiment described in paragraph 3.6.
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Fig. 10. EVA+Fe 2%v sample positioned under the magnetic field free to: a) MF OFF; b) MF ON.

The momentum induced by the magnetic field, which causes the rotation, was measured with the
method schematized in Fig. 3. It was found that for a weight fraction of 1% the momentum was
measured as 4.2:10% + 7-10° N-m, whereas for a weight fraction of 2% the momentum was
measured as 9.8:10*+ 5 10 N-m. The momentum results thus increasing with the percentage of
iron, as expected, and the increase is consistent with a linear dependence upon the filler content.
Furthermore, the samples show a sensitivity to the application of a magnetic field. In particular,
they tend to align the direction of the pristine magnetic field (namely the direction of the field lines
during the forming process) in the direction of the applied external magnetic field. The moment of
the force which induces this rotation is consistent with a linear dependence upon the filler content.
This phenomenon could be exploited in devices for microfluidics, e. g. peristaltic micropumps with

magnetic control.

5. Conclusions
In this work, the characterization of composites based on EVA and iron powder produced by

injection molding was carried out. The addition of the iron powder to the EVA allows a thermal

14
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stabilization, preserving the material from the premature decomposition due to the emission of
acetic acid. Furthermore, it was demonstrated that the application of a magnetic field in the mold
cavity during the injection phase of the injection molding process allows the repositioning of the
iron particles along magnetic field lines, leading to an anisotropic structural reinforcement. Such
reinforcement, demonstrated by tensile test of the composites, increases with the iron content in the

elastomeric matrix and with the mold temperature.
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