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Abstract

Present work has been directed to test the effect of nanometal filler loading/concentration (CuO and CdS) into a PVA
matrix to improve the mechanical properties of the PVA for strengthening purposes. The nanometal fillers synthesized by
solution combustion and hydrothermal methods were used. The polymer nanocomposite films were cast by solution
intercalation technique with varying amounts of 0.5, 1.0, 1.5, and 2.0 %wt. of nanofiller content. Theoretical models can
be used to verify the relative Young's modulus and relative tensile strength. The Nicolais-Narkis and Turcsenyi models,
which were put to the test, exhibit excellent agreement with the experimental values of relative tensile strength. Compared
to experimental values of relatively Young's modulus, the Kerner and Halpin-Tsai models agree well. It is corroborated by
the theoretical models that CuO and PVA interact well, increasing the mechanical characteristics of films when filler
loading is increased. For nano CdS-PVA composite films, theoretical models, including Piggot-Leidner, Turcsenyi, Nelsen,
and Nicolais-Narkis, were investigated. Nicolasis-Narkis and Turcsenyi models are in excellent agreement with
experimental values for relative tensile strength. The relative Young's modulus was predicted using the models developed
by Kerner, Halpin-Tsai, and Sato-Furukawa. All of the studied models show strong agreement with the results of the
experiments.
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create bigger nanostructures, as the properties of
nanomaterials depend not only on composition but also on

1.0 Introduction

There are several different types of nanomaterials, including
tubes, particles, rods, and fibres, all of which have an external
length of at least 100 nm. (less/inside structures measuring
100 nm). These materials are accessible in bulk form and share
the same composition as related materials that have a
diversity of physicochemical characteristics. The size, shape,
surface area, size distribution, crystallinity, and purity of
produced nanoparticles must all be controlled in order to

-
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size and form. Metal oxides are corrosion-resistant (coated)
and have been employed in the production of catalysts,
sensors, fuel cells, microelectronic circuits, and piezoelectric
devices’>3*3. When combined with or doped with other
materials, metal oxide nanoparticles exhibit distinct chemical
and physical characteristics®’.

Metals can exhibit a wide spectrum of electrical
characteristics when incorporated into polymers, from
semiconductors to metal. Heat-sensitive, flexible, electrically
insulating, and biomedical materials are all classified as
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polymers. These conducting polymers offer advantages over
metals and saturated carbon composites due to their
insulating characteristics, as well as being lightweight,
resistant to corrosion, and processable. Essential qualities,
including low density, manufacturing, and material flexibility,
were started to modify the polymer architectures and add new
additives to chemically and mechanically manufacture various
kinds of inorganic nano-filler dispersed polymers. However,
these methods require modifying the nano-filler surfaces and/
or the nanocomposites’ polymerization processes®.

It is normally necessary to distinguish the mechanical
characteristics of nanocomposites from various angles to
improve the stability of polymer nanocomposite films with
toughness and stiffness. Using a commonly used tensile test,
data on tensile strength, elongation, and Young’s modulus
are gathered at the break to evaluate the mechanical
characteristics of the resulting polymer nanocomposites.
Depending on the application, the mechanical characteristics
of polymer composites that contain nanoparticles may be
changed or even improved. Increased Young's modulus,
tensile strength, stiffness, or elasticity are some examples of
these characteristics’.

The high-density polyethylene (HDPE)-fly ash
cenospheres composites were obtained at 210°C by blending
HDPE, HDPE-g-DBM compatibilizer, and cenosphere with
various volume fractions of filler. The mechanical properties
of HDPE-fly ash cenospheres composites were tested using
a tensile tester (Model H-50k, tensile test executed as per
ASTM D 1708)'°. The experimental results estimated from the
test such as relative tensile strength (RTS) and relative
Young's modulus (RYM) values. These experimental values
match with the mathematical models for enhancement to the
thermal stability and mechanical properties of composites. The
experimental results (RTS) have been investigated by three
mathematical models, Nicolais and Narkis, Halpin-Tsai, and
Turcsanyi, for theoretical prediction'!. Trial and error is used
to obtain at model parameter values that match experimental
values. These values (either increases or decreases) can be
suggested that may affect the interfacial bond. Another work
was carried out on the relative Young’s modulus (RYM)
values with theoretical models such as Kerner's, Halpin-Tsai
and Sato, and Furukawa'?. From these models, the reported
values are not matched with the experimental values as they
assume no interface between the filler and matrix. The match
between experimental values the theoretically predicted
values indicates improved interfacial bond due to enhanced
scattering of filler in the matrix !4,

Studies of polymer nanocomposite films made employing
the casting process and raw ingredients like graphene mixed
with water-soluble polymers (The authors published research
on poly vinyl alcohol (PVA) and polyethylene glycol (PEG)'>.
Fourier transform infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), methods were used to

950 | Vol 71(7) | July 2023 | http://www.informaticsjournals.com/index.php/jmmf

characterize the fabricated films. Mechanical properties were
studied using a universal tensile machine for calculating
tensile strength. The theoretically predictive model (Nicolais
and Narkis) values were matched with the experimental values
of tensile strength.

The PVA-Graphene oxide nanocomposite films were
prepared with starting materials of graphene oxide mixing with
the PVA matrix using a water solution processing technique.
The stress-strain relations analyzed between the polymer
matrix and graphene oxide. The mechanical performance
reported the strong improvement in an interfacial bond due
to the H bond connecting the PVA matrix and graphene. The
theoretically estimated Young's modulus values from Halpin-
Tsai model, it's matched with the experimental values'®.

The current study's goals are to synthesize copper oxide
and cadmium sulfide nanoparticles using hydrothermal and
solution combustion processes, respectively. Fabrication of
nano CuO-PVA and CdS-PVA polymer composite films loaded
with a different weight percentage of nanofillers. Use the
predicted values of mechanical properties from the models to
compare with experimental mechanical properties, such as the
relative tensile strength and relative Young's modulus of the
fabricated films.

2.0 Mathematical Modelling

Mathematical models discussed in the present work are used
to compare the experimental observations of mechanical
properties and stress-strain curves with theoretical
methodology. The values of tensile strength and Young's
modulus for interphase relations between the filler and
polymer matrix were obtained. It is advised to use a multi-
phase model with nanofillers, a polymer matrix, and identified
interfacial sections. The main novelties listed below have
been utilised in the current work, totaling seven new
mathematical models that are relevant to empirical relations.

The Piggot-Leidner, Nicolais-Narkis, Turcsanyi, and
Nielsen mathematical models were taken into consideration to
study the mechanical property of relative tensile strength
(RTS) of polymer nanocomposites. A different set of models
was studied relative Young’s modulus (RYM). Models are
Kerner, Halpin-Tsai, and Sato-Furukawa. The physical
properties of material data required for theoretical models are

Table 1: Materials used in polymer nanocomposites for
mathematical models

Material PVA CuO CdS
Aspect ratio (Af) 430 5.71 10
Passion ratio (v) 0.45 0.44 0.4
Density (kg/m?) 1190 6315 4826
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given in Error! Reference source not found.

Four theoretical models are employed using a trial-and-
error method to determine if the relative tensile strength (RTS)
matches the experimental data!”. The model's parameter
values obtained are discussed below.

Model 1: by Nicolais-Narkis'® is provided in Equation
2.1).

2
RTS = 1 — K(¢')3 2.1
The volume per cent of CuO is indicated in Equation (2.1)
by the symbol (¢"), which is provided below the Equation.

Wi

¢; = (pi)

Wi
()
Where the component's weight fraction (w;,) and density
p, are, respectively, and is the volume fraction of CuO in
Equation (2.1). The “K” value in this model is more than 1.21
indicating poor adherence, whereas smaller values indicate
enhanced adhesion. However, the aspect ratio and factor
have been employed in the case of nanofiller to calculate the

changed volume fraction according to Equation (2.2), and the
modified volume fraction is now regarded as

' = X2 @.1)

A =a(ApP 22)

The aspect ratio (4 f) is assumed to be 5.71 in Equation
(2.2). For various irregularities in nanocomposites, the
amounts of “a” and “b” are improvement factors.

Model 2: A suggested power connection by Piggott-

Leidner!? is given in the Equation (2.4), in which B indicates
differences in stress concentration.

RTS = (1 — B") 24
B stands for variations in stress concentration.
Model 3: According to Nielsen’s model?®, which

incorporates a stress concentration in expression, this model
was built using the porosity theory (2.5).

RTS = el-7¢") 25)

The larger value in Equation (2.5) indicates poor adhesion
due to a greater impact of stress concentration.

Model 4: A factor B related to interfacial qualities was
included in the Turcsanyi model?’, as shown in Equation (2.6).
-4
T 1+25x%x¢

The relative Young's modulus (RYM) is measured using a
different set of theoretical models, and it is detailed below
how the anticipated values from the trial and error procedure
matched the experimental results.

Model 5: For adequate adhesion between a nanofiller and
a polymer matrix, the modified Kerner model?! is applied as
shown in Equation (2.7).

RTS e(B'¢") 2.6)
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RYM = 14—k~ ¢
RSO D @7

The variable v, which has a value of 0.4 in this equation,
stands in for the polymer matrix’s Poisson ratio. In addition, a
correction factor and the impact of the aspect ratio of the CuO
particles are taken into consideration in the updated volume
fraction of filler.

Model 6: Halpin-Tsai model?? is typically for excellent
adhesion and is provided by Equation (2.8).

3(1+2¢Me)  5(1+2¢My)

RYM = |= -
[8 T—¢ma) 8 (- 2:8)
(6-1) _ [te-1)

e = |T+2ap) and np = (5+2)]

In the equation above, the CuO modulus to PVA matrix
modulus without CuO loading is the nanofiller, or ratio ().

Model 7: The Sato-Furukawa model** has the following
model equation (2.9) and a symbol for an adhesion
characteristic with a value between 0 (great adherence) and 1
(poor adhesion)!8,
(@)

M- T

@)@y

o = @] @9

Where

¢’ 1+ (¢1)(1z’3) — (q)r)(zfz)
Y= (?) [1 — o) + (q)r)(z/a)]

3.0 Experimental Procedure

3.1 Preparation of Nano CuO particles

The solution combustion method is used to synthesize
the nano-CuO particles. Glycine serves as the fuel, while
copper (II) nitrate trihydrate serves as the precursor. The
reaction mixture is typically prepared using distilled water as
a solvent. The detailed synthesis procedure was described in
the earlier paper'®. The same work also discusses the
characterization methods for the synthesized nano CuO
particles, including FTIR, SEM, and XRD.

3.2 Nano CuO-PVA composite Films

Fabricating composite films using nanometal oxide (CuO)
and polymer is accomplished by solution intercalation
moulding (PVA). Initial preparation involves heating and
stirring an aqueous solution with dissolving PVA granules for
four hours at 80°C (£3°C). This solution has been mixed with
synthetic nano-CuO powder. To homogenize the resulting
suspension, it is ultrasonically processed for around 45
minutes at 85°C (minimum aggregation and homogeneous
dispersion of nanoparticles in solution).
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Figure 1: Fabrication mold used for nano CuO-PVA composite films

The resulting mixture was then quickly put into a glass
mould that had been cleaned and dried, as shown in Figure 1.
The mould is then dried for around 48 hours at 303°C in an
environment free of dust. It was discovered that the dried
films included uniformly distributed CuO nanoparticles free
of any air bubbles. Solutions with variable concentrations of
CuO nanoparticles (between 0 and 2% CuO by weight) were
used to develop various films. The thickness of the prepared
films, as determined by an LCD digital Vernier caliper, is
reported to be between 0.19 and 0.21 mm. All films are made
using 7.5% PVA suspensions.

3.3 Preparation of nano CdS particles

The hydrothermal process is used to produce the nano-
CdS particles. Cadmium nitrate (precursor-1) is used as a
precursor, Thiourea as fuel, L-valine (precursor-2) as a
stabilizer, and to create the reaction mixture, deionized water
is frequently employed as solvent. A detailed synthesis
procedure was described in the earlier paper?’. Additionally,
the same publication examined the characterization methods
for the generated nano CuO particles, including FTIR, SEM,
and XRD.

3.4 Nano CdS-PVA composite Films

Figure 2: Fabrication mold used for nano CuO-PVA composite films
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The process utilized to create the nano CdS-PVA
composite is the same as that detailed in part 3.2. In the
needed amount, nano CdS was added to the mixture in place
of nano CuO material. Figure 2 displays the cast films that
were maintained for dust-free air drying. The LCD digital
Vernier caliper measured the height of dried manufactured
films and found that it ranged from 0.18 to 0.22 mm.

4.0 Results and Discussion

4.1 Mechanical Properties

The mechanical properties of nanocomposite films were
measured using the ASTM-recommended (KIPL-PC 2000;
Error range: 0.2 MPa; Test rate for the gripping surface: 10
mm/min; Load cell: 0.2 kN) Universal Testing Machine. The
specimen films employed ranged in thickness and breadth
from 0.18 to 0.22 mm and 17 to 22 mm, respectively.
Rectangular pieces measuring 3x1.95x0.02 cm?® were cut for
tensile testing. The specimens of PVA and polymer composite
films were broken by tensile testing.

By applying load to both synthesized polymer
nanocomposite films and pure PVA films, stress-strain graphs
were determined'®-?’. The mechanical characteristics of PNCs
samples, including ultimate tensile strength, flexural strength,
Young's modulus, and toughness, were assessed using UTM
tests. The tensile stress to tensile strain ratio, or Young
modulus (E), is given as:

tensile stress o

" tensile strain & @1

4.2 Relative Tensile Strength of Nano
CuO-PVA Composites Films

Figure 3, displays the relative tensile characteristics of the
nano CuO-PVA composite as a function of the weight per cent
of CuO input and comparison to theoretical and experimental
values. According to Figure 3, the ultimate tensile strength of
the nanocomposites increases linearly with the addition of

Table 2: Mathematical models for the RTS of nano CuO-
PVA composites, including their values for the parameters a
and b as well as their symbols

Model a b Parameter ~ Symbol
value
Piggot-Leidner -2 1 10 B
Nicolais-Narkis 1.4 1 -4.1 K
Turcsanyi -1.2 2 3 B'
Nielsen -2.5 1 7 T
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Figure 3: Deviation of relative tensile strength with CuO filler
content in PVA

CuO. This improvement shows greater interfacial interactions
between the nonpolar PVA and polar functionalized CuO, and
it is caused by a blending of polymers that could boost their
durability. However, as demonstrated, the blended
nanocomposites have a higher relative tensile strength. This
is due to the addition of CuO synthesized PVA that enhances
linking blend components. Theoretical approaches are
employed to analyze the dynamic and interactive
characteristics and tensile strength.

Figure 3 displays the theoretical results of empirical
studies along with the experimentally determined relative
tensile strength. The Nicolais-Narkis model's predicted
parameter value, which is K=—4.1, shows a substantially lower
than 1.21. Lower values imply strong adherence to the filler
and polymer medium. According to?'?2, the Turcsanyi
model’s theoretical parameter value (B'=3) is more significant
than 0.25, and this increased value implies strong adherence
to the filler and polymeric matrix.

To forecast the mechanical characteristics of the
nanocomposite, the experimental findings are contrasted with
mathematical frameworks. Table 2 lists the predicted values
for a, b, constants, and symbols for several models. These
characteristic values suggest increased adhesion, which
demonstrates good interfacial contacts between the interfaces
of PVA and nanofiller and increases tensile strength.
Indicating parameter values larger than 1.21 were the
parameters B and from Piggot-Leidner (B=10) and Nielsen
(7=7) models, correspondingly. The number 1.21 is relatively
low, and rising levels signify worse adhesion. In contrast to
the Piggot-Leidner model, the experimental results compared
to empirical studies like the Nicolais-Narkis and Turcsanyi
models reveal a close relationship with realistic values.
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4.3 Relative Young’s Modulus of Nano
CuO-PVA Composites Films

Figure 4 depicts the relationship between CuO
concentration and the relative tensile modulus of moulded
nanocomposites (relative to Young's modulus). Theoretical
findings show that RYM values somewhat increase with
increasing CuO loading. Better interfacial interactions
between the nanofiller and polymer are to blame for this.
However, as seen in the image, adding nano-filler to a matrix
significantly increased Young's modulus. Three current
theories covered in this section employed values based on
experimental data!”.

The three possible parameters are represented in Table 4
by the values of a, b, and the typical parameter. The
computed and displayed theoretical findings of RYM for
different CuO loadings are presented in Figure 4. These
models' anticipated theoretical values and experimentally
obtained values agree rather closely. Additionally, the value
of 0.6 denotes that the PVA matrix and nanofiller were iterated
moderately?!.

Table 3: Mathematical models for the RYM of nano CuO-
PVA composites, including their values for the parameters a
and b as well as their symbols

Model a b Parameter ~ Symbol
value

Sato-Furukawa 1.3 1.5 0.6 &
Halpin-Tsai 102 1 - -
Kerner 1.2 1.5 - -

118 ¥ T ¥ T ¥ T ¥ T ¥

1.144 1

1.124

110+

?

Relative Young's Modulus
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= 1.044 —o— Kerner's
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0.0 0.5 1.0 1.5 20
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Figure 4: Variation in PVA's relative Young's modulus as a
function of CuO filler content
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It is said that low “&” creates a significant tensile
modulus, demonstrating that an experimental calculation of a
greater modulus is used. Increasing the interfacial bond
between the substrate and nanoparticles, which transfers
stress from the polymers to the nanofiller, the strongest and
most elastic nanocomposites may be created.

4.4 Relative Tensile Strength of Nano
CdS-PVA Composites Films

Figure 5 displays the relative tensile strength of nano CdS-
PVA reinforced composites against the weight percentage of
nano CdS loading (in contrast to actual and expected values).
Nano CdS increases the UTS values, as seen in Figure 5.
Theoretical constants obtained from models, such as
Poisson’s ratio and aspect ratio (A f), are taken to be 10 and
0.4, respectively?. The anticipated values for a, b, parameters,
and symbols for various models are listed in Table 4.

Figure 4.3. displays the theoretical results from model
parameters along with the experimentally determined relative
tensile strength. The Nicolais-Narkis mathematical model value

Table 4: Mathematical models for the RTS of nano CdS-
PVA composites, including their values for the parameters a
and b as well as their symbols.

Model a b Parameter Symbol
value
Piggot-Leidner -1.2 1 12 B
Nicolais-Narkis 0.94 1 -5.5 K
Turcsanyi -2.58 1.1 1 B'
Nielsen -1.46 1 8 T
1.7 v T T T ¥ v L) v
1.6+

-
(%]
L

=

e

1Y)

=

)

-
wn 144 b
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ﬁ ) —e— Nicolais and Narki -

© ] —a— Piggot and Leidner
-E 124 —v— Nielsen 1
= 1 —<— Turcsanyi i
é 114

1.0
L) v L) v ) v ) v 1
0.0 05 1.0 1.5 20
CdS Loading (wt%o)

Figure 5: Variation in PVA's relative tensile strength as a function
of CdS filler content
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was calculated theoretically (K =-5.5), which is much smaller
than (1.21). K values that are reduced imply good nanofiller
and matrix adherence. The Turcsanyi model’s theoretical
parameter value (B' = 1) indicates a parameter value greater
than 0.252122, Improved values imply strong adherence to the
nanofiller and polymer substrate. The tensile strength values
have increased due to the enhanced interfacial contacts
between the surfaces of PVA and nanofiller shown by these
model parameters, suggesting more excellent adhesion.

In the Nielsen (t=8) and Piggot-Leidner (B=12) models,
respectively, the constants (B, 1) exhibited values larger than
1.21. The score of 1.21 is quite bad, and higher values signify
worse adherence. The experimental results closely match
actual values compared to empirical equations like the
Nicolais-Narkis and Turcsanyi models. The Piggot-Leidner
and Nielsen models do not accurately reflect experimental
data.

4.5 Relative Young's Modulus of Nano
CdS-PVA Composites Films

According to actual and theoretical data, Figure 4
compares composites containing CdS to cast NCs in terms of
relative tensile properties (relative to Young's modulus).
Theoretical results demonstrate a slight improvement in RYM
values with increasing CdS loading. Enhanced interfacial
bonding between the nanofiller and matrix is to blame for this.
However, as seen in the image, adding nano-filler to a matrix
considerably increases Young’s modulus.

The three models and their constants are represented by
the values of a, b, and the typical parameter values listed in
Table 5. Figure 6 illustrates the theoretically computed values
obtained from mathematical frameworks. These models'
projected theoretical values are relatively close to their
experimental ones. Furthermore, the value of is 0.2 indicates
an excellent interaction between the added nanofiller and the
PVA matrix.

It is stated that “&” creates a significant tensile modulus,
showing that a greater modulus was determined through
experimental testing. Enhancing the interfacial bonding
between the matrix and nanoparticles, which transmits stress
from the matrix to the fillers, results in composites with the

Table 5: Mathematical models for the RYM of nano CdS-
PVA composites, including their values for the parameters a
and b as well as their symbols

Model a b Parameter ~ Symbol
value

Sato-Furukawa 15.66 1 0.2

Halpin-Tsai 2 33 - -

Kerner 10.64 1 - -

Journal of Mines, Metals and Fuels
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Figure 6: Deviation of relative Young's modulus with CdS filler
content in PVA

highest strength and modulus. All of the possible models
have strong relationships with the results obtained.

5.0 Conclusions

CuO and CdS Nanoparticles were synthesized by solution
combustion method. Characterization techniques used XRD
for crystallinity and SEM for surface morphology. Different
PNC films were cast with different wt% of nanoparticles in
the range of 0-2 wt%. Mechanical properties were obtained
using UTM, Further the comparison between experimental
values and theoretical values using mathematical models.

In particular, the Turcsanyi, Nielsen, Piggot-Leidner, and
Nicolais-Narkin models for relative tensile strength, as well as
Young's modulus, were utilized in calculations on films made
of nanocubes of CuO and PVA. The model parameter K
obtained as -4.1, which is less than 1.21, indicated good
adhesion. Other parameters B=10 and t=7 were more
significant than 1.21, showing poor adhesion. In comparison
with the Piggot-Leidner model, the Nicolais-Narkis and
Turcsanyi models showed experimental findings that more
closely matched their predictions. Kerner, Halpin-Tsai, and
Sato-Furukawa model-based estimations of the relative
Young's modulus have good agreement with experimental
results. The value & obtained was 0.6 suggesting moderate
iteration with nanofiller and PVA matrix. The low “&” makes a
great tensile modulus, Kerner model, and experimental results
show a fair degree of agreement.

Similarly, the relative tensile strength and Young's
modulus on fabricated Nano CdS-PVA composite films were
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estimated using the same models. The obtained parameter
values of K (-5.5) are less than 1.21, indicating good
adhesion. Other parameter values B (12) and t (8) are more
significant than 1.21, showing poor adhesion. The Nicolais-
Narkis and Turcsanyi models predicted better than Piggot-
Leidner model. The values obtained from the Turcsanyi and
Nicolais-Narkin designs also agreed well with the calculated
observations. The forecasting of the Piggot-Leidner and
Nielsen models did not agree well. The very excellent
relationship between the added CdS nanoparticle and the PVA
substrate is suggested by the relative Young's modulus
calculated using the Kerner, Halpin-Tsai, and Sato-Furukawa
models, and the value of 0.2 achieved is also in good
conformity with experimental results.
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