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ABSTRACT

Nowadays, nanofibrous layers are intensively studied for their unique
properties and potential applications. For instance medical applications like
tissue engineering use fibres as a carrier of the cells. The advantage of the
nanofibrous layers is a high specific surface area together with high porosity and
fibre diameters reaching at most hundreds of nanometres. There are many
production processes of nanofibres to which we can include an electrostatic
spinning from polymer solutions or melts. If a polymer solution is exposed to
external high voltage evoking electrostatic forces, the fibres are emitted from the
surface layer of polymer solution and finally collected in drawing state.

Rheological characterization of polymer solutions represents a crucial factor
influencing electrostatic spinning and thus morphology of nanofibres. Flow
behaviour of polymer solutions is influenced by polymer, solvent, concentration
of solution, additives and mechanical stress or temperature, to mention a few.

Large amount of the modern methods exists for the characterisation of the
rheological properties of fluid including those enabling measurements under an
electric field.

Primary attention in this work is paid to an influence of an electric field on
rheological characteristics of polymer solutions. In the first part, the devices
enabling measurements in presence of electric field are compared. The second
part is devoted to the influence of electric field on shear viscosity of polymer
solutions, to the stability of polymer solutions in time and to the influence of
polymer solutions preparation on rheological characteristics in connection with a

process of electrospinning.

Keywords: Electrospinning ¢ Nanofibrous layer < Polymer solution e

Rheology ¢ Electrorheology ¢ Shear viscosity



ABSTRAKT

V dnesni dobé je vyroba nanovldkennych vrstev velmi Zadouci pro své
unikatni vlastnosti a jejich potencialni aplikace. Naprtiklad v Iékafstvi tkanové
inZenyrstvi vyuZiva vlakna jako nosi¢e bunék. Piednosti takové nanovlakenné
vrstvy je jeji vysoky specificky povrch spolu s vysokou poréznosti a priméry
vlaken dosahujicich maximalné stovek nanometrd. Pro vyrobu nanovlaken
existuje fada vyrobnich procest, mezi které se radi i elektrostatické zvlaknovani
Z polymernich roztokd ¢i tavenin. Pfi ném je polymerni roztok vystaven
vnéjSimu vysokému napéti a vlivem elektrostatickych sil je z povrchove vrstvy
roztoku emitovano vlakno, které se pienese ke sbérnému kolektoru dlouzenim.

Reologické chovani polymernich roztokti je vyznamnym faktorem
ovliviiujicim elektrostatické zvlaknovani i morfologii vznikajicich nanovlaken.
Tokové chovani polymernich roztokti je podminéno napf. druhem uzitého
polymeru ¢i rozpoustédla, koncentraci roztoku, aditivy a dale mechanickym
namahanim ¢i teplotou.

Pro charakterizaci tokovych vlastnosti tekutin existuje fada modernich
technologii véetné¢ téch, umoznujicich méfeni reologickych vlastnosti v
elektrickém poli.

Prvotada pozornost je tudiz v této praci vénovana vlivu elektrického pole na
reologii polymernich roztokd. V prvni ¢asti prace jsSou porovnavana zaiizeni na
méfeni reologickych charakteristik v elektrickém poli. Druha ¢ast prace se pak
zabyva vlivem elektrostatického pole na viskozitu polymerniho roztoku,
stabilitou polymerniho roztoku v ¢ase a vlivem pfipravy polymerniho roztoku na

reologické vlastnosti v souvislosti s elektrostatickym zvlaknovanim.

Klicova slova: Elektrostatické zvlaknovani « Nanovldkenna vrstva « Polymerni
roztok e Tokové vlastnosti ¢ Elektroreologie * Smykova

viskozita
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THEORETICAL BACKGROUND

1. Electrostatic spinning

There are a few technological processes how to produce nanofibres [1]:

e drawing: nanofibres are fabricated with the help of a micropipette dipped
into a droplet of material used. The micropipette is then withdrawn from the
liquid thus forming a nanofibre. The pulled fibres are deposited on the
surface by touching it with the end of the micropipette.

o template synthesis: usage of a template with the pores of nanoscale
diameter. Pressed polymer solution after passage through the porous
membrane solidifies and the diameters of nanofibres are generated by the
dimensions of pores.

e phase separation: production of nanofibres consists of 5 steps: polymer
dissolution in a solvent; gelation; solvent extraction after separation of
phases due to their physical incompatibility; freezing; and freeze-drying.

e self-assembly: build-up of nanoscale fibres using smaller molecules as basic
building blocks using the intermolecular forces as a main mechanism.

e electrospinning: this process creates nanofibres through an electrically

charged viscoelastic jet of polymer solution or polymer melt.

History of the electrospinning process is not as straightforward as it could be
expected for such a cost-effective method. The origin can be related to the year
1628 when William Gilbert observed that a spherical water droplet was pulled
into a conical shape if a charged piece of amber was held above it. Further
serious research dates back to the beginning of the last century when electrically
formed droplet formation was studied [2]. The process of electrostatically
produced polymer fibres was invented by Formhals [3] in 1934. His patent more

or less coincides in time with the invention of nylon to which the prior attention



was paid. The works in open literature improving and modifying the original
apparatus developed by Formhals appeared not earlier than in the mid60s’. The
milestone in the academic research is represented by a series of studies by
Taylor (e.g. [4]) published in the period 1964-1969. He derived the equilibrium
conditions that occur when a conducting fluid droplet is exposed to an electric
field. The resulting shape is a cone with an apex angle of 98.6° now known as
the Taylor cone. The participating forces have their origin in gravity, surface
tension, and electrical stresses. Depending on the status of equilibrium there are
three possible results: no ejection, or the cone ejects droplets, or the cone ejects
a liquid jet. An extensive attention to electrospinning started in the 90s’ of the
last century. Nowadays, the electrospinning process has still received a great

deal of attention, see e.g. [5-10].

1.1. Electrospinning Process

Electrospinning process whose simple sketch is depicted in Fig.1 consists
schematically of a pipette holding the polymer solution, two electrodes, a DC
voltage supply in the kV range (tens of kV), and a grounded collector. The
critical voltage causes the pendant droplet to deform into a conical structure
called Taylor cone and the jet erupts from tip of the spinneret. As the jet
accelerates toward the grounded collector, the solvent evaporates while the
elasticity of polymer solution prevents the jet breaking up (Rayleigh instability).
Beyond the stable region, the jet is subject to a bending instability and further
elongation that result in fibre formation on the collector. Different type of
collector can be used, including a stationary plate, rotating mandrel [11], solvent
bath [12] (e.g. water), etc., due to various orientation of fibre in the layer.
Diverse fibre morphologies have been produced, such as beaded [13], circular,
ribbon [14-15], porous [16-18] and core-shell fibres [19-21].
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Figure 1. Sketch of an electrospinning apparatus [22].

Electrospinning can be characterised as a low-cost procedure with the
possibility to be relatively simply arranged in the laboratory conditions. In
addition needle-free Nanospider™ technology is designed by Jirsak et al. [23]
for effective industry production of nanofibrous layers. In contrast to the
technological processes introduced above the electrospinning can produce long

continuous nanofibres.

The process itself composes of four distinct regions:

1. The tip of a source of material to be electrospun (Taylor cone)

The Taylor cone (its geometry) is a result of balance between the surface
tension stress and electric normal stress. The tangential electric field accelerates
charge carriers in the liquid. This accelerates the surrounding liquid toward the
counter electrode. Viscosity of the material used substantially determines
whether the cones eject a spray (electrospraying) or liquid jet (electrospinning),

see Ganan-Calvo and Barrero [24]. The above mentioned apex of the Taylor



cone (98.6°) was discussed in Yarin et al. [25]. They received both theoretically

and experimentally the apex 67°.

2. The single viscoelastic jet

Fibre consistency is subject mainly to surface tension, charge density, and
viscosity [13]. Influence of surface tension consists in minimisation of a specific
surface area (tendency to form spheres (beads)). This behaviour contradicts to
the effect of electrical charge with tendency to increase the surface area what
results in making thinner jets. Increasing viscosity of polymer solutions
participates not only in undesired bead formation but even in increasing bead

sizes.

3. The jet instability

The length along which the viscoelastic jet is stable subjects to the
characteristics of individual polymer solution and electrical configuration.
Surface tension is responsible for axisymmetric Rayleigh instability (at lower
electric fields) that is characterised by dripping corresponding to small droplets
being emitted from the capillary. Axisymmetric conducting instability results
from the competition between the surface charges with the surface tension of the
moving fibre (for detailed analysis see [26-27]). For a description of viscoelastic
jet behaviour in so-called splay region it was necessary to use a high-speed
camera [28-29]. This technique in contrast to a naked-eye observation negated
the idea of bifurcating jets. It demonstrated that the jet whips so fast that it looks
like multiple jets but in reality only one jet is present. Bending instability
(resulting from an application of higher electric field and dependent on the
conductivity of the solution) is the first stage of non-axisymmetric whipping
instability responsible for the small diameters of nanofibres. This is a result of
the complex relationship between surface tension, viscosity, the acceleration of

jets surface charges, and internal charges by the external electric field, to which
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the jet is exposed during the increased spiralling and looping path length. It is
possible to conclude that the whipping instability predominates at high field
strengths and flow rates, while the axisymmetric instability and Rayleigh
instability predominate at lower flow rates and electric field strengths. However,
for formation of nanofibres and their final quality and morphology of the splay
region seems to be crucial. The problem is that there is a series of quantities
participating non-negligibly in the whole process, and hence general analysis

evokes a series of hitherto unsolved problems.

4. The collector

The collector, completing the electric circuit from the tip of a pipette,
represents the final region where the jet and all instabilities are stopped and the
fibres are collected. The collector consists of an electrode of opposite charge for
the fibres to be accelerated to. Intensive study has been devoted to the geometry

of electrodes, their orientation, material they are made of, etc.

Typical operating conditions: internal diameter of the capillary-end is
usually 0.7-1 mm, flow rates of 2-10 ml/h are commonly employed at a potential
drop of 5-40 kV and distances of 10-30 cm between the capillary-end and
collector.

1.2. Parameters influencing electrospinning process

Many recent studies [30-33] have focused on three basic groups of factors
participating in realisation and affecting the quality of nanofibrous webs. These
include the solution parameters (surface tension, conductivity, dielectric
constant, viscosity, concentration, solvent volatility, molecular weight,
molecular weight distribution, topology of the polymer (branched, linear etc.)),

process parameters (feed rate, applied electric field in kV, electric current in
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mA, distance between the tip of a pipette or other supplier of polymer solution
and a collector in cm, orifice diameter, motion of target screen), and process
variables (charge distribution, centreline displacement, axial velocity,
temperature, humidity, pressure).

According to Sill et al. [34] general relationships between processing and

solution parameters can be summarized in the following Table 1.

Table 1. Effects of electrospinning parameters on fibre morphology [34]

PARAMETER EFFECT ON FIBER MORPHOLOGY
Applied voltage 1 Fiber diameter | initially, then 1
Flow rate 1 Fiber diameter 1 (beaded morphologies occur if the

flow rate is too high)

Distance Fiber diameter | (beaded morphologies occur if the

tip-to-collector 1 distance tip-to-collector is too short)

Viscosity 1 Fiber diameter 1
Solution conductivity 1  Fiber diameter | (broad diameter distribution)

Solvent volatility 1 Fibres exhibit pores

1.3.  Application of nanofibre layers

The utilization of nanofibres determines the material used therefore
nanofibres made from natural polymers, polymer blends, nanoparticle-loaded

polymers and ceramic precursors have been produced. A highly porous web and
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large surface-to-volume ratio of nanofibres have found applications in many

different areas (Fig. 2).

APPLICATIONS
I 1 1 . 1 1 |
ENERGY ELECTRONICS SECURITY HEALTHCARE ENVIROMENT BIOTECHNOLOGY
FUEL CELLS e TISSUE
HOTOVOLTAICS SUPER ENGINEERING FILTERS
CHEMICAL BIOSENSORS
BATTERY CAPACITORS PROTECTION WOUND DRESSING MEMBRANES

SEPARATOR DRUG DELIVERY

Figure 2. Potential applications of electrospun fibres [7, 41]

Several reviews [35-40] summarize the most recent potential applications of
nanofibres in tissue engineering and drug delivery. The applications of
electrospinning relating to energy and environmental areas have been also

extensively discussed in literature [41-45].

2. Rheology of polymer solutions

Rheological characterization of polymer solutions relates to the key factors
indicating expected quality of electrospinnability. Not only viscosity
measurements (both shear » and elongational 7 viscosities), but also oscillatory
measurements relating elastic (storage modulus G’) and viscous (loss modulus

G”) components describe flow behaviour of the studied solutions.

2.1. Shear and elongation flow

In many technical processes especially in fibre spinning, fluids are subject to
complex flow fields incorporating strong shear and extensional components.
Shear flow is a type of deformation based on the principle of sliding of

neighbouring layers relative to each other and the tangential stress determines
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behaviour of a material. Uniaxial elongation differs geometrically from
deformation in shear flow where only normal stresses are applied [46].

The resistance to shear/elongation flow is expresses like shear/elongation
viscosity, and it is determined as a ratio of shear/normal stress to the gradient of

velocity [47].

7 . — 7N
n=—, e ———

4 &
n; ne Shear; elongational viscosity

;v Shear; normal stress

y; & shear; extension rate (gradient of velocity)

For Newtonian liquids (dilute polymer solution), their elongational viscosity
equals 37. The equality rz =31 is called the Trouton law and the value 7 is

called the Trouton viscosity [48].

2.2. Important factors influencing viscosity

The viscosity of polymer depends on average molecular weight, molecular-
weight distribution, temperature, stress (shear, normal), and hydrostatic
pressure. Despite the large amount of literature, the rheology of polymer
solutions is more complex than that of polymer melts, because two more
parameters are involved: the nature and the concentration of the solvent. The
nomenclature of solution viscosity, their symbols and defining equations are

shown in Table 2.
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Table 2. Nomenclature of solution viscosity [59]

NAME SYMBOL AND DEFINING EQUATION
Relative viscosity _n
et = n
S
Specific viscosit _ _ =
p Yy Hewoe nrel —1= -
s
Reduced viscosity _ Mspec
Mrea = c
Inherent viscosity _Inn,
Tinh =~ ¢
Intrinsic viscosity = (ﬁspec) _ (lnnr el)
€ Jes0 € Jesp

Polymer

The polymer molecule is consisted of the repeating short units up to long
linear or branched polymer chain. The solution rheological properties are
function of both polymer molecular weight and concentration [49]. Viscosity is
directly proportional to molecular weight, M, up to the critical molecular weight,
M., where dependence of zero shear viscosity changes from M * to M **and the
entanglements of chains are considerable. Both zero shear and elongational
viscosities are a function of the number of chain entanglements. The molecular
weight of the polymer may have also significant effect on electrical
conductivity, dielectric strength and on surface tension in the solution.

Concentration of polymer chains in solution is classified into three
concentration regimes: dilute, semidilute and concentrated [50, 51], see Fig. 3.
In dilute solution, the polymer chains are separated from each other. The critical
chain overlap concentration, c*, is the crossover concentration between the

dilute and semidilute concentration regimes. In semidilute regime two states

15



exist: unentangled, it is a concentration when macromolecular chains start cover
c*[n] ~ 1, and entangled semidilute, where the critical entanglement
concentration, ¢, begins. At the higher concentration, c**, the solution enters to
a concentrated regime in which the polymer chains do not have a sufficient
space to move. The nanofibers can be obtained using a solution with sufficient

chain overlapping and entanglements.

DILUTE SEMIDILUTE CONCENTRATED
UNENTANGLED ENTANGLED

v
2

X

c<c*

Figure 3. Representation of three concentration regimes for solutions

of linear polymer: dilute, semidilute and concentrated [50, 51].

In the literature, there is extensively documented that the changes in polymer
concentration vary solution viscosity and simultaneously the process of
electrospinning. Due to increasing concentration of polymer solution there were
created uniform and bead-free fibres but the mean fibre diameter also increases,
as shown in Fig. 4. Many researchers have concentrated on the formation of
electrospun fibres in the different concentration regimes [51-54] and on the

effect of polymer molecular weight [55-58] on the fibre structure.
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Figure 4. Mean fibre diameter dependence on the concentration

of poly(ethylene oxide) aqueous solution

Solvent

The chemical structure and also physical state of polymer is important for its
solubility properties. The solubility of a given polymer in a given solvent is
favoured if the solubility parameters of polymer and solvent are similar or equal
[59]. The solubility parameter is defined as the square root of the cohesive
energy and this parameter is widely used for correlating polymer solvent
interactions. For the prediction of polymer solubility in various solvents there
are often used Hansen solubility parameters (HSP) [60] representing energy
from dispersion bonds, polar bonds, and hydrogen bonds between molecules.
These three parameters can be evaluated by using atomic group contribution
methods: Small, Hoy, van Krevelen—Hoftyzer, Askadskii and Breitkreutz
methods [61]. Then the solubility profiles of the polymer in selected solvents
can be visualized using a spherical representation, see Fig. 5.

The radius of the sphere, R (radius of interaction), indicates the maximum

difference in affinity for which a good interaction takes place. The HSPs of the
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good solvents are located closer to a centre of the sphere, the poorer ones

approach the radius, and non-solvents are located outside of the sphere.

Hydrogen bonding component &,, [MPa'?]
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Figure 5. Hansen solubility parameters for polyvinylbutyral and solvents

The solvent effect on the polymer coil is more important in a dilute solution.
A good solvent has higher affinity to the polymer coil and causes its expansion;
on the contrary poor solvent favours contraction and aggregation of polymer
coils. In a semi-dilute concentration region solvent effect can be weakened by
chain entanglements [62]; nevertheless it may be expected some aggregation of
chains and changes in the rheology of polymer solution and consequently the
complications in process.

Solvent effects on the formation of nanofibres were studied by several
researchers [54, 63-66]. Luo [63] suggested that the lower solubility can be

18



better suited for creation good electrospinnable solutions than solvents of high
solubility. Nanofibrous webs from PVB dissolved in different quality of solvents
are shown in Fig. 6; further examples of spinnable polymers and their poor
solvents are in Tab. 3. In addition, nanofibres with highly porous morphology
can be obtained by applying solvent/non-solvent mixtures [63, 67-70].

METHANOL ETHANOL ISOPROPANOL BUTANOL

-

POOR SOLVENTS GOOD SOLVENTS

Figure 6. Nanofibrous web from PVB and various solvents [66]

Table 3. Further spinnable polymers in poor solvents

Polymer Poor solvent  Spinnability, Fibres Literature
PEO water Very good, 200 nm Son et al. [54]
PVB methanol Very good, 250 nm Peer et al. [66],

Lubasova et al. [67]

PS DMF Very good, 500 nm Wannatong et al. [64],

Jaruswannapoom et al. [65]

PMSQ Methanol Short fibres, 400 nm Luo et al. [63]
Acetone Very good, 2 um
PMMA DMF Very good, 500 nm Gupta et al [51],

Wang et al. [71]
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2.3. Electrorheology

The shear viscosity of some materials is subject to the presence or absence
of an electric field. This dependence is significantly exhibited by so-called
electrorheological materials, for which an increase in shear viscosity under the
presence of an electric field does not represent mere multiples but several
orders.

The common factors influencing electrorheological measurements are
amplified by the mode of generation of an electric field [72] and the geometrical
arrangement measuring system [73]: a parallel-plate or a concentric cylinders
system as shown in Fig. 7. More details about factors affecting ER effect are

available from the literature [74-80].

- -

i
E||IL]]

E

T
N

| | | v Vb |

Concentric Cylinders Parallel Plates

Figure 7. Radial and plan-parallel orientation of an electric field

generated in the individual geometries [73]
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AIMS OF THE DOCTORAL STUDY

The aim of this work is divided into two parts: experimental techniques and
analysis of parameters participating in the process of electrospinning. First part
of the presented work deals with the comparison of different experimental
techniques for measuring viscosity in electric field. The measurements using
two rotational rheometers (Physica MCR 501 (Anton Paar, Austria) and Bohlin
Gemini CVOR 150 (Malvern Instruments, United Kingdom)) equipped with
electrocells generating an electric field in two different ways were analysed.
Furthermore, the technique for the measurement of the elongational viscosity of
polymer melt was examined.

Second part of the work concentrates on the parameters participating in the
electrostatic spinning whose appearance in the literature is scarce:

e The mutual relation between rheological characteristics measured in the
absence and in the presence of an electric field to which the viscoelastic jets
are exposed during the process of electrospinning.

e The storage stability of applied polymer solutions and its impact on the
quality of electrospun webs.

e Magnetorheology of polymer solution with magnetic nanoparticles and

spinnability of this nanofluid.
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SUMMARY OF THE PAPERS

In the following, the highlights of enclosed original papers are introduced.
This chapter is divided into several parts corresponding to the main aims of the

thesis.

3. Effect of electric field

The effect of generation of an electric field was analysed in PAPER | [72]
and a geometrical arrangement of the measuring system in [73]. The rotational
rheometers, a Physica MCR 501 (Anton Paar) equipped with the
electrorheological cell and a Bohlin Gemini CVOR 150 (Malvern Instruments)
modified for electrorheological experiments generate an electric field in two
completely different ways. Each of the two generations has a specific influence
on electrorheological measurements. The experimental data were obtained and
compared for a suspension of polyaniline powders mixed (10 wt.%) in silicone
oil. For a concentric-cylinders arrangement, it was shown that the data are fully
comparable for both rheometers. However, for a parallel-plate arrangement, the
data using the Physica MCR 501 provide higher values in comparison with both
the corresponding plate-plate data obtained with the Bohlin Gemini CVOR 150
and with the mutually comparable concentric cylinders data.

Very important is also a mutual relation between rheological characteristics
measured in absence and presence of an electric field to which the viscoelastic
jets are exposed during the process of electrospinning in PAPER Il [66]. When
exposed to an external electric field, PVB solutions with either poor or good
solvents respond in different ways. It was shown that the complex viscosity ratio
ne*l no* (where ne* and #o* represent complex viscosities of a solution in the
presence and absence of an external electric field, respectively) can serve as an
indicator as to whether a chosen material is a potential candidate for an

acceptable electrospinning process [66]. As shown in Fig. 8 the PVB solutions

22



with the good solvents exhibit no increase in complex viscosity in the presence
of the electric field in contrast to the striking enhancement for the poor solvents.
It was shown that an increase in the complex viscosity ratio correlates with the
good electrospinnability of PVB solutions.

25 T ' T ' T ' I '
| O PVB-butanol
. 20 | ¢ PVB-isopropanol |
.% O PVB-ethanol
i i o A PVB-methanol
215 F O i
8
S - © |
2 A R
= i N
¢ 10 A A
2 i
o
5 st I
&) . .
0 I; 1 Q 1 @ 1 g
6 8 10 12

Concentration [wt%]
Figure 8. Complex viscosity ratio as a function of concentration
for all PVB solutions [66]

4. Effect of ageing

The storage stability of applied polymer solutions and its impact on the
quality of electrospun webs are described in PAPER Il [22]. The nanofibrous
webs created by electrospinning from PVB dissolved in poor solvents (methanol
and ethanol) were compared within a period of almost 7 months. During this
time, the PVB solutions were kept under constant storage conditions (at 20°C in
the dark box). Using rheological and conductivity measurement, SEM, FTIR,

and DSC, it was revealed that the storage period for the solution used had almost
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no effect on the quality of electrospun fibres, see Fig. 9. This result is a very

positive from the practical point of view.

Figure 9. SEM images of nanofibrous webs from PVB in methanol electrospun

from a) 1 day; b) 113 day; ¢) 197 day-old solution samples [22]

5. Magnetorheology of polymer solution

The object of aim in PAPER IV [81] is the comparison of the
magnetorheological behaviour and sedimentation stability of the nanofluid and
the classical magnetorheological fluid. In this case nanofluid means the
magnetic nanoparticles synthesized under microwave assisted radiation
incorporated in the PEO aqueous solution. In the contrast to classical MR
fluids, the presence of PEO in suspension improved the sedimentation stability.
This ensures homogeneous distribution of magnetic particles in the nanofluid,
and consequently even distribution of these particles in electrospun mats. The
magnetic properties of nanofibrous web were validated by EDX-XRF

measurement.

6. Measurement of elongational viscosity

During the electrospinning process the polymer viscoelastic jet is subject to

high extension rates under which the polymer chains are stretched and oriented.
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At a final stage, a solvent-free polymer fibre is drawn and deposited on the
grounded template. The knowledge of the elongational viscosity is required to
achieve a sufficient viscoelastic stress for fibre formation. PAPER V [82]
examined a widely used technique for the measurements of the extensional
viscosity of polymer melts. The measurements were carried out using a SER
Universal Testing Platform from the Xpansion Instruments; the model SER-HV-
P01 was applied to an Anton Paar MCR501 rotational rheometer host system
with the convection heated measuring chamber CTD450 equipped with a camera
system. The widths and the thicknesses of the samples were chosen in the broad
range. It was found invariantness of the sample dimensions with respect to the

obtained transient elongational viscosities, see Fig. 10.
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Figure 10. Comparison of uniaxial elongational viscosity measured

with two distinctive dimensions of the samples at temperature of 180°C [82]
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THE THESIS CONTRIBUTION TO SCIENCE AND
PRACTICE

Electrorheological characterization of polymer solutions indicates
usefulness of the chosen materials for possible electrospinnability. Newly
derived criteria can substantially reduce time and save money in the process of
evaluation of new materials from the viewpoint of potential good or poor

electrospinnability.
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LIST OF SYMBOLS AND ACRONYMS

TTe
Mo
me
Tinh
TTred
Tspec
Trel
[7]

[wt.%]
[wt.%)]
[wt.%]
[wt.%]
[kV/mm]
[Pa]

[Pa]
[g/mol]
[g/mol]

[MPa']
[MPa'’4]
[MPa'’4]
[MPa'’4]
[s™]
[s™]

[Pa s]
[Pa s]
[Pa s]
[Pas]
[m*/kg]
[m*/kg]
[Pa s]
[-]
[m*/kg]

concentration

entanglement concentration

critical chain overlap concentration
the highest concentration

electric field strength

storage modulus

loss modulus

molecular weight of polymer

critical molecular weight of polymer

parameter solubility

polar component of parameter solubility
dispersion component of parameter solubility
hydrogen bonding component of parameter solubility
extension rate

shear rate

shear viscosity

elongational viscosity

complex viscosity in absence of electric field
complex viscosity in presence of electric field
inherent viscosity

reduced viscosity

specific viscosity

relative viscosity

intrinsic viscosity

28



T [Pa] shear stress

T, [Pa] normal stress

DMF N,N-dimethylformamide
DMSO dimethylsulphoxide
EDX-XRF energy dispersive X-ray fluorescence spectroscopy
ER electrorheological

HSP Hansen solubility parameters
PEO poly(ethylene oxide)

PMSQ polymethylsilsesquioxane
PMMA poly(methyl methacrylate)
PVB polyvinyl butyral

PS polystyrene

THF tetrahydrofuran
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ABSTRACT:

Electrorheological measurements represent a key approach in characterizing the efficiency of electrorheological fluids. The
rotational rheometers, the Physica MCR 501 (Anton Paar) equipped with an electrorheological cell and the Bohlin Gemini CVOR
150 (Malvern Instruments) modified for electrorheological experiments generate an electric field in two completely different
ways. Each of the two generations has a specific influence on electrorheological measurements. The experimental data were
obtained and compared for a suspension of polyaniline powders mixed (10 wt%) in silicone oil. For a concentric-cylinders
arrangement, it was shown that the data are fully comparable for both rheometers. However, for a parallel-plate arrange-
ment, the data using the Physica MCR 501 provide higher values in comparison with both the corresponding plate-plate data
obtained with the Bohlin Gemini CVOR 150 and with the mutually comparable concentric cylinders data.

KEY WORDS:

rheology, electrorheology, rheometry, PANI powder, silicone oil

1 INTRODUCTION

Electrorheological (ER) fluids are suspensions of fine
particles in an electrically insulating fluid, usually min-
eralorsilicone oil. Whenexposedtoanelectricfield their
apparent viscosity can increase by several orders, thus
shifting their substance from a liquid to almost a solid-
like behavior. Hence, their structural and rheological
properties can be controlled by electric field strengths.
Numerous studies on this topic have been summarized
[1-10]. The common factors influencing the measure-
ments of rheological characteristics are, in the case of
ER experiments, amplified by the mode of generation of
an electric field. Naturally, any mode has, owing to its
mechanical effect, an adverse impact on the quality of
the measurements. This evokes the question as to
whether these negative contributions are comparable
forthe individual modes. Moreover, this situation is fur-
ther complicated by the geometrical arrangement used
—eithera parallel-plate (PP) system or a concentric cylin-
ders (CC) system. As far as the authors are aware, no
attention has been paid hitherto to this problem.

The aim of this contribution is to compare the ER
characteristics obtained by two rotational rheometers
(a Physica MCR 5o1 (Anton Paar) and a Bohlin Gemini

© Appl. Rheol. 24 (2014) 42875 | DOI:10.3933/ApplRheol-24- 42875

CVOR 150 (Malvern Instruments)) equipped with elec-
trocells generating an electric field in two different
ways. Both rheometers are equipped with both geo-
metrical arrangements. Each system is covered with a
hood ensuring safety regulations and temperature sta-
bility is controlled by either Peltier elements (Physica)
or a fluid circulator (Bohlin). The bottom plate for the
parallel-plate device and the cup in the CC setup are
grounded. In the case of the Physica MCR 501, opening
the hood automatically switches off the power supply.
The rheometers themselves are fully isolated from the
electriccurrent. The substantial difference between the
two electrorheologically adapted rheometers consists
ofthe completion of anelectriccircuitthroughanupper
shaft (described in more detail in the following section).

2 EXPERIMENTAL

2.1 MATERIAL

The ER suspension was prepared by mixing polyaniline
(PANI) powder (Sigma Aldrich, USA, base, 50000 g/mol)

with silicone oil (Lukosiol M2oo, Chemical Works Kolin,
Czech Republic) in a 10 wt% concentration. The PANI
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Figure 1: Position of a spring wire in the Physica MCR 501 and
the location of an electrolyte in the Gemini 150 device.

powder was ground, sieved to obtain particle sizes
smallerthan 45um,anddriedat 8o °Cinavacuumoven
to a constant weight. The samples were stirred me-
chanically and consequently placed in an ultrasonic
bath for 30 s before each measurement.

2.2 DEVICES AND MEASUREMENT CONDITIONS

The intensity of the electric field in the MCR 501 was
varied through an external high-voltage power supply
unit HCP 14-12500 (F.u.G. Elektronik GmbH, Rosen-
heim, Germany) providing an electric field strength of
upto12.5 kV/mm providedthattheelectriccurrentdoes
not exceed 1 mA (otherwise the voltage is proportion-
ally reduced). The rotational rheometer was equipped
with two electrocells: P-PTD200/E parallel plates of 50
mm diameter (gap 0.3 mm) and a C-PTD200/E bob and
cup arrangement with inner and outer diameters of
16.6 mm and 18 mm (gap 0.7 mm), respectively.

The intensity of the electric field in the Gemini 150,
influenced also by the density of electrolyte, was regu-
lated by a DC high-voltage source TREK (TREK 668B,
USA) providing an electric field strength of up to
3 kV/mm with a maximum electric current of ; mA. The
dimensions of the measuring electrocells used were as
follows: the diameter of the parallel plates attained 40
mm (gap 0.3 mm) and in the concentric arrangement
theinnerandouterdiameters were 25 mmand 27.5 mm
(gap 1.25 mm), respectively.

AVander Pauw setup was used to measure the DC
conductivity using a four-point method. The DC con-
ductivity of the PANI base pressed into pellets (13 mm
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Figure 2: Flow curves of a pure silicone oil (without PANI
powder, E = o0 kV/mm).

indiameter,1 mm inthickness) attained 7.72-109S/cm.
The ER properties (shear viscosity, storage and loss
moduli) of polyaniline particles suspended in silicone
oil were measured using both devices and both geo-
metrical arrangements. Each pointin steady shear flow
measurements as well as in small-strain oscillatory
tests (dynamic amplitude sweep and frequency sweep)
was measured at least three times. All the measure-
ments were carried out at 20 °C.

2.3 DIFFERENCES IN ELECTRIC FIELD GENERATION

Figure 1depicts the completion of the circuit loops in the
individualrheometersenablingthe generationofanelec-
tric field. The principal difference is in the different
mechanicalimpacts on the ER measurements. Inthe case
ofthe MCR 501, acircuitloop is completed by a spring wire
leaning against an upper shaft and thus producing fric-
tion betweenthese two mechanical parts. Thisimplies an
increase in viscosity and the oscillatory data and the val-
ues representing this increase (e.g. for viscosity roughly
comparable with the viscosity of water) have to be sub-
tracted toobtain the correct values of the measured char-
acteristics. Perles et al. [11, Figure 3] found that this devi-

Mixing Pause Pause Measurement
Steady shear 101/s 01/s o1/s 0.01-1001/s

305 305 60s

oV oV xxx V xxx V
Amplitude sweep | 101/s o1/s o1/s 0.0001-1/0.01

305 305 60s 5Hz /3 Hz

oV oV xxx V xxx V
Frequency sweep [ 101/s o1/s o1/s 0.001/ 0.0006

305 305 60s 0.1-10 Hz

oV oV xxx V xxx V

Table 1: Entry parameters for all three types of measurements
(t=20°C).
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Figure 4: Storage and loss moduli dependent on strain, same
geometrical arrangements (PP or CC, different rheometers).

ation is negligible for shear rate exceeding 50 1/s. Analo-
gous analysis is valid for the processing of the data
obtained with the help of the Gemini 150, for which a cir-
cuit loop is completed through an electrolyte housed in
the circumferential gutter and resistance is formed
between a contact ring and the electrolyte. This adverse
phenomenon is reflected by adjusting the parameters
used in the data processing by the Gemini software.

2.4 INDIVIDUAL MEASUREMENTS
All the measurements were always carried out for all

fourelectrocells:PPand CCarrangementsin eitherrota-
tional rheometer. Each measurement started with a
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Figure 5: Storage and loss moduli dependent on strain
(different geometrical arrangements, same rheometer).

carrier fluid (silicone oil) only, followed by an applica-
tion of the prepared ER suspensions. As expected, the
flow curves of shear rate in the range 1-100 1/s corre-
sponding to a pure silicone oil (without PANI powder)
are identical (Figure 2). It implies that the differences
obtained under the application of an electric field are
not influenced by the a priori differences appearing in
the classical measurements (absence of electric field).

Three types of measurements were carried out
(steady shear, amplitude and frequency sweeps) with
the prepared suspensions (10 wt% concentration of PANI
powder in silicone oil). The entry parameters of the mea-
surements (time intervals, electric field strength (xxx V
stands for the individual values of voltage as indicated
in the Figures), ranges of measured points) are summa-
rized in Table 1. Figures 3—7 depict the behavior of the
flow curves for the same geometry (PP or CC) of both
rheometers, and for both geometries of either rheome-
ter. In the case of the MCR 501, the experimental data in
these Figures are always reduced by the values obtained
for the corresponding measurements with air only.

3 DISCUSSION AND CONCLUSIONS

Non-negligible discrepancies in the measured data are
exhibited for different geometrical arrangements of
the electrocells and different rheometers. This does not
seem to be surprising, since e.g. Rides et al. [12] who
compared the shear viscosity results obtained at high
shearrates using extrusion rheometers (the same man-
ufacturer) including an instrumented injection mould-
ing machine.

These deviations can be the result for a variety of
reasons: differences in construction of both rheometers
(in both cases all the parts in contact with the materials
are made of stainless steel (1.4571 — MCR 501, 316 — CVOR
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Figure 6: Storage and loss moduli dependent on frequency
(same geometrical arrangement (PP or CC), different rheo-
meters).

150)), anti-shock balance precautions in the laboratories,
the method of generation of the electric field, the diam-
eters of the corresponding geometrical arrangements
(e.g. for a PP arrangement 40 versus 50 mm). Based on
Figures3—7itis possible to come to the conclusions that:

B The effect of completion of an electric circuit is dif-
ferent, but, loosely speaking, in both cases the values,
if mere air only is measured, are comparable to those
corresponding, for example, to those obtained for
water with no additional mechanical contact. Howev-
er,these values are negligible in comparison with those
for ER fluids.

B The data from the Physica MCR 501 are smoother
and the behavior of the corresponding curves is more
continuous (at this point the age difference of the indi-
vidual devices is probably also a factor).

B Inthecaseofthe Geminiiso,the experimental data
are closer for both geometries used.

B In the Physica MCR 501, usage of parallel-plate
geometry provides—on average—highervaluesin com-
parison with the CC geometry.

B When using parallel-plate geometry, the data ob-
tained by the Physica MCR 501 provides higher values
(shear viscosity, storage and loss moduli versus strain
or frequency) than those obtained by the Gemini 150.
B When using CC geometry, the data obtained by the
Physica MCR 501 and the Gemini 150 are comparable in
spite of the difference in corresponding gaps.
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During the process of electrostatic spinning, the rheological behaviour of polymer solu-
tions is significantly influenced by the presence of an external electric field. The aim of this
contribution is to find a correlation between the electrorheological characteristics of
polyvinylbutyral (PVB) solutions and their electrostatic spinnability. When exposed to an
external electric field, PVB solutions with either poor or good solvents respond in different

Iéfy Vtvordsf . ways. It was shown that the complex viscosity ratio 7g*/no* (where ng* and no* represent
N:;Q;J;f::nmg complex viscosities of a solution in the presence and absence of an external electric field,

respectively) can serve as an indicator as to whether a chosen material is a potential
candidate for acceptable electrospinning. This occurs when the ratio ng*/no* increases with
increasing electric field strength, i.e., when poor solvents are applied. The possible changes
to the physical and chemical properties of PVB solutions were investigated using SEM,
FTIR, DSC, *C- and 'H-NMR techniques.

Polyvinylbutyral
Electrorheology
Polymer solution

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The process of electrospinning is based on the applica-
tion of an electrical charge that enables the withdrawal of
micro- or nano-fibres from a polymer solution or melt. The
high voltage generated between the tip of the pipette and
the grounded collector evokes the creation of Taylor cones at
the surface of polymer materials placed at the tip. Charged
viscoelastic jets emanate from the Taylor cones. Their pas-
sage towards the grounded collector is accompanied by a
continuous reduction of their diameter caused by the
simultaneous stretching of the (non-bifurcating) jets and
the evaporation of the solvent. A detailed description of the
electrospinning process (sketched in Fig. 1) is presented, e.g.,
in monographs and reviews [1—4]. The electrospun fibres
are characterized by large values of the ratio relating their

* Corresponding author.
E-mail address: peer@ih.cas.cz (P. Peer).

http://dx.doi.org/10.1016/j.polymertesting.2014.07.016
0142-9418/© 2014 Elsevier Ltd. All rights reserved.

surface to their volume. This implies their applicability in
various areas such as tissue scaffolds, filtration, nano-
composite materials and protective clothing [3,5,6].

In principle, the parameters contributing to the quality
of nanofibrous webs can be divided roughly into four basic
groups: polymer properties, solvent properties, polymer
solution properties and the process parameters. Viscosity
represents one of the crucial parameters characterizing the
properties of a polymer solution. This parameter in
connection with electrospinning has been intensively
studied, e.g., in [7—20] and references therein. Both types of
viscosity - elongational and shear - were analysed.
Although elongational viscosity dominates in the behav-
iour of viscoelastic jets, a certain portion of shear viscosity
is always present.

The shear viscosity of some materials is subject to the
presence or absence of an electric field. This dependence is
significantly exhibited by so-called electrorheological ma-
terials, for which an increase in shear viscosity under the
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Fig. 1. Sketch of an electrospinning apparatus.

presence of an electric field does not represent mere mul-
tiples but several orders. As in the process of electro-
spinning the viscoelastic jets are exposed to the electric
field, attention will be also focused in this direction.

In the following, polyvinylbutyral (PVB) and two pairs of
solvents (poor - methanol and ethanol, good - isopropanol
and butanol) are taken into account. The applicability and
advantages of PVB in the process of electrospinning are
summarized in Peer et al. [21]. Unlike good solvents, poor
solvents have the potential to contribute to the good elec-
trospinnability of the corresponding PVB solutions. In this
case, a combination of the entanglements between chains
results in the creation of a physical gel. Presumably these
junctions contribute to the stabilization of the viscoelastic
jets. Techniques of DSC, FTIR, 3C- and 'H-NMR were
applied to the characterization of the possible changes of
the physical and chemical properties of PVB materials.

It will be shown that the course of the ratio ng*/no*
(where ng* and 7n¢* represent complex viscosities of PVB
solutions in the presence and absence of an external elec-
tric field, respectively) in dependence on the electric field
strength can indicate the suitability of chosen polymer
solutions for good electrospinnability. If this ratio is
invariant with respect to the electric field strength (PVB in
good solvents), then the obtained nanofibrous webs are of
poor quality. If this ratio increases with the increase of
electric field strength (PVB in poor solvents), then good
webs were obtained.

Table 1
Basic characteristics of the solvents and PVB.

2. Experimental
2.1. Material

Polyvinylbutyral (Mw = 60,000 g/mol; Mowital B 60H,
Kuraray Specialities Europe) is a non-toxic, odourless and
environmentally friendly polymer. The structure of Mowi-
tal B 60H is composed of vinyl butyral, vinyl alcohol and
vinyl acetate, in this case 75—81 %, 18—21 % and 1—4 %,
respectively. Polyvinylbutyral (PVB) was consecutively
dissolved in methanol, ethanol, isopropanol and butanol
(quality of p.a., Penta, Czech Republic). For each solvent, the
6, 8,10, and 12 wt.% solutions (basic characteristics in Table
1) were homogenized using a magnetic stirrer for 72 hours
at 250 rpm at 20 °C. The corresponding films were prepared
by solution casting on Petri dishes and dried in a fume hood
for 5 days at room temperature. During electrorheological
(250 V/mm) measurements, the gels were formed in the
parallel plate geometry of the rheometer. They were dried
in the same way as the films for further investigation.
Nanofibrous webs from the PVB solutions were electrospun
with the use of a laboratory device (details in Peer et al.
[21]) at a voltage of 25 kV and at a distance between the
replaceable tip of carbon steel stick (SAE designation 11xx,
a diameter 10 mm) and the collector of 10 cm (corre-
sponding to 250 V/mm). The volume of the drop of polymer
solution placed onto the stick tip was 0.2 ml. The obtained
fibres were analysed using an SEM (Vega 3, Tescan, Czech
Republic).

2.2. Characterization of the solutions, gels and nanofibrous
webs

The electrorheological measurements were carried out
with a Physica MCR 501 rotational rheometer (Anton Paar,
Austria) equipped with an electrorheological cell C-
PTD200/E (parallel plate arrangement, diameter of plates
50 mm, gap 0.5 mm). The polymer solutions were
measured in both steady and oscillatory shear modes in the
absence and presence of an external electric field generated
by a N5752A DC power supply (Agilent, USA) with the
limits 600 V and 1.3 A. The temperature was kept constant
at 20 °C during all experiments.

The PVB electrospun nanofibrous webs, films and gels
were examined for changes in their functional groups using
a Nicolet 6700 (USA) infrared spectrophotometer in ATR
mode (attenuated total reflection) with a ZnSe crystal. The
webs were scanned from 4,000 to 650 cm ™.

Relative permittivity [-] Specific conductivity [S/m]

Surface tension [mN/m] Density [g/cm?] Hansen solubility

parameters [MPa'/?]

Op Op On
Methanol 32.7 1.5*10°7 2212 0.789 15.1 12.3 223
Ethanol 24.5 1.35*1077 21.90 0.785 15.8 8.8 19.3
Isopropanol 199 58*10~7 21.38 0.781 16.0 6.8 17.4
Butanol 17.5 9.12*1077 24.50 0.806 16.0 5.7 15.8
PVB 3.60 1*107° - 1.090 18.6 44 13.0
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Fig. 2. Relative viscosity in dependence on shear rate for 10 wt% PVB
solutions.

To measure the glass transition temperature of PVB
films and gels, a DSC 1 Mettler Toledo (Switzerland) dif-
ferential scanning calorimeter was used. The glass transi-
tion was determined at a 20 K min~! heating rate over a
temperature range of 0 — 250 °C in an inert nitrogen
atmosphere.

Solid-state NMR spectra were measured at 11.7 T using a
Bruker Avance Il HD 500 US/WB NMR spectrometer (Ger-
many). The following techniques were applied: i) one-
dimensional (1D) 'H MAS and '3C CP/MAS NMR experi-
ments and; ii) Torchia's T;(13C) relaxation experiment [22]
with a variable delay from 0.1 to 40 s. The spinning fre-
quency was 11 kHz, and the frictional heating of the spin-
ning samples was compensated by active cooling
(temperature calibrations were performed with Pb(NO3);)
[23].

3. Results

In general, the rheological behaviour of a solution is
subject to polymer chain conformation depending on the
quality of the applied solvent. Differences in solution
behaviour are reflected by the Hansen solubility parame-
ters [24]: dispersion bonds (ép), polar bonds (ép) and
hydrogen bonds (dy) between molecules. Table 1 lists the
Hansen solubility parameter values for PVB and the chosen

=12s!

> o 00 —
|

100

o

PVB-butanol
PVB-isopropanol
PVB-ethanol |
PVB-methanol _|
| | 1 | | L i
8 10 12 14
Concentration [wt.%)

Relative viscosity [-]

> o ¢ O

o —b> o®

Fig. 3. Relative viscosity in dependence on concentration (the values
correspond to the measurements at 1.2 s~") for all PVB solutions.
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solvents. The closer solubility parameters between polymer
and solvent represent better miscibility resulting in a larger
expansion of the polymer.

Steady shear viscosity was measured for all four PVB
solutions, each in 6, 8, 10, and 12 wt.% concentrations. Fig. 2
depicts the measurements for a 10 wt.% concentration
where the relative viscosity is expressed as a ratio of the
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Isopropanol Ethanol Methanol

Butanol

solution and solvent viscosities. In all cases, the Newtonian
character of the individual solutions was observed. This is
illustrated in Fig. 3 where the otherwise constant courses of
relative viscosities in dependence on shear rate are repre-
sented by the respective values at 1.2 s~ 1. PVB dissolved in
the good solvents (butanol, isopropanol) exhibits higher
relative viscosities than the PVB solutions with the poor
solvents (methanol, ethanol). This means that the PVB
chains in methanol and ethanol prefer interactions be-
tween segments, and the coils are in the contracted
conformations.

The PVB solutions were also examined in oscillatory
shear mode to investigate their viscoelastic properties. The
viscoelastic characteristics again exhibit higher values for
PVB dissolved in the good solvents in comparison with the

12 wt.%

Fig. 8. SEM images of nanofibrous webs electrospun from PVB dissolved in all solvents.
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poor solvents, as demonstrated for butanol and methanol
in Fig. 4. The dominance of the loss modulus over the
storage modulus throughout the frequency range confirms
the rather viscous nature of the solutions given by the
looser movement of macromolecules.

The preceding experimental data were obtained when
no electric field was applied. Qualitatively similar results
were obtained in the presence of an electric field; see Figs. 5
and 6. The value for the electric field strength (125 V/
0.5 mm, 0.5 mm represents a gap in the parallel plate
arrangement in the rotational rheometer) was chosen in
such a way that it corresponded to that applied in the
electrospinning process (25 kV/10 cm, 10 cm represents a
tip-to-collector distance). Due to the external electric field
application, the values of the storage modulus significantly
increased, particularly for PVB dissolved in the poor sol-
vents (methanol, ethanol), and simultaneously exceeded
the values of the loss modulus. In these systems, the
presence of the electric field caused the formation of a
three-dimensional elastic gel. The poor solvents promote
polymer chain intra- and inter-molecular interactions. The
chain links may occur due to the formation of hydrogen
bonds and chain entanglement.

For each solution, oscillatory experiments were carried
out relating the complex viscosity ratio 5g*/10* to all con-
centrations (6, 8, 10, and 12 wt.%), where ng* and no*
represent the complex viscosities of a solution in the
presence and absence of an electric field, respectively. Fig. 7
illustrates the behaviour of the complex viscosity ratio at a
frequency 10.83 Hz and a constant strain of 1 %. The solu-
tions with the good solvents exhibit no increase in complex
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Fig. 10. Infra-red ATR spectra of PVB nanofibres, gel and film created from
PVB dissolved in methanol and ethanol.

viscosity in the presence of the electric field, in contrast to
the striking enhancement for the poor solvents. The course
of the complex viscosity ratio for the PVB-ethanol solution
linearly decreases within the concentration range studied.
In comparison, the PVB-methanol solution exhibits nearly
constant behaviour.

The nanofibrous mats were prepared by the process of
electrospinning, and their quality was evaluated using SEM
analysis, see Fig. 8. The quality of nanofibres significantly
deteriorates if the good solvents are used. Higher quality is
achieved with poor solvents. Their solutions achieve higher
elasticity (as documented in Figs. 5 and 6) in the presence
of the electric field, which contributes to their better elec-
trospinnability. Geometrical characteristics are presented
in Fig. 9.

Table 2
The glass transition temperature (Tg) of the PVB in various forms (film,

gel).

Ty [°C] Film Gel
PVB — Methanol 70 60
PVB — Ethanol 69 59
PVB — Butanol 68 70
PVB — Isopropanol 70 69
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Fig. 11. 3C CP/MAS NMR spectrum of PVB-ethanol gel with signal
assignment.

4. Discussion

A comparison of the chemical and physical properties of
three PVB forms (nanofibres, gels, and films) was consec-
utively carried out.

Possible changes in chemical structure were analysed by
FTIR. The infra-red ATR spectra of PVB as nanofibrous web,
dried gel and film are plotted in Fig. 10. They are all similar,
and no significant changes were observed in the broad
band corresponding to the —OH group at 3450 cm™},
together with the stretching modes of C-H in the range
2000—3000 cm . The C=0 absorption band appearing at
1730 cm~! and C-O-C group band at 1130 cm~! were not
altered either. The intensity of the main bonds in different
forms of PVB slightly changes. Thus, a comparison of the
corresponding peaks showed that there is no significant
difference in chemical structure between the PVB nano-
fibres, gel or film created from all solvents.

One way to analyse thermodynamic properties is
through DSC measurements. The glass transition temper-
ature (Tg) is structure sensitive due to steric effects and a
formation's intra- or inter-molecular interaction, and it can
indicate change in the structure of a polymer chain and also
crosslinking. In general, decreasing of Ty means a scission of
the polymer chains and increasing leads to the crosslinking
of the polymer [25]. The glass transition temperature Tg of
PVB in bulk is 63 °C, and dissolving in all solvents increases
this value by 5—7 °C; see Table 2. However, the T; of the gel
created in the presence of an electric field is lower by
3—4 °C for poor solvents and higher by 6—7 °C for good
solvents when compared with the T for PVB in bulk. In the
case of films (made in the absence of an electric field), the
role of the solvent seems to be negligible.

The last method which was used to reveal the cross-
linking or scission of polymer chains is NMR. From the in-
tensities of signals in 1>C CP/MAS NMR spectra (Fig. 11), it is
clear that the racemic isomer (signals at 73 and 102 ppm) of
PVB dominates over the meso isomer (signals at 67 and
95 ppm) in the investigated samples [26]. No differences in
signal intensities and resonance frequencies between the
analysed samples were found.

To probe local segmental dynamics of PVB systems
(PVB-ethanol film and gel), 13C spin-lattice relaxation times
T1('3C) were measured. The obtained relaxation times
summarized in Table 3 are systematically reduced for the
PVB gel. Generally, in solid state the shorter T;(3C) relax-
ation times indicate released segmental motions. This
might suggest increased segmental dynamics in the PVB
gel. This finding is in accordance with the DSC measure-
ments that revealed considerably reduced glass transition
temperature T for the PVB gel if poor solvents are applied.
Both these results suggest some decomposition processes
reducing the length (molecular weight) of PVB macromol-
ecules in the gel.

As demonstrated in the preceding experimental tech-
niques, the most striking difference between the behav-
iour of PVB solutions using poor and good solvents is in
the dominance of storage modulus over loss modulus in
the electric field when poor solvents are used. According
to Yu et al. [27], the elastic forces resist the bending of the
jet and hinder a jet from breaking up. This confirms that
the course (increasing vs. constant) of the complex vis-
cosity ratio indicates the suitability of polymer solutions
for the process of electrospinning. Further, Shenoy et al.
[28] analysed polymer solutions capable of physical gela-
tion. They found that polymer solutions close to the
gelation threshold exhibit a stabilization of the viscoelastic
jets, which contributes to the better formation of nano-
fibrous mats.

5. Conclusions

The electrospinning process is affected by a number of
the entry parameters. This contribution focused on the
impact of an external electric field on the rheological
properties of the polymer solutions. It was shown that an
increase in the complex viscosity ratio ng*[no* (where ng*
and 7no* represent complex viscosities of a solution in the
presence and absence of an external electric field,
respectively) correlates with good electrospinnability of
PVB solutions. This increase is observed for poor solvents,
while the complex viscosity ratio is constant for good
solvents, for which the quality of nanofibrous web is
unacceptable.

;l;acb lsepign—lattice relaxation times T;('>C) of individual structure units measured for the PVB-ethanol film and gel.
Sample T;(13C) [s]
4 (Racem) 4 (Meso) 5,7 (Racem) 5,7 (Meso) 6,8 3 2 1
Film 12.8 16.9 19.8 15.8 12.8 6.7 1.1 13
Gel 114 12.1 16.8 14.6 10.7 6.1 1.1 13
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The quality of electrospun fibres is subject to many factors ranging from the characteristics of the materials
used to processing conditions. Although an important parameter for applicability, less attention has been
paid to the storage stability of applied polymer solutions and its impact on the quality of electrospun webs.
The aim of this study is to analyse the storage stability of polyvinylbutyral solutions in methanol and
ethanol for the formation of undisturbed nanofibres. The quality of nanofibrous mats produced over a

period of 197 days, during which the solutions were stored under constant conditions, was investigated.
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for practical use.

Using rheological measurements, SEM, FTIR, and DSC techniques, it was shown that the storage period for
the solutions used had almost no influence on the quality of electrospun fibres, which is a positive result

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The quality of nanofibrous webs created by an electrospinning
process plays a crucial role for their application in various fields
such as filters, nanocomposite materials, membranes, and in
medical areas [1-5]. In the electrospinning process, single jets are
ejected from the apices of Taylor cones created at the surface of a
drop of polymer solution (Fig. 1). Jet forming is initialised by an
electric field generated by a high-voltage power supply between
the tip of the stick where the drop is stored and the grounded
collector. In principle, the charged polymer jets are, during their
passage from the tip onto the collector, simultaneously exposed to
two basic factors reducing their diameters: high extension rate, the
magnitude of which should not result in a jet disruption, and the
rate of solvent evaporation optimally corresponding to the situation
in which the solvent is completely evaporated at the moment of
reaching the collector.

Polyvinylbutyral (PVB) is a useful material in the electrospinning
process. PVB is frequently added to increase the spinnability of the
prepared solutions. This procedure was applied to the production of
boron nitride nanofibres [6]. Mullite nanofibres were obtained
through an optimal dosage of PVB [7]. PVB was used as a spinnable

* Corresponding author. Tel.: +420 233109029; fax: +420 233324361.
E-mail address: peer@ih.cas.cz (P. Peer).

http://dx.doi.org/10.1016/j.polymdegradstab.2014.04.015
0141-3910/© 2014 Elsevier Ltd. All rights reserved.

carrier for manufacturing luminescent ceramic fibres [8]. Meso-
porous silica nanofibres were prepared with the assistance of PVB
during the process of electrospinning [9]. Composite nanofibres
were fabricated from PVB/silica [10] as well as multiwalled carbon
nanotube/PVB [11]. The addition of PVB proved crucial in the
preparation of bead-free resol fabrics [12] as well as in the pro-
duction of composite fibres containing yttrium and cerium [13,14].
Using a PVB/inorganic salt solution, it is also possible to prepare
well-aligned and highly-ordered nanofibrous architecture [15]. PVB
in combination with polyaniline and polyethylene oxide was used
in the construction of humidity sensors [16,17]. However, in this
case the formation of beads in nanofibres was beneficial, as it
enabled good adhesion to the electrode.

Polyvinylbutyral also plays an important role if used separately.
For example, it is possible to introduce interlayers connecting glass
plies in laminated glass. The properties of the interlayers were
improved by using electrospun nanofibres composed of PVB and
carbon nanotubes [ 18]. Recently, pure commercial polyvinylbutyrals
were also analysed [19]. Analyses of electrospinning processes,
when only pure PVB (+solvents) was used, are discussed, e.g., in
Refs. [20—24].

Practically all studies on electrospinning have focused on four
basic groups of factors participating in the creation and affecting
the quality of nanofibrous webs. These include the polymer (mo-
lecular weight, molecular weight distribution, topology of macro-
molecules), solvent (surface tension, solubility parameters, relative
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Fig. 1. Schematic sketch of an electrospinning apparatus.

permittivity), solution (viscosity, concentration, specific conduc-
tivity), and process parameters (electric field strength, tip-to-
collector distance, temperature, humidity).

As far as the authors are aware and in spite of the fact that PVB
exhibits various forms of degradability, no attention has been paid
to the possible time degradation of the polymer solutions in
connection with the corresponding quality of electrospun nano-
fibres [25—31]. The aim of this study is to analyse and qualitatively
compare nanofibrous mats prepared by electrospinning from PVB
solutions with methanol and ethanol within a period of almost 7
months, simulating the durability of these solutions in practical
applications. During this time, the PVB solutions were kept under
constant storage conditions. Methanol and ethanol, although poor
solvents of PVB, contribute to higher quality of the electrospun
nanofibres in comparison to a situation when good solvents are
used, e.g. [21].

2. Experimental

For a qualitative comparison of the solutions of PVB in methanol
and ethanol and corresponding nanofibrous mats over a period of
almost 7 months (1, 8, 15, 29, 57, 87,113, 141,169, and 197 days), the
following characterisation techniques were used: conductivity and
rheological measurements, a scanning electron microscopic (SEM)
analysis of electrospun nanofibres, infra-red spectroscopy, and
differential scanning calorimetry (DSC) measurements.

2.1. Materials

Polyvinylbutyral (Mw = 60,000 g/mol; Mowital B 60H, Kuraray
Specialities Europe) was dissolved in methanol and ethanol (quality
of p.a, Penta, Czech Republic) at 10 wt.% concentration. The
structure of Mowital B 60H is composed of vinyl butyral, vinyl
alcohol and vinyl acetate, in this case 75—81, 18—21 and 1—4%,
respectively. Basic characteristics of the entry components are
summarised in Table 1, including the Hansen solubility parameters
(HSP). To homogenise both solutions, a magnetic stirrer was used at
150 rpm at 20 °C over 5 days. Afterwards, the solutions were
poured into flasks, which were placed into a tempered dark box
(20 °C) and taken out just before each measurement.

Table 1
Characteristics of PVB and solvents used.
Property PVB Ethanol Methanol
Relative permittivity 3.6 245 32.7
Specific conductivity 1.0 x 10~° 1.4 x 1077 15 x 1077
[S/m]
Surface tension [mN/ - 219 221
m]
Density [kg/m?] 1090 785 789
HSP [MPa'/?] op 18.6 15.8 15.1
op 44 8.8 123
Oy 13.0 193 223

A choice of 10 wt.% concentration was based on the trend
relating concentration vs. quality of electrospun nanofibres. For
6 wt.% concentration, the electrospun webs exhibit a quantity of
non-fibrous formations (beads, etc. — their appearance attained
approximately 90 pcs/50 x 50 square micrometres) for both poly-
mer solutions (PVB in methanol and PVB in ethanol). These im-
perfections disappear with an increasing concentration. The quality
of webs corresponding to 10 wt.% concentration is very good as
documented in the next section.

2.2. Conductivity measurements

The conductivity of both solutions (Table 2) was measured using
a Conductivity Meter Lab 960 (SCHOTT Instruments, Germany)
before each rheological measurement. As the maximal experi-
mental deviation of the device used is approximately 0.5%, the
deviation of conductivity for both solutions was approximately 1%
during the whole testing period.

2.3. Rheological measurements

The rheological measurements, carried out with a Bohlin
Gemini rotational rheometer (Malvern, U.K.) equipped with a bob
and cup (25 mm and 27.4 mm in diameter) arrangement, included
both steady shear and oscillatory modes. The temperature was kept
constant at 20 °C during all experiments.

2.4. Electrospinning

The prepared PVB solutions were electrospun using a proposed
laboratory device (see Fig. 2) at a voltage of 25 kV with a tip-to-
collector distance of 100 mm. The laboratory device is assembled
with the materials exhibiting very low conductivity to ensure that
an electric field is not affected by the device itself. The basic con-
struction is formed by aluminium rods, the lower (1 x 1.16 m) and
upper (0.5 x 116 m) mm thick tables are made of fibre-glass
reinforced thermoset polyester material Glastic UTR (Réchling
Glastic Composites, USA; insulation resistance 3.1 x 10> Ohm) as
well as the nuts and bolts fixing a draw with a collector to the upper
plate. The pieces forming the draw are only glued. A distance be-
tween a replaceable tip of carbon steel stick (SAE designation 11xx,
a diameter 10 mm) and the collector is handled manually with a
linear guidance preserving perpendicularity between a stick axis

Table 2
Conductivity of prepared PVB solutions.
Time Conductivity Conductivity Temperature
[days] PVB-ethanol PVB-methanol [°C]
[mS/m] [mS/m]
1 1.26 3.62 21.7
113 1.29 3.64 229
197 1.28 3.60 23.0
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Fig. 2. Schematic sketch of the proposed electrospinning device.

and the upper plate. A volume of the drop of polymer solution
placed into the stick tip was 0.2 ml. An electric field was generated
by a high-voltage power supply Spellman SL70PN150 (Spellman,
USA). The obtained fibres were analysed using the SEM technique
(Vega 3, Tescan, Czech Republic).

2.5. Infra-red spectroscopy measurements

The PVB electrospun nanofibrous webs were examined for any
changes in their functional groups using a Nicolet iS50 FTIR spec-
trometer in the ATR mode (attenuated total reflection) with a ZnSe
crystal. The nanofibrous webs were scanned from 4000 to 650 cm ™.

2.6. DSC measurements

A Mettler Toledo DSC-4 differential scanning calorimeter was
used to measure the glass transition temperature of the PVB
nanofibrous webs. The glass transition was determined at a
20 K min~! heating rate over a temperature range of 0—250 °C
under nitrogen atmosphere.

3. Results and discussion

The development of measured characteristics over the 197-day
period as documented by the measurements obtained with the
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Fig. 4. Storage and loss moduli in dependence on angular frequency.

above introduced characterisation methods is consecutively
presented.

The rheological behaviour of both solutions is subject to a
polymer chain conformation reflecting a mutual relationship be-
tween PVB and the individual solvents that is characterised by the
Hansen solubility parameters [32]: dispersion bonds (ép), polar
bonds (dp), and hydrogen bonds (éy) between molecules, see
Table 1. Closer solubility parameters between PVB and the solvent
imply better miscibility.

3.1. Steady shear properties
Fig. 3 presents the dependence of the shear viscosity of PVB

solutions on shear rate. Both PVB solutions exhibit nearly Newto-
nian behaviour. As indicated by the Hansen solubility parameters

"
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Fig. 5. Shear viscosity (at shear rate 1.26 s~!) and complex viscosity (at angular fre-
quency 1.18 rad/s) in dependence on elapsed days.
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Fig. 8. SEM images (larger area) of nanofibrous webs (PVB in ethanol) electrospun from: a) 1 day-; b) 113 day-; c) 197 day-old solution samples.

(Table 1), PVB-ethanol attains a higher viscosity due to the better
solubility of PVB in ethanol than in methanol. All the measure-
ments taken in between the two limiting time cases (1st day and
197th day) attain more or less identical values showing the long
term stability of solution properties under storage conditions. For
simplicity and clarity, only data corresponding to those two
limiting time cases (and occasionally to the 113th day) are graph-
ically presented in the following.

3.2. Oscillatory flow

PVB solutions were also tested in oscillatory mode. As in the case
of the steady shear measurements, the oscillatory characteristics
exhibit identical behaviour through the whole time period (Fig. 4).
The dominance of the loss modulus over the storage one in the
frequency range confirms the rather viscous nature of the solutions
given by the free movement of macromolecules.

Fig. 9. SEM images (larger area) of nanofibrous webs (PVB in methanol) electrospun from: a) 1 day-; b) 113 day-; c) 197 day-old solution samples.
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Obviously, no dramatic changes in the viscoelastic behaviour
were identified for the whole monitoring period. Neither of the
solvents has a negative influence on polymer chains; in addition,
the lower affinity of the solvents does not result in phase separation
over time. Both shear and complex viscosities exhibit near constant
values at the corresponding shear rate or angular frequency (Fig. 5),
which proves the long term stability of the solutions.

3.3. SEM analysis of fibres

Both PVB solutions are suitable for electrostatic spinning [21].
The quality of electrospun fibres was evaluated by SEM analysis
(Figs. 6—9). More complex pictures (Figs. 8 and 9) document almost
beadless formation of electrospun webs. The electrospun fibres
were arranged on the sheets in a circular shape (diameter of 13 cm)
in a relatively homogeneous and thick layer.

Due to lower viscosity, the fibres electrospun from PVB-
methanol are slightly smaller in diameter than those spun from
PVB-ethanol (Fig. 10). In the initial days, the fibre diameters of both
samples seem to be more uniform compared to the situation after
60 days of storage. However, on average the diameters did not vary
significantly.

Ambient parameters during the electrospinning process such as
relative humidity and temperature can significantly influence fibre
diameter. A higher temperature causes a decrease in viscosity
resulting in a reduction of the mean fibre diameter [33]. With an
increase of relative humidity, the evaporation of the solvent de-
celerates which also leads to a reduction of mean fibre diameter
[34—36]. Based on this fact, slight fluctuations in mean fibre di-
ameters without any noticeable impact on their quality can be
observed (Fig. 11).

3.4. FTIR analysis of nanofibrous webs

The infra-red spectra of PVB nanofibrous webs in time depen-
dence are presented in Fig. 12. The infra-red spectra of both fresh
nanofibrous webs show very similar behaviour generated by the
presence of a broad band corresponding to the —OH group at
3450 cm™ !, together with the C—H stretching bond at 2950 cm™ .
The C=0 bond appears at 1730 cm~' and C—O—C group at
1130 cm~L The intensity of the main bonds increases for PVB
nanofibrous electrospun from older solutions. Nevertheless, a
comparison of the different peaks showed no significant change in
the functional groups among the PVB nanofibres created from both
solutions.

The glass transition temperature (Tg) is extremely structure-
sensitive due to steric effects and the formation of intra- and
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Fig. 10. Time dependence of mean fibre diameters.
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Fig. 11. Time dependence of relative humidity and temperature.

inter-molecular interactions. The structure of a polymer in bulk is
affected by the prior polymer chain shape in a solution. The glass
transition temperature of original PVB in bulk is 63 °C and dissolved
in solvents is increased by almost 7 °C. During the time period
under investigation, the values of Ty changed negligibly in both
cases; see Table 3. Hence, regardless of the kind of solvent and the
age of the solution, stable properties of PVB nanofibres were
observed.

4. Conclusions

No impact of ageing on the rheological properties of PVB-based
solutions kept dark and at constant temperature was monitored
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Fig. 12. Infra-red spectra of PVB nanofibrous electrospun from older solutions.
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Table 3
Glass transition temperature of prepared PVB solutions.
Time Ty [°C] Ty [°C]
[days] PVB-ethanol PVB-methanol
1 69 70
113 69 69
197 70 69

during the long-term study. Only small changes in mean fibre di-
ameters and the morphology of electrospun fibres were docu-
mented. However, these changes are rather a consequence of
processing conditions (mainly relative humidity) than the effect of
solutions ageing. Both solutions exhibited storage stability as
shown by various characterisation methods. The chemical structure
of polymer nanofibres did not change over time. The long-term
stability is highly beneficial from the industrial point of view.

Stability analysis of more complicated cases (other entry ma-
terials) will be the topic of next work.
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Abstract

The properties of poly(ethylene oxide) (PEO) aqueous suspensions with magnetic nanoparticles
(MNPs) synthesized under microwave assisted radiation are studied. The MNPs are formed by
iron (I11) chloride hexahydrate (FeCls-6H,0) dissolved in ethylene glycol (C,H4(OH),) and
subsequently in aqueous ammonia solution (approx. 25wt.% aqg.). The polymer suspension
exhibits substantial advantages over a suspension when ‘classical’ carrier fluids (water and
silicone oil) are used. First, a presence of PEO significantly contributes to a fabrication of
nanofibrous webs the morphology of which is documented by SEM technique. Second, better
sedimentation stability of the processed suspension during electrospinning reflects in a uniform
distribution of MNPs along the nanofibres thus ensuring even magnetic performance of the

resulting membranes.

Introduction which nanofibrous webs can be prepared.
Electrospinning (e.g. Agarwal et al. With the development of their applications,
(2013)) represents a relatively cost-effective, as for instance in tissue engineering,

simple and versatile method by means of protective clothing and membrane-based



separation - to mention a few, still more
advanced controlled and tailored properties
are required. One of them is represented by
magnetic behaviour of the resulting products.
This behaviour can be significantly generated
by the applied magnetorheological (MR)
fluids (de Vicente et al. (2011)).

Originally, these MR fluids consisted of
metal particles dispersed in non-magnetic
Newtonian carrier liquid such as water (Miao
et al. (2011)) or various oils (Bell et al.
(2012)). An advantage of these liquids is a
notable difference in viscosity if an external
magnetic field is applied or not. This results
in solid-like and liquid-like behaviour of the
studied  suspensions.  However, this
favourable property can seriously deteriorate
in time due to sedimentation and
agglomerative instability. This adverse
process can be to some extent suppressed by
using thixotropic agents (fumed silica or clay
particles (de Vicente et al. (2003); Lim et al.
(2004); Ulicny et al. (2005); Lopez-Lopez et
al. (2008)), iron nanoparticles (Ginder et al.
(1996); Rosenfeld et al. (2002); Wereley et
al. (2006); Gomez-Ramirez et al. (2009)),
plastic-like carrier fluids, elongated particles,
two different diameters of particles and
core / shell structured magnetic particles
(Choi et al. (2014)). An application of these
precautions is always accompanied by a
reduction of difference between viscosities
when no-field and magnetic field is applied.

Nevertheless, from the practical point of

view, this reduction is not significant and is
more than balanced by improved stability of
the MR fluids.

At present, there are in principle two
immediate basic ways how to improve
preparation and MR properties of suspension.
First, the ‘classical’ carrier liquids such as
Newtonian oils are substituted by various
polymers, and second, magnetic particles are
coated (core-shell structures) by materials
contributing to reduced sedimentation under
service of the corresponding suspensions
(Guo et al. (2009); Cavaliere et al. (2010);
Kannarkat et al. (2010); Sung et al. (2012);
Hong et al. (2013); Kim et al. (2013); Li et
al. (2013); Khalil et al. (2013); Mrlik et al.
(2013); Sim et al. (2013); Bagheri et al.
(2014); Ger et al. (2014); Kim et al. (2014);
Savva et al. (2014); Singh et al. (2014);
Shahrivar and de Vicente (2014); Ziyadi et
al. (2014)).

Poly(ethylene oxide) (PEO) represents a
non-toxic biocompatible polymer exhibiting
favourite attributes to the process of
electrospinning. Even a small participation of
this carrier component can significantly
contribute to quality of electrospinning
process (for reference see Peer et al. (2014)).
PEO alone or in a combination with other
polymer carrier liquids for MNPs was used
by Wang et al. (2004), Faridi-Majidi and
Sharifi-Sanjani  (2007) and Hyun et al.
(2013). It is also hypothesized that with high
molecular weight PEO (such as 600 to 2 000



kg/mol) metal salts can be reduced at shorter
times and under ambient conditions (Saquing
et al. (2009)). Morphology of the electrospun
nanofibres containing MNPs can be tailored,
e.g. aligned fibrous arrays are produced by
so-called magnetic electrospinning (Yang et
al. (2007), Hu et al. (2013)). The PEO
nanofibres with MNPs are applied in a
variety of fields such as bioengineering,
magnetic targeting drug delivery, magnetic
fluids intracellular hyperthermia or magnetic
resonance imaging.

In this paper, behaviour of a novel MR
fluid is compared with that in which
‘classical’ carrier fluids are used. This is
carried out by detailed MR measurements
and by the sedimentation tests. In our case
these tests are important only in their initial
stages as they serve for an evaluation of
homogeneity of the MR fluid with MNPs
directly applied to an electrospinning process
under no magnetic field. The resulting effect
consists in more uniform distribution of
MNPs in nanofibrous webs thus ensuring
homogeneous magnetic properties of the
resulting. membranes. The  preferred
application of MR fluids exhibits the
following advantages resulting from the
development of this branch in the past
decades: excellent efficiency of the MNPs
concerning magnetic properties (application
of  nanofibrous mats in  practice),
sophisticated core-shell structures ensuring

very good sedimentation stability (and

consequently an even distribution of MNPs
in the process of electrospinning as
mentioned above) and resistance against
mechanical disturbances caused by presence
of MNPs (tearing, cutting, scissoring) in
electrospun mats due to smooth surface of
MNPs.

Experimental
Materials

MNPs were prepared under microwave
assisted radiation ensuring homogeneous
conditions during the synthesis. Iron(ll)
chloride hexahydrate (FeCl;-6H,0) was
dissolved in ethylene glycol (C,H4(OH),) and
subsequently in aqueous ammonia solution
(approx. 25 wt.% aqg.). Size of the prepared
MNPs is approximately 20 nm, for more
details see Sedlacik et al. (2013). All
chemicals used were in reagent grade (Penta,
Czech Republic).

Prepared MNPs were subsequently
dispersed (5 wt.%, 10 wt.% and 15 wt.%) in
traditional carrier liquids (distilled water and
silicone oil (7 =100 mPa.s), Dow Corning,
USA) and prepared PEO aqueous solutions.

PEO (300 kg/mol, Sigma-Aldrich, USA)
was dissolved in distilled water at two
various concentrations, namely 4 wt.% aqg.
and 8wt.% ag. Polymer solutions were
magnetically stirred for 48 hrs at 25 °C;
afterwards MNPs were mixed with polymer
solution and placed in an ultrasonic bath for

5 min.



Rheological characterization

The rheological measurements were
carried out with a rotational rheometer
Physica MCR 501 (Anton Paar, Austria)
equipped with the concentric cylinders
(inner/outer diameter 26.6/28.9 mm) and
MR cell 180/ 1T (parallel plates 20 mm in
diameter; gap 0.5 mm).

MR fluids were measured at steady shear
in the absence/presence of an external
magnetic field and temperature was kept
constant at 25°C during all experiments.
True magnetic flux density was measured

using a Hall probe.

Electrospinning of PEO suspension with
MNPs

Nanofibrous webs from PEO suspensions
containing MNPs were electrospun using a
laboratory device (details in Peer et al.
(2014)) at the voltage of 25 kV. The distance
between the replaceable tip and the collector
was 200 mm. The volume of polymer
solution placed onto the tip attained 0.2 ml.
The obtained fibres were analysed via SEM
technique (Vega 3, Tescan, Czech Republic).
The iron content in electrospun fibres was
confirmed by energy dispersive X-ray
fluorescence spectroscopy (EDX-XRF, ARL
QUANT X, Thermo Scientific, USA).

Results and discussion

Rheological properties

As well known (e.g. Sung et al. (2004);
Gupta et al. (2005)), shear viscosity increases
with  concentration of MNPs. These
differences for all three types of the carrier
liquids are depicted in Figurel, where
concentration of MNPs attains 15 wt.%. The
non-Newtonian character of the PEO
solutions is also apparent. More pronounced
sedimentation rate in the case of distilled
water as a carrier liquid rather questions
trustworthiness of measured data (discussed
later). A more detailed development in shear
viscosity for different concentration of MNPs

for the case of the PEO solutions is presented

in Figure 2.
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Figure 1. Dependence of shear viscosity on
shear rate for different carrier liquids (no
MNPs — open symbols, 15wt.% MNPs —
solid symbols): (O @) distilled water, (A A)
silicone oil, (V'V¥) PEO (4 wt.% ag.), (C#)
PEO (8 wt.% ag.). Tabulated value 0.890
mPa.s was used for neat distilled water (at
T=25°C).
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Figure 2. Dependence of shear viscosity (for
shear rate 1s™) on concentration of MNPs
for carrier liquid based on PEO: PEO
(4wt% aq.) (O), PEO (8 wt.% aq.) (@).

Magnetorheological properties

The differences in rheological behaviour
of MR fluids with ‘classical’ carrier liquids
(water, silicone oil) and based on PEO
solutions in the presence and the absence of

magnetic field are shown in Figures 3 and 4.
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shear rate for MR fluids containing different
carrier  liquids with  dispersed MNPs
(15 wt.%). Magnetic field B [mT]: O (open)
and 254 (solid), (O @) distilled water, (A A)

silicone oil, (V'V¥) PEO (4 wt.% ag.), (C#)
PEO (8 wt.% aq.).
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Figure 4. Dependence of shear stress on
shear rate for MR fluids containing different
carrier  liquids with  dispersed MNPs
(15wt.%) at presence and absence of the

magnetic field. Symbols as in Figure 3.

In field-on state, all MNPs suspensions
present significant increase in shear viscosity
caused by chaining of the MNPs. The
obtained field-on viscosities are roughly
comparable for all suspensions. However, the
differences in MR efficiency (defined as a
ratio of the field-on viscosity to the field-off
viscosity) are evident (Figure 5). The water
based system demonstrates the highest MR
performance; however this result is again
nonnegligibly influenced by sedimentation of
MNPs in the absence of magnetic field.
Therefore, more stable MR behaviour of
suspensions containing PEO as a carrier
liquid exhibits higher benefits from a
practical point of view. The higher

concentration of MNPs in suspensions



positively influences the MR efficiency
irrespectively which carrier fluid is employed
(Figure 5).
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Figure 5. MR efficiency (compared at the
shear rate of 1s™) of MNPs dispersed in

various carrier fluids. Symbols as in Figure 3.

Sedimentation stability

The rheological behaviour of all
suspensions was confronted with their
sedimentation stability which belongs to the
key factors in practical applications. The
obtained results (the sedimentation ratio is
defined as the height of suspension with
dispersed MNPs in time to the initial height)
are depicted in Figure 6. From our viewpoint
(applicability of the prepared materials to the
electrospinning process), only an initial stage
of the sedimentation curves is significant, as
the materials are processed in hours not in
days. The experimental results depicted in
Figure 5 indicate uniform distribution of
MNPs in PEO solution when used for

electrospinning.
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Figure 6. Sedimentation ratio vs. time of
MNPs (5 wt.%) dispersed in various carrier
fluids. Symbols as in Figure 3.

Electrospinning

Besides the improved sedimentation
stability, the presence of PEO in suspension
allows to prepare the nanofibres with
magnetic properties via electrospinning
which extends the application field.

To obtain the high-quality fibres, the
viscosity of spinnable solution plays an
important role (e.g. Sung et al. (2004)). In
our case, the viscosity was influenced both
by a concentration of MNPs in the carrier
liquid and by a concentration of PEO in a
solution. As PEO represents an excellent
material for electrospinning, relatively higher
values of viscosity of the carrier liquid
(Figure 3) in comparison with some other
liquids has no adverse effect on quality of
electrospinning. No fibres are created when
the concentration of PEO is too low (4 wt.%
aq.) (Figure 7). However with an increasing
concentration (8 wt.% aq.), a good quality of

fibres is obtained (Figure 8). The presence of



MNPs within nanofibres was confirmed via
EDX-XRF.

Figure 7. SEM picture of the disintegrated
material made of PEO solution (4 wt.% aq.)
containing MNPs (15 wt.%).

Figure 8. SEM picture of fibres made of

PEO solution (8 wt.% ag.) containing MNPs
(15 wt.%), a mean diameter of nanofibres
attained 174 nm.

Conclusions

MNPs were synthesized under microwave
assisted radiation and subsequently dispersed
in “classical” and PEO based carrier fluids to
compare their MR efficiency. As shown, a
presence of polymer in the carrier fluid has a
positive impact on the stability of MR fluid
without an apparent reduction of MR
performance. Consequently, the nanofibres
produced by an electrospinning method
exhibit more homogeneous distribution of
MNPs that reflects in uniform magnetic

properties of the corresponding membranes.
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ABSTRACT:

The measurement of elongational viscosity still evokes a series of problems in comparison with the relatively
well-established measurement of shear viscosity. Recently new techniques have appeared enabling measure-
ment of elongational viscosity with the samples for which the aspect ratios of their geometrical shapes (i.e.
length vs. width (diameter)) can attain moderate values, i.e. not necessarily of a longitudinal character as in the
case of earlier techniques. The aim of this contribution is to experimentally demonstrate the invariantness of
transient uniaxial elongational viscosity measured with respect to a rectangular shape and thickness of LDPE
samples using a SER Universal Testing Platform fixed in an Anton Paar MCR 501 host system. The width of the
samples was varied within the range 2.1-12.7 mm and thickness altered within 0.1-1 mm. An advantage of fixing
polymer samples directly to both drums (if possible) over the application of clamps is documented.

ZUSAMMENFASSUNG:

Die Messung der Dehnviskositat ist weiterhin mit einer Reihe von Fragestellungen verbunden im Vergleich mit
den sehr gut etablierten Messungen der Scherviskositat. Mit Hilfe von kirzlich entwickelten neuen Methoden
kann die Dehnviskositat ermittelt werden, bei denen das Aspektverhaltnis (Linge zu Breite bzw. Durchmesser)
der Probe moderate Werte annehmen kann, d. h. bei denen nicht notwendigerweise sehr lange Proben ver-
wendet werden miissen. In dieser Arbeit wird die Unabhangigkeit der transienten Dehnviskositat von Proben
miteinem rechteckigen Querschnittin einfacher Dehnung mitdem SERin Kombination mitdem MCR 501gemes-
sen. Die Breite der Probe wurde variiert und lag im Bereich von 2.1 bis 12.7 mm. Ihre Dicke variierte zwischen 0.1
und 1.0 mm. Der Vorteil der Befestigung der Polymerprobe direkt auf den Trommeln im Gegensatz zu der Ver-
wendung von Klemmen wird gezeigt.

RESUME:

Mesurer la viscosité extensionnelle présente encore une série de problémes qui contrastent avec la mesure rela-
tivement bien établie de la viscosité de cisaillement. Récemment, de nouvelles techniques ont vu le jour, per-
mettant la mesure de la viscosité extensionnelle d’échantillons dont les formats géométriques (c-a-d longueur
sur largeur (ou diamétre)) peuvent atteindre des valeurs modérées, c-a-d ne présentant pas un caractére longi-
tudinal, comme dans le cas des techniques précédentes. Le but de cette contribution est de démontrer expéri-
mentalement I'invariance de la viscosité extensionnelle uniaxiale transitoire d’échantillons de LDPE par rapport
aleur forme rectangulaire et a leur épaisseur, en utilisant une Plateforme de Test Universel SER fixée a un Anton
Paar MCR 501. La largeur des échantillons varie entre 2.1 et 12.7 mm et I'épaisseur entre 0.1 et 1 mm. L’avantage
de fixer les échantillons polymeéres directement sur les deux tambours (si possible) relativement a I'utilisation
de clips de fixation est démontré.

Key woRrbps: elongational viscosity, SER Universal Testing Platform, polymer melts, LDPE

1 INTRODUCTION

Whenusingthe‘classical’ devices formeasurement

polymeric materials. Necessity of this requirement
has been eliminated with the appearance of novel

of elongational viscosity of polymer melts (Meiss-
ner [1], Meissner and Hostettler [2], Miinstedt [3]) it
is necessary to prepare longitudinal samples
(length considerably exceeds width (diameter)) of

© Appl. Rheol. 22 (2012) 14776

experimental devices such as the filament stretch-
ing rheometer (McKinley and Sridhar [4], modifica-
tion for high-temperature measurements of poly-
mer melts Bach et al. [5], Chellamuthu et al. [6]) or
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Figure 1 (left):
Scheme of the SER Universal
Testing Platform.

Figure 2 (middle):
Experimental set-up (SER
Universal Testing Platform
surrounded by both halves
of the Convection Tempera-
ture Control Device CTD450,
Anton Paar MCRs501) with a
sample at room tempera-
ture.

Figure 3 (right above):
Detail of the SER Universal
Testing Platform with an
individual clamp.

Figure 4 (right middle):
Graphic comparison of a
spectrum of polymer sample
widths.

Figure 5 (right below):
Shape of the sample: opti-
mal shape (left), sagging of
the sample (right).
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the SER Universal Testing Platform (Sentmanat [7,
8], Sentmanat and Hatzikiriakos [9], Sentmanat et
al.[10])forwhichan application of the samples with
comparable length and width (diameter) is possi-
ble. A detailed analysis of various experimental
devices was recently given in Tropea et al. [n] and
with the emphasis to a semi-hyperbolic die in Baird
etal. [12].

The SER Universal Testing Platform (Figure1)
is formed by two counter-rotating drums (10.3
mm in diameter each) that stretch a rectangular
sample that is fixed by clamps to the drums. This
Platform has been implanted in the rotational
rheometers of various commercial producers. The
basic difference with regard to the geometric
arrangement of the SER U.T.P. in the ovens of the
individual host systems is related to the various
temperature fields generated in the respective
ovens. The distribution substantially differs from
oneoven toanotheranditis really difficult to say
that a temperature indicated by a device corre-
sponds to the true temperature at the location of
the rectangular sample. Such correspondence
improves remarkably with the symmetrical input
and output of heated air; nevertheless the best
method of checkingtemperature requiresthe use
of thermocouples (type K due to their character-
istics). This situation contrasts with the temper-
ature conditionsinthe ‘traditional’ oil bath (Miin-
stedt [3]) in which inaccuracies do not exceed
0.1°C. Appropriately selected oil can also sub-
stantially reduce the difficulties caused by possi-
ble gravitational or buoyancy effects. The possi-
bilities for compensating the potential appear-
anceof saggingifthe SER U.T.P.is used will be dis-
cussed later as well as the problems connected
with the presence of the clamps used to fix the
samples (i.e. if more than one revolution of the
drums seems to be necessary).

The aim of this contribution is to analyse the
measurementof elongational viscosity using SER
U.T.P. with the emphasis on the use of fixing
clamps and a variety of rectangular shapes of
LDPE material.
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2 EXPERIMENTAL

Measurements were carried out usingan SER Uni-
versal Testing Platform from Xpansion Instru-
ments. The model SER-HV-Po1 was used with an
Anton Paar MCRso01 rotational rheometer host
system. For the measurement of the rheological
properties of polymer melts a convection-heated
measuring chamber CTD450 equipped with a
camera system was used (Figures 2 and 3).

The low-density polyethylene (LDPE) Esco-
rene used in the experiments was produced by
Exxon, USA (MFI = 0.33 g/10 min, density 0.992
g/cm3, M, = 366300 g/mol, M, = 30280 g/mol).
Rectangular samples of this polymer were pre-
pared from the pellets, flat sheets hot pressed
and cooled under weight with the emphasis on
air bubbles elimination. Only centre parts of the
sheets were used with respect to unevenflatness
at the margins. The width of the samples pre-
pared consecutively was 12.7,11.0, 9.3, 7.4, 6.5, 4.2
and 2.1mm (Figure 4), theirthickness varied with-
in an interval of 0.3—1.0 mm, the case at which
the thickness reached 0.1 mm is also presented.
The fixed active length (12.7 mm =1/2") is given
by the geometric arrangement of the SER unit.



Transient uniaxial extensional viscosity was
measured in the temperature range of 180-200°C
underthe extensional strain rates 0.0316, 0.1,0.316,
1.0,3.16,and 10 ™. As the material used enables the
rectangular samples to be fixed directly to the pre-
heated drums without use of the clamps, a com-
parison was made between the measurements car-
ried out with and without the clamps.

3 RESULTS AND DISCUSSION

The presence of a digital camera enabling con-

tinuous screening of the whole experiment has

the following advantages:

B the proper fixing of both sample ends to the
drums can be checked

B the volume of a rectangular sample should be
equally distributed between both drums

B the sample colour can be observed as a basic indi-
cation of possible material degradation

M possible sagging of polymeric material and its
development overtime can be observed (Figure 5)

On the other hand, an angle between the camera

andfixed sample does not allow an analysis of the

true strain rate.

There are roughly speaking three ways how
to deal with material sagging. One consists of the
permanent revolving of both drums using a very
low pre-tension step of 20 uNm (Aho et al. [13,14]).
Under this applied torque the material is still
stretched and sagging is suppressed. Simultane-
ously the reduced cross-sectional area of a sample
is re-calculated including temperature-depen-
dent material density. The second approach -
which was used in this work — involves time shift-
ing using a digital camera recording, in which the
timeintervalthatelapsed betweenthestart of the
experiment and the point at which the material
was stretched (and thus gravitational force was
eliminated) is subtracted prior to data processing
(Table 1). The third approach competing the pre-
ceding ways due to their shortcomings (possible
change of material structure, difference between
real and used cross-sectional area) is a simple
acceptance of sagging (in a responsible measure).

Figures 6 to 8 document the invariantness of
the measurement of transient elongational viscos-
ity within a broad range of sample widths (4.2-12.7
mm) and thicknesses (0.3-1.0 mm) at tempera-
tures of 180, 190, and 200°C (for more detail see
Table 2). Figure g illustrates the difference with Fig-
ure 8 (sample width 7.4 mm) if no time shifting fac-
tors (Table 1) are applied. Each experiment on the
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by a multiplicative fac-
tor of 6) as depicted in
Figure 10. Figure 11 pre-
sents the result ob-
tained for two samples
z that were remarkably
¢ o0 3 different not only in

1 width (2.1 versus 12.7
mm) but also in thick-
ness (0.1 versus 0.8

Figure 9:

Comparison of uniaxial
extensional viscosity with
and without time shifting at
a temperature of 200°C.

Figure 10:

Comparison of uniaxial
extensional viscosity mea-
sured with the samples of
two widths (2.1and 12.7 mm)
at a temperature of 180°C.

Figure 11:

Comparison of uniaxial
extensional viscosity mea-
sured with the samples of
two distinctive dimensions
at a temperature of 180 °C.

Time [s]

mm). These experimen-
tal results varies from
the theoretical conclu-
sions by Yu et al. [16] in which they restricted the
dimensions of the samples applicable for measure-
ments using the SER U.T.P.

The homogeneity of the samples to be mea-
sured always plays a crucial role. For the Miinst-
edt-type rheometer this issue has recently been
discussed in Burghelea et al. [15]. For the SER unit
adequate homogeneity of the material itself and
also the more or less constant thickness of the
sample are very important. In our experience
accurate and reproducible measurements can be
achieved if the thickness across the whole pre-
pared sample only varies by up to 3 % (i.e. not
+3 %, but up to 3 %).

Sometimes the material being measured
ruptures during passage over a clamp. The exact
location of rupture can easily be determined with
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the help of the camera system. Based on the
results reported above this singularity can be
removed by changing the dimensions of the rec-
tangularsample.The useof athinnersamplealso
leads to more rapid heating of the whole sample
to the temperature required, and thus reduces
the time during which the sample is in the oven
at rest, and consequently the degree of sagging.

Sagging is also very much influenced by the
time interval during which a sample is fixed to
both drums, as longer fixing means a higher
decrease in the temperature in the oven. For
some materials there is the possibility of elimi-
nating the use of clamps for fixing the rectangu-
lar samples. This results not only in a substantial
time reduction during sample fixing but also in
the elimination of possible singularities accom-
panying the presence of the clamps. For better
passage of the material that has been stretched
afteronerevolution itis possible to fix both sam-
ple ends to the drums in such a way that their
thickness reduces ‘continuously to zero’ at both
lateral ends [17] (Figure 12). Figure 13 depicts and
compares both possibilities of fixing (when no
rupture appears during passage over a clamp)
and justifies the measurements made without
the clamps. Impossibility of using the Sentmanat
U.T.P.whensamplesruptureduring passage over
a clamp is documented in Figure 14. This sub-
stantiates the measurement with the samples
directly fixed to both drums.

4 CONCLUSIONS

Measurements of the extensional viscosity of
LDPE Escorene were carried out using a broad
range of widths and thicknesses of rectangular
polymer samples in the SER Universal Testing
Platform using the Anton Paar MCR501 rotation-
al rheometer host system. The measurements
were carried out at three different temperatures:

180, 190, and 200°C. Based on the experimental

results the following statements about LDPE can

be made:

B the measurement of elongational viscosity is
invariant with respect to the dimensions of rec-
tangular samples

B the use of thinner and narrower samples leads to
better heating and less sagging

B in the absence of skilled personnel (carrying out
regularexperimental work), the use of wider sam-
ples facilitates their horizontal fixing



possible singularities caused by the presence of
thefixing clamps can be removed by choosing rec-
tangular samples of different dimensions or
removing the clamps, i.e. fixing the samples
directly to the drums
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Figure 12:

Comparison of geometries
of stretched samples fixed
with clamps or directly to
the drums.

Figure 13:

Comparison of uniaxial
extensional viscosity mea-
sured with and without the
clamps at a temperature
of 180°C (sample width
12.7mm).

Figure 14:

Comparison of uniaxial
extensional viscosity mea-
sured with and without the
clamps at a temperature of
180°C (sample width

12.7 mm, with ruptures dur-
ing passage over a clamp for
lower values of extension
strain rates).
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