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Abstract. The polyvinyl alcohol (PVA) nanofiber mats are produced using the electrospinning method. The epoxy resin
(ER)/polyvinyl alcohol (PVA) nanocomposites are obtained by adding PVA nanofiber mats into neat epoxy resin (ER) as 5,
10, and 15 layers. The elastic properties (elastic constants, Young’s modulus, Poisson’s ratio, and Shear modulus) of the
neat ER, and the ER/PVA nanocomposites, are determined by ultrasonic longitudinal wave velocity (7L) and shear wave ve-
locity (Vs) measurements. The morphology of the neat ER and the ER/PVA nanocomposites is investigated using scanning
electron microscopy (SEM). The results obtained from SEM images showed the ER/PVA nanocomposites have a transversely
isotropic structure. The V. value of isotropic neat ER was obtained higher than the value of V7 33 and V1 45- but lower in x(1)
direction for V1 ; in the ER/PVA nanocomposites. The velocity values of ultrasonic shear waves propagated in x(1) direction
and polarized in y(2) direction in the ER/PVA nanocomposites are determined as higher than the velocity values of ultrasonic
shear waves propagated in z(3) and polarized in x(1) direction. Also, the value of £3 determined in the z(3) direction is found
to be significantly higher than the value of £ determined in the x(1) direction when the number of PVA layers increased in
the ER matrix. The value of shear modulus (Gjs;) is found as 1.53, 1.76, and 1.61 GPa for the ER/PVA-5, the ER/PVA-10,
and the ER/PVA-15, respectively. The Poisson’s ratio values of the ER/PVA nanocomposites are determined as between
0.473-0.502 and 0.247-0.276 for u;; and ps3;, respectively. On the other hand, the degree of anisotropy in the ER/PVA
nanocomposites is determined using ratios of £1/E3 and p,/p31. A small degree of anisotropy in dynamic Young’s modulus
(0.93-0.99) is observed, while a higher ratio is observed for Poisson’s ratio (1.71-2.03) with increasing PVA layers in neat ER.
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1. Introduction fillers in polymer matrices have proved the increased
Epoxy resin (ER) is a very popular matrix used in  mechanical, electrical, physical, and thermal proper-
forming composite materials as a thermoset polymer. ties of these matrices [7—11]. Therefore, recently, most
However, it exhibits brittle fracture behavior. There- composite materials have been produced by adding
fore, most of the research about ER, and ER compos-  different fillers such as glass, silica, and carbon fibers
ites are carried out to improve their durability against  into polymer matrices to eliminate the deficiencies in
external forces [1-6]. The contribution of micro, their physical properties. For example, Ragosta et al.
nanoorganic, or inorganic particles into pure ER is  [8] found that adding silica particles that have 10—
one of the most famous processes for improving the 15 nm formed a twofold increase in fracture tough-
elastic properties of the ER. Many pieces of research  ness of mechanical properties of epoxy resin. It was
carried out investigating the effect of reinforcing figured out that adding silica nanoparticles into an
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epoxy resin matrix as an amount of 3 wt% increases
the tensile strength by 115% [11]. However, the most
appropriate compound ratio and filler should be used
to obtain composites that have good physical prop-
erties. Recently, adding nanofibers and nanoparticles
into matrices such as epoxy resin has been intro-
duced as a very effective way to produce composites’
enhanced physical properties.

Nanofibers can be synthesized through different
methods (drawing, phase separation, template syn-
thesis, self-assembly, and electrospinning) [12]. Elec-
trospinning is a simple and effective manufacturing
technique used to create ultra-fine fibers from a wide
variety of materials such as polymers, composites,
and ceramics. This technique is based on the princi-
ple of positioning the electrically charged liquid poly-
mer in the form of a continuous fiber on a grounded
surface. The electrospinning method includes the ap-
plication of the Coulomb force that exists from an
electric charge, which elongates the polymer solu-
tion by electric charge exposure [12]. Electrospin-
ning has been rapidly become a well-known method
to obtain nanofibers because ultrafine fibers ranging
from 50 to 500 nm in diameter can be produced by
the electrospinning method. The considerable charac-
teristics of electrospinning fiber mats are low densi-
ty, large surface, very tight pore size, high pore vol-
ume, and wet absorption, which help fast and effi-
cient adsorption [12, 13]. Therefore, different kinds
of nanofibers such as poly (vinyl alcohol) (PVA),
poly(urethane), chitosan (CS), poly(ethylene oxide)
(PEO), poly(ethylene terephthalate) (PET), poly-
caprolactone (PCL), poly(lactic acid) (PLA), nylon-
6 cellulose acetate using electrospinning method
have been synthesized. PVA has many good charac-
teristics, such as water-soluble, non-toxic, biocom-
patible, and highly hydrophilic [14]. However, the
mechanical properties such as inefficient durability
against external forces and low mechanical resist-
ance are weak. Therefore, PVA has been used with
matrix systems to solve these problems [12, 13, 15].
Also, PVA has been used in many polymer nano-
composites [16-22]. TamuleviCius et al. [23] stated
that adding cupric nanoparticles to PVA improved
the tensile strength and Young’s modulus of the nano-
composite compared to neat PVA. Also, Zahid et al.
[22] figured out that inserting PVA nanofibers with
carbon nanoparticles gives higher mechanical, ther-
mal, and optical properties compared to neat PVA,
as well.
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However, determining elastic properties by the de-
structive method can be sufficient for many isotropic
materials. However, determining all elastic constants
of anisotropic materials is so complex and some-
times impossible [24]. Thus, calculations of elastic
properties by DT methods is so difficult, time-con-
suming, and not economical as well. The acoustic
mismatch between solid, liquid, and gas mediums
allows us to use Ultrasonic Testing (UT) methods.
The microstructure of materials sensitively affects
the ultrasonic wave velocities, acoustic impedance,
and attenuation coefficient of materials. Therefore,
all the elastic constants of materials can be deter-
mined using the velocity values of longitudinal and
shear waves, which propagate in the appropriate di-
rections of the materials [24]. Unlike DT methods,
the determination of elastic properties in materials is
much easier with UT methods. Also, UT gives higher
repeatability and accuracy as well as DT methods
[25]. UT is one of the most capable nondestructive
testing (NDT) methods used in the characterization
and quality control of composites [25-28]. UT has
been conducted for determining the elastic properties
of different materials [7, 29-31] and in the charac-
terization of internal damages, defects, and discon-
tinuities in isotropic materials [32—35].

On the other hand, it was shown that UT methods
could be used for the determination of elastic con-
stants of anisotropic materials [24, 36-39] such as
carbon fibers [40], rocks [41], wood [42], and bones
[43]. For instance, Mistou and Karama [37] were
calculated the elastic constants of glass fiber rein-
forced glass/polyester composites using both DT and
UT methods. The results of DT and UT methods
were compared with each other. It was figured out
that UT can be conducted precisely to determine the
elastic properties of the glass/polyester composites.
Giizel et al. [36] were determined the elastic con-
stants of orthotropic E-glass/epoxy and carbon/
epoxy composites using UT. The effect of E-glass
and carbon fibers oriented in different directions on
the elastic properties of anisotropic E-glass/epoxy
and carbon/epoxy composites using UT. In another
research carried out by Wong et al. [24], the elastic
constants of transversely isotropic sedimentary shales
were determined by both UT and DT methods. It
was figured out that the elastic constants values of
sedimentary shales determined with the DT method
were much lower than those determined with the UT
method.
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Recently, although there are attempts to determine
the elastic properties of anisotropic materials using
UT [24, 36, 37, 39, 40, 42], experimental determi-
nation of elastic constants using UT methods, espe-
cially in anisotropic nanocomposites, remains chal-
lenging. However, as far as we know, no research
determined the elastic properties of the transversely
isotropic ER/PVA nanocomposites using the UT
methods has been carried out in the literature so far.
Thus, this research is carried out to determine the ef-
fect of the number of PVA layers on the transversely
isotropic ER/PVA nanocomposites’ elastic properties
and determine the most appropriate combination
ratio between ER and PVA layers using the ultrason-
ic wave velocity measurement method.

2. Materials and methods

2.1. Materials

In this research, the epoxy resin MGS-LR160 (Hex-
ion, Ohio, USA) the hardener MGS- LH160 (Hex-
ion, Ohio, USA) are used as a thermosetting matrix
and as a curing agent, respectively. Polyvinyl alcohol
(PVA) (Merck, Darmstadt, Germany) is used for

obtaining nanofibers. Also, sodium dodecyl sulfate
(SDS) (Merck, Darmstadt, Germany) is used as a
general anionic surfactant. For separating PVA nano-
fibers from the mold, a release agent called Polivaks
(Poliya Corp., Istanbul, Turkey) is used, as well. The
detailed information about chemical materials is
given in Table 1.

2.2. Preparation of PVA nanofiber mats and
ER/PVA nanocomposites

The PVA nanofibers are produced using the electro-
spinning method. The production process is given
step by step in Table 2.

The PVA nanofibers produced in the form of sheets
over aluminum foil with dimensions of 280 mm x
300 mm by electrospinning method are cut into the
size of 8 mm X 125 mm. Then, these PVA nanofiber
mats are separated from aluminum foil. A chrome-
nickel mold consists of 3 parts, including a filled
substrate of 5 mm % 135 mm % 165 mm and 2 molds
of 0.4 mm x 125 mm x 155 mm dimensions, the
middle of which is kept empty according to ASTM
standards is used for nanocomposite production. To

Table 1. Detailed information about chemical materials used in the research.

. Epoxy resin Hardener
Variables M]E;s-yLRlso MGS-LH160 PVA SbS
Density at 25°C [g/cm?] 1.13-1.17 0.96-1.00 1.19-1.31 1.1
Viscosity [mPa-s] 700-900 10-50 - -
Melting point [°C] - - 230 206
Molecular weight [g/mol] - - 124000 288.38

Table 2. The production process of PVA nanofiber mats.

Step Ne Step Step explanation
1 Preparing the PVA solution 10 wt% PVA was added to 90 wt% pure water and heated to 80 °C.
L The PVA solution obtained in step 1 was mixed with a magnetic stirrer for 3 h at
2 Magnetic stirring
400 rpm.
3 Preparing the SDS solution 1 wt% of SDS and 99 wt% of pure water were mixed at 25°C.
L The SDS solution obtained in step 3 was mixed with a magnetic stirrer for 10 min
4 Magnetic stirring
at 400 rpm.
5 Mixing the PVA solution with the SDS solu- | To reduce surface tension, 9 g of the PVA solution obtained at step 2 and 1 g of
tion the SDS solution obtained at step 4 were mixed.
L The PVA+SDS mixture obtained at step 5 was mixed with a magnetic stirrer for
6 Magnetic stirring .
30 minutes at 400 rpm.
. . . . About 4 ml of the mixture obtained at step 6 was loaded into a syringe-capillary
7 Loading mixture to a syringe capillary tube tube with an orifice diameter of 0.8 mm.
The gap between the spinneret and rotating collector was fixed at 120 mm. The
. feeding rate of 1.3 ml/h was applied while the collector was rotating at a constant
8 Electrospinning . - . .
velocity of 5 mm/s. The electrospinning process was carried out by applying
25 kV between the spinneret and rotating collector at room temperature.
.. The PVA nanofiber mats removed from the rotating drum were dried at 60°C
? Obtaining the PVA nanofiber mats under vacuum for 1 h. The PVA nanofiber mats were obtained.
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prevent the epoxy resin from sticking and to separate
the upper and lower molds easily, Polivaks is applied
to the molds as a mold release agent. Then, a non-
stick polytetrafluoroethylene film with a size of
155 mm x 125 mm and a thickness of 13 um has ad-
hered between the lower and upper molds, having
0.4 mm thickness. After that, for producing the ER/
PVA nanocomposites, first, the PVA nanofibers with
a size of 8 mm x 125 mm were placed into the mold
as 5 layers. The curing agent added epoxy resin is
syringed carefully onto the nanofiber in the mold until
all fibers are wetted. To remove the air bubbles from
the samples, all samples are kept in the vacuum en-
vironment gradually at 0.6, 0.3, and 0.2 bar for
10 min. It is then kept under a vacuum of 0.2 bar for
24 h at room temperature for pre-curing. Then, the
final curing process is completed at 80 °C for 15 h.
As a result, ER/PVA-5 nanocomposite is obtained.
ER/PVA-10 and ER/PVA-15 samples are produced
by the same process carried out for the ER/PVA-5
nanocomposite sample. For ER/PVA-10 production,
PVA nanofibers with a size of 8§ mm x 125 mm are
placed into the mold as 10 layers while 15 layers for
ER/PVA-15 nanocomposite. The thickness of all
samples was determined as 1.30 mm. The abbrevia-
tions of the obtained materials are given in Table 3.

2.3. Measurements

2.3.1. Morphological measurements

Scanning electron microscopy (SEM) is used to fig-
ure out the interface between PVA nanofibers and
ER matrix. SEM images of ER and ER/PVA nano-
composites are obtained using Hitachi-SU 1510 (Hi-
tachi, Tokyo, Japan) at 20 kV voltage.

2.3.2. Density, thickness, and ultrasonic wave
velocity measurements

Density measurements

The densities of the materials are determined by
Archimedes’ principle-based measurement system.
The density measurements are carried out by an an-
alytical balance, which has 220 g capacity and 0.1 mg
readability (Radwag AS220/C/2, Radom, Poland)

Table 3. Abbreviations of obtained materials in the research.

Samples’ abbreviation Number of PVA layers
ER 0
ER/PVA-5 5
ER/PVA-10 10
ER/PVA-15 15

and a kit of density (Radwag 220, Radom, Poland).
In the first step of density measurement, the temper-
ature of the water is introduced to the Radwag AS220
balance; in the second step, the mass of the samples
is measured in air, and in the third step, the mass of
each sample is measured in water as well. Finally,
the density of each sample is automatically deter-
mined by a semi-analytical balance. The average
percentage error is determined as 0.6% for the den-
sity measurements in this research.

Thickness measurements

The thickness of each sample is measured by an ana-
log micrometer (Somet, Bilina, Czechia). Density
measurements and all the other ultrasonic wave ve-
locity measurements are repeated ten times for each
sample. The average of ten measurements is record-
ed as the thickness of a sample. This process is re-
peated for each sample. Thus, all densities of all ma-
terials are determined.

Ultrasonic wave velocity measurements

There are many techniques to use in ultrasonic waves
velocity measurements such as pulse-echo, peak de-
tection, the pulse-echo overlap method (PEOM),
cross-correlation, phase measurement methods [44,
45], and the through-transmission. The ultrasonic
wave veloc

ity in materials can be measured highly accurately
by the PEOM [44]. Therefore, the ultrasonic wave
velocities are measured by the PEOM at room tem-
perature (Figure 1).

The ultrasonic wave velocity measurements are car-
ried out with a flaw detector (Epoch-XT-Panametrics
Olympus, Massachusetts, USA), a 10 MHz longitu-
dinal wave contact transducer (V127-Panametrics
Olympus, Massachusetts, USA), and a 5 MHz shear
wave contact transducer (V155-Panametrics Olym-
pus, Massachusetts, USA), as well. The coupling
medium has a considerable influence on ultrasonic

Figure 1. Measurement set-up system and tools used for ultrasonic
wave velocities.
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wave velocity [46]. Therefore, the longitudinal wave
velocity measurements are conducted using glycerin
(BQ Panametrics Olympus, Massachusetts, USA),
while ultrasonic shear wave velocity measurements
are carried out using shear wave coupling (SWC
Panametrics Olympus, Massachusetts, USA).

The ultrasonic longitudinal and shear waves’ veloc-
ity measurement process is carried out in the PEOM
as follows: Only one transducer is used to transmit
and receive the ultrasonic wave signals in the PEOM.
For highly accurate measurement, polymethyl-
methacrylate (PMMA) sample is used as reference
material in this research. Glycerin is applied to this
PMMA reference sample. The whole received pulse-
echo train is displayed on the screen of the Epoch-
XT flaw detector. Then, the first back wall echo is
selected. The time of flight of the first back wall
echo (#,) for the reference sample is figured out.
After applying coupling on the upper face of the
PMMA sample, a sample is put over the PMMA ref-
erence sample, and coupling is applied again before
putting the transducer over the upper face of the test
sample. Data of the first back wall echo for reference
+ composite samples (#,) is determined. The time of
flight between two measurements (Af) is determined
by overlapping the first back wall echos of two
measurements. These data obtained for reference and
reference+sample is transferred to the computer
using a USB flash disk. The time of flight between
two measurements (Af) is calculated using Mi-
crosoft-Excel Software, as shown in Figure 2.
After defining the time of flight between these back
wall echos, the velocity of ultrasonic waves propa-
gating through the test sample is determined by
Equation (1):

0.6
— Reference
— Reference + sample
0.4
— 0.2
2.
[0]
ERY : |
E‘ 25 27 3.1 3 3|5
<
-0.2
-0.4
-0.6

Time [us]

Figure 2. A snapshot showing the overlapping of the signals
in PEOM.
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where V, d, and At are the ultrasonic wave velocity,
the thickness of the sample, and the time-of-flight
between subsequent back wall signals on the screen
of the flaw detector, respectively. Each measurement
is repeated ten times to improve the accuracy of
measurements. The percentage error for both the ul-
trasonic longitudinal wave velocity and shear wave
velocity measurements was about 1%.

2.3.3. Determination of elastic properties of
transversely isotropic nanocomposites
Because of the morphological analysis, it is figured
out that the nanocomposite materials’ structure is ap-
proximately transversely isotropic. The elastic con-
stants (c;jj) of transversely isotropic materials are re-
lated to the bulk density, the direction of the axis of
symmetry, and the velocities of ultrasonic waves [39,
47, 48]. Therefore, the elastic constants of transverse-
ly isotropic materials can be calculated using ultra-
sonic longitudinal and shear waves, which propagate
in the appropriate directions of the material, and bulk
density. These materials have five independent elas-
tic constants (cy1, €33, C44, Co6, and c13). The sample’s
scheme can be used for ultrasonic velocity measure-
ments, which are given in Figure 3.
Shear wave velocity values (Vs;;) and longitudinal
wave velocity values (V) in x, y, and z directions
should be measured for the determination of elastic

Z(3)
A
j Polarization
%450
I Q ...0
| g
|
T
|
|
e
1 i Propagation
1 >
P I ",
"u., o e i ) . W2)
4508 e Pakpiat) Lxists
/‘-,:——_._‘,.’.___.._
e e e
e I N
e e e W e e Mo
x(1) Plane of isotropy —xy

Figure 3. Sample’s scheme for the measurement of ultrasonic
wave velocities in transversely isotropic materials.
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constants in the UT method. Also, the tested sample
should be cut to the angle of 450 with x and y-axes
to measure the longitudinal wave velocity, abbrevi-
ated as Vi45. However, since the thickness of the
ER/PVA nanocomposites obtained was not suffi-
cient, it was impossible to cut the samples at an angle
of 45° as given in Figure 3. For this reason, the ap-
proximate values of V| 450 in the nanocomposite ma-
terials produced in this research were calculated from
the velocity ratio. Because the velocity ratio gener-
ally depends on many factors such as differential pres-
sure, porosity, pore geometry, and degree of consol-
idation, it has been used in many applications such
as determining the degree of consolidation, estimat-
ing the velocities, and defining the pore fluid [49].
For example, the longitudinal wave velocity (V)/
shear wave velocity (Vs) ratios were found as 1.9 and
1.8 for limestone and sandstone, respectively [50].
The velocity ratio of V430 to V'11; measured in some
transversely isotropic materials in the literature is ap-
proximately equal to the value of 0.94 [24]. There-
fore, the value of V450 in transversely isotropic ER/
PVA nanocomposites is calculated using the exper-
imentally measured /7 1; value and 0.94 value, as well.
More detailed literature about velocity ratio applica-
tion to predict ultrasonic velocities can be seen in the
research carried out by Lee [49].

The vibration direction of the particles in the mate-
rial and the direction of propagation of the ultrasonic
waves used in the calculation of elastic constants in
transversely isotropic materials are given in Table 4.
The relations between the transversely isotropic ma-
terials’ density (p), elastic constants, and ultrasonic
wave velocities are defined as given in Equation (2)
below [24]:

€1 :p'VL211
33 =P Vi
C44=P'V5231
Cos =P Ve
3= p'(z'VL245°_VL211 _2‘V§31>

)

Young’s modulus (£; and E3), Poisson ratios (i
and p3;) and shear modulus (G3;) of the ER/PVA
nanocomposites used in this research are determined
using Equation (3)—(5) [24]:

2
_ dcgg <C11 €337 C137 C33 C66)

2
C11633 7 C13

1

o 3)
_ 611633 7 €137 €33C66
E3 - —
€11~ Ce6
_ €163~ €3 €33C66
1n= — 2
C11633 7~ €13
" = 13 “4)
31~ _
2("13 C66)
Gs = Cyy )]

The percentage error is determined as £2.30 and
+7.34% for elastic constants measurements and elas-
tic modulus measurements, respectively.

2.3.4. Determination of elastic properties of
neat ER

The mathematical relationship between elastic
constants and ultrasonic waves’ velocity is defined
for isotropic materials [51]. Because that hardened
neat ER is an isotropic material, the elastic prop-
erties of neat ER are determined using Equa-
tion (6)—(10) [52, 53].

L=pV} (6)

G=pVs @)

E=2G(1+p) (®)

A=p(Vi-2vs) 9)
_ L-2G

M - 2(L _ G) (10)

Table 4. Ultrasonic wave velocities propagated in transversely isotropic materials, and their propagation directions.

Ultrasonic[[:’lv/:;'e velocity Wave type and propagation direction Vibration direction of particles
Vin Longitudinal wave propagating along x-axis. X-axis
Vi3s3 Longitudinal wave propagating along z-axis Zz-axis
Vsa1 Shear wave propagating along z-axis X-axis
Vsia Shear wave propagating along x-axis y-axis
Viase Longitudinal wave propagating along 45° 45° to x-y axis
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where V1, Vs, L, G, E, X, W, and p are the longitudinal
wave velocity, shear wave velocity, Longitudinal
modulus, Shear modulus (or Lame’s second con-
stant), Young’s modulus, Lame’s first constant, Pois-
son’s ratio, and density of the samples, respectively.
The physical properties of isotropic materials are in-
dependent of direction. Therefore, if longitudinal
wave velocities abbreviated as Vi1, Vigse, and V33
are equal in the isotropic neat ER then /7, given in
Equation (6), (8)—(10) will be equivalent to values
of Vii1, Viase, and V33 given in Equation (2), as
well. Similarly, if the shear wave velocities abbrevi-
ated as Vg1 and Vg3 are equal in the ER, Vs given
in Equation (7)—(10) will be equivalent to Vs, and
Vs31, as well. In this case, longitudinal modulus (L)
of ER given in Equation (6) will be equivalent to the
elastic constant of c11 (or ¢33). Shear modulus (G)
of ER will be equivalent to the elastic constant of c44
(or ¢g6), and Lame’s constant (A) will be equivalent
to the elastic constant of ¢;3 given in Equation (2).
Thus, the relation between variables will be as V=
Vi = Viase = Viss, Vs = Vsi2 = Vsa1, L= c11 = ¢33,
G = c44 = C66, and A = 3. Also, the elastic modulus
given in Equation (3) will give the elastic modulus
values given in Equation (8) for isotropic neat ER
such as E:El :E3, U= KU1 = U3, and G = G31.

3. Results and discussions

In this research, the ER/PVA nanocomposites have
different PVA fiber mats (5, 10, and 15) are produced
and their elastic properties are determined using the
UT method. Morphology of the neat ER, and ER/
PVA nanocomposites are analyzed using SEM im-
ages given in Figure 2. Data related to density, ultra-
sonic wave velocities, elastic constants, elastic mod-
uli, Poisson’s ratio, and degree of anisotropy values
obtained for neat ER and the ER/PVA nanocompos-
ites are given in Tables 5-7, and Figures 4-10. These
obtained results are analyzed and discussed in this
part of the research.

3.1. Morphological results

SEM images of the fracture surfaces of the samples
are examined. Figure 4 reveals 5000, and 10000 mag-
nification SEM images obtained for neat ER, PVA
nanofiber mats, and ER/PVA-15 nanocomposites.
The diameter of PVA nanofibers is determined from
SEM images ranging between 220 and 400 nm. It is
also seen that some nanofibers have increased in di-
ameter. The reason for this increase is that during the

production of composite, nanofibers absorb some
epoxy before curing. This situation clearly shows
that nanofibers can be wetted effectively and homo-
geneously with epoxy. When the fibers are homoge-
neously distributed in the epoxy matrix, they in-
crease fracture toughness between the layers by
forming secondary cracks at the crack tip or by re-
ducing the stress density at the crack tip by crack
bridging. The stripping of the nanofibers from the
matrix, the absorption of the epoxy by the nano-
fibers, and the bridging effect during breakage play
an effective role in increasing the toughness of the
composite materials produced.

According to the SEM images in Figures 4c and 4d,
the PVA nanofibers are bead-free, homogeneous, and
have a smooth surface. Generally, when the SEM
images are examined, it is seen that there is a good
wettability between fiber breakage, stripping of
fibers from epoxy, epoxy resin wrapping around the
fibers, and epoxy-fiber (Figures 4e and 4f). The in-
terface between fillers and the polymeric matrix is
essential in polymeric composites [54]. As can be
seen from SEM images in Figures 4e and 4f, the
PVA nanofibers were homogeneously distributed in
the ER matrix. The most compatible interaction be-
tween fillers and matrices in composite materials en-
hances the mechanical properties. In this context,
when the elastic constants and elastic modulus val-
ues are given in Table 6 and Table 7, respectively,
were analyzed, it can be seen that the best interface
between PVA nanofibers and ER matrix was formed
for the ER/PVA-10 nanocomposite. Figures 4e and
4t also show that a random distribution of PVA nano-
fibers along the x-axis and y-axis has occurred in the
ER matrix. This random distribution in the x-axis
and y-axis explains the reason why these nanocom-
posites’ structures were predicted as transversely
isotropic.

3.2. Density and ultrasonic wave velocity
results

The density, longitudinal wave velocity, and shear
wave velocity values of neat ER and the ER/PVA
nanocomposites are given in Table 5.

According to data of Table 5 and Figure 5, density
values ranged from 1152 kg/m? (for neat ER) to
1193 kg/m? (for ER/PVA-15). The density value of
ER/PVA-15 was determined as the highest density.
However, it was addressed that there is a relationship
between ultrasonic wave velocity and materials’
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Matrix ruptures

Nanofibers
pull out

- 0%
e
*({‘r ,’:'.-.'r’
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Figure 4. SEM images: a) neat ER 5000%, b) neat ER 10000x, c¢) PVA nanofiber mats 5000%, d) PVA nanofiber mats
10000x%, e¢) ER/PVA-15 nanocomposite 5000x, f) ER/PVA-15 nanocomposite 10000x.

density [55, 56]. It was indicated that the ultrasonic  ultrasonic wave velocity was not dependent on the
wave velocity tends to increase with an increase in  density.
the density of the sample. The results obtained

about the relationship between densities and ultra- - 3000 20 1205
sonic wave velocities of samples were sometimes £ g0, | WV L |1es
in good agreement [55, 56], while sometimes were ‘g? 4 Vs + + * : 185
not in good agreement [57] with some results from % 2800 "’\g
the literature. For example, Ilic [57] figured out that & e o
5 2700 3
Table 5. The densities [kg/m®] and ultrasonic wave veloci- % + i i = i e §
ties [m/s] of ER and the ER/PVA nanocomposites. g’ 2600 ; l .  l1ss
Saples | oot ol | (el | ) | () | (e 2500 L—g—— e — 1145
ER 1152 | 2690 | 2690 | 2690 | 1189 | 1189 Number of PVA layers [-]

ER/PVA-5 1153 | 2843 | 2622 | 2673 | 1283 | 1153 . o ) o )
ER/PVA-I0| 1154 | 2853 | 2632 | 2684 | 1283 | 1236 Figure S. Ve‘lrlllatlon 1tr)1 denfs‘lic)yvzilcll 10ng1t}1d1nal ng‘ée veéo;l‘fmy
ER/PVA-15| 1193 | 2848 | 2627 | 2678 | 1285 | 1161 with number of FVA layers in neat BX an

PVA nanocomposites.
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Also, the densities of the ER/PVA nanocomposites
increases with increasing number of PVA layers com-
pared with neat ER. This result is compatible with re-
sults that found an increase in density with increas-
ing filler content in composites [7, 58, 59]. Solid
materials’ density depends on different variables like
crosslink density, the dimensionality of interstitial
spaces, structure, and coordination number [60].
Therefore, the variation in the density of composite
materials may give important information about their
elastic properties.

According to Table 5 and Figure 5, the longitudinal
wave velocities have different values in different di-
rections. This result supports data of SEM images,
which indicates that the ER/PVA composites have a
transversely isotropic structure. When the V11, V33,
and V1450 values measured in different directions are
compared, it is seen that they are generally ranked
as V11 > Viase > Viss. Itis clear that the longitudinal
wave velocity value of isotropic neat ER is higher
than of the ER/PVA nanocomposites for V33 and
V1450 velocities but lower in x(1) direction for Vy ;.
This result indicates that adding PVA layers into the
ER occurred a significant increase in the longitudinal
wave velocity values in the x(1) direction. When the
ER/PVA nanocomposites were compared, the high-
est longitudinal wave velocity value (2853 m/s) was
obtained when 10 PVA layers were added to the ER.
Also, when the number of PVA layers added to the
ER is increased from 10 to 15, it is seen that the lon-
gitudinal wave velocity decreases slightly. This re-
sult also shows that adding 10 PVA layers to pure
ER is the most appropriate ratio.

The data of Table 5 and Figure 6 shows that shear
wave velocity values of nanocomposites lie in
ranges of 1153—-1288 m/s. Also, it is seen that values
of ultrasonic shear waves in the ER/PVA nanocom-
posites propagate in x(1) direction and polarize in
¥(2) direction are higher than the values of ultrason-
ic shear waves propagating in z(3) and polarize in
x(1) direction.

The shear wave velocity values obtained are plotted
in Figure 6. The velocity values of shear waves’ that
propagate in x(1) direction and polarized in y(2) di-
rection ranged from 1283 to 1288 m/s. However, the
value of shear wave velocities propagating in z(3)
direction and polarized in x(1) direction ranged from
1153 to 1236 m/s. The shear wave velocity value of
neat ER was determined as 1189 m/s. According to

1350
0 VS12
. VS31
1300
¢ ¢ 1 4
1250

12008
1150 o 0

Shear wave velocity [m/s]

1100

0 5 10 15
Number of PVA layers [-]

Figure 6. Variation in ultrasonic shear wave velocities with
number of PVA layers in neat ER and ER/PVA
nanocomposites.

these findings, it can be stated that all nanocompos-
ites” shear wave velocity values were increased in
the x(1) direction. The fact that the PVA nanofibers
are in the epoxy resin along the x(1) direction, but
the PVA layers are parallel to each other in the z(3)
direction, and the bottom and top surfaces of these
PVA layers are covered with epoxy resin, is assumed
to be the reason of the higher ultrasonic shear wave
velocity values in the x(1) direction than of in the
z(3) direction. The contrary of this result, except for
the value of the ER/PVA-10 nanocomposite sample,
the other values were found lower than the neat ER
in the z(3) direction. Therefore, it can be stated that
adding PVA into ER improves nanocomposites’
shear wave velocity values in the x(1) direction.

3.3. Elastic constants results

The elastic constants of ER and the ER/PVA nano-
composites calculated using Equation (2) and are
given in Table 6 and illustrated in Figure 7.
According to Table 6 and Figure 7 data, the highest
elastic constant value of the ER/PVA nanocompos-
ites was found for the ¢y, while the lowest values
were found for c44. The values of ¢y; elastic constant,
which propagate in the x(1) direction and polarized
in the x(1) direction, ranged from 9.31 to 9.68 GPa.
The values of ¢33 constant, which propagate in z(3)
direction and polarized in z(3) direction, ranged from
7.92 to 8.24 GPa. The values of c44 ranged from 1.53
to 1.76 GPa. The values of ¢¢s ranged from 1.90 to
1.97 GPa, while the values of ¢13 ranged from 3.70
to 4.23 GPa.

According to the obtained data given in Table 6, the
ER/PVA nanocomposites’ ¢j; and cg¢ values were
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Table 6. The elastic constant values of ER and ER/PVA  Table 7. Comparison elastic modulus values of ER and

nanocomposites. ER/PVA nanocomposites.
cn €33 Ca4 Cé6 ci3 E, E; Gy | mn | mar | EVEs|pn/pag
Samples | \paj | [GPa] | [GPa] | [GPa] | [GPa Samples |\ cpap | (GPa] | [GPal| [-] | [ | [ | [
ER 8.33 8.33 1.63 1.63 5.08 ER 449 | 449 | 1.63 [0.378/0.378]| 1 1
ER/PVA-5 931 | 7.92 1.53 1.90 | 4.09 ER/PVA-5 | 559 | 5.66 | 1.53 |0.473]0276] 0.99 | 1.71
ER/PVA-10 940 | 800 | 1.76 | 191 | 3.70 ER/PVA-10| 5.75 | 6.17 | 1.76 10.502]0.247] 0.93 | 2.03
ER/PVA-15 968 | 824 | 161 197 | 423 ER/PVA-15| 5.82 | 592 | 1.61 |0.475|0274| 0.98 | 1.73
8.00
12.00 [ @ c, oF,
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Figure 7. Variation in elastic constants with number of PVA
layers in neat ER and ER/PVA nanocomposites.

found as higher than the values of neat ER. Also, it
can be stated that the values of ¢33 and ¢35 constants
of neat ER were found as higher than the values of
the ER/PVA nanocomposites. However, except for the
c44 value of ER/PVA-10 sample, the c44 value of neat
ER was found as higher than other ER/PVA nano-
composites as well. These results prove that the val-
ues of elastic constants are very sensitive to variation
in measured ultrasonic wave velocities [24]. The vari-
ation behavior of elastic constants in the ER/PVA
nanocomposites was found as similar to the behavior
of ultrasonic wave velocity in nanocomposites.

3.4. Elastic modulus and Poisson’s ratio
results

The measured elastic modulus and Poisson’s ratio
values of obtained nanocomposites and ER were de-
termined using Equations (3)—(5). The data obtained
for the value of elastic modulus and Poisson’s ratio
is given in Table 7 and Figures 8—10. The data given
in Table 7 shows that the value of £ for the ER/PVA
nanocomposites was determined as 5.59, 5.75, and
5.82 GPa for the ER/PVA-5, ER/PVA-10, and ER/
PVA-15 nanocomposite samples, respectively.
Therefore, the value of £, had increased with the in-
creasing PVA layers in the x(1) direction. Also, the
value of E3 derived from the ultrasonic wave veloc-
ity measurements for the ER/PVA nanocomposites

Number of PVA layers [-]

Figure 8. Variation in elastic modulus values with number
of PVA layers in neat ER and ER/PVA nanocom-
posites.

was determined as 5.66, 6.17, and 5.92 GPa for the
ER/PVA-5, ER/PVA-10, and ER/PVA-15 nanocom-
posite samples, respectively. These results clearly fig-
ured out that increasing the number of PVA layers in
ER matrix increased the value of £3 much more than
the value of £. The Young’s modulus value of the
neat PVA nanofiber mat was determined as 0.108 GPa
by mechanical testing method [61]. This value of
Young’s modulus (0.108 GPa) is much lower than
that of neat ER (4.49 GPa). The elastic coefficients of
composites are generally among the elastic coeffi-
cient values of the matrix and filling materials formed
the composite. Therefore, it can be stated that the
ER/PVA nanocomposites obtained from the unifica-
tion of PVA and ER have higher elastic constant val-
ues compared to both filler and matrix used.

Considering the value of Young’s modulus of neat
ER (4.49 GPa) and the variation behavior of Young’s
modulus seen in Figure 8, the addition of PVA layers
into ER increased the £ and E5 of the ER/PVA nano-
composites. However, the increase of £3 in the z(3)
direction is significantly higher than the increase in
E} in the x(1) direction. These results revealed that the
bonds that occurred between PVA layers and epoxy
resin in the z(3) direction are stronger than those in
the x(1) and y(2) directions. Another remarkable result
seen in Table 7 is that both £, and E3 values of the
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ER/PVA-10 nanocomposite are higher than the £
and E5 values of other nanocomposites and pure ER.
As can be seen from Table 7 and Figure 8, the shear
modulus of the neat ER is determined to be 1.63 GPa.
The value of shear modulus (G3;) was found as 1.53,
1.76, and 1.61 GPa for the ER/PVA-5, the ER/PVA-
10, and the ER/PVA-15, respectively. Thus, the high-
est value of G3; was obtained for the ER/PVA-10
nanocomposite sample, while the lowest value was
determined for the ER/PVA-5 sample. This result
agrees well with values obtained for E3 values.
Based on the findings of Table 7 and Figure 8, adding
especially 10 PVA layers into neat ER had formed
the ER/PVA nanocomposite, which has better G
and £3 values compared to neat ER. Because adding
10 PVA layers into neat ER increased its G3; by
about 8% while increasing its £3 value by about 37%.
Although the density of ER/PVA-15 nanocomposite
is higher than that of ER/PVA-5 and ER/PVA-10 com-
posites, its velocity and elasticity modulus values are
lower than these composites. It is thought that the
reason for this is that when 15 layers of PVA are
placed on top of each other, the penetration of the
epoxy into the PVA layers and its wettability be-
comes difficult. It is estimated that this situation caus-
es the formation of air bubbles in the nanofiber ma-
terials in the ER/PVA-15 composite, decreasing in
ultrasonic velocity values and elastic modulus.

Although the results obtained for £ and G values in
this research show similarities with the research re-
sults conducted by Yildirim et al. [21], however, the
results of this research are more consistent with the
literature compared to the research of Yildirim et al.
[21]. Because the values of £1 and E5 determined in
this research are in the range of 4-6 GPa, while the
values of £ are determined in the study carried out by
Yildirim et al. [21] are in the range of 1.62—1.70 GPa.
This difference could be due to the measurement
methods. Because although the ER/PVA nanocom-
posites are transversely isotropic, £ and G values
were determined using tensile tests performed in
only a single direction in the research carried out by
Yildirim ef al. [21]. But in this research, since the
ER/PVA nanocomposites are transversely isotropic,
E\, E3, and G3; values were determined precisely
using ultrasonic velocity measurements in different
directions. This result also confirms that the ultra-
sonic method can be used safely in such materials.
Modulus of elasticity is defined as the mathematical
description of a material’s tendency to be deformed
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elastically when a force is applied to it. The elasticity
constants, density, and ultrasonic waves’ velocity are
related to interatomic forces, fracture, porosity, crys-
tal growth, and microstructural factors. Therefore,
minor changes in elastic modulus, density, or ultra-
sonic velocities of many materials are very sensitive
to any minor compositional changes. In this consid-
eration, analyzing such variations using ultrasonic
methods is important in material characterization.

The Poisson’s ratios of all samples used in this re-
search were calculated using Equation (4) and Equa-
tion (10). The variation for the Poisson’s ratios (i
and p3;) as a function of increasing PVA nanofiber
layers are plotted in Figure 9. According to Table 7
and Figure 9, the Poisson’s ratio of neat ER was de-
termined as 0.378, and the Poisson’s ratio values of
the ER/PVA nanocomposites were determined as be-
tween 0.473 to 0.502, 0.247 to 0.276 for py; and p3y,
respectively. Also, it is seen that the p3; values of the
ER/PVA nanocomposites were lower than of both
uy; values of the ER/PVA nanocomposites and p
value of neat ER, as well. The lateral contraction per
unit breadth divided by the longitudinal extension
per unit length in simple tension was defined as Pois-
son’s ratio [62—64]. According to Gercek [63], Pois-
son’s ratio provides critical information related to
bonding forces compared to other elastic coefti-
cients. In this context, it can be stated that the lower
values obtained for Poisson’s ratio indicate an in-
crease in the number of shear chemical bonds per
atom in the network. In conclusion, it can be stated
that if the crosslink density increase in a material,
the Poisson’s ratio value will decrease for that ma-
terial as well. This conclusion agrees well with many
studies from related literature [63, 65]. According to
Gercek [63], the Poisson’s ratio value is low for many

0.600

o u
.
0.500 + + +
&L
.8 0.400
&
w
S 0.300
= =
o]
g o
0.200
0.100

8 10
Number of PVA layers [-]

15

Figure 9. Variation in Poisson’s ratios with number of PVA
layers in neat ER and ER/PVA nanocomposites.
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materials that have a high value of Young’s modulus
and shear modulus. Thus, it can be concluded that
the lower Poisson’s ratio shows an increase in the
durability of materials against external forces [7].
However, this behavior of Poisson’s ratio is invalid
for auxetic materials that have a negative value for
Poisson’s ratio.

However, the lowest value of Poisson’s ratio (ps;)
was obtained for ER/PVA-10 nanocomposite sam-
ple. The results of this research obtained for Pois-
son’s ratio are not in good agreement with research
carried out with the same materials using destructive
testing methods [21]. They have found that all values
of Poisson’s ratio of ER/PVA nanocomposites were
higher than of neat ER. It can be stated that the Pois-
son’s ratio values measured in this research agree
well with the results of related literature [56, 62, 63,
66]. Therefore, the results of this research prove the
ultrasonic measurement accuracy again.

The anisotropic behavior can be determined using
anisotropy ratios [24]. The degree of anisotropy in
the ER/PVA nanocomposites was determined using
ratios of the £;/F3 and p;/u3;. The data of aniso-
tropy in the ER/PVA nanocomposites was given in
Table 7. The variation in the degree of anisotropy
with number of PVA layers in the ER/PVA
nanocomposites is plotted in Figure 10.

A small degree of anisotropy in dynamic Young’s
modulus was observed, while a higher was observed
for Poisson’s ratio with increasing PVA layers in neat
ER. The degree of anisotropy measured using ratios
of the E1/E3 in Young’s modulus was ranged from
0.93 to 0.99. But, a bigger degree of anisotropy was
measured using ratios of the p1/pu3; in Poisson’s ratios
were ranging from 1.71 to 2.03. The ratios of E|/E3

* EJE,
X l"|’11/"1’31

Degree of anisotropy [-]

10
Number of PVA layers [-]

15

Figure 10. Variation in the degree of anisotropy with PVA
layer numbers in neat ER and ER/PVA nanocom-
posites.

602

and py;/us; are independent. Therefore, they do not
necessarily have to be the same [67]. These results
of anisotropy obtained showed that the anisotropic
structure of the ER/PVA nanocomposites can be de-
termined by the ultrasonic method.

The anisotropic behavior of different materials such
as London clay [68], sedimentary shale [24], and
Gault clay [69] have been investigated. The degree of
anisotropy for London clay was determined as 1.50
using the ratio of shear modulus values (G1,/G3) by
Jovic¢i¢ and Coop [68]. Similarly, Wong et al. [24]
have determined the degree of anisotropy of sedi-
mentary shales using ultrasonic and static tests. They
have found the degree of anisotropy using the ratio
of E1/E5 as 1.70 and 1.10 for static test and ultrasonic
wave measurement method, respectively. When they
used the ratio of shear modulus values (G1,/G3y),
they have found the degree of anisotropy as 1.33 and
1.24 for static and ultrasonic wave velocity measure-
ment methods, respectively. Also, Lings [69] has de-
termined anisotropy ratio in stiff Gault clay using the
bender element test. They have determined the aniso-
tropy of stiff Gault clay as 3.96 for Young’s modulus
using the ratio of £j/E3 and 2.25 for shear modulus
using the ratio of G;/G3;. Most studies that investi-
gated the degree of anisotropy were generally carried
out using destructive testings. Thus, determining the
degree of anisotropy using nondestructive testing
methods such as ultrasonic wave velocity measure-
ment remains challenging.

4. Conclusions
In this study, the PVA nanofiber mats were produced
by the electrospinning method. The transversely
isotropic ER/PVA nanocomposites were obtained by
adding PVA nanofiber mat into neat ER as 5, 10, and
15 layers. The effect of the PVA nanofiber mats con-
tent on elastic properties (elastic constants, Poisson’s
ratio, and elastic moduli) of the ER/PVA nanocom-
posites were determined by the PEOM. The mor-
phologies of neat ER and ER/PVA nanocomposite
samples were investigated using SEM. In line with
the findings obtained, the results of the research can
be summarized as follows:

1) The obtained SEM images showed that the ER/
PVA nanocomposites have a transversely isotrop-
ic structure.

2) The V7 value of isotropic neat ER was obtained
higher than the value of V33 and V450 but lower
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in x(1) direction for ¥ in the ER/PVA nano-
composites.

The velocity values of ultrasonic shear waves
propagated in x(1) direction and polarized in y(2)
direction in the ER/PVA nanocomposites were
determined as higher than the velocity values of
ultrasonic shear waves propagated in z(3) and po-
larized in x(1) direction.

The value of E5 determined in the z(3) direction
was found to be significantly higher than the value
of E; determined in the x(1) direction when the
number of PVA layers in ER matrix increased.
The highest shear modulus (G3;) value was found
as 1.76 GPa for the ER/PVA-10 sample.

The Poisson’s ratio values of the ER/PVA nano-
composites were determined as between 0.473 to
0.502 and 0.247 to 0.276 for p; and p3;, respec-
tively.

A small degree of anisotropy in dynamic Young’s
modulus (0.93-0.99) was observed, while a high-
er ratio was observed for Poisson’s ratio (1.71—
2.03) with increasing PVA layers in neat ER.
According to the obtained results adding 10 PVA
layers into the ER is the most appropriate com-
position ratio for ER/PVA nanocomposites. Be-
cause adding 10 PVA layers into neat ER in-
creased its Gi3; by about 8% while increasing its
E3 value by about 37%.

These obtained results show that the elastic proper-
ties of transversely isotropic nanocomposites such
as ER/PVA can be determined precisely using UT
methods. It is important to determine the elastic prop-
erties of anisotropic materials with UT in a sensitive,
fast and economical way. Thus, similar studies con-
ducting UT methods can be suggested for the deter-
mination of elastic properties of anisotropic nano-
composites.
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