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The composite nanofibers were used as reinforcement in acrylic polymer for the overall enhancement of thermo-
mechanical properties, adhesion between fibers and matrix, and fracture toughness of the final nanocomposite
since acrylic materials lack of this feature. So, a good balance between hardness/toughness and transparency is
obtained with the addition of poly (vinyl butyral) (PVB) and titania (TiO2) nanofibers simultaneously and
controlling their contents. Specifically, when compared to that of pure acrylic polymer, the fracture toughness of

the PMMA nanocomposite apparently increased 55 % with the addition of 3 wt.% titania nanoparticles, while
the produced nanocomposite maintained high transmittance above 75-80% in the visible domain. The trans-
mission spectrum modelling of the reinforced fiber materials and hybrid acrylic composites using Mie scattering
theory for different particle sizes and particle content is presented. The calculated transmission coefficients
versus wavelength are compared with the experimental ones.

1. Introduction

Poly (methyl methacrylate) (PMMA) is an important thermoplastic
material with excellent transparency, and it has been widely used in
optical and porous materials, biomedical materials, dental and surgical
applications, and electronics. However, brittleness limits its applica-
tions. Many studies have been extensively carried out in order to en-
hance the physical and mechanical properties of PMMA, since the
polymer-polymer composite is a promising approach, which in-
corporates polymer fibers into the PMMA polymer matrix to provide the
toughening mechanisms for the composite. The fibers can redistribute
the stress load on the composite and the small inter-fiber distance can
stop crack propagation in the composite [1-3].

In recent years, electrospun nanofibers have attracted interest as
reinforcements for composite materials due to their small diameter
(20nm -500 nm) and high aspect ratio. Nanocomposite fibers desig-
nate a new class of materials where the polymeric nanofibers are re-
inforced by dispersing inorganic fillers and nanofillers as well.
Furthermore, electrospinning has the next facilities: (a) the diameters of
fibrous materials are lessened to the nanometer scale dimensions; (b)
produced nanofibrous mats possess a large surface area to mass ratio for
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their better bonding which makes great mechanical strength of the
matrix material; (c) nanoparticles can be dispersed in the spin solution
and (d) the chemical stability of the nanoparticles during spinning and
composite fabrication is not endangered [4].

So far, very few studies have reported the mechanical properties for
electrospun composite nanofibers that are ideal candidates as re-
inforcement fillers [5]. In another study, it was demonstrated that a
significant enhancement in tensile mechanical properties (tensile
strength, Young's modulus and fracture toughness) of the novel PMMA
nanocomposite with electrospun graphene-incorporated-Nylon 6 (Gr/
PA-6) nanofibers as the reinforcement was achieved with a 0.01 wt.%
Gr addition. In the visible wavelength range of 400—800nm the
maintained transmittance of the nanocomposite was above 70 %
compared to the neat PMMA. For example, aligned Nylon 6 (PA-6)
electrospun nanofibers were applied to reinforce the transparent PMMA
polymer. In a similar approach, Yu et al. demonstrated completely
transparent composites of PMMA filled with poly (vinyl butyral) na-
nofibers with perfectly matched refractive indices of matrix and filler
(Table S1, see Supplementary data).

The results of the previous study approved the mechanical im-
provement of the PVB/TiO, electrospun mats since they had higher
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Scheme 1. Presentation of the preparation of transparent nanocomposite films in simplified steps.

values of the indentation hardness and reduced modulus compared to
the neat PVB mats. Besides these properties, PVB/TiO, electrospun
composite mats demonstrated satisfied antibacterial activity toward
Gram-negative bacterium Escherichia coli [6]. In this study, the PVB/
TiO, nanofibers were embedded into PMMA/MMA/AIBN solution to
fabricate reinforced composite films by simply in-situ polymerization/
cast technique (Scheme 1 and Fig. S1, Supplementary data). The me-
chanical and optical properties of PMMA composite films were steadily
improved with 20 wt. % PVB/TiO, nanofiber content.

Mie and Rayleigh scattering theories for spherical particles can be
used for modeling and calculating the optical transmittance of certain
nanocomposites. Mie scattering theory exhibits the solution for the
electromagnetic scattering by a sphere of radius R inserted in a sur-
rounding homogeneous and isotropic medium which is illuminated by a

plane wave. The scattering cross section calculations for non-spherical
shape particles are much more difficult than those coming from Mie
theory for spherical ones. In this study, the transmittance coefficient
dependence of the PVB/TiO, electrospun mats and acrylic nano-
composites on wavelength range has been evaluated by Mie scattering
theory and compared with the experimental values (Fig. S2,
Supplementary data).

The prepared transparent nanocomposites with excellent hardness/
toughness balance can be applied as laminated safety glass in the au-
tomotive and aerospace industry. Due to the well-known antimicrobial
properties of these materials, they can also be used for denture base
applications.
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Fig. 1. Gradient in-situ SPM images (scan size of 10 X 10 um) of (a) neat PMMA and (b) PMMA/PVB/TiO, nanocomposites.

2. Materials and methods
2.1. Materials

PVB (Mowital B75H, Kuraray, Mw = 95,000-110,000 g/mol,
n = 1.488) is a resin usually used for applications that require strong
binding, optical clarity, adhesion to many surfaces, toughness and
flexibility. Commercially available PMMA Acryrex® CM205 (Chi Mei
Corp., Taiwan, (Mw = 90,400g/mol, n = 1.491) pellets, liquid
monomer (methyl methacrylate, (MMA)) and 2,2’-azobisisobutyroni-
trile (AIBN initiator was recrystallized from methanol) (Sigma Aldrich)
were used for preparing samples. Commercial TiO, powder (Aeroxide
P25) with a mean diameter of 21 nm was obtained from Evonik-
Degussa, Germany.

2.2. Composite fabrication by in-situ polymerization/cast technique

The experiments were carried out with the PVB solution in a con-
centration of 8 wt.% where acetic acid/ethanol (20/80 wt./wt.) was
used as the solvent for production neat and composite nanofibers. In
this work, the electrospinning device used for the experiments was
Electrospinner CH-01 (Linari Engineering, Italy). The multi-needle
system (14 needles) was used in the experiments where the applied
voltage was V = 28 kV and the complete flow rate was Q =7 ml/h. The
electrospun nanofibers were collected on an alkaline-resistant fiberglass
mesh and dried in air for 15h (Scheme 1a, b and b;) [6]. Then several
layers of PVB mats were cut into 10 cm X 10 cm pieces and compacted
in a hydraulic press at room temperature. The PMMA resin was pre-
pared by mixing PMMA polymer in MMA monomer. The resulting so-
lution was 10 wt.% PMMA in the MMA monomer. A polymerization
initiator, AIBN, was added to the solution at a concentration of 2.5 mg/

ml (Scheme 1c¢;) [7].

The neat PVB mat and PVB mat reinforced with TiO, nanoparticles
(20 wt.%) were soaked in the PMMA/MMA/AIBN solution for 5h in the
polystyrene mold (Scheme 1c¢), followed by drying in a vacuum oven at
room temperature for 20 min. The PMMA resin containing the PVB
mats was dried thoroughly in an oven at 65°C for 12h, and finally
formed a transparent film (Scheme 1d and d;) at the bottom of the
polystyrene mold, which was peeled off for characterization.

3. Characterization

The morphologies of the electrospun nanofibers and nanoparticles
diameter distribution were investigated by transmission electron mi-
croscopy (TEM (JEOL 100CX II instrument)) at 100 kV. The mechanical
properties of neat PMMA and PMMA composite film were tested using a
Hysitron TI 950 Tribolndenter equipped with in-situ SPM (scanning
probe microscopy) imaging and optical microscope (Hysitron, MN). A
Berkovich indenter was used, and the indentation hardness, reduced
elastic modulus and fracture toughness were calculated and recorded
from nine different testing points. The analysis of nanoindentation data
was performed using the Oliver and Pharr method [8], assuming a
value of 0.45 for the Poisson’s ratio. The indentation maximum load
was set at 2000 pN for each tested sample. The loading and unloading
times, as well as the hold time at the peak force, were all set to 25 s. The
DMA measurements were performed on a dynamic mechanical analyzer
(Q 800, TA Instruments) with a tensile mode at a frequency of 1 Hz. The
scanning temperature range was from 30 °C to 110 °C at a scanning rate
of 3°Cmin™. The sample size was 25 x 8 X 1 mm. Optical transmission
spectra of the various kinds of prepared composites and pure polymer
as control were measured in VIS and IR ranges using DU 720 General
purpose UV-VIS spectrometer in the wavelength range from 200 to
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Table 1

Results of the roughness analysis for all the tested samples.
Samples RMS (nm) R;, (nm) Ry (nm)
PMMA 14.55 (7.52) 186.93 (39.52) 84.24 (18.72)

PMMA/PVB/3 wt.% TiO,
PMMA/PVB/5 wt.% TiO,

15.53 (13.54)
27.28 (26.51)

125.33 (20.23)
173.73 (16.74)

67.25 (15.02)
76.10 (16.71)

1100 nm.

4. Results and discussion
4.1. Mechanical considerations

The frequently used method proposed by Oliver and Pharr [8], in-
volves the extrapolation of a tangent to the top of the unloading curve
to determine the depth (a combination of elastic and plastic displace-
ment) over which the indenter is in contact with the specimen at the
maximum load, P,z Indentation hardness is defined as the applied
load per unit area of indentation (Fig. S3, Supplementary data). The
fracture toughness can be calculated from the indentation hardness, the
reduced elastic modulus, and the length of the crack size after na-
noindentation (Equations S1-S5, Supplementary data and Fig. 1) [9].
The roughness values of the samples were measured using in-situ SPM
imaging and the roughness analysis was performed by TriboView
analysis software. The surface roughness can be characterized by some
statistical parameters: the root mean square roughness (RMS), the
maximum valley depth (R,) and the maximum peak height (R;), as
listed in Table 1.

The addition of the nanoparticles increases the RMS of the nano-
composites surface and the typical root mean square roughness values
for all the tested samples were 14.55 (7.52) nm, 15.53 (13.54) nm and
27.28 (26.51) nm, respectively, as shown in Fig. 1.

The resulting PMMA/PVB/TiO, composite containing 3 wt.% na-
noparticles showed an increase in hardness by 35 % and elastic mod-
ulus by 60 % relative to neat PMMA, as determined using the na-
noindentation technique. The results in Table 2 indicate that PMMA/
PVB/TiO, composite containing 3 wt.% and 5 wt.% nanoparticles have
a significantly higher fracture toughness compared with the neat
polymer (2.73 (0.128) MPa m'/?, 4.24 (0.154) MPa m'/? and 3.16
(0.495)) MPa m'/?, respectively. With the addition of 3 wt.% TiO, na-
noparticles used as reinforcement, the hardness and modulus values are
higher, indicating that the applied electrospinning procedure is suitable
for the nanoparticle dispersion.

The addition of the PVB composite fibers into the PMMA matrix
gradually increased the storage modulus compared to the neat PMMA
sample. The modulus was more increased by the introduction of the
PVB fibers which contained 3 wt.% TiO5 nanoparticles due to their good
dispersion in the electrospun PVB fibers. The highest value of the sto-
rage modulus at 30 °C was achieved for the PMMA/PVB/3 wt.% TiO,
sample (1974 MPa) and the improvement was around 15 % compared
to the neat PMMA sample (1719 MPa). Because PMMA is immiscible
with PVB, two phases (Fig. S4, Supplementary data) and relaxation
peaks corresponding to the individual Ty of PVB/TiO, and PMMA are
detected in the Tan Delta curve for PMMA/PVB (80/20 wt./wt.)
[10,11]. The peak with the highest transition temperature Tgy is

Table 2
Nanomechanical properties of neat PMMA and PMMA/PVB/TiO, nanocompo-
sites.

Samples H (GPa) E, (GPa) K. (MPa m'/?)
PMMA 4.27 (0.060) 0.229 (0.208) 2.73 (0.128)
PMMA/PVB/3 wt.% TiO, 5.76 (0.188) 0.366 (0.343) 4.24 (0.154)
PMMA/PVB/5 wt.% TiO, 5.05 (0.676) 0.284 (0.717) 3.16 (0.495)
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associated with the glass transition of a PMMA rich phase, and the
lower transition temperature is attributed to the Ty, of a PVB/TiO,-rich
phase (Table 3).

The same relationship is with the loss factor, tan 8, and tan §,. Tan
8, of the PMMA/PVB/3 wt.% TiO, sample had a lower value (0.913)
and higher T, (94.1 °C) compared to the neat PMMA sample (88.3 °C).
For the sample with 3 wt.% TiO, nanoparticles the Tg; and T, were the
highest, while the tan §; and tan 8, had the lowest value compared to
PMMA and PMMA/PVB/5 wt.% TiO, samples.

The temperature dependence of the storage modulus and loss factor
(Tan Delta) for the PMMA samples is depicted in Fig. 2.

From Tan Delta values, adhesion factor A can be calculated, which
is a parameter that indicates the presence of some interfacial interac-
tions between the composite fibers and the matrix [12]. These results
demonstrated that the 3 wt.% addition of the TiO, nanoparticles and
their good dispersion in the PVB fibers, improved adhesion of the ac-
rylic nanocomposites (Table 3 and Equation S5 (Supplementary data)).

The results for the adhesion efficiency and storage modulus from the
DMA analysis were in coherence with the results for the hardness/
toughness and reduced elastic modulus from the nanoindentation.

4.2. Optical considerations

The optical transmission of polymer composite films depends on
scattering and absorption of light by the particles, as well as, absorption
of light in the pure polymer matrix itself. The amount of scattered and
absorbed energy on the single particle related to the incident radiation
is expressed in terms of scattering and absorption cross sections. The
materials used both as a matrix or reinforcement for the described
polymer composites in this research were non-absorbing. The scattering
cross section of particles should be calculated [13].

The scattering cross section oy is defined as a ratio of scattered ra-
diation power, P, on the particle and radiation flux density F;, incident
on it [14]:

Ps

SR &)

One way to calculate the scattering cross section is to use Mie
scattering theory that gives the solution in a case of scattering of the
incident plane electromagnetic wave by a spherical particle of radius r,
inserted in a surrounding homogeneous and isotropic medium. If the
index of refraction of a particle material is n,, of a medium is ny,, and
the electromagnetic radiation wavelength in a vacuum is Ao, the scat-
tering cross section depends on size parameter given as y = 2-7-r-y,/
Ao, and the ratio of refraction indices of particle and medium given as
m = n,/ny,. The size parameter compares the dimension of a particle
and medium wavelength [15]. The calculations based on Mie theory are
complicated and derive scattering cross section as an infinitive sum of
parameters, which are obtained using special, (Bessel) function of y and
m. Nowadays, there is a great deal of the developed software for cal-
culation of scattering and extinction cross sections. The values for the
particular composite can be obtained using Mie scattering calculator
shareware software [16].

If the size parameter is ¥ < < 1 (in practice y < 0.2), the Mie
calculated solutions can be approximated with Rayleigh scattering
model values. Rayleigh scattering cross section is given by Eq. (2):

128em® (m? — 1) r°
Og = o] ————— |o—
3 m>+2) A (2)

where r = d/2 represents a particle radius [14].

In order to calculate the scattering cross sections and transmission
for the composites fabricated in this work, particle and agglomerates
diameters in the range from 20 — 140 nm were used, (see Fig. 3(b, d)) as
well as, indices of refraction for particle and matrix materials for the
wavelengths in the range of 450 —1100nm. Since the size parameter
criteria can be fulfilled for Rayleigh scattering for some wavelength and
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Table 3
DMA results for the PMMA composite samples.
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Samples E' (30 °C, MPa) Tg (°C) tan §; Tg2 (CC) tan 8, A (at tand max)
PMMA 1719 / / 88.3 0.979 /
PMMA/PVB/3 wt.% TiOs 1974 87.9 0.883 94.1 0.913 0.187
PMMA/PVB/5 wt.% TiO, 1868 87.8 0.937 93.9 0.957 0.241
2500 T T T T The total volume of all particles in the composite is denoted as V,,
(a) @ PMMA and it is connected with composite volume Vomp, as:
~ 2000 PMMA/PVB/5wt.% TiO2
s ] s PMMA/PVB/3wt.% TiO2 Vo = fv.Voomp (5)
E e where fy is a total volume fraction of particles. Since the volume of one
3 1500 4 ] spherical particle of diameter d is:
S
3 vl
i J = TTe—
= 1000 d 6 (6)
)
4 The total particle volume is:
‘o- 500+ E
= d2
7 . Vp = NgeVy = Nd'”'? = fy *Veomp o
T T I
30 40 650 60 70 80 90 100 110 and number concentration is:
Temperature (°C) Ny fy+6
nd = = 2
Veomp ~ Tod ®
1.4 : T T T L. . . . . .
The transmission coefficient T in Eq. (3) is normalized to the
2 PMMA (b ) 1 transmission of the pure polymer sample of the same width and for the
1.2 PMMA/PVB/5wt.% TiO2 .
& PMMA/PVBI3wt.% TiO2 E same wavelength. In order to calculate the transmission spectra of a
sample normalized to the air, calculated transmission T should be
8 multiplied with the transmission coefficients of the pure polymer film.
° The calculations were done using Mie calculator software [16] for
2 spherical particles and the concentration was given in 1/um? unit. Input
= data for the calculations were: the mass density of PMMA
ppvma = 1.18 g/cm3, the mass density of PVB ppyg = 1.075 g/cm® and
the mass density of TiO, prioz = 3.915 g/cm®. Based on those data the
total volume fraction fy of TiO, in composite samples is calculated
T ' using Eq. (9) [13]:
0'0 T T T T T T T T .f
30 40 50 60 70 80 90 100 110 fy = Ppor *tw
Temperature (°C) (A = fw)epri + Ppor*fw ©

Fig. 2. Storage modulus and Tan Delta versus temperature curve for all the
PMMA samples.

diameter ranges, the initial calculations were done using both Mie and
Rayleigh scattering models. The differences up to 10 % in the obtained
scattering cross sections were observed, especially for larger diameter
particles. So, Rayleigh modeling, as much simpler, should be used for
less accurate calculations, but the calculations presented in this paper
are based on Mie scattering model. If two parallel planes, at distance L,
are considered inside a polymer composite and if I, is the intensity of
incoming light at first plane and I is the intensity of transmitted light
reaching the second plane, the transmission coefficient T can be cal-
culated as [13]:

T= l = e s L

Io 3)
where vyg is a scattering coefficient of a polymer composite.

In the following text, the scattering cross section calculated using
Mie theory is denoted as osy. If particles in a composite are spherical
with diameter d, their concentration number in a polymer is nq, and
their scattering cross section at a wavelength A is ggy, the scattering
coefficient of the polymer composite sample at that wavelength ys can
be obtained as:

Ys = Nd*Osm “4)

where fyy represents the total mass fraction of particles in the polymer
composite, p,o1 is @ mass concentration of a polymer matrix. The values
of f,, for the polymer composite were 3 wt.% or 5wt.%. The indices of
refraction values for used materials were taken from the manufacturer.
Transmission for four different samples is calculated and compared
with the measured ones. Sample No.1 had PVB electrospun mat and
3 wt.% of TiO, particles. Sample No.2 had the same particles and PVB
mat, but the mass fraction of particles was 5wt.%. Sample No.3 was
made from PVB nanofibers mat with 3 wt.%. of TiO, particles in the
pure PMMA matrix. The sample No. 4 was made from similar nanofi-
bers mat, but the mass fraction of TiO, in the nanofibers was 5 wt.%.
The nanofibers mat mass fraction in a composite was 20 wt.%.

The scattering cross sections ogy were calculated for spherical
particles of various diameters d, taken in the range 20 nm-140 nm at
10 nm steps, and for the wavelength range from 450 nm to 1100 nm in
50 nm steps. This range of diameters was chosen based on transmission
electron microscopy images (Fig. 3(a, c)).

The nominal value of the nanoparticle diameter was 21 nm and the
calculations were done for this diameter, too. For each sample, the
volume of the overall particle is known based on fy, and an idealistic
situation was supposed, that all TiO, nanoparticles in the composite are
spherical and have the same diameter.

Then for sample No.1 with 3 wt.% of particles, the f, was calculated
using Eq. (9) and based on this value the number concentrations nqg
using Eq. (8) was obtained. Taking into account that the thickness of all
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Fig. 3. Transmission electron microscopy images composite fibers (a, ¢) and nanoparticles size distribution (b, d).

the composite films was L. = 1 mm, the transmission coefficients were
calculated for different diameters versus wavelength using Eq. (3). Thus
calculated values represent the transmission coefficient versus pure
polymer transmission.

Graphs displayed in Fig. 4a represent the dependence of calculated
transmission coefficients of sample No.1 versus wavelength, for the
different diameters of the embedded particles. As a comparison, the
measured transmission of the sample No.l is presented at the same
graph as a solid line.

Comparing calculated curves in Fig. 4a, it is clearly visible that for
every wavelength there is a maximum diameter which enables the
transmission coefficient at least 5 % or greater. For example, for 450 nm
wavelength particle diameter should be smaller than 30 nm and for
600 nm smaller than 70 nm. Also from the graph in Fig. 4a, it is obvious
that when the particle diameter is some value above, the transmission
coefficient at all wavelengths in the range is below 5 % and in Fig. 4a
that diameter is 100 nm.

The measured transmission coefficients at different wavelengths
match calculated values for different diameters, and that means that
there is a distribution of particle diameter in the real composite that
enables it to have transmission greater than 5 % in some wavelength
range. The rough comparison of the measured and calculated results
based on transmission spectra match on different diameters shows that
the range of particle diameters that mostly influence the transmission of
sample No.1 is from 20 to 90 nm.

In Fig. 4b the similar results are presented for sample No.2. Trans-
missions were generally smaller because of the larger mass fraction of
particles and transmission is negligible up to 600 nm. The comparison
of the measured and calculated values roughly shows that particles
influence the transmission is in the range from 30 nm to 90 nm.

The mass fraction of TiO, was fyy =3 wt.% or fiy = 5wt.% in fibers,
while the mass fraction of the fibers was 20 wt.% in the polymer

composites with PMMA matrix. Thus, the real mass fraction of the TiO,
particles was 0.6 wt.% or 1wt.% in the polymer composite samples
No.3 and No.4 respectively. Since in this composite the TiO, particles
are in two polymers with different mass density and the same indices of
refraction, for a total volume fraction fy Eq. (10) is used.

0.2« fyy
o= PTi
V= 024 tw (1—fw)+02 0.8
PTi PPVB PPMMA (10)

In Fig. 5a, the graphs represent calculated transmission values for
different diameters of the particles for the sample No.3, and the mea-
sured transmission coefficients a solid line. In this case, it was obvious
that the smaller diameter particles had a greater influence on trans-
mission and their roughly estimated range was from 20 to 40 nm and
the particles with a diameter near 20 nm were dominant.

In Fig. 5b the similar graphs for sample No.4 are presented. The
calculated and measured transmission coefficients were smaller than
the ones of sample No.3, as expected. The estimated particle diameter
range based on the comparison of measured and calculated transmis-
sion coefficients was from 20 to 60 nm, but particles around 30 nm are
more dominant since the transmission at lower wavelengths is sig-
nificantly smaller compared to sample No.3. Comparing the measured
transmission coefficients for all four samples with the calculated
transmission for the nominal d = 21 nm shows that the dispersion in
the sample No.3 is close to the ideal since measured and calculated
transmission has an excellent match.

For used polymers npypya = npyp i.e. there is a refractive index
matching and the scattering on embedded nanofibers tends to be zero
and the polymer phases are totally transparent [17]. So, in our case, the
loss of transparency in the visible domain is attributed to the scattering
of light by particles only. Analyzing the Mie scattering theory for dif-
ferent sizes of the particles, it can be concluded that the particles in the
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composites from nanofibers have better dispersion and smaller ag-
glomerates.

5. Conclusion

In summary, we investigated simply in-situ polymerization/cast
techniques for the manufacture of functional electrospun nanofiber
composites with optimized mechanical and optical properties. These
processing methods are effective for achieving a good dispersion of
nanofillers, adhesion and coherent nanofiber-matrix interfaces, with
further functionality demonstrated for optically transparent electrospun
nanofiber composites. The addition of PVB/TiO, nanofibers into the
acrylic matrix clearly showed improvement in indentation hardness and
fracture toughness properties. The optical transmission spectra model-
ling and measurements showed a better dispersion of particles in na-
nofibers composites. Also, this kind of composites can keep the high
optical transmission in the visible range of 450 nm <A < 800 nm,
with an appropriate mass fraction of TiO, particles in polymer nano-
fibers. The nanocomposite films manufactured using this technology
have excellent transparency and hardness/toughness balance, making
them very useful as coatings in various fields such as aerospace and
automotive industries, healthcare, defense and security.
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